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Abstract

The resonant vibration motion of tall buildings due to dynamic loading, such as wind
storms and earthquakes, can be reduced by adding passive dynamic vibration absorbers
(DVASs). A single sway mode of vibration is usually considered, however, for certain
structures, multiple modes may need to be suppressed. Furthermore, the location of the TLD
on the floor plate is important for certain modes, such as the torsional mode. As a result, a
three dimensional finite element structure-TLD system model capable of dynamically
analyzing a 3D structure is developed and validated. Two different nonlinear TLD models
are considered. A full dynamic analysis of a 3D single-story structure-TLD system is carried
out utilizing the two TLD models and results under harmonic and random excitation are
compared with experimental values. The three dimensional finite element structure-tuned
liquid damper system model (3D-Structure-TLD) is expanded to include multiple tuned
liquid dampers (3D-Structure-MTLD) and employed to estimate the response of a full-scale
model of a 38-story multi-modal high-rise building subjected to wind tunnel loads recorded
at different locations along the building’s width and height.

To further improve TLD effectiveness, the nonlinear TLD fluid model is modified in
order to simulate the influence of inclined damping screens. The updated passive TLD model
is used to investigate the performance of both a single-story structure-TLD system and a 38-
story structure-MTLD system with inclined damping screens over a range of structural
response amplitudes utilizing random excitation and wind tunnel loads, respectively. Thus,
the methodology to optimize the effective damping provided by the TLD over a range of
structural responses is addressed.

Finally, a control strategy based on gain scheduling scheme is developed, by actively
controlling the damping screen inclination angle. The updated nonlinear fluid model of a
TLD equipped with inclined damping screens is used to determine the resulting TLD base
shear force and free surface response of a novel semi-active (SA) TLD. The semi-active TLD
control technique is also expanded to include semi-active multiple TLDs (3D-Structure-SA-
MTLD) and employed to analyze a 38-story building over a range of wind angles and return
periods. The improved performance of a semi-active TLD system over a passive TLD system

is addressed.



KEYWORDS: Dynamic Vibration Absorber (DVA), Structural Vibration, 3D Finite
Element Model, Full-Scale Dynamic Analysis, Conventional Passive TLD, Nonlinear TLD
Models, Nonlinear TLD Response, 3D-Structure-MTLD System Model, Inclined Damping
Screens, Gain Scheduling Scheme, Semi-Active MTLD, Passive Control, Semi-Active

Control, 3D-Structure-SA-MTLD System Model, Wind Tunnel Data.
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Chapter 1: Introduction

1.1. General Overview

Implementation of supplemental damping systems (i.e. the dynamic vibration absorbers,
DVAs) to mitigate excessive building vibrations induced by external dynamic loads (i.e.
wind storms and earthquakes) has increased over the last several decades. A DVA increases
the effective damping of a structure by dissipating a portion of the energy when it is
subjected to movement, thus a portion of the energy transmitted to the primary structure by
the external forces is dissipated. Considerations when designing high-rise structures are the
utilization of space, prevention of urban sprawl and an efficient use of resources, especially
when buildings are often built to accommodate the urban economic core. Therefore, as new
structures become taller, lighter, more flexible and lightly damped, which magnifies their
sensitivity to dynamic excitation, this leads to additional design considerations in order to
satisfy both strength and serviceability requirements.

1.2. Categorization of Structural Response Mitigation Systems

Soong and Dargush 1997 divided structural response mitigation systems into three main
categories; isolation, passive and semi-active/active systems. Table 1.1 shows examples of
systems that belong to each of these categories. Isolation systems isolate the structure from
input excitation (i.e. earthquake) and are typically located at the foundation level. The first
four systems listed in the middle column of Table 1.1 represent direct passive energy
dissipation systems. Direct energy dissipation mechanisms include the flow of a highly
viscous fluid through an orifice and the shearing action of a polymeric/rubber-like material in
viscoelastic dampers (Kareem et al. 1999). Indirect energy dissipation mechanisms consist of
a secondary auxiliary system that provides effective damping by modifying the frequency
response characteristics of the structure (Kareem 1983). Semi-active and active control

systems offer improved performance over traditional passive systems.

Housner et al. (1997) described different energy dissipation systems utilized for structural
control including active, semi-active, passive and hybrid systems. Kareem et al. (1999)
described different control systems installed in various buildings around the globe. Soong
and Spencer (2002) summarized the state of the art of different energy dissipation systems
and their structural applications. The main reason to implement a control system in a building

is to improve its serviceability and/or its safety against natural hazards, which are mainly



wind and earthquakes. Schematic diagrams of various energy dissipation systems are shown
in Figure 1.1 and discussed briefly in the following sections.

1.2.1  Active Control Systems

An active control system is one that uses an external power source to drive actuator(s)
that apply forces to the structure in a prescribed manner. These forces can be used to both
add and dissipate energy (Housner et al. 1997). In an active feedback control system, the
signals sent to the control actuators, which are measured with physical sensors (optical,
mechanical, electrical, chemical, etc.), are a function of the response of the structure. The
effectiveness of an active control system could be compromised due to a loss of power
during the loading event. As shown in Figure 1.1a, based on the measured excitation, the
controller introduces a control force to the secondary mass through the actuator to counteract
the structure’s motion. Although, active control systems have been implemented in the fields
of mechanical and electrical engineering for a considerable period of time, applications in
civil engineering are much more recent. Soong (1988) and Housner et al. (1996) describe the

development of various active control systems and their uses in civil engineering.

1.2.2  Passive Control Systems

A passive control system does not require an external power source, which is the main
advantage of this system type relative to an active control system (see Figure 1.1b). Passive
control systems impart forces that develop in response to the motion of the structure. The
main function of a passive control system is to alter the characteristics of the structure such
as its damping and/or stiffness. Tuned mass dampers (TMD), tuned liquid column dampers
(TLCD) and tuned liquid dampers (TLD) represent common dynamic vibration absorber
passive control systems. Due to their simplicity and efficiency in reducing structural
response, these passive control systems are commonly used in civil engineering applications.
TMD, TLCD and TLD involve adding an auxiliary system to the primary system. Their basic
function is to dissipate a portion of the input energy from the external excitation source (i.e.
wind or earthquake), thereby, reducing the energy dissipation demand on the primary

structure (Soong and Dargush 1997).



1.2.3  Hybrid Control Systems

The hybrid control system typically implies the combined use of active and passive
control systems. For example, a structure equipped with distributed viscoelastic damping
supplemented with an active mass damper on or near the top of the structure, or a base
isolated structure with actively controlled actuators to enhance performance (Housner et al.
1997). As shown in Figure 1.1c, a tertiary mass is connected to the auxiliary secondary mass
using a spring, damper and actuator. The motion of the secondary mass system is set and
magnified by the active tertiary mass, making it more efficient. In this system, the active
control is used only during large amplitude structural excitation. In the event of power
failure, or extreme excitation, the system automatically switches to a passive control system,
thus eliminating the risk of total system failure. Most of the applications of hybrid control
systems have been in Japan (see Section 1.8 for full-scale application examples). A reduction
of about 50% of uncontrolled structural response due to the addition of the hybrid control

systems was reported in Kareem et al. (1999).

1.2.4  Semi-Active Control Systems

Semi-active control systems are a class of control systems for which the external energy
requirements are typically orders of magnitude smaller than that of active control systems.
Semi-active control systems do not add significant amounts of mechanical energy to the
structural system (including the structure and the control actuators), therefore bounded-input
bounded-output stability is guaranteed (Housner et al. 1997). Semi-active control systems are
often viewed as controllable passive systems. Researchers have developed this control
system by combining the best features of active and passive control systems. For a semi-
active control system, the properties of the auxiliary system are altered and optimized during
the time history to achieve improved efficiency of the semi-active system leading to
maximum structural response reduction. Examples of such semi-active systems include
variable-orifice fluid dampers, variable-stiffness systems, controllable friction systems,
controllable fluid dampers and controllable impact dampers (see Section 1.8 for full-scale

application examples).

Spencer and Soong (1999) describe structures with various control schemes as shown in
Figure 1.2. When only the structural response variables are measured, the control

configuration is referred to as feedback control since the structural response is continually



monitored and this information is used to make continual corrections to the applied control
forces. A feedforward control results when the control forces are regulated only by the
measured excitation, which can be achieved, for example, for earthquake inputs by
measuring structural base accelerations. In cases where both the response quantities and
excitation are utilized for control, the term feedback-feedforward control is used (Suhardjo et
al. 1990). For example, an active structural control system has the basic configuration as
shown schematically in Figure 1.2c. It consists of (a) sensors located about the structure to
measure either external excitations, or structural response variables, or both; (b) devices to
process the measured information and to compute the necessary control force needed based
on a given control algorithm; and (c) actuators, usually powered by external sources, to

produce the required forces.

1.3. Passive/Active/Semi-Active TMD

Mitigation of the induced vibration caused by external dynamic excitation, such as wind
and earthquake, by employing supplemental damping systems has been widely investigated.
Among passive control systems, tuned mass dampers (TMDs) have been widely used in
engineering practice for wind and earthquake induced vibration mitigation of high-rise
buildings (McNamara 1977; Kwok 1984; Kowk and Samali 1995; Kitagawa and Midorikawa
1998; Breukelman and Haskett 2001; Soong 2002). By installing a TMD system in the
primary structure, a secondary mass system is utilized to reduce accelerations. A TMD
consists of a mass (m,), a spring (stiffness, k,), and a dashpot (damping, c,) as shown in
Figure 1.3. The structure is represented similarly utilizing the generalized parameters of the
target mode of vibration to be suppressed, where M*, K* and C* are the generalized mass,
stiffness and viscous damping, respectively. The simple mechanism of reducing building
vibration is the inertial force from the TMD being exerted back onto the primary structure

and applied anti-phase to the excitation force.

In a TMD system, the secondary mass is attached to the main structure through a spring
and a dashpot, where the dynamic characteristics of the secondary mass are related to those
of the primary structure. The objective is to optimize the transfer of the vibration energy from
the building to the damper by considering the resonant frequency of the damper. Therefore,
three important characteristics should be considered. These characteristics are, the mass ratio

of the secondary mass to the mass of the main system (i), the frequency ratio of the two



systems (tuning ratio, £2) and the damping ratio of the secondary system ({rpp). The TMD
parameters are tuned to the selected mode of vibration to be suppressed. By selecting the
appropriate values of these ratios, the dynamic response of the main system can be

significantly reduced.

The drawbacks of the above approach is that a TMD system provides protection against
external dynamic loads with a frequency only near the natural frequency of the structure,
which the TMD is tuned to. However, for certain types of excitation, wind for example, a
range of frequencies or bandwidth usually exist. In other words, the TMD system reduces the
resonant response values of the structure, in contrast with the mean or background response
values. In fact, the fluctuations in the wind can be thought of as resulting from a composite of
sinusoidally varying winds superimposed on the mean steady wind, which varies along the
building’s height (see Figure 1.4). These sinusoidal variations have a variety of frequencies,
amplitudes and phases that change with the wind speed (van der Tempel 2006; Manwell et al.
2010). In addition, the optimal values of the TMD parameters depend on the type of external
excitation (i.e. sinusoidal or random) and the dynamic properties of the structure (i.e. the
natural frequency and the damping ratio), which can be response-amplitude-dependent
(Tamura and Suganuma 1996).

To improve the robustness of a TMD system, active and semi-active TMD systems have
been investigated by several researchers, where values of the TMD system parameters are
changed based on the frequency and the amplitude of excitation in real time (Hrovat et
al.1983; Kim and Adeli 2005a; Kim and Adeli 2005b). In an actively or semi-actively
controlled TMD system, the efficiency of the TMD system is improved by retuning its
frequency (VVaradarajan and Nagarajaiah 2004; Hazra et al. 2010; Roffel et al. 2011) or by
adjusting the TMD damping ratio (Abé and Igusa 1996; Roffel et al. 2011). On the other
hand, multiple TMD systems, where more than one TMD system is designed and distributed
within the structure to cover a range of dominant frequencies, have been proposed to further

enhance robustness (Kareem and Kline 1995).

The semi-active concept has been successfully applied to a broad class of vehicle
vibration isolation problems, ranging from tractors and other farm vehicles to high speed
ground transportation vehicles (Margolis et al. 1975; Hrovat and Margolis 1981). The
extension of the semi-active concept from the vehicle vibration isolation field to a structural



control of buildings was proposed in Hrovat et al. 1983. They indicated that employing the
semi-active concept in buildings appears to be quite natural and extremely promising in view
of the relatively low bandwidth requirements (less than = 5 Hz), which compares favourably

with bandwidth requirements for vehicle suspension (up to =~ 50 Hz).

The semi-active control is promising as an effective method of mitigating structural
damage from large environmental loads, with two main benefits over active and passive
control solutions. First, for semi-active control systems, a large power supply is not required
to have a significant impact on the response. Therefore, a broad feedback adaptive range of
control can be provided. Second, semi-active control systems are also strictly dissipative and
do not add energy into the system, ensuring stability. Thus, semi-active control over time
should be better able to respond to changes in structural behaviour, particularly due to
nonlinearities, damage or degradation of both systems (i.e. the semi-active and active) (Chey
et al. 2010).

1.4, Passive TLCD/TLD

The tuned liquid damper (TLD) has been utilized in the shipping industry since the
beginning of the 20" century to prevent the rolling motion of large ships (Den Hartog 1985).
Figure 1.5b shows the Frahm anti-rolling tank used in large ships. It consists of two tanks
half filled with water, communicating through a water pipe below and through an air pipe
above (Den Hartog 1985). Thus, the anti-rolling tanks were possibly the first use of tuned
liquid column dampers (TLCD) as shown in Figure 1.5a. Sakai et al. (1989) proposed the
TLCD to be used as a new type of DVA in structural applications (cable-stayed bridge
towers). Similar to TLCD, TLDs were applied as vibration absorbers to reduce the
oscillations of space satellites (Carrier and Mills 1960) and were called nutation dampers.
Figure 1.5c shows the nutation damper, which consists of a ring of liquid around the satellite

to reduce its rotation about the cylindrical principle axis.

Tuned liquid dampers (TLD) and tuned liquid column dampers (TLCD) have been
investigated by several researchers as another type of secondary mass system for structural
application (Sakai et al. 1989; Wakahara et al. 1992; Kareem 1994; Won et al. 1996; Kareem
et al. 1999; Tamura et al. 1996; Soong and Dargush 1997; Kareem et al. 1999; Yalla et al.
2001; Tait et al. 2004a; Tait et al. 2005a). A TLD is a special type of TMD that consists of a
rigid tank which is partially filled with a liquid, usually water. The sloshing liquid inside the



tank provides inertia forces that counteract the forces acting on the structure, thus reducing
the building motion. A TLCD is a special type of TLD that relies on the motion of liquid
column in a U-tube container to counteract the action of external forces acting on the
structure, with inherent damping typically being introduced in the oscillating liquid column

through an orifice.

1.5. TLD Modelling Techniques

15.1  Equivalent Mechanical Models

As the same basic principles are applied in implementing a TLD to reduce the vibration
motions of structures as a TMD, a TLD is often modelled as an equivalent mechanical
system, allowing well established TMD theory to be implemented (see Figure 1.6). However,
the primary difference from a TMD is the amplitude dependent (nonlinear) nature of the fluid
response. Figure 1.7 shows a number of different proposed TLD equivalent mechanical
models. The properties of the linear lumped mass system shown in Figure 1.7a can be
derived using potential flow theory (Graham and Rodriguez 1952). This particular equivalent
linear mechanical model allows a TLD to be modelled as an equivalent linear TMD (Kareem
and Sun 1987). Sun et al. (1995) experimentally estimated amplitude dependent TMD
parameters by matching the virtual mass and damping values of a TLD to that of a TMD at
different excitation amplitudes (see Figure 1.7b). An extensive experimental program
conducted by Yu et al. (1999) resulted in the development of an equivalent nonlinear TMD
model (see Figure 1.7c). The model assumes the entire water mass participates in the
response along with the non-linear stiffness hardening parameter and the non-linear damping
based on the excitation amplitude. The model utilizes experimentally calibrated energy
equivalent amplitude dependent stiffness and damping parameters. Tait (2004) expanded on
Yu et al. (1999) by considering only the participating portion of the fluid (m,) in a TLD
contributes to the inertial force, while the non-participating portion of the fluid (m,) is added
to the primary mass of the structure (see Figure 1.6¢). The dynamic characteristics of the
equivalent TMD model, in terms of mass, stiffness and damping parameters were determined
by energy equivalence from a series of shake table tests (Tait et al. 2004a) and the validity of
the nonlinear TLD model was examined (Tait et al. 2004b). A sloshing-slamming model has
been introduced by Yalla (2001), which accounts for the impact forces that develop from the
sloshing water slamming on the container walls at higher response levels (see Figure 1.7d).



1.5.2  Fluid Models and Energy Dissipating Devices

The main source of damping for a TLD without additional damping devices arises from
viscous dissipation in the boundary layers at the walls and bottom of the tank and from free
surface contamination (Miles 1967). The inherent damping ({.p) for a TLD without
additional energy dissipating devices is usually significantly less than optimal, resulting in a
less effective vibration absorber. Additionally, the response of an under-damped TLD is
more nonlinear and less controllable, reducing its reliability. Often, poles, screens, and other
objects are submerged in the water to provide additional energy dissipating mechanisms as
the damping provided by the water alone is often insufficient. Usually, the TLD is used as a
water storage tank preventing the use of a higher-viscosity liquid. Several approaches have
been implemented to increase the energy dissipated by the sloshing fluid, including
roughness elements (Fujino et al. 1988), surface contaminants (Tamura et al. 1995), wave
breaking in shallow water TLDs (Sun et al. 1995), and nets or screens (Welt 1983; Noji et al.
1998; Warnitchai and Pinkaew 1998; Kaneko and Ishikawa 1999). Warnitchai and Pinkaew
(1998) developed a mathematical model based on potential flow theory and determined the
damping characteristics of poles and wire-mesh screens. In this section, several fluid

numerical models of TLDs without/with screens are briefly introduced.

1.5.2.1 TLD Modelling with No Screens

A nonlinear TLD numerical model, based on shallow water wave theory, was developed
by Lepelletier and Raichlen (1988). Sun et al. (1992) developed a nonlinear model for a
rectangular TLD, which utilized the shallow water wave theory with consideration of wave
breaking. Faltinsen et al. (2000) developed a method, which included the coupling of
sloshing modes through the nonlinear free surface boundary conditions. Bulian et al. (2010)
studied the roll motion response of a single degree of freedom (SDOF) structural system
connected to a rigid rectangular partially filled liquid tank. The TLD wave breaking effects
on the response curves were characterised by performing tests on liquids of different
viscosity and the capabilities of smoothed-particle hydrodynamics (SPH) to treat this
coupling problem were assessed. Marsh et al. (2010) demonstrated the stability of the SPH

method to numerically model the sloshing dynamics in an egg-shaped shell.


http://www.sciencedirect.com/science/article/pii/S002074621100093X#bib21

1.5.2.2 TLD Modelling with Screens

The addition of damping screens, installed inside the tank to increase the amount of
energy dissipated by the sloshing water motion, was studied (Noji et al. 1998; Fediw et al.
1995; Tait et al. 2005b). A linear fluid model (Fediw et al. 1995) and a nonlinear fluid model
(Kaneko and Ishikawa 1999) that simulate the sloshing fluid of a TLD equipped with
damping screens are examined by Tait et al. (2005b). In both models, it is assumed that the
liquid is inviscid, irrotational and incompressible; the pressure is constant on the free surface;
the quiescent water depth is constant; and the tank walls are rigid. In addition, it is assumed
that the water depth to tank length ratio (h/L) for a TLD equipped with damping screens,
satisfies the shallow water wave theory limitations. The effect of the screens is simulated in
both models through a loss coefficient (C;). Findings from Tait et al. (2005b) indicate that a
linear fluid model is capable of providing a first estimate of the energy dissipation
characteristics of a TLD. However, a linear model does not provide realistic estimates of the
free surface response amplitude. A nonlinear fluid model can accurately describe the free
surface motion, the resulting base shear forces and the energy dissipated over a range of
excitation amplitudes.

Fediw (1992) and Tait (2004) tested and modelled screens in a TLD showing that their
drag characteristics can often be considered independent of the sloshing fluid inside a TLD
with wire-mesh and thin-sharp-edged-horizontal-slat screens, respectively. Both studies
utilized a linearized velocity loss coefficient. Cassolato (2007) experimentally studied thin
sharp-edged-horizontal slat screens held at various fixed angles in a tuned liquid damper.
Also, Cassolato (2007) employed two existing formulations of the pressure loss coefficient
for inclined screens (Cy) and developed a new one, using results from the study, to
theoretically investigate the effect of fixed inclined damping screens using two linear
numerical models. The two linear flow models were based on shallow water wave theory and
potential flow theory. The linear model calculations were found to deviate from the
experimental test results at high screen inclination values (i.e. 8 > 45.0°), as the linear
models could not capture the actual response of the nonlinear free-surface elevation (Fediw
1992; Tait 2004; Tait et al. 2004a; Tait et al. 2004b). Love and Tait (2011) developed a non-
linear multimodal model, which describes the sloshing behaviour of a fluid in a flat-bottom
tank of arbitrary geometry. In that model, the mode shapes of the sloshing fluid were found

by solving the Helmholtz equation over the tank domain using the finite element method,



10

while the Bateman-Luke variational principle was used to develop a system of ordinary
differential equations which account for the coupling of the sloshing modes through the non-
linear free surface boundary conditions. Also, damping was incorporated into the model by

considering the drag produced on a set of damping screens inserted in the fluid.

1.6. Advantages and Disadvantages of TLCD/TLD

Similar to a TMD system, TLD and TLCD systems can reduce the response of the main
system by modifying its frequency response function. In both systems (i.e. TLD and TLCD),
the secondary mass is liquid and the damping forces are established through the motion of
liquid through viscosity, wave breaking and/or damping screens in the TLD (Kaneko and
Ishikawa 1999; Tait et al. 2004a; Tait et al. 2004b; Tait et al. 2005a; Tait et al. 2005b), while
the motion of liquid in a U-shape tube container through an orifice in the TLCD (Kareem et
al. 1999; Yalla et al. 2001). It has been reported from an investigation on vibration control of
a 76-story benchmark building that the performance of a passive TLCD is similar to that of a

passive TMD system for (Samali et al. 1998).

Several advantages of using TLCD/TLD have been found over the more popular TMD
system. These advantages include low construction costs, installation and maintenance costs,
ease of tuning to the desired frequency and ability to apply as a simple retrofitting tool to
existing structures, such as in Yokohama marine tower (Tamura et al. 1995). In addition,
TLD/TLCD systems can provide dual-function capability to be used as emergency fire water
storage. Using a liquid in the TLCD/TLD systems can be effectively mobilized at all levels
of structural motion, thereby eliminating the activation required in conventional TMD
systems, where a certain level of threshold excitation is required to activate the TMD system.

Bi-directional TLDs, which act as two independent TLDs, can be used to control two
vibration modes of the structure in two orthogonal directions, simultaneously (Tait 2004; Tait
et al. 2005a; Tait et al. 2008). Circular tanks have been used to mitigate resonant motions in
axis-symmetric structures (Tamura et al. 1995). A bi-directional tuned liquid column damper
with period adjustment (LCD-PA) was experimentally investigated and installed in a
structure (Shimizu and Teramura 1994). Soong and Dargush (1997) indicated that
rectangular tanks may be used to mitigate the motions of a structure with different

fundamental frequencies in two major directions.
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Utilizing TLD devices to suppress bi-directional (2D) resonant structural motions, such
as two fundamental sway modes of a structure simultaneously was studied by Tait et al.
(2007). The study experimentally examined 2D structure-TLD behavior over a range of
excitation amplitude values covering the practical range of serviceability accelerations for
buildings subjected to wind loads. Experimental results were used to verify the applicability
of a uni-directional structure-TLD numerical model to 2D structure-TLD analysis. Findings
indicated that the structure-TLD model was capable of describing the structure-TLD
response within the range of system response amplitudes experimentally tested. Also, the
study indicated that by choosing the appropriate aspect ratio for the TLD it can be used to
reduce structural responses in two modes of vibration simultaneously with no penalty on its

performance.

The full scale installation of a bi-directional passive tuned liquid column damper (TLCD)
on a 67 m steel communications tower has been reported by Hitchcock et al. (1999). The
device did not include an orifice to dissipate energy, as such; it was not possible to control
the damping ratio of the TLCD. It was acknowledged that due to the absence of an orifice,
the damping ratio of the TLCD was not expected to be the optimum. It was also observed

that TLCD did not perform optimally at various wind speeds.

Furthermore, the ability dictate the shape of the TLD tank provides an additional space
flexibility feature. In other words, simple TLD tank geometries may not always be feasible
due to space limitations. While the non-linear modelling of sloshing fluid was limited to
tanks of simple geometries, Love and Tait (2011) developed a non-linear multimodal model,
which describes the sloshing behaviour of a fluid in a flat-bottom tank of arbitrary geometry.
In addition, TLCD/TLD system parameters can be easily tuned, when there are changes in
the dynamic characteristics of the primary structure after construction. Meanwhile,
TLCD/TLD systems have some disadvantages due to their nonlinear amplitude dependent
response behaviour, and only a portion of the water mass participates, thus a relatively larger
space (particularly height) is required to achieve the desired mass ratio compared to a TMD.

The performance of a TLD for a given mass ratio (u) is a function of the tuning ratio ()
and the inherent TLD damping ratio ({;.p) (Tait et al. 2004b). The damping ratio of a TLD
equipped with fixed vertical damping screens is related to the screen pressure loss coefficient

(C;) and the square of the fluid velocity at the screen location (Tait 2004). Therefore, the
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inherent damping ratio that develops due to the screen is amplitude dependent. As a result, a
TLD equipped with damping screens may only operate at maximum efficiency at a single

excitation amplitude, unless the screen angle is adjusted (Cassolato 2007).

1.7. Adjustable Inherent Absorber Damping Ratio

The required level of damping can be rapidly achieved and controlled through the
damping screen inclination in a TLD system (Cassolato and Tait 2005), or through an orifice
in a TLCD system (Yalla et al. 2001) making both systems suitable for semi-active control
applications. As a result, a number of studies focused on overcoming limitations of
conventional passive TLCD systems have been carried out. Haroun et al. (1994 and 1995)
introduced the concept of a hybrid liquid column damper by actively controlling the orifice
opening ratio. Yalla et al. (2001) introduced a semi-active TLCD that achieves variable
damping by using a controllable valve to adjust the orifice opening. They also studied the
effectiveness of different control algorithms for a TLCD for structural control applications.
Yalla and Kareem (2003) examined the performance of a prototype semi-active TLCD. In
addition, they verified a control strategy, based on gain scheduling, with experimental results.
Kim and Adeli (2005) proposed wind-induced motion control of 76-story benchmark
building using a hybrid damper-TLCD system. Wang et al. (2005) introduced a semi-active
TLCD using magneto-rheological fluid (MR-TLCD) for wind-induced vibration mitigation

of tall building structures.

A new type of actively tuned liquid damper to reduce vibrations in large civil structures,
which may be induced by earthquake or high winds, was suggested by Lou (1996). The
effective length of the liquid damper tank determines the natural frequency of the liquid, and
thus the effectiveness of the damper at particular excitation frequencies. The liquid damper
was tuned by rotating baffles to regulate the effective length of the damper tank. In addition,
a TLD equipped with rotatable baffles (see Figure 1.8) was studied experimentally by Zahrai
et al. (2012). The main idea behind the baffles was to compensate the effects of probable
mistuning of the TLD. By observing the performance of TLD with baffles, the study
investigated the influence of a number of parameters, which included the following: baffle
angle, frequency ratio, mass ratio and the effect of probable mistuning by varying the depth
of water and orientation of the baffles. Results from the study indicated that the displacement


http://sfx.scholarsportal.info/?ctx_ver=Z39.88-2004&url_ver=Z39.88-2004&ctx_enc=info%3Aofi%2Fenc%3AUTF-8&ctx_id=10_1&rft.auinit=H&rft.volume=131&rft.issn=0733-9445&rft.genre=article&rft.issue=12&rft.eissn=1943-541X&rfr_id=info%3Asid%2Fwww.exlibrisgroup.com%3Abx-menu&rft.stitle=JOURNAL%20OF%20STRUCTURAL%20ENGINEERING%20RESTON&rft.aufirst=Hongjin&rft_id=urn%3Abx%3A10891101&rft.atitle=Wind-Induced%20Motion%20Control%20of%2076-Story%20Benchmark%20Building%20Using%20the%20Hybrid%20Damper-TLCD%20System&rft.aulast=Kim&rft.jtitle=Journal%20of%20structural%20engineering&rft.date=2005&rft.au=Kim%2C%20Hongjin&rft.epage=1802&rft.spage=1794&rft.auinit1=H&rft.object_id=954925234021&rft_dat=urn%3Abx%3A10891101&rft_val_fmt=info:ofi/fmt:kev:mtx:journal&sfx.previous_request_id=915035&svc.fulltext=yes&svc_val_fmt=info:ofi/fmt:kev:mtx:sch_svc
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and acceleration responses of a five story benchmark problem under scaled down
earthquakes decreased up to 24.1% and 27.2%, respectively.

Few studies have focused on structural control of tall buildings using semi-active
single/multiple TLDs. Thus, it is important to further investigate TLDs with variable
damping that can be adjusted through various mechanisms to achieve optimal control
performance for a wide range of loading conditions and structural uncertainties in a semi-
active mode of control. The ability to passively control the inherent damping ratio of a TLD
(¢rp) Over a range of excitation amplitudes was first introduced theoretically in Cassolato
and Tait (2005). The modification of {;,, by adjusting the screen angle, which alters the
screen loss coefficient (Cy), has been experimentally investigated (Cassolato 2007; Cassolato
et al. 2011). Results indicated that rotating the damping screens inside the TLD to adjust the
screen loss coefficient (Cy) is a plausible method to maintain a constant level of {;;, over a

range of excitation amplitudes.

Thus, the semi-active TLD operating principle can be achieved through the ability to vary
the inclination angle (8) of adjustable damping screens. A semi-active TLD is a consequence
of the fact that the control of the damping screen inclination angle requires a small amount of
input energy, as opposed to a fully conventional passive TLD. However, the required amount
of energy to change the inclination angle is expected to be small in comparison with the total
energy dissipated by the damping screens. In this study, the semi-active TLD is essentially a
time-varying damper in which the damper parameter ({;.p) is varied with time and requires
only a small amount of energy to modulate the damping. In contrast with the fully active
TMD control system, it is expected that the semi-active TLD actuator will require very low

input power, basic control hardware/software and low construction costs.

1.8. Full-Scale Damper Applications

1.8.1 Example TMD Applications

The following provides examples of TMD applications. Two TMDs were installed in the
244 m tall Hancock Tower in Boston, NA, USA at opposite ends of the 58" floor to
counteract wind-induced torsional motions (Kareem et al. 1999). Each TMD is essentially a
steel box filled with lead weighing 300 tons that is activated at 3 milli-g of motion. Another
TMD system, consisting of a 410 ton concrete block with two-spring damping mechanisms,

was installed in the 278 m high Citicorp Building in New York, NY, USA. One spring-
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damping mechanisms was installed for the north-south motion and the other for east-west
motion on the 63" floor (Kareem et al. 1999). The block motion is arrested by 2 pneumatic
springs tuned to the natural period of the building. A series of 12 hydraulic pressure-balanced
bearings have been used to balance the concrete block. A 40% reduction of the wind-induced
response in both directions simultaneously has been achieved (Wiesner 1979). In Canada, the
554 m high CN tower in Toronto, ON (see Figure 1.9) has 20 ton donut-shaped lead
pendulum TMDs installed during the construction in 1975 (Kareem et al. 1999). A
pendulum-type TMD is utilized in Taipei 101 in Taipei, Taiwan. It consists of a 680 ton steel
ball suspended from cables at the 92" floor and visible from observation decks and a
restaurant (see Figure 1.10). It represents the largest anti-sway system in the world (Hadenius
2004). The pendulum-type TMD, which works on the same principle as a typical
translational TMD, uses swinging motion to exert its inertial restoring force onto the

structure (Gerges and Vickery 2003).

1.8.2 Example HMD/AMD Applications

The hybrid mass damper (HMD) is a common control device employed in full-scale civil
engineering applications (Spencer and Nagarajaiah 1999). An HMD is a combination of a
passive tuned mass damper (TMD) and an active control actuator. The ability of this device
to reduce structural response relies primarily on the natural motion of the TMD. The forces
from the control actuator are employed to increase the efficiency of the HMD and to increase
its robustness to changes in the dynamic characteristics of the structure. The energy and
forces required to operate a typical HMD are far less than those associated with a fully active
mass damper system of comparable performance.

An example of such an application is the HMD system installed in the Sendagaya INTES
building in Tokyo in 1991 (see Figures 1.11a and 1.11b). The HMD was installed at the 11th
floor and consists of two masses to control transverse and torsional motions of the structure,
while hydraulic actuators provide the active control capabilities. The top view of the control
system is shown in Figure 1.11c, where ice thermal storage tanks are used as mass blocks so
that no extra mass was introduced. The masses are supported by multi-stage rubber bearings
intended for reducing the control energy consumed in the HMD and for ensuring smooth
mass movements (Higashino and Aizawa 1993; Soong et al. 1994).
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Variations of such an HMD configuration include multi-step pendulum HMDs (see
Figure 1.12b), which have been installed in, for example, the Yokohama Landmark Tower in
Yokohama, Japan (see Figure 1.12a) (Yamazaki et al. 1992) and in the TC Tower in
Kaohsiung, Taiwan. Additionally, the DUOX HMD system, which consists of a TMD
actively controlled by an auxiliary mass, has been installed in the Ando Nishikicho Building
in Tokyo (see Figure 1.12c). Design constraints, such as severe space limitations, can prevent
the use of an HMD system. Thus, the active mass damper (AMD) system was designed and
installed in the Kyobashi Seiwa building in Tokyo and the Nanjing Communication Tower in
Nanjing, China (Spencer and Nagarajaiah 2003). The Kyobashi Seiwa building, the first full-
scale implementation of active control technology, is an 11-story building with a total floor
area of 423 m? (see Figure 1.13a). The control system consists of two AMDs where the
primary AMD is used for transverse motion and has a weight of 4 tons, while the secondary
AMD has a weight of 1 ton and is employed to reduce torsional motion (see Figure 1.13b).
The role of the active system is to reduce building vibration under strong winds and moderate

earthquake excitations and consequently to increase occupant comfort.

In the case of the Nanjing Communication Tower (See Figure 1.14a), numerous physical
constraints had to be accounted for the system design of the mass damper (Spencer and
Nagarajaiah 1999). The physical size of the damper was constrained to a ring-shaped floor
area with inner and outer radii of 3 m and 6.1 m, respectively. In addition, the damper was by
necessity elevated off the floor on steel supports with Teflon bearings to allow free access to
the floor area. The final ring design allowed the damper to move £ 750 mm from its rest
position. Simulations indicate that this stroke is sufficient to control the tower; however, a
greater stroke would allow substantially more improvement in the response. The strength of
the observation deck limited the weight of the damper to 60 tons. Lack of sufficient lateral
space made the use of mechanical springs impractical for restoring forces. Thus the active
control actuators provide restoring force as well as the damping control forces. The final
design of the active mass damper is shown in Figure 1.14b, which uses three servo-controlled
hydraulic actuators, each with a total stroke of £1.50 m and a peak control force of 50 kN.
These actuators are arranged 120° apart around the circumference of the ring. The actuators
control three degrees of freedom: two orthogonal lateral directions of motion and torsional
rotation, which is held to zero. Since the frictional force between the Teflon bearings and

mass can have a critical influence on the response of the system, a detailed analysis was
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performed to verify the system performance in the presence of this friction (Reinhorn et al.
1998).

1.8.3 Example TLCD/TLD Applications

The use of TLCD/TLDs has gradually increased as alternative systems to mitigate
structural response since their initial applications in civil engineering in the late 1980s. TLDs
were first installed in Japan, where most of the initial research and development initiated
(Tamura et al. 1995; Kaneko and Ishikawal1999). Full-scale experiments on the effectiveness
of TLDs in buildings under wind excitations have been conducted on four buildings that are
frequently referenced as outlined in Tamura et al. 1995. Multi cylindrical TLDs were
installed in all four structures: the Nagasaki Airport Tower, the Yokohama Marine Tower,
the Shin-Yokohama Prince Hotel (SYPH) and the Tokyo International Airport Tower. A
TLD system consists of a multi-layer stack of 9 circular containers each 2 m in diameter and
22 cm high, yielding to a total height of 2 m was installed in the SYPH (see Figure 1.15). As
a result, the root-mean-square (RMS) accelerations in each direction were reduced in the
range between 50% and 70% at wind speeds over 20 m/s. Extra reduction was achieved at

higher wind speeds when TLDs achieving their optimal damping (Tamura et al. 1995).

Two more recent applications of TLD and TLCD that have been installed in Canada are
One King West in Toronto, ON and One Wall Centre in Vancouver, BC (see Figure 1.16).
One King West in Toronto has a height of 176 m and a slenderness ratio of 1:11
(SkyscraperPage.com). Two insulated rectangular concrete TLDs equipped with damping
screens were installed on the fifty first floor on each side of the building. The 12x9x2 size
tanks were divided into 5 chambers by cross-walls causing predominate water flow in the
East-West direction, which is the critical direction for the One King West (Discovery 2005).
One Wall Centre is the tallest building in Vancouver with a 150 m high, a 21.3 m wide
elliptical footprint and 7:1 slenderness ratio. Two TLCDs were installed that consist of a 4-
story high, 189000 Liter U-shaped water tank oriented across the narrow aspect of the
building. An estimated $2M in construction costs were saved compared to alternative
conventional damping systems. Additional overall cost savings were achieved by using water
in TLCD tanks to meet fire suppression water storage requirements (Motioneering 2004).
This solution was the first of its kind and size in the world.
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1.9. Impetus of Study

The resonant vibration motion of tall buildings due to dynamic loadings, such as wind
and earthquake, can be reduced by adding passive dynamic vibration absorbers
(DVASs). The inertia forces, which develop from the DVA motion, modify the
frequency response of the primary structure’s mode to which the DVA is tuned. A
single sway mode of vibration is usually considered, however, for certain structures,
multiple modes may need to be suppressed. In addition, the location of the TLD on
the floor plate is important for certain modes, such as the torsional mode. Adding
TLDs to suppress modes of interest may lead to the excitation of higher structural
modes. These are important issues to be investigated using the proposed three
dimensional finite element model, which considers exact locations of TLDs, multiple
building modes of vibration and distribution of load over the entire building width and
height.

Full-scale implementation of active control systems have been realized in several
structures, mainly in Japan; however, cost effectiveness and reliability considerations
have limited their wide spread acceptance (Spencer and Nagarajaiah 2003). Thus,
there is a growing need for innovative and effective techniques to reduce the vibration
responses of increasingly taller, lighter, and more flexible buildings. Because of their
mechanical simplicity, low power requirements, and large controllable force capacity,
semi-active control systems provide an attractive alternative to active and hybrid
control systems for structural vibration reduction. The implementation of passive
TLDs in real buildings has shown the benefits and effectiveness of using this cost
effective control system. Therefore, developing a novel semi-active TLD control
system is of significant interest. In addition, implementing the novel semi-active TLD
control technique in the proposed three dimensional finite element model will provide

an important tool to build better performing and more economical high-rise buildings.

1.10. Research Objectives

The main objectives of this research are:

Develop and validate a three dimensional finite element structure-tuned liquid damper
system model (3D-Structure-TLD) employing two nonlinear TLD models. The first, a
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nonlinear TLD fluid model; and the second, an equivalent amplitude dependent TMD
model.

ii. Expand the 3D-Structure-TLD system model to a multiple TLD system model (3D-
Structure-MTLD) and employ it to evaluate the dynamic response of an actual multi-
modal high-rise building utilizing wind tunnel loading data with TLDs to suppress the
first two and the first three modes of vibration, respectively.

iii. Update and validate the nonlinear TLD fluid model to simulate TLDs equipped with
inclined damping screens.

iv. Investigate the performance of an actual multi-modal high-rise building with TLDs
equipped with inclined damping screens over a wide range of return period wind
speeds from 1 month to 50 years.

v. Develop and validate a novel semi-active TLD control technique based on a gain
scheduling scheme and implement the novel control technique in a three dimensional
finite element model (3D-Structure-SA-TLD).

vi. Expand the novel control technique to semi-active multiple TLD system model (3D-
Structure-SA-MTLD) for multi-modal high-rise building applications.

vii. Investigate the applicability of utilizing the semi-active multiple TLD control
technique to enhance structural responses of an actual multi-modal high-rise building
subjected to wind tunnel loading data at:

a. Different loading directions from 0° to 360°.

b. Different loading return period wind speeds from 1 month to 50 years.

1.11.  Organization of Thesis
This thesis uses the Integrated-Article format. As a result, each chapter includes its own
bibliography. As the chapters are discrete but related, overlaps occur in the introduction of

each of the chapters, allowing the chapters to become stand-alone documents.

Chapter 2 presents a three dimensional finite element model capable of simulating the
behaviour of a 3D structure, using 3D beam elements under a source of dynamic loading (i.e.
wind or earthquake). The finite element model is used to estimate the response of a structure
outfitted with TLDs (3D-Structure-TLD). The base shear force resulting from the TLD is
estimated using two nonlinear TLD models; a nonlinear TLD fluid model that simulates the

TLD sloshing force and an equivalent amplitude dependent TMD model. Numerical
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simulations from the finite element model utilizing both nonlinear TLD models are compared
to shake table experimental results found in the literature.

Chapter 3 presents a full dynamic analysis of an actual 38-story high-rise building
(Indianapolis building) equipped with TLDs to suppress the first two and the first three
modes of vibration, respectively, employing the 3D finite element structure-multiple tuned
liquid damper system model (3D-Structure-MTLD). A total of 36 numerical simulations
utilizing different wind tunnel loading directions in the range between 0° and 360° are

conducted.

Chapter 4 describes the steps employed to update the nonlinear TLD fluid model to
simulate TLDs fitted with inclined damping screens and compares the numerical simulation
of the updated model with experimental results found in the literature. The updated nonlinear
TLD fluid model is implemented in the 3D finite element model, developed in Chapter 2, and
employed to examine the enhanced efficiency of a TLD fitted with inclined damping screens
utilizing a 3D single-story structure. Full dynamic analysis is conducted utilizing the updated
numerical simulation to investigate the behaviour of an actual 38-story high-rise building
equipped with TLDs fitted with inclined damping screens to suppress the first three modes of

vibration over a wide range of return period wind speeds between 1 month and 50 years.

Chapter 5 presents the steps followed to develop and validate a novel semi-active TLD
control system based on a gain scheduling scheme (3D-Structure-SA-TLD). The goal of this
semi-active system is to achieve optimal passive performance over a range of excitation
amplitudes and wind angles. The semi-active TLD control technique is implemented in the
3D finite element model, developed in Chapter 2, and employed to conduct a performance
comparison between the conventional passive and semi-active TLD control systems utilizing

a 3D single-story structure.

Chapter 6 describes the steps followed to expand the novel semi-active TLD control
system (3D-Structure-SA-TLD) to a semi-active multiple TLD control system (3D-Structure-
SA-MTLD). The expanded control system is subsequently implemented in a three
dimensional finite element model developed in Chapter 2. A full dynamic analysis is
conducted to investigate the applicability of utilizing the expanded semi-active multiple TLD
control technique to enhance structural responses of an actual 38-story multi-modal high-rise

building subjected to wind tunnel loading data at different directions in the range between 0°
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and 360° and at different return period wind speeds in the range between 1 month and 50

years.

Chapter 7 reviews and discusses some of the important research contributions and

conclusions drawn from the presented research and highlights areas of future work.
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Table 1.1. Structural Response Mitigation Systems (from Soong and Dargush 1997)

Seismic Isolation

Passive Energy Dissipation

Semi-Active and Active
Control

Elastomeric Bearings

Lead Rubber Bearings

Sliding Friction Pendulum

Metallic Dampers
Friction Dampers

Viscoelastic Dampers
Viscous Fluid Dampers

Tuned Mass Dampers

Tuned Liquid Dampers

Active Bracing Systems

Active Mass Dampers

Variable Stiffness or Damping
Systems

Smart Materials
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(a) (b) (d)

Fig. 1.1. Schematic of Various Control Systems (a: actuator, Con: control, EX: excitation, S: sensor)
(from Kareem et al. 1999)
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Fig. 1.2. Structures with Various Control Schemes (from Spencer and Soong 1999)
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Hia

cQ O <« 0O O

Fig. 1.3. Theoretical Representation of a Structure-DVA System (form Cassolato 2007)
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Fig. 1.5. (a) TLCD; (b) Frahm’s Anti-Rolling Tank; and (c) Nutation Damper in Satellite (form

Cassolato 2007)

=

— X

¢ g e k F—
M Mo My r Mg
i | ok ommo) 0O 2 e xo)
(@) (b) (©)

Fig. 1.6. (a) Structure-TLD System; (b) Theoretical Representation; and (¢) TMD Analogy (form
Cassolato 2007)
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Fig. 1.7. Various Proposed Mechanical Models for Tuned Liquid Damper
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Fig. 1.8. (a) TLD with Standing Rotatable Baffles; (b) Five-Story Building Model Equipped with
TLD with Baffles on the Top and Located on the UTS Shaking Table; and (c) Schematic

of Experimental Set-up and Instrumentation (from Zahari et al. 2012)



Fig. 1.9. CN Tower, Toronto, Canada
(from http://en.wikipedia.org/wiki/File:Toronto's CN_Tower)
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Fig. 1.10. Pendulum-Type TMD Utilized in Taipei 101 in Taipei, Taiwan
(from http://en.wikipedia.org/wiki/File:Taipei_101_Tuned_Mass_Damper)
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Fig. 1.11. (a) Sendagaya INTES Building; (b) Elevation View; and (c) Top View of the HMD
Control System (from Spencer and Nagarajaiah 1999)

Fig. 1.12. (a) Yokohama Landmark Tower; (b) Schematic View of HMD; and (c) Principle of
DUOX System (from Yamazaki et al. 1992)
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Fig. 1.13. (a) Kyobashi Seiwa Building; and (b) Schematic View of AMD Control System (from
Spencer and Nagarajaiah 1999)
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Chapter 2: Development and Validation of Finite Element Structure-Tuned Liquid
Damper System Models

2.1. Introduction

Resonant vibration motions in tall buildings due to dynamic loads, including wind and
seismic, can be reduced by adding passive dynamic vibration absorbers (DVASs). The inertial
forces, which develop from the DVA motion, modify the frequency response of the
structure’s mode of vibration to which the DVA is tuned to (Kareem et al. 1999). A tuned
liquid damper (TLD) is a special type of DVA that consists of a rigid tank that is partially
filled with a liquid, usually water. The TLDs are attached to the building at selected
locations. The resulting inertia forces, developed from the sloshing liquid inside the tank,
improve the dynamic response characteristics of the building. These forces are approximately
anti-phase, when tuned properly, to the dynamic forces exciting the structure, thus reducing

building motion.

Despite the simplicity of a TLD, its nonlinear dynamic characteristics are challenging to
model. In an effort to validate various numerical models and to confirm the applicability of a
TLD as DVA, experimental studies have been conducted on TLDs and Structure-TLD
systems (Sun et al. 1989; Modi et al. 1990; Sun et al. 1992; Koh et al. 1994; Soong and
Dargush 1997; Tait 2004; Tait et al. 2008). In addition to comprising of simple components,
the TLD has a number of other advantages over the more traditional tuned mass damper
(TMD). These include operation under small and large amplitude vibrations, ease of tuning,
low probability of failure and relatively low manufacturing, installation and maintenance

costs.

Typically a single sway mode of vibration is usually considered, however, multiple
modes may need to be suppressed in a structure. In addition, a mode could be three
dimensional in nature, such as a coupled sway-torsional mode, thus the location of a TLD on
the floor plate is important parameter. Tait et al. (2005a) presented an example case where
the dynamic response of a structure corresponding to two fundamental perpendicular sway
modes is to be suppressed (see Figure 2.1a). Figure 2.1b shows where the dynamic response
of the structure’s torsional mode is to be suppressed. Finally, the case where the tanks are
designed and arranged to suppress both a sway mode and a torsional mode is shown in Figure
2.1(c).
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Finite element (FE) modelling can be efficiently employed to investigate structures where
structural irregularities exist, torsionally sensitive structures (eccentric structures), or when
the applied excitation results in torsional loading on the structure. Adding TLDs to suppress
certain targeted modes may lead to the unexpected excitation of higher structural modes
resulting in greater than anticipated structural dynamic response values. This has been
observed to occur for the case of structures subjected to base excitation. The above cases can
be investigated using the proposed finite element model, which considers distribution of load
over the building’s width and height. Furthermore, TLD placement and detailed modelling of

the structural system and resulting induced force effects can be carried out.

In addition to reducing the response to an acceptable serviceability level using a TLD
system, Ross (2009) demonstrated that the reduction in wind induced force effects
experienced by a building led to a 16.9% reduction in the cost of steel reinforcement in the
concrete shear walls. The structure-TLD system was modelled using generalized properties
permitting the structure-TLD system to be represented by a two degree of freedom model
(see Figure 2.2). Consequently, an accurate prediction of the straining actions in the vertical
elements of the structure (normal force, shear force and bending moment), particularly the
lateral load resisting system was not determined. However, these force effects, which must be
evaluated for design purposes, can be determined using the finite element model outlined in
this chapter.

In the proposed finite element model, the tanks can be placed at any location on the
structure allowing the most effective positions in reducing the structure’s dynamic response
to be determined. This is particularly useful for situations where limited floor space is
available for the tanks. The finite element model can be used to predict the response of a
three dimensional structure (high-rise building, bridge, tower, etc.) fitted with multiple TLDs
under a predetermined source of dynamic excitation (wind or earthquake) by considering the
combined response from multiple modes. This type of three dimensional numerical analysis
is recommended for torsionally sensitive structures (eccentric/irregular structures). In
addition, three dimensional analysis of a structure fitted with TLD(s) and subjected to wind
loads from different angles permits the response at any wind angle to be evaluated. To the

best of the author’s knowledge, no previous study has considered the simulation of a 3D-
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Structure-TLD system model taking into account the response of higher modes using wind
tunnel loading data.

The focus of this study is to investigate the response behaviour of three dimensional
structures fitted with TLDs. The TLD base shear force is evaluated using two different
numerical models. The first is a nonlinear fluid model of a TLD equipped with damping
screens developed by Kaneko and Ishikawa (1999) and assessed by Tait et al. (2005b); and
the second is an equivalent amplitude dependent tuned mass damper (EADTMD) model (Tait
et al. 2004a; Tait et al. 2004b).

In this chapter, the development and validation of a finite element model, consisting of
three dimensional beam elements (frame elements), capable of simulating the response of a
three dimensional structure both with TLDs and without TLDs under dynamic excitation is
presented. Two different nonlinear numerical models are used to evaluate the TLD base shear
force and both are implemented into the finite element model. A full dynamic analysis of the
coupled 3D-Structure-TLD system is carried out utilizing the two proposed TLD models.
Results of the finite element model, under harmonic and random excitation, are compared

with experimentally obtained values in order to evaluate both models.

2.2. Description of the Finite Element Model

This section presents the steps followed to develop a finite element model that can be
employed to conduct a dynamic analysis of a three dimensional structure and the subsequent
validation of results using the commercial finite element package, SAP2000 (CSI 2004).
Implementing two nonlinear TLD models (presented in Section 2.4.2) in open-source
software (in-house software) is of interest compared to utilizing commercial software,
particularly at an early-phase of the research study. In-house developed software permits the
use of user defined error tracking features during the implementation and validation process
of the nonlinear TLD numerical model, flexibility of modelling and updating the structure-
TLD interaction process (presented in Section 2.5), and reduced computational effort. A
user-defined TLD module can be implemented, at a later date, in commercial finite element

software for analysis and design purposes.
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2.2.1  Three Dimensional Beam Element

The general three dimensional elastic beam element (frame element) used in the finite
element model is a straight line element formulated, which is based on continuum mechanics
theory. A detailed derivation can be found in Bathe and Bolourchi (1979) and Bathe (2003).
The element has two nodes, a start node and an end node, with 6 degrees of freedom (DOF)
per node and can transmit axial force, shear forces, bending moments and torque (see Figure
2.3). The element is assumed to be straight and of constant cross section. It is assumed that
plane sections of the beam element remain plane during deformation, but not necessarily
perpendicular to the neutral axis, i.e. a constant shear is allowed. The principal moment of
inertia axes of the beam element, which define the local co-ordinate system r, s, t, are shown
in Figure 2.3. The two end nodes of the element, 1 and 2, plus a third secondary node, 3, can
be used to define these axes. In the developed finite element model, nodes 1 and 2 are used to
define the longitudinal local axis, while the moments of inertias about the other two axes are

set in accordance with the right-hand role; hence it is not necessary to define the third node.

Nodes 1 and 2 have three translational and three rotational degrees of freedom, in the
local and global coordinate systems. Either nodal forces or displacements can be applied to
the element. This type of element is commonly used to model space frame members. By
setting different frame element properties, the frame element can then be used to represent
vertical structural components, i.e. columns and shear walls, and the horizontal structural
components such as beams and slabs. These properties include: the two perpendicular
moments of inertias (I, and I, I, and I, or I, and I,); the cross sectional area (A.); the
torsional rigidity (J); the modulus of elasticity (E); and the element connectivity. Details of
the frame element’s shape functions, stiffness matrix, mass matrix, and damping matrix can
be found elsewhere (Bathe 2003).

In this study, the element capabilities are extended to include the dynamic analysis of
three dimensional structures, both with and without TLDs installed, using Newmark’s
method (Chopra 2001; Bathe 2003). A total of 18 response components have been obtained
from this analysis at each 3D frame element node; i.e. 3 translational components [x(t),
y(t), z(t)], 3 velocity components [x(t), y(t), z(t)], 3 acceleration components [%(t), y(t),

Z(t)], 3 rotational components [6,.(t), 8, (t), 8,(t)], 3 torsional velocity components [6, (D),
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0, (¢), 6,(1)] and 3 torsional acceleration components [6, (¢), 8,,(¢), 6,(¢)] in addition to the

element straining actions, i.e. axial force, shear force, bending moment and torque.

2.2.2  Direct Integration Methods: Background

For the dynamic analysis to be performed, a direct integration method is used (Chopra
2001; Bathe 2003). In this method, the equations of motion of the system are integrated
numerically through a step-by-step procedure providing a solution at discrete time
intervals At. Initial values of displacements, velocities and accelerations must be specified.
Numerous step-by-step direct integration methods exist. These methods vary in terms of the
accuracy of the results and the stability of the analysis process itself. A direct integration
method is said to be conditionally stable if the solution is stable. This can be achieved only
when the value of At/T is selected to remain less than a specific value, denoted the stability
limit, where T is the smallest of the natural period of the highest mode of interest or the
period of loading. If the value of At/T exceeds this stability limit, the solution will not
converge. A time step of 0.01 second, which satisfies the stability condition, is selected to
perform the numerical analysis of the structure carried out in this chapter.

2.2.3  Explicit and Implicit Methods

Explicit methods, such as the central difference method, do not involve the solution of a
set of linear equations at each step. These methods use the differential equation at time ¢t to
predict a solution at time t 4+ At. For most real structures, which contain stiff elements, a
very small time step is required in order to obtain a stable solution. Therefore, all explicit
methods are conditionally stable with respect to the size of the time step. For this reason it is
not recommended to use such type of methods for multi-degree of freedom systems (MDOF)
(Chopra 2001).

Implicit methods, such as the Wilson-6 and Newmark method, attempt to satisfy the
differential equation at time t when the solution at time ¢t — At is found (Bathe 2003). These
methods require the solution of a set of linear equations at each time step; however, larger
time steps may be used. Implicit methods can be conditionally or unconditionally stable
depending on the parameters set in each of these methods.
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In this study, the constant-average-acceleration method developed by Newmark (Chopra
2001; Bathe 2003) has been used to perform the dynamic analysis. This method was selected

as it was found to provide good accuracy and stability.

2.3. Validation of the Finite Element Model

To validate the finite element model, a 3D single-story structure, consisting of four
columns and a slab 3.0 m x 3.0 m with a depth of 0.18 m (see Figure 2.4) is modelled using
a general purpose finite element package (SAP2000). The generalized properties of this
building are given in Table 2.1 along with the vertical element (columns) properties. In order
to simulate the 3D structure using the finite element model shown in Figure 2.5, the vertical
elements are modelled using frame elements with the same number of elements, properties
and boundary conditions (i.e. fixed at the base and free at the roof) as their counterpart
modelled in SAP2000. The horizontal slab is modelled using horizontal fame elements that
are sufficiently rigid in plane (x-y plane) and flexible out of plane. This is accomplished by
specifying a frame element width > 0.25 span length and a depth equal to that of the real

slab. A rigid diaphragm for all nodes at the same floor level is then achieved.

To check the selected dimensions of the horizontal and vertical elements, a second model,
shown in Figure 2.6, is developed using SAP2000 with all specified dimensions in the finite
model. The mass of the slab and the columns were lumped at the structural joints (nodes)
located in the horizontal plane using the tributary area method. A mass of 1010 kg was
lumped at the four corners, to be considered in the modal analysis. A damping ratio ({) of
0.1% is assumed. A modal analysis is then performed for the two models and their periods
compared. The second SAP2000 frame model, shown in Figure 2.6, is found to simulate the
behaviour of the real slab shown in Figure 2.4. Both SAP2000 models predicted similar
structural periods and mode shapes with a percentage difference of less than 0.5% found to

occur between the two SAP2000 models and the finite element model.

A time history analysis is subsequently conducted using the 3 models described above
namely; SAP2000 with a real slab, SAP2000 with horizontal elements representing the slab
and the 3D finite element model, which are denoted as Model 1, Model 2 and Model 3,
respectively. Figure 2.7 shows the displacement, velocity and acceleration of the three
models at the centre of the slab. For the results shown here, all models are excited by a

sinusoidal force, having an amplitude (P,) of 23 N; a frequency (f,,) equals 0.50 Hz (f,, =
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0.9 f;) and a point of application coinciding with the slab centre. Excellent agreement is
found between all model responses with a maximum variation in the response values of less
than 2%.

2.4. 3D-Structure-TLD System Model

In this section, the finite element model, validated in the previous section, is used to
estimate the response of a three dimensional structure outfitted with TLDs (3D-Structure-
TLD). The sloshing TLD force resulting from the interaction of the combined system is
estimated using two numerical models found in the literature; a nonlinear TLD fluid model
(Kaneko and Ishikawa 1999; Tait et al. 2005b) and an equivalent amplitude dependent tuned
mass damper (EADTMD) model (Tait et al. 2004a; Tait et al. 2004b). Both TLD models are
implemented in the finite element model in this section and subsequently validated in the

following section.

241  TLD/TMD Background

Figure 2.8 shows the dimensions of the tank used by Tait (2004), which is modelled and
subsequently used in the validation part of the 3D-Structure-TLD system model subjected to
harmonic excitation. Results of this numerical model are compared to experimental test
results from BM4-A building as reported on by Tait (2004). The dimensions L, b and h
represent the tank length (in the direction of excitation), the tank width (perpendicular to the
excitation) and the still water depth, respectively. The fundamental sloshing frequency (f;,)

for the water inside this tank using the linear wave theory (Lamb 1932) can be estimated as

_ifﬂ mh 2.1
fw =5 |7 tanh (1) (2.1)

where g is the gravitational acceleration. Substituting L and h from Figure 2.8 into the above
equation, leads to a value of f,, = 0.546 Hz. The TLD represents a 1:10 scale model of one
of the prototype multiple tanks designed to be used in a full-scale high-rise building with a

fundamental frequency of approximately 0.172 Hz.

The tuning ratio, which influences the performance of the TLD, is defined by

frip
= 2.2
0 3 (2.2)
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where fr;p iIs the natural frequency of the TLD; and f; is the natural frequency of the
generalized structure having generalized mass, stiffness and damping values of M*, K* and
C*, respectively. An estimate of the natural frequency of the TLD (f;.p) for a small sloshing
fluid response amplitude is approximately equal to f,, (Warnitchai and Pinkaew 1998; Ju et
al. 2004; Tait et al. 2004a). Table 2.1 shows the generalized properties of the building used in
the experimental test as well as the equivalent properties of the 3D single-story building used
in the validation of the developed finite element model with and without a TLD installed.

Another factor affecting the response of the structure-TLD system is the mass ratio (u),
which is given by
_ ¢ mrp (2.3)
e
where M* is the generalized mass of the primary structure corresponding to the vibration
mode being suppressed; and ¢ is the normalized modal deflection value of the structure at
the TLD location. The absorber mass (mq.p), for a TLD with damping screens can be
approximated using potential flow theory (i.e. m;;,p = m;). The value m, is calculated using

the following equation (Graham and Rodriguez 1952)

Th
_— 8 tanh (T)

()

where m,, is the total mass of the contained water, h is the quiescent water depth; and L is

m, (2.4)

the tank length in the direction of the fundamental sloshing mode of interest. A value of
m; = 0.77m,, is obtained using the dimensions of the TLD considered in this study. A
target value of u equal to 2.5% is used to validate the numerical model, which matches that
used in the experimental work of a structure-TLD system subjected to harmonic and random
excitations (Tait 2004). Table 2.2 shows the properties of the TLD used in the model

validation.

One more important parameter affecting the response of a structure-TLD system is the
inherent damping ratio ({r;p) of the sloshing fluid inside the tank. The inherent damping for
the TLD used in the model validation is 5.7%. This is significantly greater than the damping
related to the sloshing liquid inside the tank without the presence of additional energy

dissipating devices, which is estimated to be 0.45% from the following equation (Sun 1991)
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1 v, h
$rip = Py E(l + E) (2.5)

where v, is the kinematic viscosity of water.

The optimum inherent damping value for a linear tuned mass damper (TMD) as a
function of the mass ratio (1) can be obtained (Warburton 1982). Due to the analogy between
the TMD and TLD devices, Warburton’s formula is used to calculate the target value of
{rip = 5.7%. Two screens formed by horizontal slats were used by Tait (2004a and 2004b)
to increase {r;p as shown in Figure 2.9. A solidity ratio (S) equal to 0.42 was used to achieve
the targeted optimum inherent damping ratio of 5.7% at a particular response amplitude. In
the numerical model, a loss coefficient parameter (C;) equal to 2.16 is used to model the
damping screens inside the tank. The loss coefficient (C;), which is a function of the screen
solidity ratio, is introduced and presented in detail elsewhere (Tait et al. 2005b). In order to
achieve different values of {;;p, the damping screens can be altered by adjusting the space

between the slats shown in Figure 2.10.

2.4.2  Tuned Liquid Damper Models

A number of equivalent mechanical models capable of simulating the forces that develop
in a TLD with screens resulting from the sloshing fluid exist (Noji et al. 1988; Warnitchai
and Pinkaew; Tait et al. 2004a). Both a linear model (Fediw et al. 1995) and a nonlinear fluid
model (Kaneko and Ishikawa 1999) that simulate the sloshing fluid of a TLD equipped with
damping screens are examined by Tait et al. (2005b). In both models it is assumed that the
liquid is inviscid, irrotational and incompressible, the pressure is constant on the free surface,
the quiescent water depth is constant and the tank walls are rigid. In addition, it is assumed
that the water depth to tank length ratio (h/L) for a TLD equipped with damping screens,
satisfies shallow water wave theory limitations. Dean and Dalrymple (1984) suggest h/L <
0.1, but recognize that this limitation can be relaxed for particular applications. This has been
verified by test results from Tait et al. (2007). The effect of the screens is simulated in both
models through a loss coefficient (C;). Findings from Tait et al. (2005b) indicate that the
linear model is capable of providing a first estimate of the energy dissipation characteristics
of a TLD. However, the linear model does not provide realistic estimates of the free surface

response amplitude. The nonlinear model can accurately describe the free surface motion, the
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resulting base shear forces and the energy dissipated over a range of excitation amplitudes.
Therefore, a nonlinear numerical model based on shallow water wave theory (Lepelletier and
Raichlen 1988) with damping screens (Kaneko and Ishikawa 1999; Tait et al. 2005b) is
selected for this study and results from previous experimental studies are compared to verify
the results of the 3D-Structure-TLD system model under both harmonic and random
excitation (Tait 2004).

2.4.2.1 Nonlinear Shallow Water Fluid Model (TLD Model 1)

The nonlinear numerical model is briefly described below. Additional details can be
found elsewhere (Kaneko and Ishikawa 1999; Tait et al. 2005b). Considering the tank, shown
in Figure 2.11, is excited in a unidirectional motion, the nonlinear sloshing response can be

expressed using shallow water theory as (Lepelletier and Raichlen 1988)

dn 0

4 = 2.6
ot T ax (B +mul=0 (2.6)
ou  Ou on 1 , 0°u .

— - _L_Z = 2.7
Ttus g — (Ao Gut X =0 2.7)

where n(x, t) is the free surface elevation, u (x, t) is the horizontal velocity averaged through
the liquid depth, L is the tank length, h is still liquid depth, g is the gravitational acceleration,
X is the horizontal base excitation acceleration of the tank, which is equal to that of the nodal
acceleration at the TLD location and in the direction of the tank placement (i), and ¢,, is a

damping coefficient, introduced by Miles (1967) to account for the viscous dissipation.

The above set of nonlinear shallow water equations can be solved numerically once the
initial state of the liquid is prescribed, i.e. the values of  and h are given at timet = 0. A
one-dimensional finite difference discretization scheme is applied for both n and h as shown
in Figure 2.12. The grid for u is staggered in a nonoverlapping fashion downstream to the n
grid. The boundary conditions on the end walls of the tank are given as u(—L/2,t) =
u(L/2,t) = 0. For a certain excitation amplitude, Equations 2.6 and 2.7 are integrated
numerically using the Runge-Kutta-Fehlberg method after assigning the initial conditions for
n(x,0) = 0 and u(x,0) = 0.

Using the method outlined by Kaneko and Ishikawa (1999) at locations where a damping
screen is inserted as shown in Figure 2.13, the velocity at a particular screen (Upg;) can be

expressed as
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u; + u;
Upsi = LTLH (2.8)

The pressure drop (Ap) caused by the screen can be expressed as

Ubsi
Ap = CL,D 2DSL (2.9)

where C; is defined as the pressure loss coefficient. A significant reduction in the dynamic
response of a high-rise building can be achieved if the TLD has sufficient inherent damping.
A preliminary design procedure outlined by Tait (2008) can be used to estimate the initial
damping screen requirements; therefore an optimum inherent damping for the TLD can be

achieved.

The relationship between the pressure loss coefficient and the free surface height

difference across the screen is given by
I, —mn |=An=61% (2.10)
L R Zg
Upon integrating the discretized continuity and momentum equations with respect to
time, the values of free surface on the left (n,) and right (nz) sides of the screen can be

determined by

. An

N, = n; + sign[Upg;] o> (2.11)
. An

ng =n; — sign[Upg;] 2 (2.12)

Subsequently, the velocity and the wave height can be determined with the influence of
the damping screen taken into consideration.

The base shear force that develops when the TLD is forced to move can be separated into
the following three components: first, the inertial force due to the container (f;); second, the
inertial force due to the dead weight of the contained liquid (f3); and third, fluid force
generated by sloshing (f3). Therefore, the TLD base shear force caused by the liquid motion
is denoted by Frip _moder1 = f2 + f3. Applying momentum theory to calculate the TLD
base shear force, the mass of the ith element is given by the following equation (Kaneko and
Ishikawa 1999)
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L o+
misz—xbx<w+h) 2.13)

Ne
where n,, is the total number of elements, L is the tank length, b is the tank width and p is the

liquid unit weight.

Consequently, the momentum of the ith element can be described as follows

Ne

Ne
Lb i—1 +1n;
P = Z mu; = p 2 (771 L7 + h) U; (214)
L Ne 2

i=1

The TLD base shear force (Fr.p,—moaer 1) CaN be determined by the following equation
1
Frip,—Modet1 = Iy (P(t) = P(t + At)) (2.15)

2.4.2.2 Equivalent Amplitude Dependent Tuned Mass Damper (EADTMD) Model
(TLD Model 2)

In order to perform a dynamic analysis on a high-rise building equipped with TLDs
employing the 3D-Structure-TLD system model, the equations of motion for the building
must be solved according to the time step dictated by the fluid model. This time step is often
considerably less than that required to perform a dynamic analysis on the building without
TLDs. The computational time needed for the sloshing fluid model is approximately 18 times
greater than the time needed for the equivalent amplitude dependent tuned mass damper
(EADTMD) model. The time step (At;) used by the fluid model is about 1/180 of the
structure’s time period as recommended by Kaneko and Ishikawa (1999) in order to solve for
the one-dimensional finite difference scheme, while the time step (At,) needed for the
EADTMD model is about 1/10 of the structure’s time period to achieve good accuracy from
the numerical integration process as recommended by Chopra (2001). Therefore,
significantly greater computational effort is required to conduct dynamic analysis using the
nonlinear fluid model. SHARCNET ™ (Shared Hierarchical Academic Research Computing
Network, www.sharcnet.ca) can be used to perform such analysis. Alternatively, a more
rapid analysis can be conducted utilizing the EADTMD model.

Yu et al. (1999) experimentally evaluated equivalent TMD stiffness and damping
properties to represent a TLD using the concept of equivalent energy dissipation. The model
assumed full participation of the fluid mass, which is valid for large excitation amplitudes.
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However, the calculated properties did not account for the presence of any additional energy
dissipating mechanisms. As previously mentioned, the inherent damping of the sloshing fluid
is usually significantly lower than the value required for the TLD to perform efficiently. An
increase in the inherent damping can be achieved by installing a number of screens or baffles
inside the tank (Noji et al. 1988; Fediw 1992; Warnitchai and Pinkaew 1998; Kaneko and
Ishikawa 1999; Tait et al. 2005a; Tait et al. 2005b). As a result, a technique that utilizes the
nonlinear fluid model to evaluate the properties of an EADTMD, which considers the
presence of damping screens inside the tanks and treats the percentage of fluid mass that
participates in the sloshing motion as a variable parameter, is demonstrated in this section.
The steps followed to evaluate the properties of an EADTMD model are discussed in Section

2.4.2.2.2 and a validation example is provided in Section 2.4.2.2.3.

2.4.2.2.1. Equivalent TMD Analogy

An equivalent amplitude dependent tuned mass damper (EADTMD) representing a
partially fluid tank containing screens (TLD) can be determined based on experimental shake
table results. The dynamic characteristics of the equivalent TMD model, in terms of mass,
stiffness and damping parameters can be determined by energy equivalence from a series of
shake table tests (Tait et al. 2004a). The validity of this nonlinear TLD model has been
examined (Tait et al. 2004b). The energy dissipated by the equivalent TMD (E;) shown in

Figure 2.14 can be expressed in terms of the excitation amplitude, as

2
Ba = mro @A, (D] () sin (6,10 (216)

Normalizing this expression by 1/2m,, (A27tf)?, results in

E;l_ 7LD |Hz/x(f)|< >2n51n (02/x) (2.17)

where |Hz/x(f)| is the frequency response function, referred to the modulus of the
mechanical admittance function, between the TMD relative response motion and the shake

table input motion
1

[6-65) et

and (6, is the corresponding phase angle given by

|Hz/x(f)| =
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(260 (]%2)
1-(74)

A curve fitting procedure with constraints forcing the theoretical expression E; to match

0,/x = tan™ (2.19)

both the maximum value of the energy dissipated and the total energy dissipated over the
range of frequencies tested is applied. This procedure is used to estimate the EADTMD
parameters my.p, frip and {ppp for all amplitudes of excitation (Tait et al. 2004a; Tait et al.
2004b).

The equation of motion of the equivalent TMD system, for a given excitation amplitude,

can be written as
Mrp-Xrip + Crip-X7rip + Krpp-X7pp = — Mypp. X (2.20)

Hence, the TLD force Fr,p__moqer 2 CaN be estimated as

Frip,—modet 2 = —Mrpp (¥s+ ¥711p) (2.21)

where x; and x;;, are the structure displacement and the relative displacement between the

TLD and the structure, respectively (see Figure 2.2).

2.4.2.2.2. Construction of TLD Energy Dissipation Frequency Response Curves

The nonlinear TLD fluid model, described in Section 2.4.2.1, is employed to generate the
required energy dissipation frequency response curves. Energy dissipation curves can be
generated using the nonlinear TLD fluid model under both small and large excitation
amplitudes making them suitable for small motions associated with wind loads and large
motions more representative of earthquake excitation. Thus, the nonlinear fluid model can be
used to produce the required dissipation energy curves required to evaluate the equivalent

TMD parameters (my.p; frip; {rip) Without the need to conduct shake table tests.

2.4.2.2.3. Model Validation

In this section, the nonlinear shallow water fluid model is used to construct the energy
dissipation frequency response curves at different excitation amplitude ratios listed in Table
2.3 for the TLD shown in Figure 2.8. The structural displacement response results are then
compared to that produced by a series of shake table tests conducted and reported on by Tait
et al. (2004a).
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Figure 2.15 compares the numerically obtained energy dissipation curves with the fitted
equivalent TMD curves determined by regression analysis. Excellent agreement is found
between the two curves for A/L = 0.0026. This indicates that under low sloshing response
amplitudes, the energy dissipation characteristics of the TLD can be matched with an
equivalent SDOF system (i.e. wind excitation). As a result of the nonlinear response
characteristics, which increase with larger sloshing response amplitudes, the equivalent TMD
fit for A/L = 0.0129 energy dissipation curve shows greater deviation with experimentally

generated curve (see Figure 2.15b).

The influence of the excitation amplitude on the estimated equivalent mass, damping and
frequency are shown in Figures 2.16a to 2.16c, respectively. Trend lines are fit to each of the
parameters in order to estimate the parameter values between the data points and to obtain
the equations used by the finite element model in the simulation process. Excellent
agreement is found between the experimentally obtained EADTMD parameters shown in
Figure 2.16 and those reported by Tait et al. (2004a).

2.5. Structure-TLD Interaction (Numerical Simulation)

This section presents the implementation approach of both nonlinear TLD models,
described in this chapter, in the finite element model. Both models are capable of simulating
the TLD behaviour under any source of dynamic loading (i.e. wind and earthquake) by

accurately predicting its resulting base shear force.

The assumption that the fundamental sloshing water response remains uncoupled in the
two principal directions of motion under both 1D and 2D excitation was confirmed by Tait et
al. (2005a). In addition, two other important findings from the shake table experiments are
briefly mentioned here. First, although the free surface response profile were affected by 2D
excitations applied to the tank, the base shear force that develop in the principal tank axes as
a result of the sloshing water motion were not. Second, no degradation in the amount of

energy dissipated by the sloshing water was found to occur under 2D excitation.

Subsequently, this indicates that by selecting the appropriate aspect ratio for the TLD it
can be used to reduce structural response motion in two modes of vibration simultaneously
with no penalty on its performance. Thus, the effectiveness of the sloshing water is increased
when it is used in both directions, simultaneously, by providing additional effective damping

to the structure at no additional cost. Therefore, the developed 3D-Structure-TLD system
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model uses the same concept for bi-directional tanks by representing them as two different
unidirectional tanks predicting their resulting shear forces by the nonlinear TLD models
(Model 1 or Model 2) at each time step independently. Consequently, the two orthogonal
structural acceleration components resulting at the TLD location are used by the nonlinear

TLD models as input excitations for the bi-directional tank.

The equation of motion of the combined system can be written as

[M1{i} + [Cl{a} + [K]{x} = {Fere ()} + [HI{Frp (8)} (2.22)

where [M], [C] and [K] are the mass, damping and stiffness matrices of the building (i.e.
primary structure), {x}, {x} and {x} represent the structural displacement, velocity and
acceleration vectors, {F,,.(t)} is the external load acting on the structure, {F;.p(t)} is
control force vector of the TLD (i.e. base shear forces), and [H] is the position matrix of the
TLD in which its ith column vector {H}; = [0...010...0]%,,, (1 is in the jth column) is the
ith group of TLDs that are installed on the jth story.

In the sloshing direction, the non-participating portion of the liquid is considered in the
TLD base shear force values (Fr,p, —moder 1) Using the fluid model. As a result, m,_p,,, . has
not been added to the primary structure mass (i.e. mL-2;/Model1 = 0), while m,_,op . has
been added to the primary structure mass using the EADTMD model (i.e. mIL2; Model2 —

My_non p.) (S€€ Equations 2.23 and 2.24).

In the orthogonal direction to the tank placement (i.e. out of plane), the non-participating
portion of the liquid is assumed to be equal to the total mass of the contained water and is
added to the attached TLD node in both TLD models for uni-directional tanks
(mED fhodett = mILD liodel2 = m ). For a bi-directional tank, the non-participating
portion of the liquid is not considered in the TLD base shear force in the orthogonal direction

(Frip,-moder1) Using the fluid model (i.e.mJLo-fio%!t = 0), while it is added to the
attached TLD node using the EADTMD model (i.e. mJ:5-Hodel2 =m0 0).
In the vertical direction, the non-participating portion of the liquid is assumed to be equal

to the total mass of the contained water and is added to the attached TLD node in both TLD

models for uni- and bi-directional tanks (i.e. mItP~Modell — ;yTLD=Model2 — 4 1
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Therefore, the mass matrix of the combined system, [M], using the fluid model is given
by

111 x
miy 0
my,
[M] = [Mg] + [H][MFpMo% ] = : : +
mnx
0 Mpy
ng
2
G 0
m{;D —Model 1
" mE2 g
0 migp g
mgéD—Model 1_

(2.23)

where [Mg] is the stiffness matrix of the primary system and [Mf}2;"°%¢!*] is the added

mass to the primary structure at the TLD locations in the x, y and z directions considering the
fluid model (TLD Model 1).

The following equation represents the mass matrix of the combined systems using the
EADTMD model

111
myy, 0
TLD—Model 2 M1z
— —Mode _ . . .
[M] = [Mg] + [H][Mfii% = : . : +
Mpx
0 Mpyy
My,
r..,TLD—Model 2
Mix-siosh.
TLD—Model 2
Myy-orth. 0
TLD—Model 2
miz
[H]
TLD—Model 2
Myx=slosh.
vee TLD—Model 2
0 Mynorth.
TLD—Model 2
Mmyz |

(2.24)
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where [M7:2;M°%€12] is the added mass to the primary structure at the TLD locations in the

x,y and z directions considering the amplitude dependent TMD model (TLD Model 2).

From the analysis, the influence of adding the out-of-plane mass to the primary structure
mass is found to have a negligible effect due to the small percentage ratio of the secondary

system to the primary system.

2.5.1  Numerical Simulation Utilizing the Fluid Model (TLD Model 1)

The interaction between the TLD and the structure is captured by applying the resulting
TLD base shear force (Frip—moder 1) ON the structure at every time step at the TLD location
and in its placement direction. The TLD base shear force is calculated utilizing the nonlinear
TLD fluid model, which simulates the sloshing behaviour of a TLD subjected to a
unidirectional excitation. The resulting structural acceleration at the TLD location is then
used as the input excitation for the TLD in the following time step. This is accomplished
employing Newmark’s method for solving the equations of motion of the 3D structure (see
Equation 2.22), while the TLD is modelled as a one-dimensional finite difference problem
and solved employing Runge-Kutta-Fehlberg method at each time step (At;) (see Equations
2.6-2.15). The developed 3D-Structure-TLD system model allows any number of TLDs to be
placed at any location in the building. As a result, an accurate prediction of the response of
the combined system (i.e. structural responses and TLD base shear forces) and applicability
of using different dimensions of TLDs designed to suppress different modes of vibrations is

achieved.

2.5.2  Numerical Simulation Utilizing the EADTMD Model (TLD Model 2)

Figure 2.5 shows the three dimensional finite element structure, which is investigated in
this section. The TLD is simulated as a nonlinear tuned mass damper (TMD). The
parameters my.p, krp and {ppp represent the mass, stiffness and damping of the equivalent
TMD system, respectively (See Figure 2.14). These parameters are amplitude dependent;
thus they vary with the excitation level experienced by the TLD (see Figure 2.16). It is
assumed that x;, x, and X, are the instantaneous values of the displacement, velocity and
acceleration at the TLD node at a certain time (t = i) resulting from the dynamic analysis of
the structure. The base of the TLD, which is rigidly attached to the structure, experiences a

displacement, velocity and acceleration equal to that of the TLD location. These structural
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response components are used to calculate the instantaneous force exerted by the TLD on the
structure at the TLD location (Fr.p—_pmoaer2) USING Equation 2.21. This force is equal in
magnitude and opposite in direction to the shear force acting at the base of the TLD. Treating
the structure as multi-degree-of-freedom (MDOF), the equation of motion of the 3D-

Structure-TLD system model (i.e. Equation 2.22) can be used.

The equations of motion are integrated numerically employing the constant-average-
acceleration method developed by Newmark (Chopra 2001; Bathe 2003) to solve the
equations of motion at every time step (At,), while taking into consideration the added
instantaneous value of the TLD force (Frip—moder2)- This force depends on two important

components; the maximum structural displacement amplitude (A.,;.) experienced during its

response cycle and the instantaneous structural acceleration response (X,), both at the TLD
location and in its placement direction. The maximum displacement amplitude is used to
estimate the EADTMD properties (my.p; krip; {rp), Which remain constant during the
calculations of the TLD force in the current cycle. The instantaneous acceleration at the TLD
location is required to solve the equivalent TMD system as an independent single-degree-of-
freedom (SDOF) to instantaneously evaluate the TLD force (Frip—moder 2) at €ach time step.

The steps calculations are described, in detail, in the following section.

An EADTMD model has been implemented in a two dimensional finite element model to
predict the response of a structure-TLD system under large amplitude transient type
excitation (Mizan 2007). A displacement dependent method of adding the TLD force, as
outlined by Mizan (2007), was not applicable for the case of wind excitation as the structure
oscillates around a mean value. This shift in the displacement response of the structure must
be considered to capture the maximum amplitude value for different structural response
cycles. As a result, a velocity dependent method is introduced in the next section as an

alternative method.

2.5.2.1 Velocity Dependent Method for EADTMD Model

In the velocity dependent method, the velocity in the direction of the TLD placement at
the TLD location is used as a sensor to capture the time step where a peak displacement
occurs every half cycle of the response during the entire response history. By checking the
sign of the structural velocity response at the TLD location and in its placement direction

every time step (4t,), the peak displacement response value achieved in the first half of the
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response cycle is captured when the velocity sign changes (i.e. from positive to negative or
vice versa), which is recorded as P;. The iteration proceeds throughout the second half of the
response cycle until the velocity sign again changes. Therefore, the peak displacement
response is recorded as P,. The maximum structural response amplitude throughout a
complete response cycle (A.yc.) can be estimated as |P; — P,|/2. The velocity dependent
method provides the ability to capture the peak response value despite the mean value of the
response. Consequently, predictions of the maximum response amplitudes, used to update the

EADTMD model properties throughout different response cycles, can be estimated.

The following steps are carried out to obtain the response time history of the 3D-
Structure-TLD system model subjected to an external dynamic loading:

1. Attime t = 0, Equation 2.22 is first solved without considering the force resulting from
the TLD (i.e. Frip—_moder 2 = 0) using Newmark’s method as the numerical integration
technique (Chopra 2001; Bathe 2003). The values of the displacements, velocities and
accelerations are obtained at the TLD locations from the solution output. The assumption
of zero force added by the TLDs is applied during all time steps until the structural
response at each TLD location undergoes a complete cycle of vibration by checking its
velocity sign at every increment. It should be noted that the structure may undergo
different cycles in each of the two perpendicular axes at a particular TLD location.
Therefore, the maximum displacement amplitude (A.,c.) experienced at each TLD
location during the first cycle of vibration is determined.

2. At every remaining time step, the TLD force (Fr.p—moder 2) 1S Calculated and included in
the analysis using the instantaneous acceleration of TLD location (¥;) as the input
excitation of the equivalent TMD system. The maximum amplitude from the previous
cycle is used for each TLD to update the amplitude dependent parameters (my.p; krip;
{r1p) using amplitude dependent equations obtained from charts prepared following the
procedure outlined in Section 2.4.2.2 (see Figure 2.16). Charts need to be prepared and a
best fit of the data should be used to implement the three equations required to estimate
the equivalent TMD properties at each cycle for each TLD.

To achieve this, the equation of motion of the equivalent TMD system at each TLD
location i, and during every time step (4t,) throughout the different response cycles can

be written as
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(Mr1p)i '(XTLD(t))i + (Crrp); '(XTLD(t))i + (Kr1p); '(xTLD(t))i

) (2.25)
= —(Mrpp); -(xs(t))i
hence, the TLD force at each TLD location i, (Fr.p_—moder Z)i can be estimated as
(FTLDx—Model z)i = —(M7pp); ((%S(t))i + (XTLD(t))i) (2.26)

3. Equations 2.22, 2.25 and 2.26 are solved simultaneously, while employing Newmark’s
numerical integration method to obtain different structural response component values
(i.e. displacements {x(t)}, velocities {x,(t)} and accelerations {X,(t)}).

4. Step 2 is repeated during the third cycle and the subsequent cycles of vibration of the
structure. During any given cycle, the properties of the equivalent TMD parameters are
being updated based on the maximum amplitude experienced at the TLD location during

the previous cycle.

2.6. Validation of 3D FE-Structure-TLD System Model

In this section, the effect of a TLD on the response of a three dimensional single-story
structure is investigated using the two algorithms described above under harmonic and
random excitation. The natural frequency of the TLD used in the experimental test is equal to
that of the TLD investigated in Section 2.4.2.2. Therefore, the charts and fitted equations,
which are previously constructed (see Figure 2.16), are employed in the 3D-Structure-TLD
system model to update the EADTMD model.

2.6.1 Validation Under Sinusoidal Excitation

A TLD is attached to the centre of the floor slab of a single-story building previously
described in Section 2.3. The 3D-Structure-TLD system model is excited by steady-state
sinusoidal excitation over a wide range of frequencies. The generalized characteristics of this
system are listed in Tables 2.1 and 2.2. These values match those in the experimental study
carried out by Tait (2004) using an amplitude force (P,) of 23 N, mass ratio (u) of 2.5% and
tuning ratio (2) of 0.98. As observed from the frequency response curves plotted in Figure
2.17, the RMS structural displacement values predicted by both TLD models are found in
close agreement with a variation of only 2%. Excellent agreement of the results obtained by
the two nonlinear TLD models is achieved compared to experimental test results from BM4-
A building as reported on by Tait (2004).
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2.6.2  Validation Under Random Excitation

A time history analysis using the two nonlinear TLD models to simulate the resulted base
shear force is carried out and compared to experimental test results reported on by Tait
(2004). In that study, a two degree of freedom tests apparatus was designed to model the
behaviour of a structure-TLD system excited by a four-hour duration random force time
history, where the value of the amplitude excitation is E,,,, equal to 150 N. Thirty-cycles
(i.e. 30T ~ 54 seconds) duration portion of the random excitation, selected at the 31% minute
of the 4-hour time history, are shown in Figure 2.18a. Numerical simulations of the
developed 3D-Structure-TLD system model are carried out using the two proposed TLD
models (TLD Model 1 and TLD Model 2). The natural frequency of the TLD used in the
experimental test subjected to random excitation force is equal to that used in the
experimental program subjected to harmonic excitation force. Therefore, the same charts and
their fitted data equations, previously used, are employed to update the EADTMD model.
The RMS structural displacement values of the 3D-Structure-TLD system model utilizing the
EADTMD model (TLD Model 2) is found to be within 2% of the experimentally recorded
RMS values (see Figure 2.18b). The nonlinear fluid model (TLD Model 1) gives an accurate
prediction of the structural RMS response with less than 0.5% discrepancy with experimental

results.

The root-mean-square (RMS) provides insight into the degree of fluctuation of the
response. The RMS and peak values of a 3D-Structure-TLD system model are calculated for
both nonlinear TLD models during the entire 4-hour time history and compared to the
experimental results reported on by Tait (2004). RMS structural displacement response
values of 3.40 mm, 3.45 mm and 3.38 mm are obtained for the nonlinear fluid model (TLD
Model 1), the EADTMD model (TLD Model 2) and the experimental results, respectively. In
contrast, an RMS structural displacement response value of 24.7 mm is obtained for the
structure under random excitation without TLD attached. Figures 2.18c shows the
displacement response time history of the structure with and without TLD demonstrating the

ability of the TLD to control structural responses.

As noted above, the structural response is well predicted. The maximum error between
the numerical and experimental values is found to be sufficiently accurate for the presented

nonlinear TLD models, which are implemented in the finite element model.
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2.7. Conclusions

A finite element model capable of simulating the behaviour of a 3D structure, using 3D
beam elements, is developed and validated under dynamic excitation. The validated finite
element model is employed to estimate the response of a 3D structure outfitted with a TLD
(3D-Structure-TLD). The interaction base shear force resulting from the TLD has been
estimated using two nonlinear TLD models; the nonlinear fluid model that simulates the TLD
sloshing force (TLD Model 1) and the EADTMD model (TLD Model 2). The numerical
simulations of both nonlinear TLD models and their implementation in the developed finite
element model are described through time history analysis.

A significant reduction in the computational effort to conduct dynamic analysis of a finite
element 3D-Structure-TLD system model is achieved employing the EADTMD model as the
computational time needed for the sloshing fluid model is approximately 20 times greater
than the time needed for the EADTMD model. Therefore, two important steps are introduced
to achieve this goal. First, an extension of the work done by the nonlinear TLD fluid model
to produce the required energy dissipation curves to evaluate the EADTMD parameters
(myrp; frip; Crip) Tor the TLD without shake table testing is demonstrated. Consequently,
the nonlinear TLD fluid model is used to generate the required energy dissipation frequency
response curves in the range of excitation amplitude ratios that are suitable for small motions
associated with wind loads and large motions more representative of earthquake excitation.
Thus, designing different tank geometries to be implemented in the developed finite element
model is achieved. Second, a modified implementation method of the EADTMD model in
the finite element model utilizing the velocity tracking technique, which is applicable for
various type of loading, is presented.

Finally, the developed finite element model has been validated under harmonic and
random excitation with the experimental results using the two nonlinear TLD models
simulating the resulting TLD base shear force. Good agreement is found using both TLD
models and the experimental values. As a result, both validated numerical models can be
employed to estimate the response of a full-scale multi-modal high-rise building subjected to
wind tunnel data recorded at different locations on a building. Therefore, the wind-induced
serviceability levels of accelerations can be estimated using the results obtained from the
developed models.



59

2.8. References

Bathe, K.J. (2003). “Finite Element Procedures in Engineering Analysis”, 7th Ed., Prentice-
Hall.

Bathe, K.J. and Bolourchi, S. (1979). “Large Displacement Analysis of Three-Dimensional
Beam Structures”, International Journal for Mechanical Methods of Engineering, 14:
961-986.

Chopra, A.K. (2001). “Dynamics of Structures: Theory and Applications to Earthquake
Engineering”, 2nd Ed., Prentice-Hall, Toronto, ON, Canada.

CSI (Computers and Structures Inc.), (2004). “SAP2000 version 10 Integrated Finite Element
Analysis and Design of Structures”, CSI, Berkeley, CA, USA.

Dean, R.G. and Dalrymple, A.D. (1984). “Water Wave Mechanics for Engineers and
Scientists” (first edition), Prentice-Hall Inc., Englewood Cliffs, NJ, USA.

Fediw, A.A. (1992). “Performance of a One Dimensional Tuned Sloshing Water Damper”,
M.E.Sc. Thesis. The University of Western Ontario, London, ON, Canada.

Fediw, A.A., Isyumov, N. and Vickery, B.J. (1995). “Performance of a Tuned Sloshing
Water Damper”, Journal of Wind Engineering and Industerial Aerodynamics, 56: 237-
247.

Graham, E.W. and Rodriguez, A.M. (1952). “The Characteristics of Fuel Motion Which
Affect Airplane Dynamics”, Journal of Applied Mechanics, 19(3): 381-388.

Ju, Y.K., Yoon, S\W.,, and Kim, S.D. (2004). “Experimental Evaluation of a Tuned Liquid
Damper System”, Proceeding of Institution of Civil Engineering-Structures and Building,
157(4): 251-262.

Kaneko, S. and Ishikawa, M. (1999). “Modeling of Tuned Liquid Damper with Submerged
Nets”, Journal of Pressure and Vessel Technology, 121(3): 334-343.

Kareem, A. and Sun, W.J. (1987). “Stochastic Response of Structures with Fluid Containing
Appendages”, Journal of Sound and Vibrations, 119(3): 389-408.

Kareem, A., Kijewski, T. and Tamura, Y. (1999). “Mitigation of Motions of Tall Buildings
with Specific Examples of Recent Application”, Wind and Structures, 2(3): 201-251.

Koh, C.G., Mahatma, S. and Wang, C.M. (1994). “Theoretical and Experimental Studies on
Rectangular Liquid Dampers under Arbitrary Excitations”, Journal of Earthquake
Engineering and Structural Dynamics, 23(1): 17-31.

Lamb, H. (1932). “Hydrodynamics”, the University Press, Cambridge, England.

Lepelletier, T.G., and Raichlen, F. (1988). “Nonlinear Oscillations in Rectangular Tanks”,
Journal of Engineering Mechanics, 114(1): 1-23.

Miles, JW. (1967). “Surface Wave Damping in Closed Basins”, Proceedings of the Royal
Society of London. Series A, Mathematical and Physical Sciences, 297(1451): 459-475.


http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JSENDH000133000002000251000001&from_keyType=CVIPS&from_loc=AIP&to_j=PCESEL&to_v=157&to_p=251&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1680%2Fstbu.157.4.251.41175
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JSENDH000133000002000251000001&from_keyType=CVIPS&from_loc=AIP&to_j=PCESEL&to_v=157&to_p=251&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1680%2Fstbu.157.4.251.41175
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JENMDT000134000005000417000001&from_keyType=CVIPS&from_loc=AIP&to_j=IJEEBG&to_v=23&to_p=17&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1002%2Feqe.4290230103
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JENMDT000134000005000417000001&from_keyType=CVIPS&from_loc=AIP&to_j=IJEEBG&to_v=23&to_p=17&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1002%2Feqe.4290230103

60

Mizanur, R. (2007). “The Use of Tuned Liquid Dampers to Enhance the Seismic
Performance of Concrete Rigid Frame Buildings”, Ph.D. Thesis, The University of
Western Ontario, London, ON, Canada.

Modi, V.J., Welt, F. and Irani, M.B. (1990). “On the Suppression of Vibrations Using
Nutation Dampers”, Journal of Wind Engineering and Industerial Aerodynamics, 33(1-
2): 273-282.

Noji, T., Yoshida, H., Tatsumi, E., Kosaka, H. and Hagiuda, H. (1998). “Study on Vibration
Control Damper Utilizing Sloshing of Water”, Wind Engineering, 37: 557-566.

Roffel, A., Lourenco, R., Narasimhan, S. and Yarusevych, S. (2011). “Adaptive
Compensation for Detuning in Pendulum Tuned Mass Dampers” ASCE Journal of
Structural Engineering, 137(2): 242-251.

Ross, A.S. (2009). “Application of Tuned Liquid Dampers to Mitigate Wind-Induced
Torsional Motion”, M.E.Sc. Thesis, The University of Western Ontario, London, ON,
Canada.

SHARCNET: is one of seven HPC consortia in Canada that operates under the umbrella of
Compute/Calcul Canada, (https://www.sharcnet.ca).

Soong, T.T. and Dargush, G.F. (1997). “Passive Energy Dissipation Systems in Structural
Engineering, Wiley”, New York, NY, USA.

Sun, L.M., Fujino, Y., Pacheco, B.M. and Isobe, M. (1989). “Nonlinear Waves and Dynamic
Pressures in Rectangular Tuned Liquid Dampers: Simulation and Experimental
Verification”, Structural Engineering/Earthquake Engineering, 6(2): 251-262.

Sun, L.M. (1991). “Semi-Analytical Modelling of Tuned Liquid Damper (TLD) with
Emphasis on Damping of Liquid Sloshing”, Ph.D. Thesis, University of Tokyo, Tokyo,
Japan.

Sun, L.M., Fujino, Y. and Chaiseri, P. (1992). “Modeling of Tuned Liquid Damper (TLD)”,
Journal of Wind Engineering and Industrial Aerodynamics, 43(1-3): 1883-1894.

Tait, M.J. (2004). “The Performance of 1D and 2D Tuned Liquid Dampers” Ph.D. Thesis,
The University of Western Ontario, London, ON, Canada.

Tait, M.J., E1 Damatty, A.A. and Isyumov, N. (2004a). “Testing of Tuned Liquid Damper
with Screens and Development of Equivalent TMD Model”, Wind and Structures, 7(4):
215-234.

Tait, M. J., Isyumov, N. and E1 Damatty, A. A. (2004b). “The Efficiency and Robustness of
a Unidirectional Tuned Liquid Damper and Modelling with an Equivalent TMD”, Wind
and Structures, 7(4): 235-250.

Tait, M.J., El Damatty, A.A. and Isyumov, N. (2005a). “An Investigation of Tuned Liquid
Dampers Equipped with Damping Screens Subjected to 2D Excitation”, Earthquake
Engineering and Structural Dynamics, 34(7): 719-735.


http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JENMDT000134000005000417000001&from_keyType=CVIPS&from_loc=AIP&to_j=JWEAD6&to_v=33&to_p=273&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1016%2F0167-6105%2890%2990043-C
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JENMDT000134000005000417000001&from_keyType=CVIPS&from_loc=AIP&to_j=JWEAD6&to_v=33&to_p=273&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1016%2F0167-6105%2890%2990043-C
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JENMDT000134000005000417000001&from_keyType=CVIPS&from_loc=AIP&to_j=JWEAD6&to_v=43&to_p=1883&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1016%2F0167-6105%2892%2990609-E

61

Tait, M.J., El Damatty, A.A., Isyumov, N. and Siddique, M.R. (2005b). “Numerical Flow
Models to Simulate Tuned Liquid Dampers (TLD) with Slat Screens”, Journal of Fluid
and Structures, 20: 1007-1023.

Tait, M.J., Isyumov, N. and E1 Damatty, A.A. (2007). “Effectiveness of a 2D TLD and Its
Numerical Modeling”, Journal of Structural Engineering, 133(2): 251-263.

Tait, M.J. (2008). “Modelling and Preliminary Design of a Structure-TLD System”,
Engineering Structures, 30: 2644-2655.

Warburton, G.B. (1982). “Optimum Absorber Parameters for Various Combinations of
Response and Excitation Parameters”, Earthquake Engineering and Structural Dynamics,
10(3): 381-401.

Warnitchai, P. and Pinkaew, T. (1998). “Modeling of Liquid Sloshing in Rectangular Tanks
with Flow-Dampening Devices”, Engineering Structures, 20(7): 593-600.

Yu, J.K. (1997). “Nonlinear Characteristics of Tuned Liquid Dampers”, Ph.D. Thesis,
University of Washington, WA, USA.

Yu, J.K., Wakahara, T. and Reed, D. A. (1999). “A Non-Linear Numerical Model of the
Tuned Liquid Damper”, Earthquake Engineering and Structural Dynamics, 28: 671-686.


http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JSENDH000133000002000251000001&from_keyType=CVIPS&from_loc=AIP&to_j=IJEEBG&to_v=24&to_p=967&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1002%2Feqe.4290240704
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JSENDH000133000002000251000001&from_keyType=CVIPS&from_loc=AIP&to_j=IJEEBG&to_v=10&to_p=381&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1002%2Feqe.4290100304
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JSENDH000133000002000251000001&from_keyType=CVIPS&from_loc=AIP&to_j=IJEEBG&to_v=10&to_p=381&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1002%2Feqe.4290100304
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JSENDH000133000002000251000001&from_keyType=CVIPS&from_loc=AIP&to_j=ENSTDF&to_v=20&to_p=593&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1016%2FS0141-0296%2897%2900068-0

62

Table 2.1. Building Properties

Generalized Frame Element
Model Model
Excitation Excitation fs 0 u M* K* (o {s L, EI.
Type Amplitude | (Hz) (%) | (kg) | (N/m) | (kg/sec) | (%) | (m) | (N.m?)
(N)
Harmonic 23
0.558 | 0.98 | 2.50 | 4040 | 49,656 28.33 0.10 | 3.0 | 446,904
Random 150

Table 2.2. TLD Properties

frip h L b m, | Mryp

Excitation Type v L omy | ) | ) | ko) | (ko)

Harmonic / Random | 0.546 | 0.119 | 0.966 | 0.874 | 100.5 | 77.6 | 0.42

Table 2.3.  Fluid Model Excitation Amplitudes

Excitation Amplitude

A (mm) A/L
25 0.0026
5.0 0.0052
7.5 0.0078
10.0 0.0100
125 0.0129
15.0 0.0155
20.0 0.0207
30.0 0.0311
40.0 0.0414
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Fig. 2.1. Example of Bi-Directional TLD Configurations to Suppress: (a) Perpendicular Sway
Modes, (b) a Pure Torsion Mode, and (c) Combined Sway and Torsion (from Tait et al.
2005)
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Fig. 2.2. The Evolution of (a) a Structure-TLD System into (b) a Generalized Structural System
with TLDs then into (c) a System with Equivalent TMD Representation (after Ross 2009)
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Fig. 2.4. 3D View of a Single-Story Structure Modelled with a Slab (SAP2000-Model 1)
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Fig. 2.5. A Schematic Diagram for the Frame Element Model Indicating Numbering and Lumped

Mass Locations.

Fig. 2.6. A 3D Single-Story Structure Modelled with Horizontal Frame Elements to Simulate the

Slab (SAP2000-Model 2)
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Fig. 2.7. 3D-Structure Responses for Harmonic Excitation (a) Displacement, (b) Velocity, and (c)

Acceleration



Fig. 2.8. Schematic of a TLD and its Dimensions (from Tait et al. 2004a)

Fig. 2.9. Photograph of a TLD Equipped with Internal Damping Screens (from Tait et al. 2004a)
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Fig. 2.10. View of the Tank Set-up End View and Enlarged View of the Screen (from Tait et al.

2004a)



Fig. 2.11. Coordinate System for Nonlinear Shallow Water System (from Tait et al. 2005b)
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Fig. 2.12. Discretization of the Tank Length with Respect to x (from Tait et al. 2005b)
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Fig. 2.13. Discretization and Modelling of the Screen (from Tait et al. 2005b)
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Fig. 2.14. TLD and EADTMD Model (a) TLD Equipped with Damping Screens, and (b) EADTMD

Model (from Tait et al. 2004a)
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Fig. 2.15. Normalized Energy Dissipation Frequency Response Curves from the Nonlinear TLD
Fluid Model and the EADTMD Model for (a) A/L=0.0026, and (b) A/L=0.0129
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Fig. 2.18. For Minute 31 (a) Time History of the Random Excitation Force with E,,,,=150 N, (b)
Displacement Response Comparison of 3D-Structure-TLD System Model Employing Two
Nonlinear TLD Models, and (c) Structural Displacement Response with/without TLD

Attached
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Chapter 3: Three Dimensional Analysis of a High-Rise Building Equipped with
Multiple Tuned Liquid Dampers Using Wind Tunnel Loads

3.1. Introduction

A dynamic vibration absorber (DVA) can be used to reduce excessive resonant
vibrations to acceptable levels by adding effective damping to a structure (Sun et al. 1989;
Modi et al. 1990; Sun et al. 1992; Koh et al. 1994; Soong and Dargush 1997; Tait 2004). A
tuned liquid damper (TLD) is a special type of passive DVA that consists of a rigid tank,
which is partially filled with a liquid (usually water). The TLD is attached to the building at
selected locations. The resulting inertia forces, which develop from the sloshing liquid
motion inside the tank, modify the dynamic response of the building. These forces are
approximately anti-phase to the excitation forces acting on the structure, resulting in a
reduction in resonant motions (Kareem et al. 1999; Tait et al. 2004a; Tait et al. 2005a). The
TLD has a number of potential advantages over the more commonly employed tuned mass
damper (TMD). These advantages include: operation under small and large amplitude
vibrations, ease of tuning, a low probability of failure and relatively low manufacturing,

installation and maintenance costs.

Adding TLDs to suppress a particular mode of vibration, for example a sway mode,
could result in increased excitation of other modes of vibration, such as a torsional mode.
Accordingly, torsional response motions may result not only from the geometry of the
structure itself and wind loading on the building at certain angles, but may also be amplified
by the addition of TLDs. As a result, it is prudent to conduct a full three dimensional (3D)
dynamic analysis of the building equipped with tuned liquid dampers, which captures the
interaction of different modes of the building and the nonlinear behaviour of the TLD(s).
Consequently, the 3D-Structure-TLD system model, developed and validated in Chapter 2, is
expanded to a multiple 3D-Structure-TLD system model (3D-Structure-MTLD). This model
is employed to estimate the response of a multi-modal full-scale high-rise building subjected
to wind tunnel time history loads recorded at different locations on the building’s width and
height (i.e. surface).

Criteria for acceptable wind-induced motions are related to human perception thresholds,
which are calculated using a probabilistic approach and experimental evaluation. Based on

this concept, the BLWTL has recommended the following criteria for acceptable
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accelerations for a 10-year return period, 10 to 15 milli-g for residential buildings, 15 to 20
milli-g for hotels and 20 to 25 milli-g for office buildings (Isyumov 1994). The serviceability
criteria in the National Building Code of Canada (NBC) only addresses inter-story drift;

therefore, serviceability criteria dictated by the BLWTL are taken as the acceptable limits.

A 38-story reinforced concrete building (Indianapolis building, Indianapolis, Indiana,
USA) with a height of 154.6 m and plan dimensions of 32 m by 54 m is considered in this
study, and is an actual structure tested previously in the Boundary Layer Wind Tunnel
Laboratory (BLWTL) at the University of Western Ontario, London, Ontario, Canada. The
lateral load resisting elements of the building are shear walls. The stiffness disparity and non-
coinciding centre of mass (CM) and centre of twist (CT) (i.e. centre of rigidity), lead to a
coupled lateral and torsional response. In addition, the applied wind loads from different
directions causes a high torsional action at some specific wind loading angles (8,,). Recorded
wind loading information and structural response characteristics were considered when this

particular building was selected.

In this chapter, the building described above is analyzed using recorded wind tunnel data,
with and without TLDs placed at specified locations on the top of the building. The 3D-
Structure-MTLD system model is used to conduct this analysis. TLDs to suppress the first
two modes of vibration of the building are designed and placed at the centre of mass (CM) of
the uppermost floor (z = 154.6 m). Subsequently, an additional set of TLDs is placed at
selected corners of the building to achieve the target structural response values at both the

centre and the four corners of the building.

3.2. Details of the Wind Climate Used in the Study (BLWT-SS3-2007)

3.21  Meteorological Data

The wind climate model has been developed using the meteorological data from the
Indianapolis International Airport (Station 724380, period of record: Jan. 1973- Oct. 2006),
obtained from the Boundary Layer Wind Tunnel Laboratory (BLWTL) at the University of
Western Ontario. The methodology used for its development is detailed in BLWTL (1999).
From this model, predicted wind speeds, regardless of wind direction, for various return
periods can be derived. The record of annual extremes was used to predict wind speeds at
various return periods. Based on the analysis of the hourly records, the predicted hourly-

mean wind speed at 10 m, corrected for a standard open exposure definition, is 20.0 m/s
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(45.0 mph) for a return period of 50 years, equivalent to a 3 seconds gust speed of 30.7 m/s
(69.0 mph). Analysis of the annual extremes gives a 50-year return period hourly mean speed

of approximately 24.0 m/s (54.0 mph).

3.2.2  Statistical Wind Climate Model

The predicted wind speeds have been determined using the up-crossing method as
described in BLWTL (1999). A design probability distribution of upper level (at 500 m
height) wind speed and direction representing the extra-tropical wind climate of Indianapolis
was developed for the area on the basis of full-scale meteorological records. The directional
characteristics of the wind events are indicated by the probability distributions discussed in
detail elsewhere (BLWT-SS3-2007). Results from the wind tunnel study show that for strong
winds, the southwest angle directions of the Indianapolis building are the most important,

which is found to be in agreement with the results obtained in this study (see Section 3.4.2).

ASCE 7-05 recommended design wind speed in the Indianapolis area is specified as 40
m/s (90 mph, 3-seconds gust) at 10 m in open terrain for a return period of 50 years. This is
equivalent to an hourly mean wind speed of 26.2 m/s (59 mph) at 10 m height. This is higher
than the predicted wind speed from the annual extreme wind records of 24.0 m/s (54 mph).
As such, for strength-related issues such as cladding pressures and loads, the wind climate
model is scaled to match the wind speed requirement in ASCE 7-05. Therefore, the 3D-
Structure-MTLD system model can be used to estimate different straining actions (i.e.
normal force, shear force, bending moment and torque) for the lateral structural resisting

elements (i.e. shear walls) utilizing the extreme mean hourly wind speed.

The wind speed at 10 m is converted to a mean hourly wind speed at a reference height
of 500 m using a standard open exposure wind profile. Predictions of extreme and mean
hourly wind speeds for various return periods are shown in Figure 3.1. The 10-year return
period mean hourly wind speed at 500 m is 44 m/s (99 mph) for the code-matched model (i.e.
strength-related issues) and 34 m/s (76.5 mph) for the unscaled wind climate model, which is

used in this study for serviceability considerations.



75

3.3. The Modelling of the Site and the Wind

3.3.1  Overall Approach

The basic tool used in BLWT-SS3-2007 is the boundary layer wind tunnel laboratory.
The tunnel is designed with a long test section that allows extended models of upstream
terrain to be placed in front of the model of the building under test. The modelling is done in
more detail close to the site. The wind flow then develops characteristics, which are similar
to the wind over the terrain approaching the actual site. This methodology is highly
developed (Davenport and Isyumov 1968; Surry and Isyumov 1975; BLWT-SS3-2007) and

is described below

3.3.2  Model Design
Close-up views of the 1:400 scale pressure model are shown in Figure 3.2. The main
components of the model are:
1. The pressure model built in detail from ABS plastic and equipped with pressure
measurement instrumentation (see Figure 3.2).
2. A detailed proximity model of the surrounding city built in block outline from
Styrofoam for a radius of approximately 487.7 m (1600 ft) (see Figure 3.3).

3. Generic models of upstream terrain are detailed below (see Figure 3.3).

The building model and the proximity model are rotated to simulate different wind
directions (6,,) between 0° and 360° with the upstream terrain being appropriately changed.
The upstream terrain was modelled using generic roughness blocks to produce wind
characteristics representative of those at the project site. Three different exposures were used.
They are shown in Figure 3.3 and the azimuth ranges, over which they were employed, are

shown in Figure 3.4.

3.3.3  Characteristics of the Modelled Wind

The vertical profiles of the mean speed and the intensity of the longitudinal component
of turbulence, measured just upstream of the centre of the turntable each upstream terrain
exposure, are good representations of the expected full-scale wind speed variation with
height but deviate somewhat from that expected in full-scale. To account for this, the
reference wind speed measured in the wind tunnel has been adjusted to ensure that the roof
height wind speed match the expected full-scale values (BLWT-SS3-2007).
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3.4. Response of the Indianapolis Building with No-TLDs

3.4.1  Validation of a 3D Finite Element Model

The 38-story Indianapolis building is modelled using the commercial software package
SAP2000 to compare its dynamic characteristics with that obtained from the 3D finite
element model described in Chapter 2. Two techniques are employed to model the structure
using the commercial software. The first technique models the slabs “as real slabs” including
actual thickness and the mass distribution. The second technique uses beams that are rigid in
plane, and sufficiently flexible out-of plane to represent the real action of the slabs in the

building. These two techniques have been discussed and verified in Chapter 2.

A modal analysis is conducted on the building to investigate its fundamental vibration
characteristics and to determine its mode shapes. Figure 3.5 displays the first three mode
shapes, which correspond to natural periods of 7.31, 6.18 and 3.01 seconds. The torsional
component of the mode shapes are multiplied by the overall radius of gyration (18.8 m) of
the building to maintain dimensional consistency prior to being normalized. This technique
allows for relative comparison of the mode shapes to be made in the three principles
directions. It can be observed from Figure 3.5 that the structure has a dominate translational
mode in the x-direction, a dominate translational mode in the y-direction and dominate

torsional mode in the 8-direction with minor coupling action between x- and y-directions.

Figure 3.6 shows a typical floor plan of the building, modelled using the two different
techniques discussed previously (i.e. Model 1: real slabs and shear walls using SAP2000;
Model 2: slab beams and lumped mass using SAP2000). A modal analysis is carried out
using both models and good agreement for the first three building periods and mode shapes
are obtained with a maximum difference of less than 3% found. The shear walls are
represented in the second model using frame elements with a box section having the same
wall thickness and other dimensions. The shear walls that are connected together to make an
L-shape or composed of two boxes adjacent to each other are joined by a rigid arm at the
floor levels passing between their centres in order to behave as one unit. Each shear wall
centre is then connected to nearby columns using beam elements, which are also used to
connect the columns and act as the slabs. The second model is used to generate an input data
file for the 3D finite element model (Model 3) to ensure the static and dynamic

characteristics are matched.
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Figures 3.7a and 3.7b show a 300-second time history of the structural displacement
responses in the x- and y-directions, respectively, of the centre of mass (CM) at the
uppermost floor (z = 154.6 m) corresponding to the critical wind loading angle (6,,) of 210°
(Section 3.4.2 further shows the critical wind loading angle). A 300-second time history of
the structural velocity and acceleration responses in the x- and y-directions of CM at
z=154.6m and 6, =210° are presented in Figures Al and A2 (Appendix-A),
respectively. The wind forces are applied to the structure as three different components, i.e.
force in the x-direction, force in the y-direction and a moment that is transformed to an
equivalent torque caused by two opposing forces separated by a distance. The forces are
applied to the structure at 14 different elevations along its height as recorded by the pressure
taps in the wind tunnel test model (BLWT-SS3-2007). Good agreement is found in the x- and
y-directions between the different response histories for the three types of models, i.e. real
slabs and shear walls using SAP2000, slab beams and lumped mass using SAP2000 and the
3D finite element model. The models are denoted as Model 1, Model 2 and Model 3 in
Figures 3.7a and 3.7, respectively.

3.4.2  Response of a 3D-FE Model Utilizing Excitation from Wind Tunnel Data

In this section, a dynamic analysis of a full-scale multi-modal 38-story high-rise building
(Indianapolis building) is carried out using recorded wind tunnel loads as the applied
excitation. A total of 36 tests are solved to represent different wind loading angles (6,,)
ranging between 0° and 360°. The wind data includes the response-specific factors. These
factors describe the relative importance of each wind loading angle tested (6,,) and are
calculated from the site-specific wind climate model obtained from the BLWTL (BLWT-
SS3-2007). The response-specific factors are included in the wind tunnel loading data used in
the dynamic analysis conducted in this study. The result is an average peak hourly
acceleration response (X; y) and root-mean-square (RMS) acceleration response (o; o) of
the centre of mass (CM) and the four corners (C1; C2; C3; C4) of the structure, in both x- and
y-directions, at the uppermost floor (z = 156.4 m) to evaluate the building’s serviceability
conditions. The acceleration response values are expressed in terms of gravitational
acceleration (milli-g). A response history analysis utilizing a 4-hour recorded wind loading

event is carried out for each wind loading angle.
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Figures 3.8 and 3.9 show the RMS acceleration responses of the structure in the x- and
y-directions, respectively, for all wind loading angles. In the x-direction, the responses of the
four corners and the structure’s centre have similar values with the same trend. A peak RMS
value (o) of 6.3 milli-g occurs at wind loading angle (6,,) of 210°. In contrast with the x-
direction, the building responses at the centre of mass and the four corners display the same
trend but have different values in the y-direction. A peak RMS value (oy) of 5.1 milli-g
occurs at wind loading angle (6,,) of 260° at C1 and C4, 4.3 milli-g at C2 and C3, and 4.6
milli-g at the CM. These results are in agreement with the BLWTL report (BLWT-SS3-
2007), which stated that for strong winds, the southwest directions are the most important
(180° < 6,, < 270°), where 6,, equals 0° facing the north direction and increases in the

clock-wise direction.

A maximum average peak hourly resultant acceleration response value (Rpeqx—nr) Of

28.2 milli-g is calculated at 6,, = 210° as shown in Figure 3.10. This acceleration response
value exceeds acceptable acceleration limits from wind-induced motion for residential
buildings, hotels and office buildings. As described before, recommended limits for a 10-year
return period were found to be 10 to 15 milli-g for residential buildings, 15 to 20 milli-g for
hotels and 20 to 25 milli-g for office buildings (Isyumov 1994). Thus, the use of TLDs to
reduce the Indianapolis building response accelerations to an acceptable perception level by
adding effective damping to the system will be investigated.

3.5. TLD/TMD Background Information

Figure 3.11a shows a schematic of the TLD tank, which was used in the validation part
of the 3D finite element model employed in this study and described in detail elsewhere
(Chapter 2). Results of the 3D-Structure-TLD system model were compared to experimental
work reported by Tait et al. (2004a and 2004b) and found to be in excellent agreement. The
dimensions L, b and h represent the tank length (in the direction of excitation), the tank width
(perpendicular to the excitation) and the still water depth, respectively. The fundamental
sloshing frequency (f;,) for the water inside this tank using linear wave theory (Lamb 1932)

can be estimated as

fw = =—— |[——tanh (—) (3.1)
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where g is the gravitational acceleration. An estimate of the natural frequency of the TLD
(frp) Tor small sloshing fluid response amplitudes, is approximately equal to f,, (Warnitchai
and Pinkaew 1998; Ju et al. 2004; Tait et al. 2004a).

The tuning ratio, which influences the performance of the TLD, is defined as

_ frip

fs

where fr.p is the natural frequency of the TLD; and f; is the natural frequency of the

0

(3.2)

generalized structure having generalized mass, stiffness and damping values of M*, K* and

C*, respectively.

An important factor affecting the response of the system with TLD attached is the mass
ratio (u) which is given by

[ = % (3.3)
where M* is the generalized mass of the primary structure corresponding to the vibration
mode being suppressed and ¢ is the normalized modal deflection value of the structure at the
TLD location. The absorber mass (mg;p), for a TLD with damping screens can be
approximated using potential flow theory (i.e. my;, = m,), where m, is calculated using the

following equation (Graham and Rodriguez 1952)

8 tanh (T
L

m,, (3.4)

where m,, is the total mass of the contained water.

Another parameter affecting the response of a structure-TLD system is the inherent
damping ratio ({y;p) of the sloshing fluid inside the tank. The inherent damping for sloshing
liquid inside a rectangular TLD tank, without any additional devices inside, can be estimated

by Sun (1992) using the following equation

1y, h
$rip = . a(l +E> (3.5)

where v, is the kinematic viscosity of water. An optimum inherent damping value for a
linear tuned mass damper (TMD) as a function of the mass ratio (u) can be obtained
(Warburton 1982). Due to the analogy between the TMD and TLD devices, this formula can
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be used to determine the target value of {;;. Screens formed by horizontal slats can be used
as in the experimental work reported by Fediw (1992), Fediw et al. (1995) and Tait (2004) to

increase {r.p as shown in Figure 3.11b.

3.6. TLD Design Procedure to Suppress the First Two Modes of the
Indianapolis Building

This section describes, in detail, the steps followed for the TLD design procedure to
suppress the first mode of vibration of the building in one direction (x-direction) that can be

repeated to suppress the second mode of vibration in the other direction (y-direction).

3.6.1  TLD Design Procedure

A TLD must be properly tuned and damped in order to perform effectively. While it is a
straight forward procedure to optimally tune and damp a linear TMD to a linear structure, the
process for a nonlinear TLD is more involved and requires knowledge of the target structural
response amplitude to damp a TLD (Tait 2008) or to damp and tune a TLD (Love et al.
2011). The response of a TLD is amplitude dependent; therefore, it is necessary to establish
the target RMS structural acceleration response value (0x_target)- A reduction in the initial
average peak hourly acceleration response value (¥X;,i+iq;) 0 @ target average peak hourly
value (X¢qrgee) Utilizing a TLD has been achieved for a 2 DOF structure-TLD system model
(i.e. generalized properties) by calculating the required mass ratio (x) and the optimal TLD
properties that satisfy the required level of effective damping ({.rr—op¢) (Tait 2008). In this
study, a mass ratio value (u) is selected, hence, the target average peak hourly acceleration

response value utilizing a TLD is estimated (X,4.ge¢) from the initial average peak hourly

acceleration response (¥;,;+i4;) OCcurring at the critical wind loading direction.

3.6.2  Modal Contribution Response Components (Modal Factors, MF)

To expand the applicability of using the preliminary TLD design procedure to a multi-
modal high-rise building, which is the general case of the actual existing buildings; TLDs to
suppress the first two modes of vibration of the Indianapolis building are designed utilizing
the modal contribution response components following the preliminary TLD design
procedure (Tait 2008). As a result, a spectral analysis is employed, using MATLAB®, to the
uncontrolled response time history series of the centre and the four corners located at the

uppermost floor (z = 154.6 m) obtained from the dynamic analysis in Section 3.5.
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Consequently, the TLDs are designed according to the target modal RMS acceleration
response component values (0y—target-m1; Oy—target—-m2) determined from the initial modal
RMS values (05— initiai-m1; Oy-initiai-m2) at the TLD location and in its placement direction.
Therefore, the modal contribution factors (MF) corresponding to each structural mode of

vibration to be suppressed utilizing the TLDs must be determined.

Tables 3.1 and 3.2 show the initial RMS acceleration response values (0x_initial;
0y—initiar) OF the Indianapolis building and their corresponding modal response component
values (0x_initiai-m1; Gy—initiai—mz2)- 1he TLDs, which are placed at the centre of mass of
the uppermost floor (CM), are designed to suppress the first two modes (i.e. m1 and m2) that
are mainly translational in the x- and y-directions. Spectral analysis results show that the CM
response values in the x- and y-directions are mainly produced by the first two modes of the
building where MF > 94%. Therefore, the centre of mass (CM) is considered to be a suitable
location for the TLDs. It should be noted that optimization of the TLD placement has not

been considered in this study.

3.6.3  TLD Parameter Calculations
The assumed mass ratio for mode 1 in the x-direction (u,) enables the optimal structure-

DVA tuning ratio (£2,,;,), the optimal DVA damping ratio ({,,,) and the optimal structure-
DVA response ratio (R, ) to be calculated for an undamped structure (Warburton 1982;

Tait 2008; Love et al. 2011)

Jrin 9)

"QOptx =

1+px
3,2
+_
Copp, = | —tix (3.7)
Optx 446y +2UZ
Ore 1+
R r—x __ Hx

opty = =
¥ ox Zﬂx"'%ﬂpzc (38)

The effective damping provided by an optimally designed DVA ({o5—ope,) IS estimated

using (Vickery and Davenport 1970; McNamara 1977; Gerges and Vickery 2003; Tait 2008;
Love et al. 2011)

1 (u +u2
Ceff—opty = 7 = (3.9
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The total damping ({;,:—,) Of a structure-DVA system consists of structural damping (¢;)
and effective damping ({cff-opc,) @dded by the optimally designed DVA can be obtained by
(Luft 1979; Love et al. 2011)

Ctot—x = 0.80s + Cerropt, (3.10)

Since the TLD is the DVA used in this study, therefore, the effective damping that must
be added by the TLD to achieve the target modal RMS displacement response
(Ox—-target—m1) Can be calculated by (Love et al. 2011)

2
0' s ey l—
rip—eff-opty = Ctot—x — 0.80s = {;——HA=ML — 0.8 (3.11)

x—target—-m1

The initial modal peak hourly acceleration response value of the structure (X;niriqi—m1)
can be related to the initial modal RMS acceleration response value (05 —_initiai—m1) USINg the
peak factor (PF,,;) (Davenport 1964)

_ Xinitial-m1 . o
Tg—initial-m1 = ~ pp— + WNETe Zinitia1-m1 = Zinitiar- MF (3.12)

Thus, the initial modal RMS displacement response value (0y_initiai—m) Can be
estimated using
Ox—initial-m1

Ox—initial-m1 = — 3 R (3.13)
s—m

Therefore, the target modal peak hourly RMS displacement response values
(Ox—target—m1) Can be estimated using Equation 3.11 assuming that {, is equal to 2% in this

study.

The target modal RMS displacement response (0y—_¢qrget—m1) €nables the target modal
RMS acceleration response (0y—¢qrget-m1) and the target RMS fluid response amplitude
(TLD response, o,_,) to be determined by
Oj%—target-m1 = (‘)g—ml Ox—target—-m1 (3.14)
Or—x = Ropt, Ox—target-m1 (3.15)

Knowledge of the optimal TLD natural frequency in the x-direction corresponding to
mode 1 (frip-opt,) Using the calculated optimal tuning ratio (£, ) allows the dimensions

of the TLD to be estimated by

1 h
frip-opt, = 5 %tanh (:_x) (3.16)
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where g is the gravitational acceleration.

The TLD damping ratio ({7,p—,) is a function of the fluid viscosity, the target RMS fluid
response amplitude (o,_, ), the screen loss coefficient (C;_,) and the location of the damping
screen(s) (x;) (Tait 2008)

32 h  Or_x
o = Clox \/; tanh? (’Lf—x) 8,5, 7= (3.17)
where
1 1
A, = <§ +— (’[—i‘)) (3.18)
- | X
&, = 0% |sin? (L—’) (3.19)

where ns, is the number of damping screen(s) inside the tank in the x-direction.

Bi-directional TLDs, which act as two independent TLDs, can be used to control the first
two sway modes of the structure in the x- and y-directions, simultaneously (Tait 2004; Tait
et al. 2005a; Tait et al. 2008). To design a bi-directional TLD, the previous procedure is
repeated considering the same fluid height obtained previously (h) and the assumed mass
ratio for the second mode of vibration in the y-direction (u,). The calculation steps and the
equations used in the TLD design to suppress the second mode of vibration the y-direction
are shown in Table Al (Appendix-A). The above design calculations in the x- and y-
directions may have to be repeated in an iterative manner to achieve the selected mass ratio
in both directions (uy; u,) as L, represents the width of the tank in the y-direction and L,,
represents the width of the tank in the x-direction. This is necessary when the water mass
calculations, mentioned in detail in the next section, result in a different numbers of tanks in
the x- and y-directions based on the chosen lengths of L, and L, to satisfy the selected mass
ratios in both directions (u,; p,). It should be noted that an increased number of multiple
tanks can be used to satisfy space restrictions. Section 3.6.5 presents a TLD design example

to suppress the first two vibration modes of the Indianapolis building.

3.64 TLD Water Mass Calculations

The mass of water in a bi-directional TLD, m,,(1¢ank) Can be calculated using

My (1tank) = Pw- L. b.h (3.20)
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where p , is the density of water, L is tank length, b is the tank width and h is the water

depth.

By placing the TLD at the top of the building and for a pure translational mode shapes,
the TLD mass ratio values for the first two mode shapes in the x- and y-directions,

respectively (uy; py,) are defined as

e = "T2Z PR p s (3.21)
m -
py = T,j,i X pFip—y (3.22)

where ¢r.p_, and ¢r,p_,, are the mode shape values at the TLDs locations in both x- and y-

directions, respectively.

In general, the mode shapes have both translational and torsional components. Thus, the
resulting mass coupling terms introduced by the TLD must be considered. The generalized
mass of the TLD(s) corresponding to the n‘"* structural mode can be obtained using the

following relationship

Mrrp, = {dn) [Mrpl{dn} (3.23)

where [My,p] is the TLD mass matrix and can be determined by transferring the mass of the
TLDs back to the centre of mass of the structure (CM).

The TLD mass matrix can be determined by direct force equilibrium method. Thus, a
unit acceleration is imposed on each degree-of-freedom (DOF) and the resulting mass
influence coefficients can be determined. The derivation of the tuned mass damper (TMD)
mass matrix, [Mryp], for a 3-dimensional mode shape was introduced by Yat (2009) (see
Figure 3.12) and expressed as

my + m, 0 mzeyz — mleyl

[Mryp] = 0 my +m, Myeyxy — My€yq (3.24)
mpey, —Myey; My — M€y My (‘?m2 + ey12) +my(en” + eyzz)

Due to the analogy between the TLD and the TMD, Equation 3.24 (Yat 2009) can be
used to estimate the tuned liquid damper (TLD) mass matrix, [M;;p], for a 3-dimensional
mode shape. The TLD tanks to suppress the first two modes of the Indianapolis building are
placed at the centre of mass (CM), thus e,; = ey, = e,; = e,, = 0 leading to my,,_ equal

to the summation of the participating water mass in these tanks (i.e. mryp_,; My p—y), Where
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the participating water mass can be estimated using Equations 3.29 and 3.30 in the x- and y-
directions, respectively. Consequently, Equations 3.21 and 3.22 can be used to determine the
TLD mass ratio values for the first and second mode shapes in the x- and y-directions,

respectively.

Thus, the required TLD mass in the x- and y-directions can be evaluated where M; and
M;, are the generalized mass of the structure in the x- and y-directions, respectively,
corresponding to the structure’s modes of vibration to be suppressed. The generalized mass
values of the structure can be determined by

My = 3,20 (mg), (dRup-)i (3.25)
My = 2,20 (mg), ($h10-y), (3.26)

where Ny is the total floor numbers, ms is the mass of each floor.

The number of TLDs required in both directions (Nr;p_x; Nr.p-,) is calculated using

the following equations

Nrip-x = — D (3.27)

MTLD-x(1tank)

MrLD-y

(3.28)

N. =
TLD—
y MTLD-y(1tank)

Where mrpp_xcitanky aNd Mrip_y(1eanky are the participating mass of the sloshing fluid

corresponding to the fundamental sloshing mode (Graham and Rodriguez 1952) and can be
estimated in both directions by

8 tanh(rr&)
MTLp—x(1tank) = Mi1—x = me(ltank) (3.29)
Ly
8 tanh(n%)
Mrip-y(1tank) = Mi—y = me(ltank) (3.30)
Ly

The actual mass ratio values (uy—qctuar; Hy—-actuar) @ Well as the total mass ratio of
contained water (u,,) can be calculated after the same numbers of tanks (Nr,p_y,) are

determined for both directions of the bi-directional TLD tanks

_ NTLD—xyMTLD-x(1tank)

Hx-actual = M, (3.31)

__ NTLD-xyMTLD-y(1tank)
HUy—actual = Y
y

(3.32)
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__ NrLD-xyMw(1tank)

w = m (3.33)
where M; is the total structure mass given by

i=N
M; =%, (my), (3.34)

3.7. Modelling and Response of the Indianapolis Building Equipped with Bi-
Directional TLDs to Suppress the First Two Modes of Vibration

This section considers designing and adding bi-directional TLDs to reduce structural
response levels to acceptable wind-induced motion criteria (Isyumov 1994) in two directions,
simultaneously. For a bi-directional TLD (2D-TLD), a one-directional (1D) nonlinear TLD
fluid model capable of simulating a TLD equipped with damping screens is employed to
model a 2D-TLD. Application of this particular model requires the assumption that the
response is decoupled and can be treated as the summation of two independent 1D-TLDs.
Tait et al. (2005b) compared results from the nonlinear fluid model with 2D experimental
shake table test values leading to a validation of the decoupled response assumption.
Moreover, a structure-2D-TLD behaviour was experimentally examined over a range of
excitation amplitude values covering the practical range of serviceability accelerations for
buildings subjected to wind loads (Tait et al. 2007). Therefore, 2D-TLDs to suppress the first
two modes of vibration are designed and installed in the Indianapolis building. Also, an
evaluation of the two nonlinear TLD models, introduced in Chapter 2, and model selection

are conducted.

3.71  TLD Models

This section presents briefly the two nonlinear TLD models, the nonlinear fluid model
and the equivalent amplitude dependent tuned mass damper (EADTMD) model, which are
used to simulate the TLD sloshing force in Section 3.7.2. Consequently, a TLD design
example for a bi-directional TLD to suppress the first two modes of the Indianapolis building

is presented using both nonlinear TLD models

3.7.1.1 Fluid Model (TLD Model 1)
A nonlinear numerical model of a TLD equipped with damping screens, developed by
Kaneko and Ishikawa (1999) and assessed by Tait et al. (2005b). The nonlinear numerical

model is briefly described below. Considering the tank, shown in Figure 3.11c, is excited in a
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uni-directional motion, the nonlinear sloshing response can be expressed using shallow water

theory as (Lepelletier and Raichlen 1988)

d d

a_z +— [(h +nu] =0 (3.35)
ou du Iy 3u

i L _Z = 3.36
St U a5 ( n)? ataz+(wu+x 0 (3.36)

where n(x, t) is the free surface elevation, u (x, t) is the horizontal velocity averaged through
the liquid depth, L is the tank length, h is still liquid depth, g is the gravitational acceleration,
X is the horizontal base excitation acceleration of the tank, which is equal to that of the nodal
acceleration at the TLD location and in the direction of the tank placement (i), and ¢,, is a

damping coefficient, introduced by Miles (1967) to account for the viscous dissipation.

The above set of nonlinear shallow water equations can be solved numerically once the
initial state of the liquid is prescribed, i.e. the values of n and h are given at timet = 0. A
one-dimensional finite difference discretization scheme is applied for both n and h. The
boundary conditions on the end walls of the tank are given as u(—L/2,t) = u(L/2,t) = 0.
For a certain excitation amplitude, Equations 3.35 and 3.36 are integrated numerically using
the Runge-Kutta-Fehlberg method after assigning the initial conditions for n(x,0) =0
and u(x,0) = 0. The influence of the damping screens is modelled using a screen loss

coefficient (C)).

As described in Chapter 2, momentum theory to calculate the TLD base shear force, the

mass of the ith element can be given by the following equation (Kaneko and Ishikawa 1999)

L T
=px—xbx(u+h) (3.37)
N, 2

where n,, is the total number of elements, L is the tank length, b is the tank width and p is the

liquid unit weight.

Consequently, the momentum of the ith element can be described as follows

Lb +
P = Zm u; _p Z(m L h)ui (3.38)

The TLD base shear force (Fr,p, -moaer 1) Can be determined by the following equation
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1
Frip.—Modet1 = e (P(t) — P(t + At)) (3.39)

A significant reduction in the dynamic response of a high-rise building can be achieved if
the TLD has sufficient inherent damping. The design procedure, outlined in Section 3.6.3, is
used to estimate the initial damping screen requirements. Consequently, two different initial
modal RMS acceleration response values (0x—initiai-m1; Fy—initiai—mz2) Of 6.0 milli-g and 3.4
milli-g lead to two different target modal RMS acceleration values (0i—target—m1;
Oj—target—mz2) OF 3.1 milli-g and 1.8 milli-g in the x- and y-directions, respectively, for a
selected mass ratio value of 6% (u, = u, = 6%). It should be noted that the generalized
mass ratio is equal to 6% (uy = uy = 6%), where e, = e, = 0 for the TLDs placed at the
CM. As a result, total target RMS acceleration response values (0x—target—t; Oy—target—t) Of
3.2 milli-g and 2.0 milli-g in the x- and y-directions, respectively, can be estimated using
(see Tables 3.1 and 3.2)

(0%—target—t)i = (Ox—initia)i — (Ox—initiai-m )i + (Ok—target—m )i (3.40)
(05-target-t)i = (Oy—initiat)i — (Fy—initiai-m )i + (Oy—target—m )i (3.41)

where i is the vibration mode number.

The screens are designed to achieve the optimal damping ratio ({r.p—opt,; (TLD_Opty) at

the above target modal RMS acceleration response values (0x_target—m1; Oy—target—m2)
(Tait 2004; Tait 2008; Cassolato et al. 2011). Table 3.3 shows the calculation steps used in
the design procedure of the first mode tanks in the x-direction, while the same steps are
repeated in the y-direction and are presented in Table Al (Appendix-A). The screens are
located at 40% and 60% of the tank length in both directions with loss coefficient values of
Ci—x = 9.8 and C;_,, = 20.3, respectively. TLD tank dimensions are established as L, =
16.0 m, L, = 13.4 m, and h = 1.9 m. A total of 2 tanks are required to satisfy the selected

mass ratio values following the water mass calculations found in Table 3.4.

3.7.1.2 EADTMD Model (TLD Model 2)

An equivalent amplitude dependent tuned mass damper (EADTMD) representing a
partially fluid tank containing screens (TLD) can be determined based on either experimental
results or using the nonlinear fluid model as described in Chapter 2. The dynamic

characteristics of the equivalent TMD model, in terms of mass, stiffness and damping
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parameters can be determined by energy equivalence. The validity of this nonlinear TLD
model has been examined (Tait et al. 2004b). The energy dissipated by the equivalent TMD

(E4) shown in Figure 3.11d can be expressed in terms of the excitation amplitude, as

2

£\ .
Eq = mpuo@nf)*A*nlHy (D] (7—) sin (6,72 342
TLD
Normalizing this expression by 1/2 m,, (A27f)?, results in
m
Ep =T\ ()| (L) 21t sin (6,) (3.43)
my, frip

where |H,,.(f)| is the frequency response function, referred to the modulus of the
mechanical admittance function, between the TMD relative response motion and the shake

table input motion
1

[0 G )+ (2ona )

and (8,,,) is the corresponding phase angle given by

(260 (,%2)
1-(#5)

A curve fitting procedure with constraints forcing the theoretical expression E; to match

|Hee ()] =

0,/x = tan™ (3.45)

both the maximum value of the energy dissipated and the total energy dissipated over the
range of frequencies tested is employed. This procedure is used to estimate the EADTMD
parameters my.p, frp and {ppp (Tait et al. 2004a; Tait et al. 2004b).

The equation of motion of the equivalent TMD system can be written as
Mryip-Xrpp + Crip-Xrip + Krpp-Xrp = — Mrpp. Xs (3.46)

Hence, the TLD force Fr,p__moqer 2 CaN be expressed as

Frip,-moder 2 = —Mrpp (Xs+ X71p) (3.47)

where x, and x;,, are the structure displacement and the relative displacement between the

TLD and the structure, respectively.

The nonlinear TLD fluid model, using the tank properties obtained in Section 3.7.1.1, is

employed to design the first mode (i.e. L,; h; C;_,) and the second mode (i.e. L,; h; C;_,)
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tanks, respectively, by sinusoidal discrete frequency sweep analysis on the TLD at selected
amplitudes of excitation (4). Consequently, an equivalent TMD mass (my.p), frequency
(frLp) and damping ratio ({y.p) can be produced. A least squares fit is carried out to
determine the amplitude dependent properties of the TLDs for mode 1 as shown in Figure
3.12. The same steps are repeated for mode two tanks in the y-direction and are presented in
Figure A3 (Appendix-A). A unique set of these properties are determined for each mode to
be suppressed and are used in the response evaluation of the Indianapolis building using the
3D-Structure-MTLD system model.

3.7.2  Modelling of Structure-TLD Systems

The high-rise building (i.e. primary system) is modelled as a discrete lumped mass
system consisting of n lumped masses (see Figure 3.6b). The tuned liquid dampers (i.e.
secondary system) can be attached to any level of the primary system and at any location on

the floor plate.

The equation of motion of the combined system can be written as

[M1{i} + [Cl{a} + [K]{x} = {Fere ()} + [HI{Fr1p(8)} (3.48)

where [M], [C] and [K] are the mass, damping and stiffness matrices of the building (i.e.
primary structure), {x}, {x} and {x} represent the structural displacement, velocity and
acceleration vectors, {F,,.(t)} is the external load acting on the structure, {Fy.,(t)} is
control force vector of the TLD (i.e. base shear forces), and [H] is the position matrix of the
TLD in which its ith column vector {H}; =[0..010..0]%,, (1 is in the jth column)
indicates the ith group TLDs that are installed on the jth story.

Consideration of the non-participating mass component for both TLD Model 1 and
Model 2 is described, in detail, in Chapter 2 for uni- and bi-directional tanks. The resulting

mass matrix of the combined system, [M], for TLD Model 1 is expressed as

[M] = [Ms] + [HI[Mf5g Mo ] = : : +
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WEE
mi2 e 0
mIZLD —Model 1
" mIL g
0 mI2oe
mgéD—Model 1_

(3.49)

1

where [Mj] is the stiffness matrix of the primary system and [M{:RMedel1] js the added

mass to the primary structure at the TLD locations in the x, y and z directions considering the
fluid model (TLD Model 1).

The following equation represents the mass matrix of the combined systems using the
EADTMD model
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where [Mf2;M°%¢!?] is the added mass to the primary structure at the TLD locations in the

x,y and z directions considering the amplitude dependent TMD model (TLD Model 2).

In cases where the secondary system has a considerable mass ratio value, the updated
mode shapes of the primary structure can be determined and utilized in the design process.
For example, Roffel et al. (2011) used the updated mode shapes to re-tune the DVA and
better control the structural response to achieve improved performance. In this study, it was
determined that the added mass had a negligible effect and as a result the original mode
shapes and the natural frequencies were used in the TLD design.
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3.7.3  Evaluation of Improved Performance Using TLDs (2 Modes)

The Indianapolis building is analyzed using measured wind loads from wind tunnel tests
at 14 different heights to produce a time history of four hours duration. The computational
time required for the nonlinear TLD fluid model is approximately 20 times greater than the
time required for the EADTMD model. As previously mentioned in Chapter 2, the time step
(Aty) used in TLD fluid model is less than 1/180 of the structure’s time period as
recommended by Kaneko and Ishikawa (1999) in order to solve for the one-dimensional
finite difference scheme. The time step (At,) used for the EADTMD model is about 1/10 of
the structure’s period to which the damper is tuned too in order to achieve suitable accuracy
(Chopra 2001). In addition, a total of 4902 three dimensional beam elements are used to
model the Indianapolis building, which must be updated and solved every time step during
the entire numerical simulation process. Each simulation requires approximately 1.5 million
time steps to complete and takes more than 75 hours of run time/hour time history using an
Intel® Core™2 Quad processor 2.4 GHz.

Powerful computational machines with high capacity storage capabilities are essential to
carrying out the dynamic analysis using the nonlinear TLD fluid model. SHARCNET™
(Shared Hierarchical Academic Research Computing Network) has been used to perform the
analysis, as the building must be solved according to the time step dictated by the nonlinear
TLD fluid model. SHARCNET™ is one of seven “HPC” (High Performance Computing)
consortia in Canada that operates under the umbrella of Compute Canada. SHARCNET™ is
a consortium of Canadian academic institutions who share a network of high performance
computers. [“HPC” is the use of high-end computing resources (computers, storage,
networking and visualization) to help solve highly complex problems, perform business
critical analyses, or to run computationally intensive workloads that are in scale far beyond

the tasks that could be achieved on today’s leading desktop systems (www.sharcnet.ca)].

Figures 3.14a and 3.14b show a 300-second duration time history of the structural
displacement response of the centre of mass (CM) of the building at the uppermost floor
(z = 154.6 m) at the critical wind loading angle (6,,) of 210° in the x- and y-directions,
respectively. The nonlinear fluid model is denoted as TLD Model 1, while the EADTMD
model is denoted as TLD Model 2. Structural velocity and acceleration responses, in the x-

and y-directions, are shown in Figures A4 and A5 (Appendix-A), respectively.


http://www.computecanada.org/
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As can be observed from Figures 3.14a and 3.14b, excellent agreement is found between
the results obtained from the two models with a maximum percentage difference of 2% found
between the RMS response values of the displacement, velocity and acceleration in both x-
and y-directions. As a result, the TLD Model 2 is selected to be used for the rest of the study
reported on in this chapter as it is found to achieve sufficient accuracy.

The effect of adding TLDs to suppress the first two modes of the building is shown in
Figures 3.15 and 3.16 by comparing the response histories of displacement, velocity and
acceleration with and without TLDs installed in the x- and y-directions, respectively. The
response time histories are taken at the centre of mass (CM) of the uppermost floor for the
first 300 seconds of the applied wind excitation. As can be seen from Figures 3.15 and 3.16,

all response values are reduced.

3.7.4  Response Evaluation of the Indianapolis Building

In this section, a total of 36-time history analyses, corresponding to wind loading angles
(6,,) between 0° and 360°, are carried out utilizing the 3D-Structure-MTLD system model
implemented with bi-directional TLDs to suppress the first two modes of vibration of the
Indianapolis building.

It can be observed from Figure 3.8 that all corners have nearly the same RMS structural
acceleration response values (o) as that of the centre of mass (CM) in the x-direction for the
No-TLD case. This can be attributed to the fact that centre of twist (CT) is located close to
the x-axis (see Figure 3.6a). Due to the location of CT in (+)y-direction, a small increase in
the RMS acceleration response values for corners C1 and €2 occurs. Figure 3.17 shows an
RMS structural acceleration response value of 3.1 milli-g at the critical wind loading angle
(6,,) of 210° at the centre of mass (CM) in the x-direction, which is approximately 3% less
than the calculated total target response value (0;—tqrget—¢) Of 3.2 milli-g. The initial modal
RMS acceleration (04 _initiai—m1) has been reduced from an original value of 6.0 milli-g to
2.8 milli-g.

Figure 3.18 shows that the resulting RMS structural acceleration response value of 2.2
milli-g in the y-direction at the centre of mass (CM) exceeded the total target RMS structural

acceleration response value (05_¢qrgec—t) OF 2.0 milli-g by less than 10%. However, the
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initial modal RMS acceleration (oy_initia1—m2) has been reduced from an original value of

3.4 milli-g to 1.4 milli-g, which is 0.4 milli-g less than the target value.

Changes have also occurred in the percentage contribution to the total structural response
from the uncontrolled structural modes. For example, the modal factor value (MF) of the
third mode has increased from 0.4% to 2.4%, while the modal factor value (MF) for the
remaining higher modes has increased from a value of 0.5% to 3.2% at the CM location in
the x-direction. In the y-direction at the CM location, the modal factor value (MF) of the
third mode has increased from 1.2% to 9.2%, while the modal factor value (MF) for the
remaining higher modes has increased from a value of 0.9% to 7.4%. The first modal RMS
response component values at the four corners of the building in the x-direction are reduced
by 59.1% to 62.3% compared to a percentage reduction value of 54.0% at the centre of mass
(CM) (see Table 3.5). In the y-direction, percentage reduction values of the second modal
RMS response component at the corners of the building are found to range between 75.3%
and 76.0% compared to 60% reduction at the centre of mass (CM) (see Table 3.6).

In contrast, an amplification of the third mode x- and y-structural acceleration response
values has occurred. In the x-direction, the modal factor values (MF) of the third mode
ranged between 0.4%, at the CM, and 2.3%, at C3 and C4, for the uncontrolled structure,
while the range has been amplified from 2.4% (at CM) to 37.3% (at C3 and C4) after
installation of the TLDs. Therefore, the third mode structural response component values are
increased from 0.1 milli-g to 1.5 milli-g. Although, an amplification of the third modal
response components has occurred, a percentage reduction value of the total structural
acceleration response of 49.8% is achieved at the CM, while values of 40.4% and 31.9% are
achieved at C1, C2 and C3, C4, respectively (see Table 3.5).

The third modal factor values (MF) of the structural response components, in the y-
direction, are nearly doubled compared to the amplification values found in the x-direction.
The modal factor values, which ranged between 1.2% (at CM) and 17.9% (at C2 and C3) for
the uncontrolled structural responses, are increased by 9.2% at the CM and 74.0% at C2 and
C3. As a result, the third mode structural response component values are increased from 0.6
milli-g to 3.8 milli-g. Furthermore, an increase in the total structural response in the y-

direction at the corners of the building has occurred. However, at the CM, a response
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reduction of 39.3% is achieved as mode 3 only contributes 9.2% to the total structural

acceleration response in the y-direction at this location (see Table 3.6).

Overall, positive percentage reduction values of the average peak hourly resultant
acceleration (Rpeqk—ny) are achieved at the centre of mass and the corners at the critical wind
loading angle (8,,) of 210° (see Table 3.9 and Figure 3.20). Table 3.9 shows that percentage
response reduction values range between 6.4% and 24.7% at the four corners, while a
reduction response value of 47.1% is achieved at the centre of mass (see Figure 3.18). The
resultant acceleration is the acceleration felt by the occupants in the building and is related to
human perception thresholds (Isyumov 1994). Hence, the average peak hourly resultant
acceleration response values (Ryeqx—nr) Presented in Figure 3.17 are used to compare with

the acceptable wind-induced motions in Section 3.7.5.

3.7.5  Serviceability Check of the Indianapolis Building

Figure 3.10 shows that the maximum average peak hourly resultant acceleration response
values (Rpeqk—nr) OCcuUrred at the corner and at the centre of mass (CM) of the uppermost
floor of the Indianapolis building at the critical wind loading angle (8,,) of 210°. For the No-
TLDs case, the maximum corner and CM accelerations are 28.2 milli-g and 26.4 milli-g
compared to values of 24.6 milli-g and 13.9 milli-g for the case of TLDs installed,
respectively, as shown in Figure 3.19. Therefore, the TLD system installed to suppress the
first two modes of vibration of the Indianapolis building is found to reduce the maximum
average peak resultant acceleration to the acceptable level for office buildings, i.e. 20 milli-g
< Rpeak-nr < 25 milli-g (Isyumov 1994).

Figure 3.20 shows the percentage response reduction values (¥peqk—ny) Of the average
peak hourly resultant accelerations (R,eqk—nr) for the centre of mass (CM) and the four

corners of the Indianapolis building. ¥,,¢qx—pr is eXxpressed as

Rpeak—hr (No— TLD)_Rpeak—hr (with TLD)) 100 (351)

l‘Upeak—hr = (

Rpeak—hr (No—TLD)
where Ryeak—nr (withep) @ Rpeak—nr (vo-Top) are the structural acceleration responses

with and without TLDs installed, respectively.

Figure 3.20 shows that the reduction values at the CM are significantly greater than at the

corners and show less variation with wind angle. The reduction values are found to vary in
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the range of 10% and a maximum percentage reduction value (¥p,eqx—n,) 0f 50% is achieved
at the CM. The response reduction values at the corners (¥peqk—nr) range between -2% and

36% and are found to vary in the range of 20%.

At the critical wind loading angle (6,,) of 210°, R,.qk—nr Value at the centre of mass
(CM) is reduced by 47.1%, while the acceleration response values of the corners are reduced
by 6.4% to 24.7% (see Table 3.9). The reduction in RMS acceleration response values (o3) in
the x-direction at building’s corners (see Figure 3.17) exceeds the amplified RMS values
(gy) in the y-direction. It can be observed that the resultant acceleration response value
(Rpeak—nr) at €3 increased with the addition of TLDs by only 2% at two wind loading angles
(220°; 340°) as shown in Figure 3.20. However, the maximum Ry, .qx—p, Value is found to

remain at the critical wind loading angle (6,,) of 210°.

3.8. Response of the Indianapolis Building Equipped with Uni/Bi-Directional
TLDs to Suppress the First Three Modes of Vibration

By inspecting Figures 3.10 and 3.19, it can be noticed that after the installation of the
TLDs, the differences in peak resultant acceleration response values between the centre of
mass and the four corners are found to increase significantly (see Figure 3.19). While the first
two modes of the building are primarily translation modes in the x- and y-directions, the
TLDs, which are designed to suppress these translation modes, are not capable of reducing
the structural response resulting from the excitation of higher modes of vibration.

To further reduce structural peak acceleration response values, this section considers
adding an additional set of TLDs to achieve acceptable response level for hotels, i.e. 15 milli-
0 < Rpeak—nr < 20 milli-g (Isyumov 1994). Therefore, TLDs to suppress the third mode of
vibration are designed and installed in the Indianapolis building, in addition to the TLDs
previously provided to suppress the first two translational modes of vibration. This step is
important, as adding TLDs to suppress the first two modes of vibration has influenced the
total response of the building by increasing the contribution of the torsional vibration mode

of the structure under certain wind loading angles.

3.8.1  TLD Design Procedure for the Third Mode of Vibration
In this section, a mass ratio value (u) of 5.0% is selected for TLDs to be installed to

suppress the torsional mode (mode 3) of vibration of the building. As all third mode tanks are
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placed at the corners of the building, the distance from the CM and the TLDs in the x- and y-
directions is the same. This leads to a generalized mass ratio value (u* ~ u) (see Equation
3.24). The target modal RMS acceleration response values in both x- and y-directions
(O4—target—m3; Oy—target—m3), USed in the TLD design process, are determined based on the
initial modal RMS acceleration response values (0;—initiai—m3; Fy—initiai-m3) at the corners

in both x- and y-directions, respectively (see Tables 3.5 and 3.6).

Initial third mode RMS acceleration response values in the x-direction (65 _initiai—m3) Of
0.9 milli-g and 1.5 milli-g are obtained from spectral analysis of the time history series at
each corner (see Table 3.5). Therefore, tanks are selected to be placed at €3 and C4 to
maximize the TLD resulting shear force due to the amplitude dependent properties of the
device (Tait et al. 2004a; Tait et al. 2004b). Consequently, third mode tanks in the y-
direction are selected to be placed at C2 and €3, where the initial RMS acceleration response
value of the third mode (0y_initiai-m3) is 3.8 milli-g compared to 2.5 milli-g at C1 and C4
(see Table 3.6). Thus, the initial RMS acceleration response values of the third mode
(Ox—initial-m3} Oy—initial-m3) Of 1.5 milli-g and 3.9 milli-g lead to target modal values
(O4—target-m3; Oy—target—m3) OF 0.8 milli-g and 2.0 milli-g in the x- and y-directions,
respectively. Total target RMS acceleration response values (0x_target—t; y—target—t) Of 3.4
milli-g and 3.4 milli-g are estimated using Equations 3.35 and 3.36 in the x- and y-directions,

respectively (see Tables 3.5 and 3.6).

The target modal RMS acceleration response values of the third mode (0;—tqrget—m3;
Oy_target—m3) are used to determine the required damping ratio of the screens ({r,), which
are designed to achieve an optimal inherent damping ratio ({r.p—op¢) for a particular
amplitude of excitation at the critical wind loading angle (6,,) of 210° (Tait 2008). The
calculation steps used to design the TLDs to suppress the first two modes of vibration are
presented in Tables A2 and A3 (Appendix-A) and TLD water mass calculations are
presented in Table A4 (Appendix-A). The screens are located at 40% and 60% of the tank
length in both directions with calculated loss coefficient values of C;_, = 35.3 and C;,_,, =
14.1 in the x- and y-directions, respectively. Figures A6 and A7 (Appendix-A) show the
amplitude dependent properties for the tanks used to suppress the third mode of vibration of
the building.
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Square tanks, which act as two independent 1D-TLDs, are selected to be placed at C3
employing the design procedure described in Section 3.6. The tank dimensions are
established as L, = L, = 3.0 mand h = 0.4 m. A total of 111 bi-directional tanks are used
to achieve half of the specified mass ratio values in both the x- and y-directions. In contrast,
25 uni-directional TLDs are placed at the C4 and C2 to suppress the third mode of vibration.
The tank length and water depth value match those for the bi-directional TLDs, however, a
different width is selected in order to satisfy the remaining required mass ratio in both x- and
y-directions (see Table A4 Appendix-A). It is common to utilize dozens or even hundreds of
small TLD tanks to satisfy the required mass ratio (Tamura et al. 1995; Love et al. 2011).
The tanks can be placed and arranged to keep space requirements to a minimum.

3.8.2  Response Evaluation of the Indianapolis Building

In this section, a total number of 36-time history analyses, corresponding to wind loading
angles from 0° and 360°, are carried out utilizing wind tunnel data provided by the BLWTL
and employing the 3D-Structure-MTLD system model implemented with TLDs designed to
suppress the first three modes of vibration.

In the x-direction, Figure 3.21 shows that a RMS acceleration response value of 3.4
milli-g at the critical wind loading angle (8,,) of 210° at €3 and C4 (z = 154.6 m), matches
the predicted total target response value (0x_target—¢). The initial modal component of the
third mode (04— initiai—m) 1S reduced from 1.5 milli-g to 0.8 milli-g resulting in a percentage
reduction of 46.3%, while a percentage reduction value of 36.2% is obtained at C1 and C2
(see Tables 3.5 and 3.7).

In the y-direction, Figure 3.22 shows that the total RMS acceleration response of 3.8
milli-g at €2 and C3 (z = 154.6 m) exceeded the total target RMS acceleration response
value (05_¢qrgec—t) Of 3.4 milli-g. However, the modal RMS acceleration of 2.1 milli-g is
only 3% greater than the target modal value (05_¢qrgec—m) OF 2.0 milli-g (see Tables 3.6 and
3.8). The larger discrepancy in the total RMS values to modal RMS values is attributed to
changes in the percentage contribution of higher uncontrolled modes. The modal factor value
(MF) for the higher modes has increased from 9.0% to 13.2% as a result of the contribution
from uncontrolled modes in the y-direction, which are not suppressed by the TLDs. It can be

observed that the third modal RMS response is reduced from an initial modal value
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(0y—initiai—m) OF 3.8 milli-g to 2.1 milli-g resulting in a percentage reduction value of 45.9%

at C2 and €3, while a percentage reduction value of 35.5% is achieved at C1 and C4 (see
Table 3.8). Additionally, due to the installation of the third mode tanks, the first two modal
RMS acceleration response values at the centre of mass (CM) are further reduced with

percentage reduction values of 5.1% and 14.0% in the x- and y-directions, respectively.

Therefore, the percentage reduction values (¥peqr—nr) Of the average peak hourly
resultant acceleration response (Rycqk—nr) at the critical wind loading angle of (6,,) 210° are
considerably improved compared to the case where TLDs were installed to suppress the first
two modes of vibration. It can be observed that ¥,k —p, increases from 24.7% and 12.2% to
40.4% and 32.3% at C1 and C2, respectively, and from 6.4% and 19.2% to 27.9% and 36.4%
at C3 and C4, respectively. Also, the percentage reduction (¥,eqk—nr) at the centre of mass

(CM) increases from 47.1% milli-g to 53.7% (see Figures 3.20, 3.24 and Table 3.9).

3.8.3  Serviceability Check of the Indianapolis Building
The calculated average peak hourly resultant acceleration response values (Rpqk—nr) are

compared with acceptable wind-induced motion values set by the wind tunnel (BLWTL).
Figure 3.23 shows that the maximum average peak hourly resultant acceleration response
value (Rpeqk—nr), Which occurs at the critical wind loading angle (6,,) of 210°, is reduced
from an uncontrolled value of 28.2 milli-g to 18.9 milli-g (see Table 3.9) that satisfies the
criteria of the acceptable acceleration response level for hotels, i.e. 15 milli-g < Ryeqx—pnr <

20 milli-g (Isyumov 1994).

Figure 3.24 shows that the centre of mass (CM) has greater percentage response
reduction values (¥peqk-nr) than at the corners with less variation (in the range of 8.0%) and
achieves a maximum response reduction value (¥peqr—-rr) Of 56.0%. In contrast, the corners
experience lower W,k _p, Values (maximum 48%) with higher variations (in the range of
12.0%). It can be observed from Figure 3.24 that maximum percentage response reduction

values (Ypear—nr) at the corners of the building, which range between 40.0% and 48.0%, are
achieved at wind loading angles of 230° and 270°, while minimum values of ¥W,.qk_p,
ranging from 22.0% to 35.0% are found to occur at wind loading angles of 30° and 340°,

where the Rpeqr—nr Values are less than the maximum values at the critical wind loading
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angle of 210° (see Figure 3.23). However, serviceability requirements, which satisfy hotel

level requirements, are satisfied at all wind angles.

3.9. Conclusions

A 3D-Structure-TLD system model, developed and validated in Chapter 2, has been
expanded to multiple TLDs (3D-Structure-MTLD) and employed to study the response of the
38-story Indianapolis building equipped with TLDs. Two nonlinear TLD models; a nonlinear
fluid model (TLD Model 1) and an EADTMD model (TLD Model 2) were investigated.
Results of the 3D-Structure-MTLD system model have shown good agreement between both
TLD models. Therefore, TLD Model 2 has been selected to carry out the analysis resulting in
a significant reduction in computational effort.

TLDs to suppress the first three modes of vibration of the building have been designed,
utilizing a preliminary TLD design procedure (Tait 2008). The modal contribution response
components have been used to determine the TLD parameters at the critical wind loading
angle. A step-by-step TLD design technique has been employed, permitting the influence of
the first and second mode tanks and the third mode tanks to be studied.

It was found that the centre of mass (CM) of the Indianapolis building was a suitable
location for the first two mode tanks to be placed, where modal factor values in both x- and
y-directions are larger than at the corners for uncontrolled structure case. Also, the centre of
mass (CM) maintained modal factor values above 91% for modes 1 and 2 in the x- and y-
directions, respectively, compared to the corner modal factor values, which reduced due to
amplification of higher modal component values. Moreover, the step-by-step TLD design
procedure has been used to assess the decision of adding an extra set of tanks, to suppress
mode of vibration, and the selection of TLD locations and placement directions.
Accordingly, €3 and C4 have been found suitable for third mode tanks to be placed in the x-
direction, while €2 and €3 have been found suitable for third mode tanks to be placed in the

y-direction, due to the amplitude dependent properties of the TLD device.

The ability to capture the contribution of higher modes of vibration on the structure-TLD
system using this model has been demonstrated. The wind-induced serviceability levels of
accelerations of the Indianapolis building have been evaluated using TLDs to suppress the

first two and the first three modes of vibration satisfying the office building and the hotel
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level requirements, respectively. As a result of using this particular scheme, the maximum

average peak hourly resultant acceleration response value (Rpeqx—nr) Of the Indianapolis

building of 28.2 milli-g at the critical wind loading angle of (8,,) 210° has been reduced to a

value of 18.9 milli-g.
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Table 3.1. Modal Acceleration Response Components in the x-direction for the Indianapolis
Building with No-TLDs
Results of the Indianapolis Building with No-TLDs Design of TLDs
O3—initial 0 O5_initial-m Oi—target-m O—target—t
(milli-g) Modal Factor, MF (%) (milli-g) (milli-g) (milli-g)
Mode Mode Mode Higher Mode Mode Mode Mode
Node Total 1 2 3 Modes 1 2 3 1 Total
Corner 1 6.3 96.9 0.8 15 0.8 6.1 0.1 0.1 - -
Corner 2 6.3 96.9 0.8 15 0.8 6.1 0.1 0.1 - -
Corner 3 6.1 96.3 1.0 2.3 0.4 5.8 0.1 0.1 - -
Corner 4 6.1 96.3 1.0 2.3 0.4 5.8 0.1 0.1 - -
Centre 6.1 98.3 0.9 0.4 0.5 6.0 0.1 0.0 31 3.2
Table 3.2. Modal Acceleration Response Components in the y-direction for the Indianapolis
Building with No-TLDs
Results of the Indianapolis Building with No-TLDs Design of TLDs
O5_initial o O35 _initial-m O5_target-m O5_target—t
(milli-g) Modal Factor, MF (%) (milli-g) (milli-g) (milli-g)
Mode Mode Mode Higher Mode Mode Mode Mode
Node Total 1 2 3 Modes 1 2 3 5 Total
Corner 1 4.2 3.5 85.3 8.4 2.7 0.2 3.6 0.4 - -
Corner 2 3.7 34 77.7 17.9 1.0 0.1 2.8 0.7 - -
Corner 3 3.7 34 7.7 17.9 1.0 0.1 2.8 0.7 - -
Corner 4 4.2 35 85.3 8.4 2.7 0.2 3.6 0.4 - -
Centre 3.6 3.8 94.1 1.2 0.9 0.1 3.4 0.0 1.8 2.0
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Table 3.3. TLD Design for Mode 1 (x-direction) for the Indianapolis Building

Quantity Equation(s) Value
Initial peak hourly acceleration, X;,itia 22.52 milli-g
Modal Factor, MF 98.30 %
Initial modal peak hourly acceleration, N . -
% P y Xinitial-m = Xinitiar- MF milli-g
Xinitial-m . 22.37
Structure cyclic frequency, f;_, 0.14 Hz
Structure time period, T,_, Toey =1/fo_y 7.31 sec
Structure natural frequency, ws_, We_y =21/ Ts_y 0.86 rad/sec
Peak factor, PF, PF, = J2In(573ws_) + \/%;_X) 3.69
Initial RMS acceleration, 6;_initiai—m Oy—initial-m = X%F‘:"" 6.01 milli-g
Initial RMS displacement, 6,_initiai—m Ox—initial-m = %(Zz—t_:l_mﬁ 0.08 m
Assumed mass ratio, u 0.06 (6.0%)
Effective damping provided by TLD, L HUE
pIng P y (TLD—eff—optx Z% £ ;M (62%)
CrLD—eff—opty Tk 0.06
i i i Hat gl
Optimal damping ratio, {r;p—opt, rup—-opt, = el 012 (12.0%)
Optimal tuning ratio, 2 I 95.7%
p g opty Dopte =1y 0.96 (95.7%)
. . Jrip-opty
Optimal TLD cyclic frequency, fr.p—-opt, Qope, = TLJL:—_: L 0.13 Hz
. . R = Trx _ LBy
Optimal response ratio, R, ortx ~ g, w 599
Structure damping ratio, {, 0.02 (2.0%)
Total structure damping, Cror—x Ctot—-x = 0.80s + {rip—efr-opt, 0.08 (7.8%)
Target RMS displacement, a,_;arget—m Stot—x = (s% 0.04 m
Target RMS acceleration! ai—target—m Jx—target—m = wsz Ox—target—m 308 ml""g
Target peak hourly acceleration, Xiarget-m  O¢-target-m = x“‘#f‘”‘ 11.35 milli-g
TLD response, o,_, Or—x = Ropt, Ox—target-m 0.12 m
. . _ 1 |ng h L,=16.0 m
Select tank dimensions, L,, h frip-opt, =5~ /Ztanh (Z) hx: 187 m
Shallow water theory check, h/L, 0.12
(rip—x = Cl—x\/i_i tanh® (:_h)AxEx Uz—x
* * X1 = 0.4 Lx
Select screen properties, x4, x2, C;_, 4, = <l + ﬁ) x;=0.6L,
S sinh*@) Cr,=9.76

- ns.
Sx = Zj:x1

. X
sin’ (—’)|
Ly
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Table 3.4. Water Mass Calculations for TLDs to Suppress Modes 1 and 2 for the Indianapolis

Building
Quantity Equation(s) Value
L, =16.00 m
Selected tank dimensions, Ly, Ly, h L,=1341m
h=187 m
Water height to tanks length ratio in x-dir h/Ly 0.12
Water height to tanks length ratio in y-dir h/L, 0.14
Water mass of 1 tank, m,,(1¢ank) My 1eank) = LxLyh 401255 kg

TLD mass of 1 tank in x-dir, My p_x(1ank)

TLD mass of 1 tank in y-dir, My p_y (1¢ank)

Total building mass, M,
Generalized building mass in x-dir, My,
Generalized building mass in y-dir, My,

Required TLD mass in x-dir, mp;p_,
Required TLD mass in y-dir, m;p_,,
No. of Tanks required in x-dir, Ny p_y
No. of Tanks required in y-dir, Nz;p_,,

Chosen No. of tanks for modes 1 and 2, Nyyp_,,

Actual mass ratio in x-dir, t,_actuat
Actual mass ratio in y-dir, iy _qcruar

Mass ratio of contained water, u,,

Mrip-x(1tank) = Mi-x =
8 tanh(nLL)
X

T&) My (1tank)

MrLp—y(itank) = Mi—y =
8 tanh(nLL)
I S 24
3(£) My (1tank)
T Ly

i=Nf
Ms =2 my
i=Ng

M; =52 (my), (92

M5 = 5.2 (mp), (83),

Mypp_x = My

Mrpp-y = UyMy

Nrip_x = Mrrp—x/Mrip_x(1tank)
Nrpp—y = mTLD—y/mTLD—y(ltank)

(Bi-directional tanks)

Px—actual = Nrip—xyMrip—x(1eani)/Mx
Hy—actual = NTLD—xymTLD—y(ltank)/M;
u, = NTLD—xymw(ltank)/Ms

0.77 My (1tank) =
311370 kg

0.76 My (1tank) =
305904 kg

36412955 kg
10523344 kg

10013563 kg
631401 kg
600814 kg
2.03

1.96

5.92 %
6.11 %
2.20%
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Table 3.5. Modal Acceleration Response Components in the x-direction for the Indianapolis
Building with TLDs to Suppress the First Two Modes of Vibration

Results of the Indianapolis Building Equipped with 2 Modes TLDs (1 & 2)

Design of TLDs

% Reduction
O—initial Modal Factor, MF (%) O—initial-m Wort. Ui—{a?:get—m ci—(:ar.ge(—l
(milli-g) ’ (milli-g) No-TLD Case (milli-g) (milli-g)
Mode | Mode | Mode | Higher | Mode | Mode | Mode | Mode Mode Mode
Node Total 1 5 3 Modes 1 2 3 1 3 Total 3 Total

Corner 1 3.8 67.2 2.0 226 8.3 25 0.1 0.9 59.1 -870 40.4 - -
Corner 2 3.8 67.2 2.0 22.6 8.3 25 0.1 0.9 59.1 -870 40.4 - -
Corner 3 4.1 54.0 4.0 373 4.7 2.2 0.2 15 62.3 -1170 319 0.8 3.4
Corner 4 4.1 54.0 4.0 373 4.7 2.2 0.2 15 62.3 -1170 319 0.8 3.4
Centre 3.1 91.0 35 24 3.2 2.8 0.1 0.1 54.0 -413 49.8 - -

Table 3.6. Modal Acceleration Response Components in the y-direction for the Indianapolis

Building with TLDs to Suppress the First Two Modes of Vibration

Results of the Indianapolis Building Equipped with 2 Modes TLDs (1 & 2)

Design of TLDs

% Reduction
Ty initial Modal Factor, MF (%) Ty-initial-m w.r.t. Oy—target=m | Oj-target—t
(milli-g) (milli-g) NO-TLD case (milli-g) (milli-g)
Mode | Mode | Mode | Higher | Mode | Mode | Mode | Mode Mode Mode
Node Total 1 2 3 Modes 1 2 3 2 3 Total 3 Total

Corner 1 43 6.8 215 57.3 145 0.3 0.9 25 75.3 -616 -2.6 - -
Corner 2 5.2 2.9 14.0 74.0 9.0 0.2 0.7 3.8 76.0 -554 -42.2 2.0 34
Corner 3 5.2 29 14.0 74.0 9.0 0.2 0.7 3.8 76.0 -554 -42.2 2.0 34
Corner 4 4.3 6.8 215 57.3 145 0.3 0.9 25 75.3 -616 -2.6 - -
Centre 2.2 18.8 64.6 9.2 74 0.4 14 0.2 60.1 -589 39.3 - -
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Table 3.7. Modal Acceleration Response Components in the x-direction for the Indianapolis
Building with TLDs to Suppress the First Three Modes of Vibration
Results of the Indianapolis Building Equipped with 3 Modes TLDs (1, 2 & 3)
% Reduction % Reduction
Os—initial Os—initial-m w.r.t.
it Modal Factor, MF (%) Lt w.r.t.
(milli-g) (milli-g) 2 Mogsz;I'LDs No-TLD Case
Mode | Mode | Mode | Higher | Mode | Mode | Mode Mode Mode | Mode
Node Total 1 5 3 Modes 1 2 3 3 1 3 Total
Corner
1 31 706 | 14 | 173 | 108 22 0.0 05 36.2 637 | -489.0 | 502
Cog‘er 31 706 | 14 | 173 | 108 | 22 | 00 | 05 362 637 | -489.0 | 50.2
Cog“er 34 572 | 124 | 244 | 6.1 19 | 04 | 08 463 66.8 | -485.1 | 44.0
Cozner 34 572 | 124 | 244 | 61 19 | 04 | 08 463 66.8 | -485.1 | 44.0
Centre 2.8 896 | 35 2.7 4.2 25 0.1 0.1 2.0 590 | -244.1 | 55.1

Table 3.8. Modal Acceleration Response Components in the y-direction for the Indianapolis

Building with TLDs to Suppress the First Three Modes of Vibration

Results of the Indianapolis Building Equipped with 3 Modes TLDs (1, 2 & 3)
P o % Reduction % Reduction
y‘.‘l'l'.‘““’ Modal Factor, MF (%) y‘”.'l‘l‘.‘“"'" W.r.t. w.r.t.

(milli-g) (milli-g) 2 Modes TLDs No-TLD case

Node Total Mode | Mode | Mode | Higher | Mode | Mode | Mode Mode Mode | Mode Total
1 2 3 Modes 1 2 3 3 2 3

Corner 1 33 13.1 18.1 48.9 20.0 0.4 0.6 1.6 355 83.6 -349.2 224
Corner 2 38 6.2 26.2 54.5 13.2 0.2 1.0 21 45.9 64.7 -217.7 -4.7
Corner 3 38 6.2 26.2 54.5 13.2 0.2 1.0 21 45.9 64.7 -217.7 -4.7
Corner 4 33 131 18.1 48.9 20.0 0.4 0.6 1.6 355 83.6 -349.2 224
Centre 1.8 333 47.7 9.2 9.8 0.6 0.9 0.2 16.4 74.1 -282.3 49.0

Table 3.9. Percentage Reductions of the Average Peak Hourly Resultant Acceleration Responses
for the Indianapolis Building Utilizing 2 and 3 Mode TLDs

Rpeakfhr (mllll'g) q’peakfhr (%)
Node
No-TLD 2 Mode-TLDs 3 Mode-TLDs 2 Mode-TLDs 3 Mode-TLDs

Corner 1 28.2 21.2 16.8 24.7 40.4
Corner 2 27.1 23.8 184 12.2 32.3
Corner 3 26.3 24.6 18.9 6.4 27.9
Corner 4 27.3 22.1 174 19.2 36.4

Centre 26.4 14.0 12.2 47.1 53.7
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Predicted Annual Extreme Upper Level (500 m) Wind Speed for Various Return Periods
(from BLWT-SS3-2007)

Fig. 3.2. Close up Views of the Pressure Model (from BLWT-SS3-2007)
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Fig. 3.3. Photographs of the High-Rise Building Model in the Wind Tunnel Showing the Upstream
Terrain Models for Different Exposures (from BLWT-SS3-2007)
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2007)
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RMS Acceleration Responses of the Indianapolis Building in the x-direction with No-

TLDs Installed
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Chapter 4: Finite Element Modelling of Structure-MTLD Systems with Inclined
Damping Screens

4.1. Introduction

Current trends in high-rise structures include increased heights and the use of lightweight
and high-strength materials, which has led to very flexible and lightly damped structures. As
a result, structures of this type can display increased sensitivity to external dynamic
excitation (i.e. wind and earthquake). Among the different solutions considered to control
their response, dynamic vibration absorbers (DVA) have been introduced and found to be
very effective. A tuned liquid damper (TLD) is one of the more commonly employed
dynamic vibration absorbers. It is a special type of dynamic vibration absorber (DVA) that
consists of a rigid tank which is partially filled with a liquid, usually water. The sloshing
liquid inside the tank creates inertia forces, which counteract the forces acting on the
structure, thus reducing the building motion (Soong and Dargush 1997; Kareem et al. 1999;
Yalla and Kareem 2003; Tait et al. 2004a; Tait et al. 2005a).

The performance of a TLD for a given mass ratio () is a function of the tuning ratio (12)
and the inherent TLD damping ratio ({;.p) (Tait et al. 2004b). The damping ratio of a TLD
equipped with fixed vertical damping screens is related to the screen pressure loss coefficient
(C;) and the square of the fluid velocity at the screen location (Tait 2004). Therefore, the
inherent damping ratio that develops due to the screen is amplitude dependent. As a result, a
TLD equipped with damping screens may only operate optimally at a single excitation
amplitude, unless the screen angle is adjusted (Cassolato 2007). The ability to control the
inherent damping ratio in a tuned liquid damper ({;.p) over a range of excitation amplitudes
was first introduced theoretically by Cassolato and Tait (2005). Cassolato et al. (2011)
experimentally investigated the modification of {;;, by adjusting the screen angle (8), which
alters the screen loss coefficient (C;). Results from this work indicated that rotating the
damping screens inside the TLD to adjust their loss coefficient values (Cy) is a plausible

method to maintain a constant level of {;;, over a range of excitation amplitudes.

Cassolato (2007) experimentally studied thin sharp-edged-horizontal slat screens held at
various fixed angles in a tuned liquid damper. Also, Cassolato (2007) employed two existing
formulations of the pressure loss coefficient for inclined screens (Cp) and developed a new

one, using results from the study, to theoretically investigate the effect of fixed inclined
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damping screens using two linear fluid models. The linear flow models were based on
shallow water wave theory and potential flow theory, respectively. The linear model results
were found to deviate from the experimental test results at higher screen inclination values
(i.e. @ > 45.0°), and could not simulate the actual response of the nonlinear free-surface
elevation (Fediw 1992; Tait 2004; Tait et al. 2004a; Tait et al. 2004b; Fediw et al. 1995). In
addition, the shift in resonant frequency values (amplitude dependent hardening), which was
observed to occur at high response amplitudes and high screen inclination angles was not
captured by the two linear models as no amplitude dependent hardening characteristic were

considered.

In order to include the hardening behaviour and accurately predict the free surface
response, a nonlinear TLD fluid model capable of simulating the inclined damping screens is
required. Accordingly, the robustness of a structure-TLD system model due to mistuning can
be addressed as the nonlinear TLD fluid model captures the shift in the tuning ratio (2) from
its original value at high response amplitudes and high screen inclination angles.
Furthermore, an increase in the efficiency of a TLD equipped with screens over a range of
amplitudes can be achieved if the screens can provide constant damping to control the

response.

As a result, a nonlinear TLD fluid model, developed by Kaneko and Ishikawa (1999), is
updated and validated with experimental results (Cassolato 2007; Cassolato et al. 2011) to
simulate the effect of inclined damping screens. A single pressure loss coefficient (Cy) is
utilized for the damping effect of the angled screens based on the inclination angle (6).
Consequently, the updated nonlinear TLD fluid model is implemented in a three dimensional
finite element system model (3D-Structure-TLD), developed and validated in Chapter 2 and
expanded for multiple TLDs system model (3D-Structure-MTLD) in Chapter 3. Both
structure-TLD system models (i.e. 3D-Structure-TLD and 3D-Structure-MTLD) are
employed in this chapter, utilizing the updated nonlinear TLD fluid model, to investigate

TLD performance over a range of structural response amplitudes.

4.2. Damping Screens (Background)

4.2.1  Slat Screens
Often, poles, screens, and other objects are submerged in the water to provide additional

energy dissipating mechanisms as the damping provided by the water alone is often
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insufficient (Warnitchai and Pinkaew 1998). Warnitchai and Pinkaew (1998) developed a
mathematical model based on potential flow theory and determined the damping
characteristics of poles and wire-mesh screens. Ju (2004) performed experiments and created

an equivalent mechanical model for a WSDE (water sloshing damper with embossments).

Fediw (1992) and Tait (2004) successfully tested and modelled screens in a TLD showing
that their drag characteristics can often be considered independent of the sloshing fluid inside
a TLD with mesh and thin-sharp-edged-horizontal-slat screens, respectively. Both studies

utilized a linearized velocity loss coefficient.

The fundamental damping characteristics of screens are related to the square of the

velocity given by the well-known relationship

Ap

G = 4.1
%pUZ (41)

where Ap is the pressure drop across the screen and C; is the resulting pressure loss
coefficient of the screen. A loss coefficient independent of the sloshing fluid simplifies the
design process of TLDs equipped with damping screens. Ultimately, screens (or any motion
control device) can be optimally designed to achieve the optimum damping ratio ({,,) for a
particular amplitude of excitation. The efficiency of TLDs equipped with damping screens
reduces, if the amplitude of excitation increases or decreases from the optimized target
amplitude (Tait 2004; Tait et al. 2004b; Tait 2008).

An important parameter that determines the primary influence of the screens in fluid flow
is the solidity ratio (S), which is a characteristic of the screen and defined as the ratio of the
slat width to the slat spacing

S=4 (4.2)

where d is the slat width and b, is the slat spacing as shown in Figure 4.1b. Figures 4.1a and
4.1c show a schematic of a TLD and a photograph of a TLD equipped with internal inclined
damping screens, respectively. The solidity ratio can be used to estimate the vertical loss
coefficient of sharp-edged slat screens (C;) as suggested by Tait (2004) and described later in
Section 4.3.1.
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4.2.2  Smart Screens

Smart screens was the name given to the concept of a self-adjusting set of screens with
important characteristics. First, they change angle to vary the loss coefficient (C;) to control
the inherent damping ratio ({y.p). Second, they change their orientation in the flow
automatically amidst the sloshing liquid motion if the excitation amplitude increases or

decreases (Cassolato 2007).

Many studies have reported on the pressure drop characteristics of angled screens in open
channel steady flow (Schubauer et al. 1950; Baines and Peterson 1951; Cornell 1957;
Hoerner 1964; Carrothers and Baines 1965; Laws and Livesey 1978; Blevins 1984; Garrison
1985; Idelehik 1986; Yeh and Shrestha’s 1989; Brundrett 1993; Richards and Robinson
1999; Reuter et al. 2001). For oscillatory flow, little work exists on the nature of inclined
screens. Badr 1994 studied the fluid losses of inclined elliptic cylinders with flat plates as a
special case. Badr’s drag coefficient formulation (1994) for an inclined flat plate was reduced
from an elliptic cylinder as a function of the angle inclination and Strouhal number. No
experimental support was given in Badr (1994) and no applicable ranges of Reynolds or
Strouhal numbers were given. Okajima et al. (1998) examined the drag coefficients (pressure
loss) versus the Keulegan-Carpenter number for oscillatory flow. Although their

experimental study was insightful, no clear theoretical formulation was created.

To the best of the author’s knowledge, the only extensive experimental and linear
numerical studies on the orientation of the damping screens submerged in a TLD at various
angles have been reported in Cassolato and Tait (2005), Cassolato (2007), and Cassolato et
al. (2011) in order to change the pressure loss coefficient (C;), which altered the absorber

damping, intending to optimize the TLD at different excitation amplitudes.

4.3. Loss Coefficient for Damping Screens ina TLD

The pressure loss coefficient (C;) is important to be evaluated in order to correctly
describe the influence of damping screens in oscillating fluid flow. In this section, a brief
description of existing methods used to determine the pressure loss coefficient for vertical

and inclined damping screens (C; and Cy ), is presented.



126

4.3.1  Pressure Loss Coefficient for Vertical Damping Screen (C;)
Baines and Peterson (1951) suggest using the following equation to estimate C; in steady
flow
2

C = (ﬁ - 1) (4.3)

where S is the solidity ratio and C, is the contraction coefficient for the screen type. A
contraction coefficient suggested by Tait (2004) as a function of S can be used for sharp-

edged slat-screens based on the experimental work by Weisbach (1855)
C. = 0.405¢~™ + 0.595 (4.4)

The drag coefficient (Cp) is related to the loss coefficient (C;) by the following equation

G
Ch =— 4.5
b= 5)

For solidity ratio (S) higher than 0.30, Equations 4.3 and 4.5 can be used to estimate the
coefficients C; and Cp without using the modified curves presented in Baines and Peterson
(1951). Consequently, the drag force (Fp) being exerted on the screen, normal to the screen

plane can be evaluated by
1 2
FD = EpCDu AS (46)

where p is the density of water and u is the fluid velocity at the screen location inside the
tank.

4.3.2  Pressure Loss Coefficient for Inclined Damping Screen (Cy)

The pressure loss coefficient for inclined slat-screens depends on the normal component
of fluid flow through the screen; even though the flow approaches with an angle of incidence
assumed to be equivalent to the screen angle (6) and leaves with the deflection angle (¥) on
the leeward side of the screen (Schubauer et al. 1950). Cassolato (2007) presented and
evaluated three different C, values. The values of C, were determined based on the

following:

e First, a common description of the oblique fluid flow on any object or structure.
Schubauer et al. (1950) reported the pressure drop to be proportional to the square of

component of the average fluid velocity throughout the depth (U,) normal to the screen for
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screens whose normal direction vector (i.e. perpendicular to the plane of the screen) is at an

angle (0° < 6 < 45°) to the incident flow using the relation
1
AP = Eng(Uocose)Z (4.7)

Equation 4.7 combined with the well-known Equation 4.1 for the pressure drop coefficient

yields
Cg, = C; cos?0 (4.8)

Therefore, C; equals Cy at a vertical screen position (6 = 0°). Laws and Livesey (1978) and
Richards and Robinson (1999) found the pressure loss through a screen to be proportional to
the square of the cosines of the angle of incidence. However, at angles greater than 45°, it has

been found that this relationship underpredicts fluid losses as examined by Cassolato (2007)

e Second, an empirical method based on experimental findings attempting to capture the
overall losses found at low and very high screen angles. Cassolato (2007) provided a 3"
order polynomial using the regression analysis for the results provided in Table 4.1 by
Blevins (1984) to correct for the under prediction of losses at angles greater than 45°. Blevins
provided a table of reduction in losses (yg) as a fraction of the losses for a vertical screen
at 0° and his values selected from experimental results by Carrothers and Baines (1965). The
values in Table 4.1 from 0° to 40° are exactly cos?6, whereas values from 50° to 85° are
from the experimental results and deviate from the cos?6 trend. Therefore, the second

estimated angled screen loss coefficient is

Co2 = C1 Ve (4.9)
where
Yo = 0.4603 — 1.0502 — 0.060 + 1 (4.10)

and @ is expressed in radians.

e Third, an estimate of the loss coefficient developed by Cassolato (2007), based on the
well established use of C; by Baines and Peterson (1951) with modifications based on the
analytical and experimental work of Yeh and Shrestha (1989), can be determined using

2
(4.11)

cos0
1)

Cos = (C.cosyb Bl
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where
C=C(1-5) (4.12)

Equations 4.8, 4.9 and 4.11 were plotted by Cassolato (2007) as shown in Figure 4.2. As
can be seen in the figure, Cy, reflects the curve of Cy; except for 8 > 45°. Cy4 plotted for
various ¥/ values, with 0.6 selected as the lowest bound essentially limited by the cos6?
losses and 0.9 selected as the upper bound since theoretically, ¥ # 6 or ¥ /6 + 1. Cp,
and Cy; appeared to estimate the pressure loss coefficient more accurately as Cgy,
underestimates the pressure loss at high screen angles (45° < 6 < 70°). From experimental
observations, Cassolato (2007) selected a value of ¥ /6 = 0.8 for6 < 45°, ¥ /6 = 0.9 at
0 =60°forS =42%,and ¥/6 = 0.85 at 8 = 60° for S = 52%.

Cy, and Cy5 Were used to estimate the pressure loss coefficients of angled screens in two
linear TLD models, one based on shallow water wave theory (Cassolato and Tait 2005), and
the other based on potential flow theory (Cassolato 2007; Cassolato et al. 2011). Results from
both linear models were compared to experimental values. The primary difference between
the two linear models was that the potential flow model more accurately captures the

influence of the screen losses over the height and length of the screen.

4.4, Nonlinear Simulation and Validation of a TLD Equipped with Inclined
Damping Screens

The nonlinear simulation of inclined damping screens in a TLD using a nonlinear fluid
model was beyond the scope of previous studies (Cassolato and Tait 2005; Cassolato 2007,
Cassolato et al. 2011). Thus in this section, the nonlinear simulation of inclined damping

screens submerged in a TLD is addressed to overcome linear fluid model limitations.

4.4.1  Nonlinear Fluid Model of a TLD Equipped with Inclined Damping Screens

The nonlinear numerical model of a TLD equipped with damping screens, described in
detail in Chapter 2, is utilized in this study. The liquid is assumed to be inviscid, irrotational
and incompressible. Considering the tank, shown in Figure 4.3, is excited in a unidirectional
motion, the nonlinear sloshing response can be expressed using shallow water theory as
(Lepelletier and Raichlen 1988)

dn 0 _
o H =[Gt mul =0 (4.13)
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6u+ 6u+ on 1(h+ )2 3u
ot " %ox T99x 3V T Graxz

+utX=0 (4.14)

where n(x, t) is the free-surface elevation, u (x, t) is the horizontal velocity averaged through
the liquid depth, L is the tank length, h is still liquid depth, g is the gravitational acceleration,
X is the horizontal base excitation acceleration of the tank and ¢, is a damping coefficient
(Miles 1967) to account for viscous dissipation. The set of nonlinear shallow water equations
can be solved numerically once the initial state of the liquid is prescribed, i.e. the values of n
and h are given at time t = 0. A one-dimensional finite difference discretization scheme is

applied for both n and h as shown in Figure 4.4.

Using the method outlined by Kaneko and Ishikawa (1999) at locations where a damping
screens is inserted as shown in Figure 4.5, the velocity at a particular screen (Upg;) can be

expressed as

u; +u;
Upsi = le (4.15)

The pressure drop (Ap) caused by the screen can be expressed as

Uz,
Ap = Q% (4.16)

where C; is the pressure loss coefficient for vertical screens (6 = 0°).

The relationship between the pressure loss coefficient and the free-surface height

difference across the screen is given by
s — el = 8y = € 2t (4.17)
29

To incorporate the influence of screen angle on fluid response, C; in Equations 4.16 and

4.17 is replaced by Cy. Consequently, Equations 4.16 and 4.17 can be written as

2
ap = ¢, 2Ust (4.18)

U .
In, — gl = An = Cy D; (4.19)
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Upon integrating the discretized continuity and momentum equations with respect to
time, the values of free-surface on the left (n;) and right (ng) sides of the screen can be

determined by

. An

N, = n; + sign[Upg;] B3 (4.20)
. An

nr =n; — sign[Upg;] ) (4.21)

Subsequently, the velocity, the base shear force and the wave height can be determined.
Cassolato (2007) presented and evaluated three different C, values, which are summarized as

follows (see Section 4.2.4.2):
Cg, = C;cos?0 (a)

Cor = €, (0.4663 — 1.0502 — 0.066 + 1) (b) (4.22)

cosy

2
Cos = ((\/E +1) cosh _ 1) (©)

Due to the similarity between pressure loss coefficients Cy; and Cy, and the knowledge
that Cy, underestimates fluid losses at practical high screen angles (45° < 6 < 70°), Cp, IS
not considered. In the current study, Cg, is found to better simulate the loss coefficient of
inclined damping screens compared to Cy5. Thus, Cy, is used in the nonlinear simulation of a
TLD equipped with inclined damping screens and results are compared with experimental

values (Cassolato 2007; Cassolato et al. 2011) in the next section.

The base shear force that develops when the TLD is forced to move can be separated into
the following three components: first, the inertial force due to the container (f;); second, the
inertial force due to the dead weight of the contained liquid (f3); and third, fluid force
generated by sloshing (f3). Therefore, the TLD base shear force caused by the liquid motion
is denoted by Frip _moder1 = f2 + f3. Applying momentum theory to calculate the TLD
base shear force, the mass of the ith element can be expressed as follows (Kaneko and
Ishikawa 1999)

L T
mi=px—xbx(u+h) (4.23)
N, 2
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where n,, is the total number of elements, L is the tank length, b is the tank width and p is the

liquid unit weight.

Consequently, the momentum of the ith element can be described as follows

Ne

Ne
Lb i1+ 1
P = Z miu; = P 2 (nl ! L + h) U; (424)
= Ne 2

i=1

The TLD base shear force (Fr.p_—moaer 1) Can be determined by the following equation
1
Frip,.—Modet1 = Iy (P(t) = P(t + At)) (4.25)

4.4.2  Nonlinear Simulation of a TLD Equipped with Inclined Damping Screens

Comparisons between the updated nonlinear fluid model and experimental results found
in the literature are presented in this section for damping screens, with different inclination
angles (). Three key TLD response parameters are compared: the free-surface response, the
base shear force and the overall average energy dissipated per cycle of excitation. The
following definitions are used in the verification study presented in this section.

i.  Non-dimensional free-surface amplitude (n") determined as
n = (4.26)

where 7 is the free-surface response amplitude and h is the quiescent water depth.

ii.  Non-dimensional excitation amplitude (A) determined as

A=7 (4.27)

where A is the applied excitation amplitude

iii.  Excitation frequency ratio (f) determined as

_f
ﬁ—ﬁ (4.28)

where f,, is the natural sloshing frequency (f) is the forcing frequency
iv.  Non-dimensional base shear force [F,, (t)] determined as

Ev()
m,,Aw?

FL(t) = (4.29)

where F, (t) is the base shear force produced by the nonlinear TLD fluid model and
the denominator is the maximum inertial force of the entire water mass (m,,) treated

as a solid mass.
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v.  The non-dimensional energy dissipation per cycle (E,,) determined as

L

w = 4.30
%mW(Aw)Z (4.30)

where the denominator is the maximum kinetic energy of the entire water mass (m,,)

treated as a solid mass and the numerator represents the energy dissipated per cycle

E, = 55 E, (t)dx (4.31)
T

where T is the applied excitation period.

4.4.2.1 Frequency Response Comparison

Figures 4.6 and 4.7 show the non-dimensional energy dissipation (E,,) frequency
response curves produced using the nonlinear fluid model for one of two sets of slat screens
(used in experimental tests Cassolato 2007 and Cassolato et al. 2011) at normalized
excitation amplitude values (A) of 0.005 and 0.021, respectively, for angles of 0°, 30° and
60°. Figures B1 and B2 (Appendix-B) show E;, frequency response curves for the second set
of slat screens. Cassolato (2007) conducted a series of shake table tests on a tank of length
(L) equal to 0.966 m, width (b) equal to 0.360 m and mean water depth (k) equal to 0.019 m
with damping screens inserted at distances of 0.4L and 0.6L from the tank end wall as shown
in Figures 4.1a and 4.1c. The vertical loss coefficients (C;) for the damping screens used in
the tests were 3.53 and 5.69. For both amplitudes, a discrete frequency sweep test was
experimentally conducted to obtain frequency response curves. The updated nonlinear fluid
model is found to be in good agreement with the experimental test values for both sets of
screens at all inclination angles (8), with a maximum percentage difference of 2.5% over the
entire excitation frequency ratio values (8). The presence of higher harmonics and the
hardening behaviour are captured by the nonlinear fluid model, which are clearly shown at an
excitation frequency ratio () equal to 0.93 and the increased frequency peak values for cases

of high screen inclination angles, respectively.

Figure 4.8 shows that increasing the screen inclination angle (8) has resulted in a
decreased in damping ratio ({;;p) for a given excitation amplitude (4= 0.010). The
maximum difference between the updated nonlinear fluid model results and the experimental
test results is found to be less than 2.3% over the entire range of excitation frequency ratio

values (B). Figure 4.8 clearly shows that screen angle values directly affect the normalized
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energy dissipated by the TLD, which is demonstrated by the change in the frequency
response curves. The level of non-dimensional energy dissipation (E,,) is found to increase

with increasing screen angle (8).

Furthermore, the nonlinear fluid model is used to simulate experimental results
(Cassolato 2007; Cassolato et al. 2011) demonstrating a level of peak response that was
nearly constant over a range of excitation amplitude ratio values from A = 0.005 to 0.016
at different screen angle values from 6 = 0° to 60° as shown in Figure 4.9. The near constant
peak response values indicates that a near constant damping value is being maintained. The
maximum difference between the updated nonlinear fluid model results and the experimental
test results is found to be less than 2.7%. Therefore, the concept of altering the screen
inclination angle to provide constant damping ({;.p) if the correct screen angle (8) is

selected can be applied utilizing the updated nonlinear fluid model.

4.4.2.2 Time History Comparison

Time history simulations of the normalized free-surface motion (n') and the normalized
base shear forces [F,,(t)] are presented in Figures 4.10 and 4.11, respectively. The screens
have a vertical pressure loss coefficient (C;) equal to 3.53 and are subjected to a normalized
excitation amplitude (A) of 0.021 at screen angles of 0°,30° and 60°. Figures B3 and B4
(Appendix-B) present n' and E,(t), respectively, for the second set of screens having
C, =5.69 and subjected toA = 0.005. Excellent agreement is found between the
experimental test results and the nonlinear simulations for both sets of screens at all angles
for both wave height and base shear force time histories with maximum percentage
differences of 1.8% and 2.0%, respectively. Therefore, the updated model is able to
accurately estimate the resultant base shear force for practical inclination angles of screens
(0) at low and high excitation amplitude ratio values (A). This is in contrast with linear
simulation results that deviated from experimental test values at 8 = 60° and A = 0.021
(Cassolato 2007).

4.5. Performance of a 3D-Structure-TLD System Model Equipped with Inclined
Damping Screens

The updated nonlinear TLD fluid model is implemented into both the 3D-Structure-TLD
and 3D-Structure-MTLD system models to investigate the performance of a 3D single-story

structure (see Section 4.6) and a high-rise building (see Sections 4.7 and 4.8) with TLDs
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equipped with inclined damping screens over a range of structural response amplitudes. First,

the main parameters, which affect the response and efficiency of a structure-TLD system, are

briefly described in this section. Second, the ability of the updated nonlinear fluid model to

simulate near constant damping if a correct screen angle is selected is examined.

45.1  Response/Efficiency of a 3D-Structure-TLD System Model
The response of a structure equipped with a TLD is a function of three main parameters

(Tait 2004; Tait et al. 2004a; Tait et al. 2007).

The tuning ratio, which influences the performance of the TLD, is defined by

0= fzu (4.32)
where fr;p is the natural frequency of the TLD; and f; is the natural frequency of the 3D
structure. An estimate of the natural frequency of the TLD, f;,, for small sloshing fluid
response amplitude is approximately equal to f,, (Warnitchai and Pinkaew 1998; Ju et al.
2004; Tait et al. 2004a). The fundamental sloshing frequency (f;,) for the water inside a

TLD using the linear wave theory (Lamb 1932) can be estimated as

fw = L % tanh (n—h) (4.33)

where g is the gravitational acceleration and L is the tank length in the direction of the

fundamental sloshing mode of interest.

. The mass ratio (u) which is given by

_ 9 mnp (4.34)
M*
where M* is the generalized mass of the primary structure corresponding to the vibration

u

mode being suppressed; and ¢ is the normalized modal deflection value of the structure at
the TLD location. The absorber mass (my;p) for a TLD with damping screens can be
approximated using potential flow theory (i.e. my,, = m;). The value m, is calculated

using the following equation (Graham and Rodriguez 1952)

n(Z
;= 8ta23i$L)
L

where m,, is the total mass of the contained water.

My, (4.35)
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iii. The inherent damping ratio ({;.p) of the sloshing fluid inside the tank. The damping
related to the sloshing liquid inside the tank without the presence of additional energy
dissipating devices can be estimated by Sun (1991) using the following equation

S A P 436
(TLD_E E<1+5) (4.36)

where v, is the kinematic viscosity of water.

Optimum inherent damping ({r.p—op¢) @and optimum tunning ratio (£2,,,) values for a
linear structure-tuned mass damper (TMD) as a function of the mass ratio (u) can be
obtained for the special case of zero structural damping ({; = 0) based on the derivation
presented by Warburton (1982). Due to the analogy between the TMD and TLD devices,

Warburton’s solutions based on H, optimization, are used to calculate the target values of

(TLD—opt and -Qopt

B p(1+3u/4)
{rLD-opt = \/4(1 00+ 1/2) (4.37)

And
opt = 11+Tl;/2 (4.38)

On the other hand, three important parameters, commonly used to evaluate the
performance of a structure-TLD system, are the efficiency, effectiveness and robustness (Tait
2004; Tait et al. 2004a; Tait et al. 2007). These parameters are briefly discussed in this
section to study the performance of a 3D-Structure-TLD system model equipped with
inclined damping screens
i. The effectiveness of a TMD can be expressed in terms of the amount of additional

effective viscous damping that it adds to the primary structure (Vickery and Davenport
1970), denoted by the effective viscous damping ratio ({.sf). This can be accomplished by
equating the area under the frequency response of the combined system to that of a single
degree of freedom system (SDOF) with the same frequency and solving for the effective
damping ({.r¢) (McNamara 1977).

For a special case of zero structural damping (i.e. {¢ = 0), {.sr Can be obtained using

Gerges and Vickery (2003) formula as
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¢ _ Oplrip
F T A+ w204+ 1+ w202, - D+ 2%u+1

(4.39)

The optimal parameter for the effective damping ({.fr—op¢) Can be obtained by substituting

Equations 4.37 and 4.38 into Equation 4.39, leading to

1 ,u(l + 1)
Seff-opt =73 T13u/4 (4.40)

ii. The efficiency (y) of a TLD is defined as the amount of effective damping that a TLD
provides, compared to an optimal equivalent TMD with equivalent TMD mass, and

expressed as a percentage using

W= _Sefr 400 (4.41)
Ceff—opt

iii. Robustness is defined as the change in effectiveness with changes in the tuning ratio (2),
TLD damping ratio ({y.p) and the structural response amplitude. The TLD is modelled
using the nonlinear fluid model, based on shallow water theory. Thus, in addition to the
amplitude dependent damping ratio, the amplitude dependent hardening characteristics are

also considered.

4.6. Investigation of a Single-Story Structure with TLD Equipped with
Vertical/Inclined Damping Screens under Random Excitation

Previous sections focused on the impact of inclined damping screens on the dynamic
response behaviour of a TLD under sinusoidal excitation. Wind excitation is often modelled
as a random (white noise) excitation since a typical wind spectrum is nearly constant over the
resonant domain of the frequency response of the structure. This section demonstrates the
ability of an idealized TLD equipped with angled screens to operate optimally over a range
of structural response amplitudes. Consequently, the updated 3D-Structure-TLD system
model is employed to conduct a parametric study on a single-story structure utilizing

practical mass ratio values (u).

4.6.1  Efficiency of a Structure-TLD System Model Equipped with Vertical
Damping Screens

A 3D single-story structure shown in Figure 4.12, whose generalized properties match
those used in experimental work reported on by Tait (2004) and subjected to random
excitation, are listed in Table 4.2. The 3D-Structure-TLD system model is excited by a

number of 3.7-hour duration random force excitation time histories having increasing
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excitation amplitude values (F,,,)- A one-minute duration portion of the random excitation
selected at the 1% minute of the time history is shown in Figure 4.13. A tank length (L) equal
to 0.966 m is selected to match that used in the experimental work reported by Tait (2004).
The water depth (h) is selected to achieve the optimal tuning ratio (£2) according to the
selected mass ratio (u). The tank width (b) is then selected to achieve the selected mass ratio
(u). The mass ratio values (u) for the parametric study are 1.0%, 2.5%, 3.5% and 5.0%.
Table 4.3 shows the properties of the TLDs used in the parametric study. Equations 4.37 and

4.38 are used to calculate the optimum TLD damping ratio ({r.p-op:) and the optimal

tunning ratio (£2,,, ) values for each selected mass ratio (u).

A set of damping screens, which have a solidity ratio value (S) equal to 60% and
corresponding vertical loss coefficient value (C;) of 8.17, are placed at 0.4L and 0.6L. In the
case of normal vertical damping screens (6 = 0°) and in an iterative manner, the 3D single-
story structure is analyzed under the random excitation force time history with increasing
values of excitation amplitude (E,,,,) during each iteration. This leads to increasing values of
the root-mean-square (RMS) structural response acceleration (o;), which are determined
from the dynamic analysis. Consequently, the average peak hourly structural acceleration
response (X,.qk—nr) is calculated using the RMS structural acceleration response (o) and the
peak factor (PF) (Davenport 1964). The following equation is used to determine the average

peak hourly structural acceleration responses (Xpeqx—nr)
xpeak—hr = 0z PF; (4.42)

A peak factor value (PF) of 3.75 is determined for the single-story structure using
(Davenport 1964)

T 0.577
PE, = /211’1 (ﬁws_x) +W (4.43)

Wg—
2 O STX

where ws_, Is the structure’s natural frequency in the x-directions, which is the direction of
the applied external random excitation, and T,; is the duration time in seconds used to

calculate the average peak factor value, which is an hour in this study. The model tested by

Tait (2004) was a 1/10 scaled model, therefore, T; = % = % = 1138 seconds is used in

the peak factor calculation, where SF is the scale factor.
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The selected vertical damping screens (6 = 0°) are found to provide 100% TLD
efficiency (y) for the mass ratio values (i) of 1.0%, 2.5%, 3.5% and 5.0% at peak hourly
structural acceleration response values of 2.7 milli-g, 6.5 milli-g, 9.0 milli-g and 12.5 milli-g,
respectively (see Figure 4.14). These structural response values represent the target response
of the structure-TLD system (¥;q,4.;) at different mass ratio values (u) for the case of

vertical screens.

4.6.2 Procedure to Estimate Damping Screen Angle for Improved TLD
Efficiency

A preliminary TLD design procedure (Tait 2008), which is discussed in detail in Chapter
3, is employed in this section to determine the inclined damping screen properties [i.e. the
inclined screen loss coefficient values (Cyp) required to achieve 100% TLD efficiency (y) at
different selected target peak hourly acceleration response values (¥:qrge:) and mass ratio
values (u)]. Consequently, the required inclination angles for the damping screens (6) can be

determined using Equation 4.22-b.

First, the accuracy of the TLD design procedure is checked by determining the required
vertical screen loss coefficient values (C;), which achieve various target peak hourly
acceleration response values (X;q,4¢¢) at 100% TLD efficiency (i), obtained previously from
Figure 4.14 for different selected mass ratio values (u). Excellent agreement is obtained
between the calculated vertical loss coefficient values (C;) and the value of 8.17 utilized in
the numerical analysis (i.e. 3D-Structure-TLD) with a maximum percentage difference value
of 2.4% (see Section 4.6.1). Table 4.4 shows the calculation steps followed utilizing the
preliminary TLD design procedure at mass ratio value (1) of 1.0%, while Tables B1-B3
(Appendix-B) show the calculation steps at mass ratio values () equal to 2.5%, 3.5% and

5.0%, respectively (see also Table 4.5at 8 = 0°).

Subsequently, the preliminary TLD design procedure is employed to determine the
required inclined damping screen properties (Cg), to achieve different target structural
acceleration response values (X.4rger) at 100% TLD efficiency (y) for practical limits of
screen rotation (see Table 4.5). In the following section, the resulting Cy values, listed in
Table 4.5 are used to analyze the single-story structure-TLD system, shown in Figure 4.12,

under increasing excitation amplitudes (F,,,,) to determine TLD efficiency (¥).
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4.6.3  Improved Efficiency of a Structure-TLD System Model Equipped with
Inclined Damping Screens

The dynamic analysis proceeds in an iterative manner resulting in incremental values of
the peak hourly structural acceleration response (¥peqk-nrr) Of the single-story structure-TLD
system utilizing inclined screen loss coefficient values (Cy) from Table 4.5. Results from the
structure-TLD system model are shown in Figures 4.14a-4.14d for mass ratio values (i) of
1.0%, 2.5%, 3.5% and 5.0%, respectively. As the maximum allowable acceleration set by the
wind tunnel for criteria of wind-induced motion is 30.0 milli-g for office buildings (Isyumov
1994), the incremental iterations for different dynamic analysis of the 3D-Structure-TLD
system model are stopped when the peak hourly structural acceleration value (X,eqx—nr)

reaches 40.0 milli-g.

As can be observed from Figure 4.14, vertical screens (i.e. & = 0.0°) can be designed to
operate optimally for only one particular structural acceleration response value
(i.8. Xpeak—nr = Xtarger). Throughout different screen angles (@), an envelope is drawn
capturing 100% TLD efficiency (y) over a range of structural response accelerations as
shown in each figure. The general trends of the results are found to be in good agreement
with those obtained by Cassolato (2007) from his study on a theoretical single degree of
freedom system model (SDOF) employing a linear TLD numerical model. The envelope
curves show that angled screens are able to maintain 100% TLD efficiency (y) over a range

of structural response accelerations (X¢qx—nr) in contrast with the vertical screens.

To investigate the general trends obtained using different mass ratio values (i) in Figure
4.14, the mass ratio value (u) of 2.5% is first selected. Figure 4.14b shows that for u=2.5%,
the vertical screens operate optimally [i.e. achieving 100% TLD efficiency ()] at 6.50 milli-
g, while an efficiency value () of 75% is achieved at a structural response acceleration
value (X,eqk—nr) OF 30.0 milli-g. The angled screens, which are tilted according to results
from Table 4.5, cover a range of %,.qx—n, Values between 6.5 milli-g at & = 0.0° and 20.0
milli-g at & = 59.0° aty=100%. The use of angled screens is shown to maintain an
efficiency value (y) of 95% at a large structural response value of 30.0 milli-g compared to

an efficiency value (1) of 75% utilizing vertical damping screens.

For a mass ratio value (i) of 1.0%, Figure 4.14a shows that an extension over the peak

hourly structural response acceleration (X,cqx—nr) is achieved using a three-position range of
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the angled screens. For 100% TLD efficiency (i), target structural response acceleration
values (¥:qrge:) are found to be 4.5 milli-g, 6.5 milli-g and 9.0 milli-g, corresponding to
screen angle values (6) equal to41.0°,53.5°, and 61.5°, respectively. For 100% TLD
efficiency (y) and at a mass ratio value (u) of 3.5%, the structural response acceleration is
extended from a value of 9.0 milli-g at a vertical screen angle to values of ¥;4g.: €qual to
15.0 milli-g, 20.0 milli-g, 25.0 milli-g and 30.0 milli-g corresponding to screen angle values
(6) of 40.0°, 50.5°, 56.5° and 61.0°, respectively, as shown in Figure 4.14c. Finally, for a
mass ratio value (u) of 5.0%, 100% TLD efficiency (y) is maintained over a range of
structural response values (¥;qrge¢) between 12.5 milli-g and 30.0 milli-g using a four-
position range of the angled screens as shown in Figure 4.14d. Therefore, the suitability of
using Cy values from the preliminary TLD design procedure to achieve 100% TLD efficiency
(y) over a range of structural amplitudes (¥peqx—nr) and for different mass ratios (u) is

confirmed.

4.7. Response of a High-Rise Building-MTLD-System with Inclined Damping
Screens at VVarious Serviceability Return Periods

In this section, a study on an actual high-rise building equipped with TLDs utilizing
inclined damping screens is conducted employing the 3D-Structure-MTLD system model.
The building is subjected to recorded wind tunnel loads and analyzed without and with TLDs
at the critical wind loading angle (6,, = 210°) over a range of return periods. The TLD
design procedure, utilized above in Section 4.6.2, which has shown excellent accuracy to
predict the required inclination angle () of the inclined damping screens to achieve 100%
TLD efficiency (i), is updated in this section to be used in a multi-modal high-rise building.
Also, TLDs with inclined damping screens are designed to cover a wide range of
serviceability return from 1 month to 50 years. Wind speed values between 23 and 34 m/s,
listed in Table 4.6, are selected from the lower curve in Figure 4.15, which represents
recommended serviceability wind speeds (BLWT-SS3-2007). Finally, a comparison of
percentage response reduction values (Yp,eqk—nr) Of the average peak hourly resultant
accelerations (Rpeqx—nr) IS presented utilizing TLDs equipped with inclined and vertical

damping screens.
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4.7.1  Brief Description of the Indianapolis Building and Its Dynamic
Characteristics

A 38-story reinforced concrete building with a height of 154.6 m and plan dimensions of
32.0 m by 54.0 m, which is discussed in detail elsewhere (Chapter 3), is considered in this
study (see Figure 4.16). Figure 4.17 displays the first three mode shapes, which correspond to
natural periods of 7.31, 6.18 and 3.01 seconds. The torsional component of the mode shapes
is multiplied by the overall radius of gyration 18.8 m of the building to maintain dimensional
consistency. It can be observed from Figure 4.17 that the structure has a dominate
translational mode in the x-direction, a dominate translational mode in the y-direction and
dominate torsional mode in the 8-direction with a small coupling action between the x- and

y-directions.

4.7.2  Response of the Indianapolis Building with No-TLDs

A dynamic analysis of the 38-story high-rise building is carried out using wind tunnel
loads recorded at the critical wind loading angle (6,,) of 210°. Consequently, a time history
analysis utilizing a number of 4-hour recorded wind tunnel loads is conducted at the selected
return periods employing the 3D finite element model (developed and validated in Chapter
2). Result includes average peak hourly resultant acceleration response values (Rpeqk—nr) @and
RMS structural acceleration response values (oy; o) at the centre of mass (CM) and the four
corners (C1; C2; C3; C4) of the building in the x- and y- directions, respectively, at the
uppermost floor (z = 154.6 m). These results are utilized to investigate the building’s
serviceability conditions. Figure 4.18 shows the uncontrolled average peak hourly resultant
acceleration response (Rpeqx—nr) Values resulting from different serviceability return periods.
A range of Ry,cqk—ny Values between 8.0 and 34.0 milli-g is found from the dynamic analysis

corresponding to return period wind speeds between 23 m/s (1 month) and 37 m/s (50 years),

respectively.

4.7.3  Placement Selection and Design of TLDs

TLDs to suppress the first three modes of vibration of the Indianapolis building are
designed and their locations selected utilizing the modal contribution response components
[modal factors (MF)] discussed in Chapter 3. The preliminary TLD design procedure (Tait

2008), which has been expanded in Chapter 3 to determine the parameters of multiple TLDs
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equipped in a multi-modal high-rise building utilizing the structural modal response

components (MF), is employed in this section.

Following the procedure used in Chapter 3, the first two mode tanks are designed
according to the target modal structural acceleration response values (0y—target—m1;
O§—target-m2) Of the first two modes determined from the uncontrolled modal response
values (0x—initiai-m1; Oy—initiai-mz2) at the TLD locations and in their placement directions.
Subsequently, TLDs to suppress the third mode of vibration are designed according to the

target modal structural response acceleration values of the third mode.

To achieve the optimal inherent damping in a multiple TLD system located in a multi-
modal high-rise building, the loss coefficients are selected based on the target modal
acceleration response values (0% _target—m1; Oy—target—m2) at the TLD locations. Therefore,
the modal contribution factor values (MF) corresponding to each structural mode of vibration
to be suppressed must be determined. Table 4.7 shows the initial RMS acceleration response
values (0%_initial; Oy-initiar) Of the Indianapolis building and their corresponding modal
response values (0%_initial-m1; Oy—initial-m2) iN the x- and y-directions, respectively. The
target modal RMS acceleration response values (0y—¢qrget-m1; Oy-target-m2) are evaluated
at different serviceability return periods (see Table 4.7) for a selected mass ratio value of 2%.
A detailed TLD design example is presented in the following section considering a

serviceability return period of 50 years.

4.7.3.1 TLD Design Procedure (50-Year Serviceability Return Period)
The TLD design procedure, outlined in Chapter 3, is used to design uni-directional tanks

to suppress the first and second modes of vibration in the x- and y-directions, respectively, at

the 50-year serviceability return period.

Employing the TLD design procedure, tank dimensions are established as L, = 16.0 m,
b, =4.3m and h, = 2.0m, while L, =12.0m, b, =3.4m and h, = 1.9 m. The initial

modal RMS acceleration response values (0% —initiai-m1; Oy—-initiai-mz2) at the centre of mass
(CM) of 6.9 milli-g and 4.7 milli-g lead to modal target RMS response values of 4.3 milli-g
for o4_target-m1 and 2.9 milli-g for oy_;4rger-m2- The modal target RMS acceleration
response values (0y—target-m1; Oy-target-m2) are used to determine the screen loss

coefficients (Tait 2004; Cassolato et al. 2011). Table 4.9 shows the steps employed to
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complete the expanded TLD design procedure (Chapter 3; Tait 2008) for the first mode tanks
in the x-direction, while Table 4.10 presents TLD water mass calculations. Tables B4 and B5
(Appendix-B) show the calculation steps to design the second mode tanks in the y-direction

and TLD water mass calculations, respectively.

The modal RMS acceleration values for the third mode at the four corners show high
modal factor values (MF) in the y-direction compared to the x-direction (see Table 4.8).
Moreover, corners C2 and €3 have modal factor values (MF), in the y-direction, between
40.6% and 57.1%, while corners C1 and C4 have modal factor values (MF) between 24.1%
and 34.0%. Therefore, TLDs are installed at C2 and C3 and oriented in the y-direction. In
contrast, the four corners have modal factor values (MF) in the range between 7.4% and
18.1%, in the x-direction, for all return periods. Consequently, the TLD design procedure is
employed and the modal target RMS acceleration response values (05 _¢qrget—m2), Presented
in Table 4.8, are used to determine the optimal TLD design parameters to suppress the third

vibration mode of the structure.

With location and orientation determined, the TLDs are designed to suppress the first
three modes of vibration of the Indianapolis building, at four selected values of serviceability
return periods. The TLD design procedure described in Section 4.6.2 is utilized (12 times) to
determine the required inclination angle values (6) at a selected mass ratio value (u) equal to
2.0% as listed in Table 4.11. The table represents a design summary sheet for different return
period wind speeds and vibration modes to be suppressed. It also contains the optimal
tunning ratio and tank frequency values, tank dimensions and water heights, optimal damping

screen properties and corresponding inclination angles.

The maximum optimal loss coefficient values, for different mode tanks determined at the
minimum return period wind speed of 1 month, are utilized as the vertical loss coefficient
values (C;) for each mode tank. Therefore, with increasing wind speed values, the damping
screens are tilted at an angle (@) to reduce their loss coefficients to values that match the
optimal Cy values listed in Table 4.11. Consequently, Equation 4.22-b is used to determine

the required inclination angle values (0) of the damping screens shown in Table 4.11.
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474  Response of the Indianapolis Building with TLDs to Suppress the First
Three Modes

A dynamic analysis of the 38-story Indianapolis building is carried out at the critical wind
loading angle (6,,) of 210° with TLDs equipped with inclined damping screens (i.e. rotatable
damping screens). The TLD damping screens are set to the desired inclination angle values

(8), shown in Table 4.11, corresponding to the serviceability return periods.

Figures 4.18 and 4.19 show the average peak resultant accelerations (R,eqx—nr) at the
centre of mass (CM) and the four corners (C1; C2; C3; C4) at z = 154.6 m for different
serviceability return periods with no-TLDs and with TLDs equipped with inclined damping
screens, respectively. Results from the dynamic analysis show that average peak resultant
acceleration response values of the Indianapolis building (Rpeqx—nr) range between 8.0 to
34.5 milli-g for the uncontrolled case compared with 6.0 to 22.5 milli-g for the controlled
cases, respectively. Figure 4.18 shows that the maximum uncontrolled response (Rpeqk—nr)
of 28.2 milli-g, at a serviceability return period of a 10-year exceeds the criteria
recommended by the wind tunnel (BLWTL). Acceptable wind-induced motions for a 10-year
return period, recommended by the BLWTL, range between 10 and 15 milli-g for residential

buildings, 15 and 20 milli-g for hotels, 20 to 25 milli-g for office buildings (Isyumov 1994).

To evaluate the performance and robustness of the TLD systems (i.e. TLDs with screens
fixed at a single angle and TLDs with screens set at different angles), the dynamic analysis of
the Indianapolis building is repeated at lower return periods of 1 month, 1 year and 10 years
utilizing the same TLD properties (i.e. fixed angle of the damping screens) obtained at a 50-
year return period. Consequently, the percentage response reduction values (¥peqk—rr) Of the
average peak hourly resultant accelerations (Rpeqr-rr) Of the Indianapolis building with
TLDs to suppress the first three modes equipped with inclined and fixed (single angle)
damping screens are evaluated using Equation 4.44 and presented in Figures 4.20a and 4.20b,

respectively.
The percentage response reduction values (¥,¢q«—nr) Of the average peak hourly resultant

accelerations (Rpeqk—ny) Can be calculated by

l‘lupeak—hr = (

R - - -R - i
peak—hr(No—TLD) peak hr(wtthTLD)) 100 444
Rpeak—hr(No—TLD) ) ( ' )



145

where Ryeak—nrwith 7LDy @8N0 Rpeqk—nr(vo-T1p) are the resultant acceleration responses with

and without TLDs installed, respectively.

Utilizing the inclined damping screen approach, percentage response reduction values
(Wpeak—nr) between 32% and 37% are achieved at a 50-year return period, while values
(Wpeak—nr) In the range between 29% and 34% are achieved at a 1-month return period (see
Figure 4.20a). Employing the inclined damping screens leads to approximately constant
percentage response reduction values (Wpeqk—nr), i.. Nearly constant TLD efficiency, over
the considered range of serviceability return periods with a maximum difference of 5%. It
can be noticed that the controlled structural responses achieve the wind-induced motion

criteria for hotels (i.e. R < 20 milli-g).

peak—hrio_years

These results demonstrate the ability of inclined damping screens, installed in the TLDs,
to control the response of an actual structure subjected to a range of return periods that
produce wind loads with variable speeds. Thus, overall performance of a structure-TLD
system, under simulated natural events, is improved at no additional cost utilizing inclined
damping screens (i.e. TLDs could be designed to cover a range of return periods utilizing the
same sets of damping screens).

4.8. Response of a High-Rise Building-MTLD-System over a Range of Mixed
Return Periods (Dual Design Approach)

A novel dual design approach for TLDs be installed in structures is introduced in this
section. TLDs are primarily used for serviceability related issues. Results from the above
section show structural response improvements over a wide range of serviceability return
periods with TLDs equipped with inclined damping screens. In this section, TLDs equipped
with inclined damping screens are designed and installed in the Indianapolis building to

check their efficiency under design level wind loads.

For strength related issues such as loads and building cladding pressure, the BLWTL
wind climate model (BLWT-SS3-2007) is scaled to match wind speed requirements in
ASCE-7-05 (see the upper curve in Figure 4.15) considering a 50-year strength return period
(see Chapter 3). The TLDs are subsequently designed for a 50-year strength return period.
Furthermore, the inclined damping screens are employed to extend the ability of TLD

installation to cover serviceability return periods. As a result, criteria set by the wind tunnel
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for wind-induced motions at a 10-year serviceability return period (Isyumov 1994) can also

be achieved.

4.8.1  Response of the Indianapolis Building with No-TLDs

A wind speed value of 47.5 m/s is selected for a 50-year strength return period using the
upper curve plotted in Figure 4.15. This curve represents the design wind speeds in the
Indianapolis area as recommended by the wind tunnel study (BLWT-SS3-2007) and ASCE
7-05. Figure 4.21 shows the uncontrolled Ry,cqx—p, Values of the centre of mass (CM) and the
four corners at the uppermost floor (z = 154.6 m), at the critical wind loading angle (6,,) of
210° utilizing mixed return period wind speeds, listed in Table 4.12. It can be noticed from

the figure that uncontrolled R,.q.—p, Values, ranging between 16.0 to 70.0 milli-g are

obtained from the dynamic analysis.

4.8.2  Placement Selection and Design of TLDs

A mass ratio (1) of 2.0% is selected for TLDs installed to suppress the first three modes
of the Indianapolis building over the selected range of mixed return periods. Tables 4.13 and
4.14 show the target modal acceleration response values (0%-target—m1; Gy-target—m2)s IN
the x- and y-directions, at the selected range of mixed return periods for TLDs to suppress
the first two and the first three modes of vibration. TLDs are selected to be installed at the
centre of mass (CM) to suppress the first two vibration modes, in the x- and y-directions,
respectively, while at corners €2 and C3 in the y-direction to suppress the third mode of
vibration. The TLD design procedure is repeated (12 times) and results are listed in Table
4.15.

4.8.3  Response of the Indianapolis Building with TLDs to Suppress the First
Three Modes Including the Design Level Wind Speed

Results from the dynamic analysis utilizing the inclination angles, listed in Table 4.15
over the selected range of mixed return periods, are shown in Figure 4.22. The figure shows
that average peak hourly resultant acceleration response values (Rpeqx—nr) Of the centre of
mass (CM) and the four corners are found to range between 10.0 and 41.0 milli-g. Figure
4.23a shows percentage response reduction values (Wyeqx—nr) at the centre of mass (CM) and
the four corners range between 38% and 41% at a 50-year strength return period, while

44

peak—nr Values are found in the range between 32% and 37% at a 1-year serviceability
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return period. In other words, using TLDs equipped with inclined damping screens leads to
approximately constant percentage response reduction values (¥peqk—nr), i.€. Nearly constant

TLD efficiency (i), over the range of mixed return periods considered in this study.

The dynamic analysis of the Indianapolis building is repeated at lower serviceability
return periods of 1 and 10 years utilizing the TLD designed for the 50-year strength return
period. Figure 4.23b shows the percentage response reduction values (Wpeqk—nr) Of the
average peak hourly resultant acceleration responses (Ryeqk—nr) Of the centre of mass (CM)
and the four corners. It can be observed that lower response reduction values (¥peqk—nr) are

obtained compared to their counterpart values, shown in Figure 4.23a, utilizing TLDs

equipped with inclined damping screens.

4.9. Conclusions

A nonlinear TLD fluid model of a TLD equipped with inclined damping screens has been
extended and validated. The updated TLD fluid model has been found to be in excellent
agreement with experimental test values obtained from a previously reported shake table
testing program. Also, unlike linear fluid models, the updated nonlinear TLD fluid model can

capture the effect of higher harmonics and the amplitude dependent hardening behaviour.

The ability to passively control the inherent damping ratio in a tuned liquid damper
(¢rLp) over a range of excitation amplitudes has been demonstrated utilizing a 3D finite

element structure-tuned liquid damper system model in the following two cases:

I. A dynamic analysis of a 3D single-story structure has been carried out employing the 3D-
Structure-TLD system model, under random excitation for different mass ratios (1). The
vertical screens have been found to operate optimally at only one particular structural
response acceleration. For different screen angles (8), an envelope has been drawn
capturing 100% TLD efficiency (y) over a range of structural response accelerations. The
envelope curves have shown that angled screens are able to maintain 100% TLD efficiency
() over a range of structural response accelerations, in contrast with conventional vertical

screens.

il. A dynamic analysis of a 38-story high-rise building has been carried out utilizing recorded
wind tunnel loads at the critical wind loading angle (6,, = 210°) employing the 3D-

Structure-MTLD system model. The response of the building has been determined over a
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range of serviceability and strength-serviceability (mixed) return period wind speeds
without and with TLDs equipped with inclined and fixed (single angle) damping screens.
Results have shown that employing inclined damping screens in the TLDs has led to
approximately constant TLD performance over the selected serviceability and mixed return

periods.

The Indianapolis building response values obtained for a 50-year return period wind
speed, which is used in the design requirements as suggested by ASCE 7-05, have shown
percentage response reduction values (Wyeqx—nr) ranging between 38% and 41%. Therefore,
the study indicates the potential of using TLDs to reduce the force effects in members (i.e.
normal force, shear force, bending moment and torque). Consequently, cost savings could be

achieved if the reduced loads are used in the design process.

Finally, the ability to adjust the inherent damping ratios ({;,p) of the TLDs has been
demonstrated utilizing inclined damping screens. Thus, by monitoring the structural
responses, inherent damping ratio values of the TLDs could be adjusted if required.

4.10. References

ASCE (American Society of Civil Engineers), (2005). “Minimum Design Loads for Buildings
and Other Structures”, ASCE 7-05, New York, NY, USA.

Badr, H.M. (1994). “Oscillating Inviscid Flow over Elliptic Cylinders with Flat Plates and
Circular Cylinders as Special Cases”, Ocean Engineering, 21(1): 105-113.

Baines, W.D. and Peterson, E.G. (1951). “An Investigation of Flow through Screens”,
Transactions of the ASME, 73: 467-480.

Bathe, K. J. and Bolourchi, S. (1979). “Large Displacement Analysis of Three-Dimensional
Beam Structures”, International Journal for Mechanical Methods of Engineering, 14:
961-986.

Blevins, R.D. (1984). “Applied Fluid Dynamics Handbook”, Macmillan: Agincourt, ON,
Canada.

Brundrett, E. (1993). “Prediction of Pressure Drop for Incompressible Flow through
Screens”, Journal of Fluid Engineering, 115: 239-242.

Carrothers, P.J. and Baines, W.D. (1965). “Forces on Screens Inclined to a Fluid Flow”,
Journal of Fluids Engineering, 97: 116-117.

Cassolato, M. and Tait, M. (2005). “A Preliminary Study of a Tuned Liquid Damper with
Smart Screens”, Proceeding of the 1% Canadian Conference on Effective Design of
Structures, 960-971, McMaster University, Hamilton, ON, Canada.


http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JSENDH000133000002000251000001&from_keyType=CVIPS&from_loc=AIP&to_j=ENSTDF&to_v=20&to_p=593&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1016%2FS0141-0296%2897%2900068-0
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JSENDH000133000002000251000001&from_keyType=CVIPS&from_loc=AIP&to_j=ENSTDF&to_v=20&to_p=593&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1016%2FS0141-0296%2897%2900068-0
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JSENDH000133000002000251000001&from_keyType=CVIPS&from_loc=AIP&to_j=ENSTDF&to_v=20&to_p=593&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1016%2FS0141-0296%2897%2900068-0
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JSENDH000133000002000251000001&from_keyType=CVIPS&from_loc=AIP&to_j=ENSTDF&to_v=20&to_p=593&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1016%2FS0141-0296%2897%2900068-0

149

Cassolato, M.R. (2007). “The Performance of a Tuned Liquid Damper Equipped with
Inclined and Oscillating Damping Screens”, M.E.Sc. Thesis, McMaster University,
Hamilton, ON, Canada.

Cassolato, M.R., Love, J.S. and Tait, M.J. (2011). “Modelling of Tuned Liquid Damper with
Inclined Damping Screens”, Structural Control and Health Monitoring, 18(6): 674-681.

Cornell, W.G. (1957). “Losses in Flow Normal to Plane Screens”, Meeting of the American
Society of Mechanical Engineers, Hartford, CT, 791-799.

Davenport, A.G. (1964). “Note on the Distribution of the Largest Value of a Random
Function with Application to Wind Loading”, Proceeding - Institution of Civil Engineer,
28: 187-196.

Fediw, A.A. (1992). “Performance of a One Dimensional Tuned Sloshing Water Damper”,
M.E.Sc. Thesis. The University of Western Ontario, London, ON, Canada.

Fediw, A.A., Isyumov, N. and Vickery, B.J. (1995). “Performance of a Tuned Sloshing
Water Damper”, Journal of Wind Engineering and Industrial Aerodynamics, 56: 237-
247.

Garrison, C.J. (1985). “Comments on Cross-Flow Principle and Morrison’s Equation”,
Journal of Waterway, Port, Coastal, and Ocean Engineering, 111(6): 1075-1079.

Gerges, R. R. and Vickery, B. J. (2003). “Wind Tunnel Study of the Across-Wind Response
of a Slender Tower with a Nonlinear Tuned Mass Damper”, Journal of Wind Engineering
and Industrial Aerodynamics, 91: 1069-1092.

Graham, E.W. and Rodriguez, A.M. (1952) “The Characteristics of Fuel Motion which
Affect Airplane Dynamics”, Journal of Applied Mechanics, 19(3): 381-388.

Hoerner, S.F. (1964). “Fluid Dynamics Drag”, Horner Fluid Dynamics, Brick Town, NJ,
USA.

Idelchik, I.E. (1986), “Handbook of Hydraulic Resistance”, 2" Edition, Hemisphere
Publishing Corporation: NY, USA.

Isyumov, N. (1994). “Criteria for Acceptable Wind-Induced Motions”, Proceedings, 12"
ASCE Structures Congress, 642-653. Atlanta, GA, USA.

Ju, Y.K. (2004). “Structural Behaviour of Water Sloshing Damper with Embossments
Subject to Random Excitation”, Canadian Journal of Civil Engineering, 31: 120-132.

Ju, Y.K,, Yoon, SW. and Kim, S.D. (2004). “Experimental Evaluation of a Tuned Liquid
Damper System”, Proceeding of Institution of Civil Engineering-Structures and Building,
157(4): 251-262.

Kaneko, S. and Ishikawa, M. (1999). “Modeling of Tuned Liquid Damper with Submerged
Nets”, Journal of Pressure and Vessel Technology, 121(3): 334-343.


http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JSENDH000133000002000251000001&from_keyType=CVIPS&from_loc=AIP&to_j=ENSTDF&to_v=20&to_p=593&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1016%2FS0141-0296%2897%2900068-0
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JSENDH000133000002000251000001&from_keyType=CVIPS&from_loc=AIP&to_j=PCESEL&to_v=157&to_p=251&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1680%2Fstbu.157.4.251.41175
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JSENDH000133000002000251000001&from_keyType=CVIPS&from_loc=AIP&to_j=PCESEL&to_v=157&to_p=251&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1680%2Fstbu.157.4.251.41175
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JSENDH000133000002000251000001&from_keyType=CVIPS&from_loc=AIP&to_j=PCESEL&to_v=157&to_p=251&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1680%2Fstbu.157.4.251.41175

150

Kareem, A., Kijewski, T. and Tamura, Y. (1999). “Mitigation of Motions of Tall Buildings
with Specific Examples of Recent Application”, Wind and Structures: An International
Journal, 2(3): 201-251.

Lamb, H. (1932). “Hydrodynamics”, the University Press, Cambridge, England.

Laws, E.M. and Livesey, J.L. (1978). “Flow through Screens”, Annual Review of Fluid
Mechanics, 10: 247-266.

Lepelletier, T.G. and Raichlen, F. (1988). “Nonlinear Oscillations in Rectangular Tanks”,
Journal of Engineering Mechanics, 114(1): 1-23.

The MathWorks Inc., (2004). “MATLAB version 7.0.0.19920 (R14)”, The MathWorks Inc.,
Natick, MA, USA.

McNamara, R., Kareem, A. and Kijewski, T. (2002). “Ask the Experts ... Perception of the
Motion Criteria for Tall Buildings Subjected to Wind: A Panel Discussion”, Conference
Abstract for Reflections from ASCE Structures Congress, Denver, CO, USA.

Miles, J.W. (1967). “Surface Wave Damping in Closed Basins”, In: Proceedings of the Royal
Society of London, 297: 459-475.

Okajima, A., Matsumuto, T. and Kimura, S. (1998). “Aerodynamic Characteristics of Flat
Plates with Various Angles of Attack in Oscillatory Flow”, Ocean Engineering, 41(1):
214-220.

Reed, D., Yu, J., Yeh, H. and Gardarsson, S. (1998a). “Investigation of Tuned Liquid
Damper under Large Amplitude Excitation”, Journal of Engineering Mechanics, 124(4):
405-413.

Reed, D., Yeh, H., Yu, J. and Gardarsson, S. (1998b). “Tuned Liquid Damper under Large
Amplitude Excitation”, Journal of Wind Engineering and Industrial Aerodynamics, 74-
76: 923-930.

Richards, P.J. and Robinson, M. (1999). “Wind Loads on Porous Structures”, Journal of
Wind Engineering and Industrial Aerodynamics, 83, 455-465.

Reuter, C., Rettemeier, K. and Kongeter, J. (2001). “Experimental Head Loss Determination
at Inclined Wedge Wire Fish Protection Screen”, 29" IAHR Congress Proceeding,
Beijing, China.

Schubauer, G.B., Spangenberg, W.G. and Klenanoff, P.S. (1950). “Aerodynamic
Characteristics of Damping Screens”, National Advisory Committee for Aeronautics
(NACA), Technical Note (2001).

Soong, T.T. and Dargush, G.F. (1997). “Passive Energy Dissipation Systems in Structural
Engineering”, Wiley, New York, USA.


http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JSENDH000133000002000251000001&from_keyType=CVIPS&from_loc=AIP&to_j=ENSTDF&to_v=20&to_p=593&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1016%2FS0141-0296%2897%2900068-0
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JSENDH000133000002000251000001&from_keyType=CVIPS&from_loc=AIP&to_j=ENSTDF&to_v=20&to_p=593&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1016%2FS0141-0296%2897%2900068-0
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JSENDH000133000002000251000001&from_keyType=CVIPS&from_loc=AIP&to_j=ENSTDF&to_v=20&to_p=593&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1016%2FS0141-0296%2897%2900068-0
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JSENDH000133000002000251000001&from_keyType=CVIPS&from_loc=AIP&to_j=ENSTDF&to_v=20&to_p=593&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1016%2FS0141-0296%2897%2900068-0

151

Sun, L.M. (1991). “Semi-Analytical Modelling of Tuned Liquid Damper (TLD) with
Emphasis on Damping of Liquid Sloshing”, Ph.D. Thesis, University of Tokyo, Tokyo,
Japan.

Sun, L.M., Fujino, Y. and Koga, K. (1995). “A Model of Tuned Liquid Damper for
Suppressing Pitching Motion of Structures”, Earthquake of Engineering and Structure
Dynamics, 24: 625-636.

Tait, M.J. (2004). “The Performance of 1D and 2D Tuned Liquid Dampers” Ph.D. Thesis,
The University of Western Ontario, London, ON, Canada.

Tait, M.J., E1 Damatty, A.A. and Isyumov, N. (2004a). “Testing of Tuned Liquid Damper
with Screens and Development of Equivalent TMD Model”, Wind and Structures, 7(4):
215-234.

Tait, M.J., Isyumov, N. and E1 Damatty, A.A. (2004b). “The Efficiency and Robustness of a
Unidirectional Tuned Liquid Damper and Modelling with an Equivalent TMD”, Wind
and Structures, 7(4): 235-250.

Tait, M.J., El Damatty, A.A. and Isyumov, N. (2005a). “An Investigation of Tuned Liquid
Dampers Equipped with Damping Screens Subjected to 2D Excitation”, Earthquake
Engineering and Structural Dynamics, 34(7): 719-735.

Tait, M.J., El Damatty, A.A., Isyumov, N. and Siddique, M.R. (2005b). “Numerical Flow
Models to Simulate Tuned Liquid Dampers (TLD) with Slat Screens”, Journal of Fluid
and Structures, 20: 1007-1023.

Tait, M.J., Isyumov, N. and E1 Damatty, A.A. (2007). “Effectiveness of a 2D TLD and Its
Numerical Modeling”, Journal of Structural Engineering, 133(2): 251-263.

Tait, M.J. (2008). “Modelling and Preliminary Design of a Structure-TLD System”,
Engineering Structures, 30: 2644-2655.

Vickery, B J. and Davenport, A.G. (1970). “An Investigation of the Behaviour in Wind of the
Proposed Centre Point Tower in Sydney, Australia”, Research Report BLWT-1-70, The
Boundary Layer Wind Tunnel Laboratory, The University of Western Ontario, London,
ON, Canada.

Warburton, G.B. (1982). “Optimum Absorber Parameters for Various Combinations of
Response and Excitation Parameters”, Earthquake Engineering and Structural Dynamics,
10(3): 381-401.

Warnitchai, P. and Pinkaew, T. (1998). “Modeling of Liquid Sloshing in Rectangular Tanks
with Flow-Dampening Devices”, Engineering Structures, 20(7): 593-600.

Xu, Z. and Ho, T.C.E. (2007). “A Study of Wind Effects for One Indiana Square,
Indianapolis, Indiana. Research Report BLWT-SS3-2007, The Boundary Layer Wind
Tunnel Laboratory (BLWTL), The University of Western Ontario, London, ON, Canada.

Weisbach, J. (1855). “Die Experimental-Hydraulic”, p: 133, Engelhard, Freiburg.


http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JSENDH000133000002000251000001&from_keyType=CVIPS&from_loc=AIP&to_j=IJEEBG&to_v=24&to_p=967&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1002%2Feqe.4290240704
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JSENDH000133000002000251000001&from_keyType=CVIPS&from_loc=AIP&to_j=IJEEBG&to_v=10&to_p=381&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1002%2Feqe.4290100304
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JSENDH000133000002000251000001&from_keyType=CVIPS&from_loc=AIP&to_j=IJEEBG&to_v=10&to_p=381&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1002%2Feqe.4290100304
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JSENDH000133000002000251000001&from_keyType=CVIPS&from_loc=AIP&to_j=IJEEBG&to_v=10&to_p=381&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1002%2Feqe.4290100304
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JSENDH000133000002000251000001&from_keyType=CVIPS&from_loc=AIP&to_j=IJEEBG&to_v=10&to_p=381&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1002%2Feqe.4290100304
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JSENDH000133000002000251000001&from_keyType=CVIPS&from_loc=AIP&to_j=IJEEBG&to_v=10&to_p=381&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1002%2Feqe.4290100304
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JSENDH000133000002000251000001&from_keyType=CVIPS&from_loc=AIP&to_j=ENSTDF&to_v=20&to_p=593&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1016%2FS0141-0296%2897%2900068-0
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JSENDH000133000002000251000001&from_keyType=CVIPS&from_loc=AIP&to_j=IJEEBG&to_v=10&to_p=381&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1002%2Feqe.4290100304
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JSENDH000133000002000251000001&from_keyType=CVIPS&from_loc=AIP&to_j=IJEEBG&to_v=10&to_p=381&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1002%2Feqe.4290100304

152

Yalla, S. and Kareem, A. (2003). “Semiactive Tuned Liquid Column Dampers: Experimental
Study”, Journal of Structural Engineering, 129(7): 960-971.

Yeh, H.H. and Shrestha, M. (1989). “Free-Surface Flow through Screens”, Journal of
Hydraulic Engineering, 115(10): 1371-1385.


http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JSENDH000133000002000251000001&from_keyType=CVIPS&from_loc=AIP&to_j=ENSTDF&to_v=20&to_p=593&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1016%2FS0141-0296%2897%2900068-0

Table 4.1. Fraction of C; with Angle (from Cassolato 2007)
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0 (degrees) 0 10 20 30 40 50 60 70 80 80
Yo 1.00 0.97 0.88 0.75 0.59 0.45 0.3 0.23 0.15 0.09
Table 4.2. Building Properties
Generalized Frame Element
Model Model
Excitation Type fs M K cr {s L, EI,
(Hz) | (kg) | (N/m) | (kgls) | (%) | (m) | (N.m?)
Random 0.558 | 4040 | 49,656 | 17.00 | 0.06 | 3.0 | 446,904
Table 4.3. TLD Properties
Excitation u 'Qopt fTLD—opt h L b mrpp m,, ) Cl
Type (%) | (%) (Hz2) (m) (m) (m) | (kg) | (kg) | (%)
1.0 99.26 0.554 0.123 | 0.966 | 0.442 | 040.4 | 052.5
25 98.17 0.547 0.120 | 0.966 | 1.129 | 101.0 | 130.9
Random 60 8.17
35 97.46 0.543 0.118 | 0.966 | 1.605 | 1414 | 1829
5.0 96.42 0.538 0.115 | 0.966 | 2.342 | 260.8 | 202.0
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Table 4.4. TLD Design for Vertical Damping Screens (4 = 1.0%)

Quantity Equation(s) Value

Initial peak hourly acceleration, X;,itia 13.57 milli-g

Structure cyclic frequency, f;_, 0.558 Hz

Structure time period, T,_, Ts_x =1/fs_x 1.792 S

Structure natural frequency, ws_, Ws_y = 21/ Ts_y 3.507 rad/s
0.577

Peak factor, PF, PF, = /2 ln(“181ws—x) t e 3.753

Initial RMS acceleration, 6;_initial Os—imitial = ";‘—Fi‘” 3.620  milli-g

Initial RMS displacement, oy _nitiar Txminitiat =~ g 100 2.890 mm

Assumed water mass ratio, u,, 0.010 (1.00%)

Assumed mass ratio, u 0.077 (0.77%)

Effective damping provided by TLD, R

Crib—eff—opt $rLD—eff-opt, = 3 T 0.025 (2.50%)

Optimal damping ratio, {r;.p—opt, Crip-opt, = /% 0.049  (4.98%)

Optimal tuning ratio, 2., 0, iU 0992  (99.2%)
OPtx 1y
Optimal TLD cyclic frequency, frip—opt, Qopt, = f”}’;_”“‘ 0.554  Hz
_ Or—x _ 14y
Optimal response ratio, R,,; Rope, === owsin? 7.115
x HxtHx
Structure damping ratio, 0.0006  (0.06%)
Total structure damping, Cor—x Ctot—x = 0.80s + {rip—eff-opt, 0.0255  (2.55%)
Target RMS displacement, o,_;qrget Crot—x = Gs it 0440 mm
x—target

Target RMS acceleration, oy_;qrget Os—target = WE Ox_target 0.71 milli-g
Target peak hourly acceleration, X4, get Os—target = % 2.65 milli-g
TLD response, 0,_, 0r—x = Ropt, Ox_target 3.150 mm

. . _ 1 |mg 1h L,=0.966 m
Select tank dimensions, L., h frip-opt, = 5, /Ztanh (E) hx: 0103 m
Shallow water theory check, h/L, 0.127

x;=0.4L,
Select screen properties, x;, X2, C;_, L= <§ + ﬁ) x;=0.6L,
sinhz(L—) C =821

X l_x .
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Table 4.5. Inclined Damping Screen Loss Coefficient values (Cy) Used in the Parametric Study for
the Single-Story Structure-TLD System

Excitation S u 7] Co Xtarget
Type (%) | (%) | (Degree) | (Inclined) | (milli-g)

0 8.2 2.7
41.0 4.8 4.5
. 53.5 3.3 6.5
61.5 24 9.0
0.0 8.3 6.5
37.0 5.3 10.0

25
515 35 15.0
59.0 2.7 20.0
0 8.3 9.0

Random 60

40.0 4.9 15.0
35 50.5 3.7 20.0
56.5 29 25.0
61.0 25 30.0
0 8.4 125
22.5 6.9 15.0
5.0 38.0 52 20.0
46.5 4.1 25.0
52.5 34 30.0

Table 4.6. Serviceability Return Periods and Wind Speeds

Return Period Wind Speed
(year) (m/s)
> 50 37
S 10 34
g
'S 1 29
1
[¢b]
@ 1/12 23
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Table 4.7. Modal Acceleration Response Components in the x- and y-directions at the Centre of
Mass with No-TLDs over a Range of Serviceability Return Period Wind Speeds
6,, = 210°, z = 154.6 m)
Mode 1 Mode 2
Return | Wind
: O _initial MF O initial-m1 | Oi—target-m2 o MF Oy—initial-m | Oy—target-m
Node gligfg S(fn‘*/i? (milli-g) | (%) (milli-g) (milli-g) | “¥-mitial | (o5) | (milli-g) (milli-g)
50 37 7.1 97.4 6.9 43 5.0 94.7 47 29
10 34 6.1 98.3 6.0 38 36 94.1 34 23
M
1 29 35 98.7 34 22 25 95.5 24 15
112 23 16 98.3 16 10 15 96.4 15 09

Table 4.8. Modal Acceleration Response Components in the x- and y-directions at the Four
Corners Equipped with TLDs to Suppress the First Two Modes over a Range of

Serviceability Return Period Wind Speeds (4 = 2%, 6,, = 210°, z = 154.6 m)

Mode 3 Mode 3
Return | Wind
Node Period Speed aj\'f—_in_itial IZF aj‘c—in_iti.al—m ai—tz.lrkz!et—m o"y—im’tial nolF o'j>—i1-1it.ial—m o"y—t?r{]et—m
(years) | (mis) (milli-g) (%) (milli-g) (milli-g) (%) (milli-g) (milli-g)
C1 4.0 9.3 0.4 - 5.5 30.7 1.7 -
C2 4.0 9.3 0.4 - 4.6 53.8 2.5 16
50 37
Cc3 4.4 18.1 0.8 - 4.6 53.8 2.5 16
c4 4.4 18.1 0.8 - 55 30.7 1.7 -
C1 3.8 7.4 0.3 - 4.2 34.0 14 -
C2 3.8 7.4 0.3 - 3.7 57.1 2.1 1.3
10 34
Cc3 4.1 14.9 0.6 - 3.7 57.1 2.1 1.3
Cc4 4.1 14.9 0.6 - 4.2 34.0 14 -
Cc1 2.3 7.8 0.2 - 2.8 30.4 0.9 -
c2 2.3 7.8 0.2 - 2.4 50.5 1.2 0.8
1 29
C3 25 14.3 0.4 - 2.4 50.5 1.2 0.8
C4 25 14.3 0.4 - 2.8 30.4 0.9 -
C1 11 9.4 0.1 - 1.6 24.1 0.4 -
C2 11 9.4 0.1 - 14 44.6 0.6 0.4
1/12 23
Cc3 12 16.4 0.2 - 14 44.6 0.6 0.4
c4 12 16.4 0.2 - 16 24.1 0.4 -
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Table 4.9. TLD Design for Mode 1 in the x-direction (u = 2.0%, Serviceability Return Period

= 50 years)

Quantity Equation(s) Value
Initial peak hourly acceleration, X;,itia 25.979  milli-g
Modal Factor, MF 97.380 %
Initial modal peak hourly acceleration, . . -
Fimitial P y Xinitial-m = Xinitia1- MF 25298  milli-g

initial-m
Structure cyclic frequency, f;_, 0.136 Hz
Structure time period, T,_, To—y = 1/fi—x 7.310 S
Structure natural frequency, wg_, Wy_y = 21/ Ts_ 0.853 rad/s
Peak factor, PF, P = {2In(5730,-) + e 3685
Initial RMS acceleration, ;_initial-m O%—initial-m = —x"”;‘;il"" 6.870  milli-g
Initial RMS displacement, o, _initiai—m Ox—initiat—m = —madalm I 0091 m

Assumed mass ratio, u

Effective damping provided by TLD,

(TLD—eff—optx

Optimal damping ratio, {r;p—_opt,

Optimal tuning ratio, 2

Optimal TLD cyclic frequency, frip—ope,

Optimal response ratio, Ry,

Structure damping ratio, ¢

Total structure damping, {;o;—x

Target RMS displacement, oy _;qrget—m
Target RMS acceleration, 65_¢arget—m
Target peak hourly acceleration, X;4rget-m

TLD response, o,-_,

Select tank dimensions, L,, h

Shallow water theory check, h/L,

Select screen properties, x1, X3, Cj_x

w?_, 1000

¢ _ 1 petpd
TLD—ef f—opty — 3
ff—opty 4 1+Zl‘x
3
{ | patipk
TLD-optx = [446u,+2u2
1+l/4x
0 2
opty 1y
frLp-opt.
ﬂopt — optx
x fs—x
Oy 1+u
Roptx = ;x = 7’; -
* 2pxtypy

Crot—x = 0.8(s + {TLD—eff—optx
Cot—x = s Zg_mitial_m

x—target—-m

— 2
Os—target—m — Ws Ox—target—-m
_ X-target—m
Os-target-m = — pp
X

Op—x = Roptx Ox—target—m

1 ng mh.
frip-opt, = P ’Ztanh (Z)

32 mh
Crip—x = Cix /;tanhz (Z)Ax:x L

1 1
A, ==
x <3 + sinhz(:—:)>

g — 3k 3("_"1)|
E =X [sin L

= Or—x

0020  (2.0%)

0035  (3.5%)

0072 (7.2%)

0985  (98.5%)
0135 Hz

5.062

0020  (2.0%)
0051  (5.1%)

0.057 M
4.284 milli-g
15.786  milli-g
0.288 M
L,=16.00 m
h=199 m
0.125
x1=0.41L,
x;=0.6L,
Ci_x=2.46




Table 4.10. Water Mass Calculations for TLDs to Suppress Mode 1 (u = 2.0%)
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Quantity Equation(s) Value
L, = 16.00 m
Selected tank dimensions, Ly, By, h, B, =4.30m
h,=199m
Water height to tanks length ratio in x-dir hy /Ly 0.125
Water mass of 1 tank, my,1¢ank) My (1tank) = LxByhy 137055.4 kg

TLD mass of 1 tank in x-dir, My;p_x(1ank)

Mrip—x(1tank) ~ Mi-x =
8tanh(nLi)

0.77 My (1tank) =

n3(£)x My (1tank) 105753.9 kg
Ly

TH _ i=Nf
Total building mass, M, M, = Zi_:1 my 36412955 kg
Generalized building mass in x-dir, M M:= Zi’lvf(mf)i (93); 10523344 kg
Required TLD mass in x-dir, my.p_y MrLp—x = HrLp—x My 210467 kg
No. of Tanks required in x-dir, Nyyp_y Nrpp—x = Myrp—x/MrLp—x(1tank) 1.99
Chosen No. of tanks for mode 1, Nypp_x 2
Actual mass ratio in x-dir, py_gceuar Hx-actual = NTLD-xMTLD-x(1tank)/Mx 2.01 %
Mass ratio of contained water, u,, Pw = Nrpp—xMy(itank)/Ms 0.75 %

Table 4.11. Properties of TLDs Equipped with Inclined Damping Screens to Suppress the First Three
Modes of Vibration over a Range of Serviceability Return Period Wind Speeds (u =

2.0%, 6,, = 210°)

Return Period

1 month 1 year 10 years 50 years
serviceability | serviceability | serviceability | serviceability
“ G
83 5L
Qope |SE| fs | Friv L b h |25| s C, o° Co o Co 0 Co o
22 Er
z
1 ]0137 | 0135 | 16.00 | 430 | 1.99 | 2 | 0.64 | 10.62 0 491 | 4941 | 298 | 62.63 | 2.46 | 66.83
0.985 2 | 6.180 | 0.159 | 12.00 | 340 | 158 | 4 | 0.66 | 12.35 0 7.62 | 39.05 | 492 | 53.83 | 3.81 | 60.40
3 3013|0327 | 275 | 275 | 0.34 | 120 | 0.71 | 19.92 0 9.85 | 47.26 | 583 | 61.67 | 3.20 | 65.68
Table 4.12. Mixed Return Periods and Wind Speeds
Return Period Wind Speed
(year) (mfs)
Strength 50 475
10 34.0
Serviceability
1 29.0
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Table 4.13. Modal Factors in the x- and y-directions at the Centre of Mass with No-TLDs at Mixed
Return Period Wind Speeds (6,, = 210°, z = 154.6 m)

Mode 1 Mode 2

Return Wind

Node Period | Speed O s—initial MF | Osi_mitiat-m | Oi-target-m | o . MF | 05 initial-m | Oy-target-m
(years) | (mys) | (Mill-@) | (%) | (milli-g) (milli-g) | “7™et | (%) | (milli-g) | (milli-g)
(Sst(l?) 47.5 12.4 97.6 12.1 7.5 11.0 96.5 10.6 6.6

CM 10 34.0 6.1 98.3 6.0 3.8 3.6 94.1 3.4 2.3
(Ser.)
(Sir , | 200 35 98.7 34 2.2 25 955 24 15

Table 4.14. Modal Factors in the x- and y-directions at the Four Corners with TLDs to Suppress the
First Two Modes of Vibration over a Range of Mixed Return Period Wind Speeds
(u=2.0%,86, =210°, z = 154.6 m)

Mode 3 Mode 3
Node EZ:,TJS g\ég;?j O—initial MF O initial-m ai—tz.quet—m Oy imitial MF Oy-initial-m a"y—t?r{]et—m
(years) | (misec) (milli-g) (%) (milli-g) (milli-g) Y (%) (milli-g) (milli-g)
1 8.1 6.8 0.6 - 11.6 195 2.3 -
c2 50 8.1 6.8 0.6 - 9.3 40.9 38 2.4
c3 sy | 4 8.9 156 14 ; 9.3 40.9 38 24
c4 8.9 15.6 1.4 - 116 195 2.3 -
1 38 7.4 0.3 - 42 34.0 1.4 -
c2 10 38 7.4 03 - 37 57.1 21 13
;| cen) | 41 14.9 0.6 ; 37 57.1 2.1 13
c4 41 14.9 0.6 - 42 34.0 14 -
c1 2.3 7.8 0.2 - 2.8 30.4 0.9 -
c2 ! 2.3 7.8 0.2 - 2.4 50.5 1.2 08
c3 (Ser) | 29 25 14.3 0.4 - 24 50.5 1.2 08
c4 25 14.3 0.4 - 2.8 30.4 0.9 -

Table 4.15. Optimal Properties of TLDs Equipped with Inclined Damping Screens to Suppress the
First Three Modes of Vibration over a Range of Mixed Return Period Wind Speeds
(u = 2.0%, 6,, = 210°)

Return Period

1 year 10 years 50 years
serviceability | serviceability strength
Mode Number
Qope Number fs frip L h of S C, o° Cy o° Cy o°
Tanks
1 0.137 | 0.135 | 16.00 | 4.30 | 1.99 2 054 | 491 0 298 | 39.67 | 1.40 | 62.24
0.985 2 6.180 | 0.159 | 12.00 | 3.40 | 1.58 4 0.60 | 7.62 0 492 | 3711 | 1.69 | 67.67
3 3.013 | 0327 | 275 | 2.75 | 0.34 120 0.63 | 9.85 0 5.83 | 40.74 | 3.20 | 59.12
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(©)

Fig. 4.1. TLD Equipped with Inclined Screens: (a) Schematic of a TLD Showing the Location of
Screens and Wave Probes; (b) Enlarged View of the Screen; and (c) Photo of TLD
Equipped with Internal Inclined Damping Screens (from Cassolato 2007)
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Fig. 4.2. Normalized Various Cy from Equation 4.22 for Two Different Screens (from Cassolato

2007)

screens
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Fig. 4.3. Coordinate System for Nonlinear Shallow Water System (from Tait et al. 2005b)

=172 x=L/2

Fig. 4.4. Discretization of the Tank Length with Respect to x (from Tait et al. 2005b)

SCTEEN

Fig. 4.5. Discretization and Modelling of the Screen (from Tait et al. 2005b)
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Fig. 4.9.

Constant Normalized Energy Dissipation through Inclined Screens (C; = 5.69)
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Fig. 4.10. Time Histories of n' for & = 0°,30° and 60° at § = 1.01 for C; = 3.53
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g 2
é e P
& W 8 81 & f,-’
-, h .";
< 5 8 &f
{
e & @ £
@ Lumped masw = 1010 kg
&

©) (b)
Fig. 4.12. 3D Single-Story Structure Used in the Parametric Analysis (a) A Schematic Diagram, and
(b) 3D View
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Fig. 4.14. Efficiency over Range of Structural Responses (a) u = 1.0%, (b) u = 2.5%, (¢) u = 3.5%,
and (d) u = 5.0% (S = 60%)
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Fig. 4.16. Floor Plan of the Indianapolis Building Showing the Statical System Consists of (a) Real
Slabs and Shear Walls, and (b) Frame Elements and Slab Beams Installed with Lumped

Masses (kg)

Fig. 4.17. Mode Shapes of the Indianapolis Building for (a) Mode 1, (b) Mode 2, and (¢c) Mode 3
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Fig. 4.18. Average Peak Hourly Resultant Accelerations with No-TLDs Installed (8,, = 210°,

z = 154.6 m)
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Fig. 4.19. Average Peak Hourly Resultant Accelerations with TLDs to Suppress the First 3 Modes
Equipped with Inclined Damping Screens (1 = 2.0%, 6,, = 210°, z = 154.6 m)

, == == oCornerl e Corner2 esssssse Corner3  emmm e=Corner4  emm= o+ Center
350
o
< 40 __._———E%—“"
S 2o r————EE e = T
(a) g T
£ 20
3 10
()
€ 0
xX
0.01 0.1 1 10 100
Return Period (years)
_ == == eCornerl e— COINEr 2~ ¢escsecse Corner 3 e = Corner 4 e o Center
%50
® 40
° o 1]
(b) g0 ._‘M
B 20 =
3 10
&
< 0
0.01 0.1 1 10 100
Return Period (years)

Fig. 4.20. Percentage Response Reductions of the Average Peak Hourly Resultant Accelerations with
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Chapter 5: Development and Validation of a Finite Element Structure Semi-Active
Tuned Liquid Damper System Model

5.1. Introduction

Similar to a tuned mass damper (TMD) device, tuned liquid damper (TLD) and tuned
liquid column damper (TLCD) devices can reduce resonant vibrations of a structure by
modifying its frequency response function. In both systems (i.e. structure-TLD and structure-
TLCD), the secondary mass is liquid and the damping forces primarily result from the
motion of liquid through energy dissipating device such as damping screens in a TLD
(Kaneko and Ishikawa 1999; Tait et al. 2004a; Tait et al. 2004b; Tait et al. 2005a; Tait et al.
2005b), or through an orifice in a TLCD (Kareem et al. 1999; Yalla et al. 2001). If the
effective mass of liquid in a TLD or TLCD is equal to the mass of a TMD, then the same
level of performance can be achieved if the system properties are properly selected.
However, the primary difference from a TMD is the amplitude dependent (nonlinear) nature
of a TLD/TLCD (Sun et al. 1995; Tait 2004). In particular, the damping introduced by
energy dissipating mechanisms can be highly amplitude dependent (Tait 2008). Additionally,
not all the fluid in a TLD/TLCD tank participates in the sloshing motion of the water. The
non-participating portion of the water is essentially added to the primary mass of the
structure, while only the participating mass in the TLD/TLCD only contributes to the
dynamic vibration absorber (DVA) inertial forces (Yu et al. 1999; Tait 2004).

Studies on passive tuned liquid column damper (TLCD) include a full scale installation of
a bidirectional TLCD on a 67 m steel communications tower by Hitchcock et al. (1999). The
device did not include an orifice and hence, it was not possible to control the damping in the
TLCD. It was acknowledged that due to the absence of an orifice, the damping ratio of the
TLCD was not expected to be optimal. It was also observed that TLCD did not perform
optimally at all wind speeds. Similar observations were made concerning tuned liquid
dampers (TLD), both involving scaled experiments and full-scale studies (Tamura et
al.1996).

Studies have also focused on improving the performance of the fully conventional
passive TLCD. Haroun et al. (1994 and 1995) introduced the concept of a hybrid liquid
column damper by actively controlling the orifice opening ratio. Yalla et al. (2001)

introduced a semi-active (SA) TLCD that achieves variable damping by using a controllable
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valve to adjust the orifice opening. The effectiveness of different control algorithms for the
TLCD for structural control applications was also investigated. Yalla and Kareem (2003)
examined the performance of a prototype semi-active TLCD. In addition, they verified a
control strategy based on gain scheduling with experimental results. Kim and Adeli (2005z;
2005b) proposed wind-induced motion control of 76-story benchmark building using hybrid
damper-TLCD system. Wang et al. (2005) introduced a semi-active TLCD using magneto-
rheological fluid (MR-TLCD) for wind induced vibration mitigation of tall building

structures.

To the best of the author’s knowledge, no previous study has considered structural
control of tall buildings using multiple semi-active TLDs. It would be beneficial to provide
TLDs with variable damping that can be adjusted through a certain mechanism to achieve an
optimal control performance over a wide range of loading conditions in a semi-active mode
of control (i.e. different wind loading angles and return period wind speeds). The ability to
control the inherent damping ratio of a TLD ({r,p) was first introduced, theoretically, by
Cassolato and Tait (2005). The modification of {;;, by adjusting the screen angle, which
alters the screen loss coefficient (Cy), has also been experimentally investigated (Cassolato
2007; Cassolato et al. 2011). Results from that work indicated that rotating the damping
screen(s) inside the TLD to adjust the screen loss coefficient (Cy) is a plausible method to

maintain a constant {r;, value over a range of excitation amplitudes.

Therefore, the semi-active TLD operational principle can be achieved by adjusting the
damping screen(s) inclination angle (8). The semi-active TLD is a consequence of the fact
that the control of the damping screen inclination angle requires a small amount of input
energy, as opposed to a fully-conventional passive TLD. However, the required amount of
energy to change the damping screen inclination angle is expected to be small in comparison
with the total energy dissipated by the damping screen(s). In contrast with the fully-active
TMD control system, the semi-active TLD system has low power requirements, hardware
simplicity, low construction cost, robustness and reliability. Therefore, the semi-active TLD

is considered to be a promising alternative to both fully-passive TLD and fully-active TMD.

The aim of this study is to develop a three dimensional finite element structure semi-
active TLD system model (3D-Structure-SA-TLD). Installing a TLD permits the suppression

of a particular vibration mode of the structure, while the semi-active control strategy
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maintains the inherent damping ratio ({r,p) of the TLD at its optimal value ({r.p—op¢). The
nonlinear TLD fluid model, updated and validated in Chapter 4, is used to simulate the
damping screen(s) at different inclination angles (8), while the three dimensional finite
element structure-TLD system model, developed and validated in Chapter 2, is used to
conduct the structural response analysis for a single-story structure equipped with a semi-
active TLD.

Most semi-active (SA) devices (for e.g., MR and ER dampers, semi-active TLCDs, etc.)
are intrinsically non-linear, which makes it challenging to develop control strategies to
optimally exploit their unique features (Yalla et al. 2001). Some of the common examples of
such algorithms are sliding mode control and non-linear H,, strategies (Yoshida et al. 1998).
Another innovative algorithm, which focuses on the shaping of the force-deformation loop in
a variable damper, is reported by Kurino and Kobori (1998). Other researchers have used
fuzzy control schemes to effectively implement semi-active control (Sun and Goto 1994;
Symans and Kelly 1999). Kim and Adeli (2005a; 2005b) calculated TLCD head loss
coefficients for the semi-active control system using the wavelet-based optimal control
algorithm to control wind-induced motion of a 76-story benchmark building. Also,
Djajakesukma et al. (2002) reported semi-active stiffness damper systems with various
control laws, such as resetting control, switching control, linear-quadratic regulator (LQR)
and modified LQR systems, while Chase et al. (2003; 2004) proposed a series of SA control
laws based on optimal control design. Chey et al. (2010) used SA resetable devices to
mitigate structural response due to seismic loads, where the reset criteria were determined to

be the point of zero velocity at displacement peaks.

From the above, it can be seen that different complex semi-active algorithms can be used
to optimize the screen(s) inclination angle values and thus minimize an objective function
such as structural displacement response, velocity response, or acceleration response values,
which is not the goal of this study. The objective of this study is to employ a simple
technique to achieve the same optimal passive TLD performance at different wind loading
directions and return period wind speeds, which is not possible using conventional passive
TLDs, due to the amplitude properties of the device (Tait 2004).

In this chapter, a control strategy based on a gain scheduling scheme (see Figure 5.1c),
which was introduced and verified experimentally by Yalla and Kareem (2003) (see Figures
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5.1a and 5.1b), is utilized by controlling the inclination angle (6) of the damping screen(s)
and consequently the screen loss coefficient value(s) (Cy). The gain scheduling control
strategy is employed on a three dimensional single-story structure equipped with a semi-
active TLD in order to maintain the optimal damping value ({r;p_,,¢) based on a prescribed
look-up table. Results are assessed with scaled experimental values for conventional passive
TLDs. Finally, a performance comparison between the semi-active TLD control system and
the conventional passive TLD control system is performed.

5.2. Response/Efficiency of a Structure-TLD System Model
The response of a structure equipped with a TLD is a function of three main parameters
(Tait 2004; Tait et al. 20044; Tait et al. 2007):
i.  The tuning ratio (£2), which influences the performance of the TLD, is defined by

_ frip
0= 3 (5.1)

where fr,p is the natural frequency of the TLD; and f; is the natural frequency of the

3D-structure. For small response amplitudes, the natural frequency of the TLD (fr.p)
is approximately equal to f;, (Warnitchai and Pinkaew 1998; Ju et al. 2004; Tait et al.
2004a). The fundamental sloshing frequency (f;,) for the water inside a TLD can be
estimated using the linear wave theory (Lamb 1932)

1 |ng mh
fw=5- /Ttanh ®. (5.2)

where g is the gravitational acceleration and L is the tank length in the direction of
the fundamental sloshing mode of interest.

ii.  The mass ratio (u), which is given by

_ ¢*mrpp (5.3)
M*
where M* is the generalized mass of the primary structure corresponding to the

u

vibration mode being suppressed; and ¢ is the normalized modal deflection value of
the structure at the TLD location. The absorber mass (m;) for a TLD with damping
screen(s) can be approximated using potential flow theory (i.e. myp = my). The

value m; is calculated using the following equation (Graham and Rodriguez 1952)
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8 tanh (2
)
L

where m,, is the total mass of the contained water.

m,, (5.4)

The inherent damping ratio ({;,p) of the sloshing fluid inside the tank. The damping
related to the sloshing liquid inside the tank without the presence of additional energy
dissipating devices, which can be estimated by Sun (1991) using the following
equation

1 v, h
erip = 5 E(”B) (5.5)

where v, is the kinematic viscosity of water.

An optimum inherent damping ratio ({,,.) and optimum tuning ratio (£,,,) for a
linear structure-tuned mass damper (TMD) as a function of the mass ratio (u) can be
obtained for the special case of zero structural damping ({; = 0) (Warburton 1982).
Due to the analogy between TMD and TLD devices, the H, optimized value are used
to calculate {rpp_ope aNd 2,

_ p(1+3u/4)
{rLD-0pt = 21+ 0+ 1/2) (5.6)

and
J1+u/2
Qope = ﬁ (5.7)

Furthermore, three important parameters, commonly used to evaluate the performance of

a structure-TLD system, are the efficiency, effectiveness and robustness (Tait 2004; Tait et

al. 2004a; Tait et al. 2007). These parameters are utilized in this section to study the

performance of a 3D-Structure-TLD system model equipped with inclined damping screen(s)

The effectiveness of a TMD can be expressed in terms of the amount of additional
effective viscous damping, which is added to the primary structure (Vickery and
Davenport 1970), denoted by the effective viscous damping ratio ({.s¢). This can be
accomplished by equating the area under the frequency response curve of the
combined system to that of a single degree of freedom system (SDOF) with the same

frequency and solving for the effective damping ({.r) (McNamara 1977).
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For a special case of zero structural damping (i.e. ¢ = 0), {. can be obtained using

Gerges and Vickery (2003) formula as

¢ _ Qulrip
OF T A+ w20+ (1 + 202203, — 1) + 2u+1

(5.8)

The optimal parameter for the effective damping ({.sf—opt) Can be obtained by

substituting Equations 5.6 and 5.7 into Equation 5.8, leading to

1 ’M(l + 1)
Ceff—opt = 2 [1+3u/4 (5.9)

ii.  The efficiency () of a TLD is defined as the amount of effective damping the TLD
provides, compared to an optimal TMD with the same equivalent mass, expressed as

a percentage using

=L 100 (5.10)
(eff—opt

iii.  The robustness is defined as the changes in the effectiveness with changes in the
tuning ratio (£2), TLD damping ratio ({y.p), and the structural response amplitude.
The robustness of a TLD is dependent on tuning ratio (£2) and the structural response
amplitude as the TLD inherent damping ratio is found amplitude dependent (Sun et
al. 1995; Reed et al. 1998a; Reed et al. 1998b; Tait 2004; Tait et al. 2004a; Tait et al.
2007).

The TLD is modelled using a nonlinear fluid model; therefore, the amplitude dependent
hardening characteristics are also considered, in contrast with the two linear models proposed
by Cassolato (2007). In other words, the nonlinear simulation considers the tuning ratio (£2).

Therefore, the robustness due to TLD mistuning is also considered.

5.3. Modelling of a Three Dimensional Finite Element Structure Semi-Active
Tuned Liquid Damper System (3D-Structure-SA-TLD)

53.1  Gain Scheduling Method for Semi-Active TLD Mode of Control

Yalla and Kareem (2003) describe the procedure of using a look-up table for a semi-
active mode of control. The look-up table permits the range of the inclination angles (8) of
the damping screens, resulting in 100% TLD efficiency (y), to be identified at a selected
mass ratio (u). Gain scheduling is an open-loop control scheme with a nonlinear regulator

whose parameters are modified as a function of the operating conditions in a pre-
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programmed way (Astrom and Wittenmark 1989). This kind of gain scheduled control is
commonly used in aerospace and process control applications.

In this chapter, a modified gain scheduling procedure is employed in a semi-active
control scheme (see Figure 5.1c), described by Yalla and Kareem (2003) and shown in
Figures 5.1a and 5.1b. In gain scheduling, the regulator parameters can be changed rapidly in
response to process dynamics, the process dynamics is the combined 3D-Structure-SA-TLD
system model employed to evaluate the acceleration of the building at the semi-active TLD
location. The look-up table, which is constructed in the next section, is the gain scheduler,
the regulator is the controllable inclination angle of the damping screens, the external
environment is the applied external load on the building (i.e. wind or earthquake) and the
pressure loss coefficient (Cy) is the parameter being changed. Gain scheduling is an efficient
control scheme for maintaining the TLD inherent damping ratio ({;,p) at its optimum value
({rLp-opt)- AS shown in Figure 5.1c, for a given structural acceleration response, the pressure
loss coefficient (Cp) is modified in accordance with the look-up table. The study assumes that

a mechanism exists to adjust the damping screens to the desired symmetric screen inclination

(6).

5.3.2  Look-Up Tables for Semi-Active TLD Mode of Control

To feedback the semi-active TLD control algorithm (i.e. gain scheduling control scheme)
with the optimal inclination angles (8) that achieve the optimal TLD inherent damping ratios
({rLp-opt) corresponding to structural response values in real time, construction of the look-
up table is required. Therefore, the section describes, in detail, the necessary steps required to

the construct a look-up table.

A 3D single-story structure (see Figure 5.2) whose generalized properties match that used
in an experimental study by Tait (2004) and are listed in Table 5.1, is modelled and analyzed
utilizing the 3D-Structure-TLD system model that simulates inclined damping screens, which
was developed and validated in Chapter 4. As a result, the 3D single-story structure is excited
by a number of random excitation force time history records, where the values of the
excitation amplitude (F,,,,) are varied to achieve different structural response values. A TLD
length (L) equal to 0.966 m is selected to match that used in the experimental work. The TLD
water depth (h) is selected to achieve the optimal tuning ratio (£2) according to the chosen

mass ratio (u). The TLD width (b) is then selected to achieve the assumed mass ratio (u).
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The mass ratio values (u) selected for the construction of the look-up tables are 1.0%, 2.5%,
3.5% and 5.0%. Table 5.2 shows the properties of TLDs used in the construction of the look-
up tables. Subsequently, Equations 5.6 and 5.7 are used to calculate different values of the

optimum TLD damping ratios ({rp—.p:) and the optimum tuning ratios (£2,,.), respectively,

according to the selected mass ratio (u).

Damping screens, having a solidity ratio (S) equal to 60% and corresponding vertical loss
coefficient (C;) equal to 8.17, are placed inside the tank at 0.4L and 0.6L. For vertical
damping screens (i.e. 8 = 0.0°) and in an iterative manner, the 3D single-story, structure
shown in Figure 5.2, is analyzed employing the 3D-Structure-TLD system model under
random excitation with incremental values of amplitude (F,,,,) during each iteration. As a
result, RMS structural acceleration response values (o) are obtained from the dynamic
analysis for each E,,, value. Consequently, average peak hourly structural acceleration
response values (X,cqx—nr) are calculated utilizing the resulting RMS structural acceleration
response values (g;) and the modal peak factor value (PF) (Davenport 1964). The following

equation is used to determine the average peak hourly structural acceleration response values
(Xpeak—hr )
Xpeak—nr = Oz PF (5.11)

A full-scale peak factor value (PF) of 3.75 is determined for the 3D single-story structure
utilized in the 3D-Structure-TLD system model by (Davenport 1964)

PF = / 2In o) + —=7 (5.12)
n [21n Cer_y) '
21 S—=X

where w,_, is the structure’s natural frequency in the x-direction, which is the direction of
the applied external random excitation, and T, is the duration time in seconds used to

calculate the average peak factor value over the desired time, which is an hour in this study.

The selected damping screen characteristics are found to provide 100% TLD efficiency
() according to the mass ratio values (u) selected for the construction of the look-up tables
of 1.0%, 2.5%, 3.5% and 5.0% with corresponding optimum average peak hourly structural
acceleration response values of 2.65 milli-g, 6.50 milli-g, 9.00 milli-g and 12.50 milli-g,

respectively, at vertical inclination angle (i.e. 8 = 0.0°). These structural response values
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represent the target response values of the 3D-Structure-TLD system model (¥:qrge:) at

different mass ratio values (1) and can be obtained from Figures 5.3 to 5.6, respectively.

5.3.2.1 Preliminary TLD Design Procedure to Estimate the Required Inclination
Angle of the Damping Screens for 100% TLD Efficiency

The preliminary TLD design procedure (Tait 2008), which was discussed in detail and
expanded for multiple TLDs in Chapter 3, is employed in this section to determine the
inclined damping screen properties, i.e. the inclined screen loss coefficient values (Cy)
required to achieve 100% TLD efficiency (y) at different selected target peak hourly
structural acceleration response values (X;q,4¢¢) and mass ratio values (u). Consequently, the
required inclination angles for the damping screens () can be determined using Equation
5.13 (Cassolato 2007), which was validated in Chapter 4 with experimental values from
Cassolato et al. (2011)

Co = C;(0.4663 — 1.050% — 0.060 + 1) (5.13)

First, the accuracy of the preliminary TLD design procedure is checked by determining
the required vertical screen loss coefficient values (C;) that achieve the target acceleration
response values (¥.qrger) at 100% TLD efficiency (i) obtained previously from Figures 5.3
to 5.6 for different mass ratios (u). Excellent agreement is obtained for the predicted vertical
loss coefficient values (C;) and the actual value utilized in the numerical analysis (i.e. 3D-
Structure-TLD) that equal to 8.17. By utilizing the preliminary TLD design procedure (Tait
2008), the calculated vertical C; value of 8.21 is determined in Table 5.3 at a mass ratio value
(u) equal to 1.0%. The TLD design procedure is repeated in Tables C1-C3 (Appendix-C) to
determine vertical C; values of 8.27, 8.31 and 8.35 at mass ratio values (u) of 2.5%, 3.5% and

5.0%, respectively.

As a result, the preliminary TLD design procedure is used to determine the required
inclined damping screen properties (Cp) that achieve different target structural acceleration
response values (¥:qrg¢r) at 100% TLD efficiency () according to selected mass ratio
values (1) and considering the practical limit of screen rotation (i.e. 8 < 65.0°). Table 5.4
shows different inclined damping screen loss coefficient values (Cg) and their corresponding
inclination angle values (), resulting from the preliminary TLD design procedure according

to selected target peak hourly structural acceleration response values (¥¢4rget)-
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Therefore, in the next section, the resulting C, values are utilized in the 3D-Structure-
TLD system model to analyze the scaled 3D single-story structure shown in Figure 5.2. The
single-story structure is subjected to a random excitation time history with incremental
amplitude values (F,,,,) to confirm the predicted values of the inclined damping screens (6)
and to produce the envelope of the improved TLD efficiency (y) with their corresponding
target structural acceleration response values (¥.qrge:) in the practical range of damping

screen inclination angles.

5.3.2.2 Construction of 100% TLD Efficiency Envelope Curves

The dynamic analysis proceeds in an iterative manner resulting in increasing values of the
average peak hourly structural acceleration response (¥peqk-nr) Utilizing the inclined screen
loss coefficient values (Cy) obtained from Table 5.4 for the selected mass ratio values (u).
Results are shown in Figures 5.3 to 5.6 for mass ratio values (u) of 1.0%, 2.5%, 3.5% and
5.0%, respectively. As the maximum allowable acceleration set by the wind tunnel criteria
(Isyumov 1994) for wind-induced acceleration is 30.0 milli-g for the office buildings, the
incremental iterations are stopped when the average peak hourly structural acceleration

response values (¥peqr—nr) xceeded 40.0 milli-g.

As can be observed from Figures 5.3 to 5.6, normal vertical screens (i.e. 8 = 0.0°) can be
designed to operate optimally for only one particular structural acceleration response
value, Xpeak—nr (1.6. Xpear—nr = Xtarger). Throughout different screen inclination angles (6),
an envelope is drawn capturing 100% TLD efficiency () over a range of structural
acceleration responses as shown in each figure. The general trends of the results are found to
be in good agreement with those obtained by Cassolato (2007) from his study on a theoretical
single degree of freedom system model (SDOF) using a linear TLD numerical model. The
envelope curves show that adjustable screens are able to maintain 100% TLD efficiency ()
over a range of structural acceleration responses (¥,eqr—nr), in contrast with the normal

vertical screens.

For a mass ratio value (u) of 1.0%, Figure 5.3 shows that an extension of 100%
efficiency over the average peak hourly structural acceleration response (X,eqx—py) IS
achieved utilizing three different values of the angled screens (8). Therefore, for 100% TLD

efficiency (i), target structural response values (¥.4rgc:) are found to be 4.5 milli-g, 6.5
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milli-g and 9.0 milli-g corresponding to screen angle values (8) equal to 41.0°, 53.5°, and
61.5°, respectively. Figure 5.4 shows that for u = 2.5%, the angled screens, which are
optimally set to different inclination angles utilizing results from the preliminary TLD design
procedure mentioned previously, can cover a range of peak structural acceleration response
values (¥,eqk—nr) in the range between 6.5 milli-g at & = 0.0° and 20.0 milli-g at = 59.0°
for 100% TLD efficiency (y). Similar trends can be observed in Figures 5.5 and 5.6 for mass

ratio values (i) of 3.5 and 5.0%, respectively.

5.3.2.3 Construction and Discussion of the Look-Up Tables

Figure 5.7 shows a summary for the data presented in Figures 5.3 to 5.6 and represents
the look-up table for various mass ratio values (i) of 1.0%, 2.5%, 3.5% and 5.0%. The figure
shows the extent of screen rotation (6) at various mass ratio values (1) of 1.0%, 2.5%, 3.5%
and 5.0% that maintains 100% TLD efficiency (y). As the mass ratio value (i) increases, a
greater level of the TLD inherent damping ratio ({;,.p) is required. Therefore, the start values
of the structural response acceleration (¥,eqx—nr), Which provide 100% TLD efficiency (i)
are found higher than their counterpart values for lower mass ratio values (u). For example,
at the highest mass ratio value (1) of 5.0% and at target structural acceleration response value
(Xtarger) €qual to 8.0 milli-g, the damping screens can not provide sufficient TLD inherent
damping ratio ({r.p), even in their upright position (i.e. & = 0.0°). Figure 5.7 shows that a
mass ratio value (i) of 3.5% at a vertical screen position or at a mass ratio value (u) of 2.5%
at an inclination angle of screens equal to 8 = 30.0° can provide the required TLD inherent
damping ratio ({y.p) to operate at 100% efficiency (). This emphasizes the importance of
constructing the look-up table, which permits the ability of a selected mass ratio value (1) to
achieve 100% TLD efficiency (y) at lower structural response values. Figure 5.7 also shows
the largest angle (8) needed to maintain the TLD inherent damping ratio ({;.p) at its

optimum value ({r.p—ope) throughout different structural acceleration response values

(Xpeak—nr) for the selected mass ratios (u).

Reduced TLD efficiency (y) as a function of structural response acceleration is found to
be less noticeable for high mass ratio values (u). For a mass ratio value (u) of 2.5%, 100%
TLD efficiency () is achieved in the range of acceleration response values between 6.5

milli-g and 20.0 milli-g that corresponds to a range of screen angles between 0° and 59.0°,
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respectively (see Figure 5.4). Also, it can be observed that at high structural response values
ranging between 20.0 milli-g to 40.0 milli-g, the TLD inherent damping ratio ({;p) exceeds
its optimal ({r.p—ope), SiNCe {r.p is amplitude dependent due to the velocity squared losses
introduced by the damping screens, resulting in a reduction in the effectiveness of the TLD
(Tait et al. 2008). Similarly, if the response acceleration is less than the target level, {;;p is
found to be less than the optimal value {r,p_,,: and the effectiveness of the TLD decreases.
This is observed for the envelope curve for peak structural acceleration response values

(Xpeak—nr) 1ess than 6.5 milli-g (i.e. Xpear-nr < Xtarget—min)-

The above findings are found to be in agreement with results obtained from the
performance charts developed by Tait et al. (2008) for a linear structure-TMD system (see
Figure 5.8). The effectiveness of a linear TMD can be expressed in terms of the amount of
effective viscous damping { s (see Equation 5.8) that it adds to the primary structure
(Vickery and Davenport 1970). The value of (., is determined by equating the variance of
the response of a structure-TLD or structure-TMD system (see Figures 5.9a and 5.9b) to that
of a single degree of freedom (SDOF) structure with an equivalent viscous damper (see
Figure 5.9c). A performance diagram for a linear TMD provides a measure of (¢, (see
Figure 5.8a) and the corresponding displacement ratio of RMS relative motion between the
absorber and the primary structure (x,) (see Figure 5.8b) as a function of the tuning ratio (2)
and the absorber damping ratio (¢,) for a specified value of the mass ratio (u). In case of a
TLD, the relative motion corresponds to the free surface motion. For the above optimal
parameters, the resulting optimal effective damping ({css—op:) and the corresponding
displacement ratio (x,_,p¢) between the absorber and the primary structure (assuming s =

0) are given by Equations 5.9 and 5.14, respectively

1+u

Xr—opt = ﬁ (5.14)
e

It can be observed from Figure 5.8a that at the optimal tuning ratio (£2,,,), the reduction
in system efficiency is significantly less for an over-damped TLD (i.e. {r.p > {r1p-opt)
compared to an under-damped TLD (i.e.{r.p < {rrp—ope), Which agrees with results
obtained in Figure 5.4. Fortunately, the performance of a TLD is less critical at accelerations

that are below serviceability limit requirements. In addition, the over-damped system is
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found to better control the fluid response height as smaller x,. values are obtained at {r;, >

{rLp—opt COMpared to an under-damped system (see Figure 5.8D).

533 Averaging Time (AT), Updating Time (UT) and Initial Time (IT)
Parameters for a 3D-Structure-SA-TLD System Model and Sensitivity
Analysis of AT and UT

To implement the gain scheduling scheme in a 3D-Structure-TLD system model, two
parameters must be defined and added to the semi-active TLD system model (3D-Structure-
SA-TLD), in addition to the fitted equation of the look-up table. These two parameters are
the averaging time (AT) and the updating time (UT). The averaging time (AT) is the time
used to calculate the acceleration root-mean-square (RMS) response value at the TLD

location and placement direction (o%,, (;)) over a time history prior to the time step (i),
selected to update the screen loss coefficient value (Cy,, (;y). As a result, the average peak
hourly structural acceleration response value (X,eqx—nr .. (1)) 1S €valuated using Equation
5.11. The optimal inclination angle value of the damping screen (8,7 (;y) is then evaluated
Using Xpeak—nr,p i) Value and the look-up table. Consequently, the loss coefficient value
(Co,r (iy) s evaluated using Equation 5.13. The numerical simulation proceeds with the
updated Cy . ;) vValue over a period of time equal to the updating time (UT). Therefore, at the
end of the updating time (UT), a new Cy,, +yr) Value is determined and used as the

feedback value in the semi-active simulation process over the next UT period utilizing the

updated value of Xpeak—nr,p (i+uT)-

The initial time (IT) is an extra time parameter that controls the start time of the semi-
active control mode. The numerical analysis initially operates under the passive control mode
(i.e. conventional passive TLDs with vertical damping screens) during the selected initial
time period value (IT). An initial time value (IT) of 15 minutes (full-scale) is selected as it is
considered a sufficient period of time for the activation of the semi-active control system. In
fact, semi-active control systems are usually designed to act as fully passive systems below a
predetermined structural response threshold. Therefore, the IT value allows the simulation of
the transition from a passive mode of control to a semi-active mode of control. Hence, all
time history figures in this chapter show the simulation results for a scaled time > 15

minutes.
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With the aim of selecting the first two parameter values, AT and UT, a sensitivity study is
performed utilizing the 3D single-story structure shown in Figure 5.2 equipped with a TLD
with a mass ratio value (u) equal to 3.5%. An updating time value (UT) is selected to
be 1.0 T, where T is the natural period of the structure. Different values of the averaging time
period values (AT) ranging between 5 and 60 minutes (full-scale) are selected for the
sensitivity analysis. The 3D single-story structure is subjected to a random excitation S7,
listed in Table 5.5 (Section 5.4 provides additional details on the applied forces), and
analyzed employing the 3D-Structure-SA-TLD system model. The random excitation force
S7 produces an uncontrolled RMS structural response value (o5 _;nitia) €qual to 40.0 milli-g.
Figure 5.10 shows the time history of RMS acceleration response values (o;) of the 3D
single-story structure calculated every updating time (UT) equal 1.0 T for various averaging
time values (AT) during the entire time history. For a given averaging time value (AT), the

resulting oz, ;) value is used to evaluate the screen loss coefficient value (Cy,, ;)) t0

feedback to the semi-active control strategy over the time history i + UT (see Figure 5.11).

It can be observed from Figure 5.10 that for small AT values (i.e. AT < 10 minutes),
higher fluctuations in RMS structural acceleration values (o;) occur compared to og; values
that converge rapidly to a near constant value utilizing high AT values. It can also be
observed that all selected AT values have achieved lower RMS structural response values
than the target RMS response value (0x_targec) OF 4.5 milli-g predicted for a passive TLD
control system with the same tank properties and mass ratio value used in the semi-active

control system.

Figure 5.11 shows that averaging time values, AT > 15 minutes result in reduced
fluctuation of Cy values that lead to a suitable rotation of the damping screens. It can be
observed that the best performance of the semi-active TLD system model is achieved for an
averaging time value (AT) of 5 minutes (see Figure 5.10), however this requires higher

fluctuating damping screen(s) motions (see Figure 5.11).

By selecting an averaging time value (AT) equal to 60 minutes, good performance is
achieved with minor adjustments to the damping screen inclination angle (see Figure 5.11).
By selecting a 60-minute averaging time value (AT), the rotational motion of the damping
screens will not alter the overall flow pattern inside the tank. Also, a long damping screen

system life cycle is expected as the damping screens are subjected to reduced wear and tear
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resulting in low maintenance costs over its operating life. Moreover, a small actuator
capacity and power supply are needed to achieve the required rotational motion of the
damping screens in real time. Finally, only basic monitoring and control system components
are required compared to more expensive and highly sophisticated control components

needed in a fully-active control system.

A second sensitivity study is performed to investigate the updating time value (UT).
Different UT values ranging between 0.25 T and 32.00 T (i.e. 0.5 < UT < 60.0 seconds) are
selected to conduct the sensitivity analysis with the averaging time value (AT) held constant
at 60 minutes. Figures 5.12 and 5.13 show that constant acceleration (o;) and damping
screen loss coefficient (Cy) values are obtained. This can be attributed to the nature of the
wind excitation and the selected value of AT. In an earthquake excitation scenario, where the
time scale of the applied load is in a scale of seconds compared to a scale of hours, a small
UT value would be required to capture the instantaneous structural response variation
allowing the TLDs to counteract the applied load more efficiently. Therefore, the updating
time value (UT) is considered less sensitive for the wind loading case and the selected AT

value. As such, a UT value equal to 1.0 T is selected.

5.4. Influence of Excitation Amplitude on the Response of a 3D-Structure-SA-
TLD System Model

The 3D-Structure-SA-TLD system model is employed to analyze a 3D single-story
structure equipped with a SA-TLD with a mass ratio value (u) of 3.5% (see Table 5.2). The
system is subjected to random excitation forces scaled from S1 to S13 (see Table 5.5)
utilizing an averaging time value (AT) equal to 60 minutes and an updating time (UT) equal
to1.0T.

The look-up table presented in Figure 5.7 shows that for a mass ratio value (u) of 3.5%,
the minimum average peak hourly structural acceleration response value (X4, get—min) that
achieves 100% TLD efficiency is 9.0 milli-g (i.e. gz = 2.4 milli-g), which corresponds to a
vertical screen position (i.e. 8 = 0.0°). Applying random forces S1 to S3, listed in Table 5.5,
results in controlled RMS structural acceleration response values (o;) lower than 2.4 milli-g,
as shown in Figure 5.14. Consequently, the semi-active TLD algorithm sets the screen loss

coefficient value (Cy) to the maximum value of 8.17 (C;_,,4-) @S shown in Figure 5.15.
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Applying the scaled random excitations S4-S10 results in different screen angles and
corresponding damping screen loss coefficient values (Cg) in order to achieve the optimal
TLD damping ratio ({r.p—op¢)- In addition, a slight change of the screen loss coefficient
value (Cy) is found to occur every updating time (UT). The change of Cg, in real time, is a
direct results of changing the screen inclination angle value () (see Equation 5.13). In
contrast, applying random excitation forces S11-S13 results in maximum allowable rotation
of the damping screens (Cy_max) and corresponding minimum damping screen loss

coefficient value (C;_,,;») being selected by the semi-active TLD control algorithm.

It must be recognized that a trade off exists between the maximum damping screen loss
coefficient value (C;_,qx), Which is related to the damping screen solidity ratio (S) at the
vertical position, and the maximum structural response value (¥:qrget—max) that achieves
100% TLD efficiency (). Therefore, it is recommended that the vertical damping screen
loss coefficient value (C;_,,4,) b€ able to achieve 100% TLD efficiency (i) for an average
peak hourly structural acceleration response value, X¢qyget—min < 10.0 milli-g, for example,
for residential buildings (Isyumov 1994). As a result, an over-damped system at response
amplitudes higher than X:q,ger—max, Utilizing the maximum allowable inclination angle
(Bmax) Of the damping screens will occur. As mentioned above in Section 5.3.2.3, an over-
damped system is more robust than an under-damped system (see Figure 5.8a). In addition,
the over-damped system is found to better control the fluid response height at large excitation

amplitudes (see Figure 5.8b).

5.5. Performance Semi-Active TLD Control System versus the Passive TLD
Control System

In this a section, a comparison between the semi-active TLD control system and the
passive TLD control system is made, when both systems are subjected to a particular scaled
random excitation force (S7 listed in Table 5.5). The comparison investigates the additional

reduction achieved, in terms of RMS (o3) and average peak hourly (¥,eqx—ny) Structural

acceleration response values, utilizing the semi-active TLD control system.

Figure 5.16 shows that for a particular applied random force (S7), the semi-active TLD
control system provides lower RMS structural acceleration response values ranging between
12.7% at AT = 5 minutes to 5.9% at AT = 60 minutes compared to the passive TLD control

system. In contrast, negligible difference in the hourly peak structural acceleration response
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values is observed in Figure 5.17 between the passive and semi-active TLD control systems.

In addition, the calculated average hourly peak factor values (PF)

= kpeak hr
Z (5.15)

i=1 X

3|»—x

where n is the number of hours are found to be in good agreement with that obtained using
Equation 5.12 (see Figure 5.18)

The negligible reduction in the peak hourly structural acceleration response values is
attributed to the selected values of the semi-active control technique parameters, which are
utilized in the numerical simulations. The selected parameter values used in the semi-active
control technique, which consider suitable motions of the damping screen, monitoring and
computational system requirements, prevent the SA-TLD from responding efficiently to
instantaneous changes in structural accelerations. In order to provide an instantaneous
feedback at every time step (4t), AT and UT are set equal to At, where At = 0.019 seconds
(full-scale) in order to calculate optimal angle values () in response to instantaneous
changes in structural accelerations. It can be observed from Figure 5.19 that extremely high
fluctuating screen motions occur compared to moderate and low fluctuating motions at

AT = 5 minutes and AT = 60 minutes, respectively.

RMS and peak hourly structural acceleration response values are presented in Figures
5.20 and 5.21 for the instantaneous (AT = At), AT = 5 minutes, AT = 60 minutes and the
passive systems, respectively. While percentage reduction values of 5.9% and 12.7% in the
RMS structural acceleration response are achieved employing the semi-active TLD control
system utilizing AT values of 60 and 5 minutes, respectively, compared to the passive TLD
control system, a 17.6% percentage response reduction is achieved utilizing the instantaneous

semi-active TLD control strategy (see Figure 5.20).

An average peak hourly structural acceleration response value (¥,¢qx—nr) Of 13.2 milli-g
is obtained using the instantaneous semi-active TLD control strategy compared to values of
15.7 milli-g and 15.9 milli-g obtained utilizing the semi-active (AT = 60 minutes; UT =
1.0 T) and the passive TLD control systems, respectively (see Figure 5.21). Finally, the
evaluated average peak factor values (PF), using Equation 5.15, for the instantaneous semi-
active TLD control strateqgy (AT = UT = AT), semi-active TLD control strategy (AT = 60
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minutes; UT = 1.0T), and the passive TLD control system are found to be in good
agreement with the value predicted by Davenport (1964), using Equation 5.12, with a
minimum accuracy of 97% (see Figure 5.22).

5.6. Influence of Semi-Active Control on Fluid Response

Figure 5.23 shows that the normalized peak hourly fluid response ratio values (n/h where
n is the free surface height and h is the water height inside the TLD) at the TLD end wall are
higher for the semi-active control strategy. It can be observed that utilizing the averaging
time values (AT) of 5 minutes and 60 minutes lead to similar peak hourly fluid response ratio
values, while utilizing the instantaneous averaging time value (AT = AT) leads to values that

are nearly double the passive values.

Figures 5.24 and 5.25 show the peak hourly fluid response ratio values using random
forces S4, S7 and S10 excitation amplitudes utilizing the passive and semi-active control
strategies, respectively. An averaging time (AT) and updating time (UT) values of 60 minutes
and 1.0 T, respectively, are used for the semi-active control strategy. By comparing Figures
5.24 and 5.25, it can be observed that using the semi-active control strategy leads to higher
peak hourly fluid response ratio values with a maximum ratio value of 0.57 compared to the
passive control counterpart value of 0.26 for all excitation amplitudes. Although higher peak
hourly fluid response ratio values are obtained using the semi-active control strategy, they
remain within the recommended free board allowance value in the range of 1.5h to 2.0 h
(Tait 2004).

5.7. Conclusions

In this study, a control strategy based on gain scheduling, which was previously
employed and verified experimentally by Yalla and Kareem (2003), has been utilized by
actively controlling the damping screen inclination angle (8) and consequently the
corresponding loss coefficient (Cg). Gain scheduling is an efficient control scheme to
maintain the inherent damping ratios of the TLDs ({r,p) at their optimal values ({rp—opt)-
For a given structural response acceleration, the pressure loss coefficient (Cy) has been

modified in accordance with the look-up table.

The nonlinear fluid model of a TLD equipped with damping screens, which was updated

and validated with experimental results to simulate inclined damping screens in Chapter 4,
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has been used in this chapter to determine the resulting TLD base shear force and fluid
response amplitude in real time. The robustness of a structure-TLD system model due to
mistuning has been addressed in all simulations conducted in this chapter due to the ability of
the updated nonlinear TLD fluid model to capture the resulting shift in the tuning ratio
(hardening) from its optimal value at high response amplitudes and high screen inclination

values.

A 3D single-story structure has been modelled and analyzed utilizing the 3D-Structure-
SA-TLD system model. As a result, the TLD inherent damping ratio ({r,p) maintained its
optimal damping value ({r.p—.p:) based on a prescribed look-up table and results have been

assessed under scaled random excitation force time histories.

The necessary steps toward the construction of the look-up table have been described, in
detail, and practical mass ratio values (u) have been selected to construct look-up tables,
which fall within a typical range p used in most TMD/TLD applications for tall structures.
Therefore, the feedback process of the semi-active TLD control strategy with the optimal
inclination values of the damping screens (8), which result in the optimal TLD inherent
damping ratio ({r.p—op¢) COrresponding to structural response values, has been achieved in

real time.

Three parameters have been defined and were added in the semi-active TLD system
model (3D-Structure-SA-TLD), in addition to the fitted equation of the look-up table in order
to implement the gain scheduling scheme in a 3D-Structure-TLD system model. These

parameters are, the averaging time (AT), the updating time (UT) and the initial time (IT).

A sensitivity study has been performed utilizing the 3D single-story structure equipped
with a TLD with the aim of selecting the first two parameter values (AT; UT). The following
important findings have been drawn:

1. The semi-active TLD control system with practical control parameters (AT; UT)

exceeds the efficiency (y) of the passive TLD control system for additional reduction
of the RMS structural acceleration response value (o) of up to 12.7%.

2. The semi-active TLD control system with practical control parameters (AT;UT)

matches the efficiency (y) of the passive TLD control system in reducing the average

peak hourly structural acceleration response values (X,eqk—nr)-
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3. The semi-active TLD control system with instantaneous control parameters (AT =
UT = At) exceeds the efficiency (y) of the passive TLD control system for additional
reduction of the RMS (o) and the average peak hourly (¥peqx—nr) Structural
acceleration response values of 17.6% and 16.9%, respectively.

4. As for overall performance, the semi-active TLD control system provides the
aforementioned three findings over a wide range of applied excitations (i.e. wide
range of structural response amplitudes) compared to the passive TLD control system.

5. Although the fluid response amplitude for a SA-TLD was found to exceed that of a

passive TLD, it did not exceed free board limits recommended for passive TLDs.

As a result, AT equal to 60 minutes, which is quite achievable with a simple controller,
has been selected for the rest of the study to provide the lowest variation in the loss
coefficient values (Cy) and consequently, the damping screen inclination angle values ().
This choice has led to practical and economical benefits such as:
I. Reasonable rotation of the damping screens inside the TLD during excitation events.
ii. A long life cycle of the damping screen system is expected as the damping screens
are subjected to reduced wear and tear, which should lower the maintenance costs
over the SA-TLD operating life.

iii. A small actuator capacity and low power requirements are needed to rotate the
damping screens in real time.

iv. Only basic monitoring and control components are required for the SA-TLD

compared to expensive and sophisticated control components needed in a fully-active

control system.
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Table 5.1. Building Properties

Generalized Frame Element
Model Model
Excitation Type fs M K c {s L, EI,
(Hz) | (kg) | (N/m) | (kgls) | (%) | (m) | (N.m?)
Random 0.558 | 4040 | 49,656 | 17.00 | 0.06 | 3.0 | 446,904
Table 5.2. TLD Properties
EXCitation u -Qopt fTLD—Opt h L b my;p m, S Cl
Type (%) | (%) (Hz) (m) (m) (m) (kg) | (kg) | (%)

1.0 99.3 0.554 0.123 | 0.966 | 0.442 40.4 52.5
25 98.2 0.547 0.120 | 0.966 | 1.129 | 101.0 | 130.9
Random 60 8.17
35 97.5 0.543 0.118 | 0.966 | 1.605 | 141.4 | 182.9

5.0 96.4 0.538 0.115 | 0.966 | 2.342 | 260.8 | 202.0
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Table 5.3.  Preliminary TLD Design for Vertical Damping Screens (1 =1.0%)

Quantity Equation(s) Value
Initial peak hourly acceleration, X;,itia 13.57 milli-g
Structure cyclic frequency, f;_, 0.56 Hz
Structure time period, T,_, Toew = 1/foy 1.79 S
Structure natural frequency, ws_, We—y = 21Ty 3.51 rad/s
0.577
Peak factor, PF, PE, =2 ln(“181ws—x) t haeieS 375
Initial RMS acceleration, o5_initial Os_initial = x;‘—é‘” 3.62 milli-g
Initial RMS displacement, oy _nitiar Txminitiat =~ g 100 2.89 mm
Assumed mass ratio, u 0.010 (1.00%)
Effective damping provi TLD 2
ective damping provided by ) Cri—eff—opt, = 1|t 0.025 (2.50%)
ZTLD—eff—optx 4 | 14opy
. . . o
Optimal damping ratio, {r;p_opt, Crip—opt, = :szm% 0.049 (4.98%)
Optimal tuning ratio, 2y, a,, = ek 0.992 (99.2%)
OPtx 1y
Optimal TLD cyclic frequency, frip—opt, Qopt, = % 0554  Hz
R . R — Or—x — &
Optimal response ratio, R, 0Pty T 4, W 7.115
Structure damping ratio, 0.0006  (0.06%)
TOta| structure damplng, Ztot—x (tot—x = 08(5 + (TLD—eff—optx 00255 (255%)
Target RMS displacement, o,_;qrget Srot—x = Gs il 0440 mm
x—target
Target RMS acceleration, ox_¢arget O—target = WE Ox_target 0.71 milli-g
Target peak hourly acceleration, X;q; et Os—target = % 2.65 milli-g
TLD response, g,_, Or—x = Ropt, Ox—target 3.15 mm
. . _ 1 |mg Th L,=0.966 m
Select tank dimensions, L,, h frip-opt, = - ,Ztanh (E) hx: 0123 m
Shallow water theory check, h/L, 0.127
(TLD—x = Cl—x\/?_i tanhz(z_h)AxEx Uz_x
4 * *  x;=0.4L,
Select screen properties, x4, X2, C;_, 4, = (l + ﬁ) x;,=0.6L,
3SR C,_,=821

= ns
Sx = ijxl

. X
sin3 (—’)|
Ly




Table 5.4. Inclined Damping Screens Loss Coefficient values (Cg) Used in the Validation Study

Excitation s u 0 Co Xtarget
Type (%) | (%) | (Degree) | (Inclined) | (milli-g)

0 8.2 2.7

41.0 4.8 4.5

. 53.5 3.3 6.5

61.5 24 9.0

0 8.3 6.5

05 37.0 5.3 10.0

515 35 15.0

59.0 2.7 20.0

Random 60 0 53 20

40.0 4.9 15.0

35 50.5 37 20.0

56.5 2.9 25.0

61.0 25 30.0

0 8.4 125

22.5 6.9 15.0

5.0 38.0 52 20.0

46.5 41 25.0

525 34 30.0

Table 5.5. Scaled Random Forces Used in the Validation Study

S

Excitation Type | o/ ((f/‘o) Scaled Force "m]’l—iféf)
S1 10
S2 15
S3 20
S4 25
S5 30
S6 35
Random 60 | 35 S7 40
S8 45
39 50
S10 55
Ss11 60
S12 65
S13 70
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(b)

Fig.5.2. 3D Single-Story Structure Used in the Semi-Active Control Strategy Validation (a) A

Schematic Diagram; and (b) 3D View
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Fig. 5.23. Peak Hourly Fluid Response Ratio at the TLD End Wall Resulting Using Passive and
Semi-Active Control Strategies (S7-Random Force, 4 = 3.5%)
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Fig. 5.24. Peak Hourly Fluid Response Ratio at the TLD End Wall Resulting from the Passive
Control Strategy for Various Random Forces (1 = 3.5%)
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Chapter 6: Applications of Multiple Semi-Active TLDs for Structural Control of
Three Dimensional High-Rise Buildings Using Wind Tunnel Loads

6.1. Introduction

Wind induced resonant vibration motions in tall buildings can be reduced using dynamic
vibration absorbers (DVAs). The inertial forces, which develop from the DVA motion,
modify the frequency response of the primary structure’s mode to which the DVA is tuned to
(Kareem et al. 1999; Tait et al. 2008). Housner et al. (1997) described different DV A systems
utilized for structural control including active, semi-active, passive and hybrid systems.

Full-scale active control systems have been installed in several structures, mainly in
Japan; however, cost effectiveness and reliability considerations have limited their wide
spread acceptance (Spencer and Nagarajaiah 2003). Thus, there is a growing need for
innovative and effective techniques to reduce the resonant vibration response of increasingly
taller, lighter, and more flexible buildings. Due to their mechanical simplicity, low power
requirements, and large controllable force capacity, semi-active control systems provide an
attractive alternative to active and hybrid control systems. The use of tuned liquid dampers
(TLDs) is still a relatively new concept compared to tuned mass dampers (TMD); however,
they are a promising device for controlling the dynamic response of high-rise buildings
(Kareem et al. 1999; Tait 2004). The implementation of passive TLDs in buildings has
confirmed the benefits and effectiveness of this cost effective type of absorber. Therefore,
expanding the novel semi-active TLD control system, developed and assessed in Chapter 5,
to multiple semi-active TLDs for multi-modal high-rise building applications is of significant

interest.

The aim of this study is to develop a three dimensional finite element structure semi-
active multiple tuned liquid damper system model (3D-Structure-SA-MTLD) equipped with
adjustable damping screen(s). Multiple TLDs provide the ability to suppress different critical
vibration modes of the structure, while the semi-active control strategy keeps the inherent

damping ratios ({r,p) of all TLDs at a near optimal value ({r.p—op¢)-

The nonlinear fluid model, updated in Chapter 4, is used to simulate the damping
screen(s) at different inclination angles (). Subsequently, the three dimensional finite
element structure-TLD system model is used to conduct analyses on a high-rise building

equipped with multiple semi-active TLDs.
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The updated 3D-Structure-SA-MTLD system model is employed to investigate the
response improvement of a high-rise building compared to a conventional passive TLD
control system, studied in detail elsewhere (Chapter 3), over (1) a wide range of wind loading
directions (6,,) between 0° and 360° (see Section 6.5); (2) a wide range of serviceability and

strength return period wind speeds between 1 month and 50 years (see Section 6.6).

To the best of the author’s knowledge, no previous study has considered the simulation of
a 3D-Structure-SA-MTLD system model accounting for the coupling of higher structural
modes, utilizing wind tunnel loads, equipped with multiple TLDs operating efficiently over

abroad range of wind loading angles and return period wind speeds.

In order to expand the use of the gain scheduling control strategy in a three dimensional
high-rise building equipped with multiple semi-active TLDs (3D-Structure-SA-MTLD), the
development of an alternative to the standard look-up table is desirable (see Figure 6.1). A
TLD design procedure introduced by Tait (2008) allows a direct relationship between
structural response acceleration and optimal screen angle value to be determined. This
relationship, based on an H, optimized passive TLD, is employed to evaluate the required

damping screen loss coefficient values (Cg) for a multiple SA TLD system.

6.2. A Brief Description of the High-Rise Building and Its Dynamic
Characteristics

The Indianapolis building is a 38-story (154.6 m tall) reinforced concrete building with
outer plan dimensions of 32 m by 54 m. This building was modelled and studied in Chapter 3
utilizing conventional passive TLDs. The lateral load resisting elements of the building are
concrete shear walls. The stiffness disparity and non-coinciding centre of mass (CM) and
centre of twist (CT) (see Figure 6.2) lead to a coupled lateral and torsional response. In
addition, the applied wind loads from different directions cause high torsional action at

certain wind angles (6,,).

Figure 6.3 displays the first three mode shapes, which correspond to natural periods of
7.31, 6.18 and 3.01 seconds. The torsional component of the mode shapes is multiplied by
the overall radius of gyration 18.8 m of the building to maintain dimensional consistency. It
can be observed from Figure 6.3 that the structure has a dominate translational mode in the
x-direction, a dominate translational mode in the y-direction and dominate torsional mode in

the 6-direction with a small coupling action between the x- and y-directions.
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6.3. Response Evaluation High-Rise Building with No-TLDs

A dynamic analysis of the 38-story Indianapolis building was carried out employing the
3D-Structure-MTLD system model in Chapter 3 using recorded wind tunnel loads
corresponding to a 10-year serviceability return period (see Figure 6.4 and Table 6.1). A total
of 36 numerical simulation were conducted in order to cover different wind loading angles
(6,,) ranging from 0° to 360°. The root-mean-square (RMS) structural acceleration at the
centre of mass (CM) and the four corners (C1; C2; C3; C4) of the building in the x- and y-

directions (oy; oy;) at the uppermost floor (z = 154.6 m) are determined. In addition, the
RMS and average peak hourly resultant acceleration values (Rpeqk-ny) are calculated and
compared to the acceptable serviceability limits. Both the RMS and Rycqx—pn, Values are

expressed in terms of gravitational acceleration (milli-g).

Figures 6.5a and 6.5b show the RMS structural acceleration response values of the
Indianapolis building in the x- and y-directions (oy; o), respectively, for all wind loading
angles (6,,). In the x-direction, o; values at the four corners and the centre of mass (CM) of
the uppermost occupied floor of the building (z = 154.6 m) have both similar values and
trends. A maximum o; value of 6.31 milli-g is found to occur at a wind loading angle (6,,)
equal to 210°. In the y-direction, a maximum oy value of 5.19 milli-g occurs at a 260° wind
loading angle at corners 1 and 4 (C1; C4). These results are in agreement with the BLWTL
report (BLWT-SS3-2007), which states that for strong winds, southwest directions are the
most critical, i.e. 180° < 6,, < 270° as 6,, equals 0° facing the north direction and increases
in the clock-wise direction. The maximum calculated average peak hourly resultant
acceleration response value (Rpeqx—nr) Of 28.15 milli-g is found to occur at 210°, which is
displayed in Figure 6.14a for comparative purposes with results of the controlled structural
responses in Figure 6.14b. The calculated R,.qx—nr Value is found to exceed the acceptable
limits for wind-induced motion for a 10-year serviceability return period for residential
buildings, hotels and office buildings. Acceptable limits corresponding to a 10-year
serviceability return period are 10 to 15 milli-g for residential buildings, 15 to 20 milli-g for
hotels and 20 to 25 milli-g for office buildings (Isyumov 1994).
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6.4. Implementation of an Alternative to Look-Up Tables for Semi-Active
Control Strategy

Yalla and Kareem (2003) described using a look-up table for a semi-active mode of
control. The look-up table permits the range of the inclination angles (6) of the damping
screens, resulting in 100% TLD efficiency (y), to be identified for a selected mass ratio (u).
Gain scheduling is an open-loop control scheme with a nonlinear regulator whose parameters
are modified as a function of the operating conditions in a pre-programmed way (Astrom and
Wittenmark 1989). This type of control is commonly used in aerospace and process control
applications. In Chapter 5, a modified gain scheduling technique, described by Yalla and
Kareem (2003) and shown in Figure 6.1, was employed in a semi-active control scheme. In
gain scheduling, the regulator parameters can be varied quickly in response to process
dynamics. The process dynamics is the combined 3D-Structure-SA-TLD system model
employed to evaluate the acceleration of the building at the semi-active TLD locations, the
look-up table is the gain scheduler, the regulator is the controllable inclination of the inclined
damping screen angles (8) and the pressure loss coefficient (Cy) is the parameter being

changed.

In order to expand the use of the gain scheduling control strategy in a three dimensional
high-rise building equipped with semi-active multiple TLDs (3D-Structure-SA-MTLD), an
alternative to construction of look-up tables is investigated. The relationship between
structural response acceleration and optimal screen loss coefficient for a TLD (Tait 2008) is

employed in the semi-active control strategy in this section.
Using H, optimization, the optimal absorber damping ratio (for undamped primary

structure) is expressed as

i (6.1)
4+6u+2u?

Ca—opt =

where u is the mass ratio.

The ratio of the relative motion between the absorber (o) and the structure (o) is

defined as

R== (6.2)

Ox

For an optimally designed absorber, the relative motion ratio is given as
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R ___1+p
opt \/@ (6.3)

For a TLD equipped with screens, the generalized damping ratio ({,p) is given by (Tait
2008)

{rip = Cl—x\/% tanh? (:_h) A:% (6.4)

Relating the modal acceleration to displacement

o = % (6.5)

W}
and substituting Equation 6.5 into Equation 6.2, the following relationship is obtained

O

0, = ROpt(u_,zc (66)

Thus, the optimal screen loss coefficient (C;_,,,) can be determined setting Equation 6.4

equal to Equation 6.1.

Finally, once C;_,,; has been determined, the corresponding screen angle (C;—,,;) can be

calculated using the following relationship
Co = C;(0.4663 — 1.050% — 0.060 + 1) (6.7)

where C; is the loss coefficient corresponding to the screen in its vertical position and Cy is

set equal to C;_,pe.

As a result, gain scheduling becomes an efficient control scheme for maintaining the
TLD inherent damping ratios ({rp) at near optimum values ({r.p—op¢) for multiple semi-
active TLDs. As a result, for given structural acceleration responses at the semi-active TLD
locations, the pressure loss coefficients (Cy) are changed in accordance with the expanded
TLD design procedure. The study assumes that mechanisms exist to adjust the damping

screens to the desired screen inclination values (6).

Modal factor values (MF) presented in Chapter 3 are used to evaluate the target modal
RMS acceleration response values (0%—target—m1; Oy-target-m2) Utilizing the initial modal
RMS acceleration response values (05— initiai—m1; Oy—initiai-m2), Which are calculated during

the numerical simulation in real time. This procedure was selected in order to maintain

consistency with the process employed in Chapter 3. It is recognized that filtering techniques



212

could be employed to extract the modal response contributions (MF); however, this is

beyond the scope of this study.

Consequently, at every updating time step (UT) during the entire time history,
Oi—initial-m1 aNd 05 _iniriai-m2 are calculated simultaneously for all installed TLDs utilizing
the 3D-Structure-SA-MTLD system model over a selected averaging time period (AT) at all
TLD locations (see Table 6.3) and used as feedback in the numerical simulation over a
selected updating time period (UT). Subsequently, the optimal inclination angle values () of
the damping screens are updated using Equation 6.7. These steps are repeated, and updated
screen loss coefficient values (Cy) are evaluated during the entire time history keeping the
TLD inherent damping ratios ({r,p) for all TLDs at their optimal values ({r;p-ope). A
detailed example for designing semi-active TLDs to suppress the first three modes of the
Indianapolis building is presented in the next section utilizing the modal contribution

response components (MF) and the expanded TLD design procedure (Chapter 3).

6.4.1  Design Procedure and Damping Screen Loss Coefficient Range Selection
for a Semi-Active TLD Control Strategy

In this section, TLDs are initially designed according to structural response values
occurring at the critical wind loading direction (6,,) of 210° for a 10-year serviceability
return period wind speed. A mass ratio value (1) of 6% is selected for the first and second
modes of vibration, while a mass ratio value (u) of 5% is selected for the third mode of
vibration in this study. This permits direct comparisons between the semi-active TLD control
system, utilized in this chapter, and the conventional passive TLD control system, utilized in

Chapter 3, to be made.

It is recommended that for semi-active TLDs to suppress different building vibration
modes, TLD damping screens be designed and constructed [i.e. the selection of screen
solidity ratio (S)] to achieve their initially evaluated C, values (see Sections 6.4.1.1 and
6.4.1.2) at the mid-range between the minimum and maximum damping screen loss
coefficient values (C;_min; Ci—max)- Therefore, for reduced structural response amplitudes
either produced at different wind loading angles (6,,) or at lower return period wind speeds,
the damping screens are rotated to lower inclination angle values (6) to increase their loss
coefficient values (Cy) until the damping screens reach a vertical position, where 8 = 0° and

Co = Ci_max- In contrast, for increased structural response amplitudes due to higher return
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period wind speeds, the damping screens are rotated to higher inclination angle values (8) to
decrease their loss coefficient values (Cy) until the damping screens reach their maximum
inclination position, where 6,,,, = 65° and Cg = C;_pin. Accordingly, TLD inherent
damping ratio values ({r,p) can be kept at their optimal values ({r,p—op¢) OVer a wide range

of structural response amplitudes.

6.4.1.1 Semi-Active TLD Design Procedure for the First Two Modes of Vibration

The TLDs placed at the centre of mass (CM) of the uppermost occupied floor of the
Indianapolis building (z = 154.6 m) are designed to suppress the first two vibration modes
that are translational in the x- and y-directions. This is consistent with the TLD design layout
used in Chapter 3. However, uni-directional tanks are employed to allow straight forward
implementation of the adjustable screens.

Initial modal RMS structural accelerations response values (0% _initiai—m1; Oy-initial-m2 )
of 6.0 milli-g and 3.4 milli-g at CM at the critical wind loading angle (6,,) of 210° lead to
target RMS structural acceleration response values (0x—target-m1; Oy-target-m2) Of 3.1
milli-g and 1.8 milli-g for a selected mass ratio value (uy; uy) of 6% in the x- and y-

directions, respectively. Since the target modal response values are based on an optimal
passive TLD design procedure, TLDs target values match the target values presented in
Chapter 3. The total target RMS acceleration response values are estimated to be
Oi—target—t = 3.2 Milli-g and 0_;4rger—c = 2.0 milli-g in the x- and y-directions and are

presented in Figures 6.5a and 6.5b, respectively.

The screens loss coefficient values (C;_,; C;—,) are evaluated to achieve the optimal
damping ratio values ({r1p-opt,; SrLp-0pt,)- Table 6.4 shows the calculation steps utilized in
the preliminary TLD design procedure (Tait 2008) of the uni-directional tanks aligned in the
x-direction, while the same procedure is repeated for the TLDs in the y-direction and is listed
in Table D1 (Appendix-D). The screens are located at 40% and 60% of the tank length with
loss coefficient values of ;_, =9.8 and (;_, = 20.3. The uni-directional tank length

dimensions are established as L, = 16.0 m, L,, = 13.4 m with a water depth h = 1.9 m.

Equation 6.7 is used to evaluate the screen loss coefficient range and subsequently the

solidity ratio, by setting the calculated C,_, and C;_, values near to the average value of
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Ci—min aNd Ci_;qx. As a result, screen loss coefficient values of Cjy_pn, = 5.0 and
Cix—max, = 15.0 are calculated for the x-direction, which correspond to damping screen
inclination angle values (6y,) of 8x_pmqx, =58.5° and O,_pin, = 0°. Also, screen loss
coefficient values of Cy,_pin, = 10.0 and Cjy_mqx, = 30.0 are determined in the y-
direction, which correspond to inclination angle values (8,,) of 6, 4., = 58.5° and
60y _min, = 0°. As a result, the screen loss coefficient values (Cy,,; Co,,) of 9.8 and 20.3

occur at screen inclination angle values (6, ; 6

,,) 0f 36.7° and 35.1°, respectively.

6.4.1.2 Semi-Active TLD Design Procedure for the Third Mode of Vibration

In this section, TLDs to suppress the third mode of vibration of the Indianapolis building
are designed and installed in the building utilizing a mass ratio value (1) of 5%. As improved
performance is the focus of this study, design parameters consistent with those in Chapter 3
resulting from adjustable damping screens, such as TLD placement and initial and target

response values, are used.

Hence, TLDs to suppress the third mode of the Indianapolis building are installed at
corners €3 and C4 in the x-direction and corners C2 and C3 in the y-direction. The
procedure followed to design the uni-directional tanks to suppress the third vibration mode in
the x- and y-directions is presented in Tables D2 and D3 (Appendix-D), respectively. A total
of 4 sets of 11 uni-directional tanks with dimensions of L, = L, =3 m and h = 0.4 m are
required to satisfy the mass ratio value (1) using the water mass calculations presented in
Table D4 (Appendix-D). It is common to utilize dozens or even hundreds of small TLD tanks
to satisfy the required mass ratio (Tamura et al. 1995; Love et al. 2011). The tanks can be

placed and arranged to keep space requirements to a minimum.

Based on the modal target RMS acceleration values oj_tqrget—ms = 0.8 milli-g and
O§—target-m3 = 2.0 milli-g, screen loss coefficient values of Cy,, = 35.3 and Cy,, = 14.1

are required. The screens are located at 40% and 60% of the tank length. Equation 6.7 is used
to evaluate the screen loss coefficient range for the semi-active TLD control strategy. This

results in screen loss coefficient values (Cyy,) ranging between Cp_p,;n, = 15.0 and
Cix—max; = 55.0 for the third mode tanks placed in the x-direction and corresponding to
damping screen inclination angle values (6,,) between 60, _,;4,, = 63.3° and 6, _p;n, = 0°,

respectively. Consequently, Cy,, values between Cyy,_min, = 7.0 and Cpy_pax, = 22.0 are
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established for the third mode tanks placed in the y-direction, which correspond to 6, values
between 8, _qx, = 59.6° and 6, _p;n, = 0°, respectively. Therefore, screen loss coefficient
values (Cgy,; Coy,) Of 35.3 and 14.1, obtained above from the initial TLD design, occur at

screen inclination angle values (6,.; 6,.) of 37.4° and 37.3°, respectively.

V3

6.4.2  Sensitivity Analysis for Averaging Time (AT) and Updating Time (UT) and
Damping Screen Loss Coefficient Range Selection Checks

With the aim of selecting the two parameter values, the averaging time (AT) and the
updating time (UT), a sensitivity analysis is performed in this section. The Indianapolis
building is equipped with semi-active TLDs to suppress the first three modes of vibration,
designed in Section 6.4.1, and subjected to the wind tunnel loading history recorded at the
critical wind loading angle (8,,) of 210° utilizing a 10-year serviceability return period wind
speed. Consequently, the 3D-Structure-SA-MTLD is employed to conduct the dynamic
analysis of the Indianapolis building considering an updating time value, UT = 1.0 T (i.e.
UT = 7.31 seconds) and utilizing different averaging time values (AT) equal to 15, 30 and

60 minutes.

Figure 6.6 shows the variation of the modal RMS structural acceleration response
calculated every updating time period (UT) and over different selected averaging time values
(AT) at the TLD location to suppress mode 1 in the x-direction. Employing the preliminary
TLD design procedure at every updating time period (UT), Cy values for TLDs installed to
suppress first structural vibration mode are evaluated based on the modal RMS acceleration

values and used in the numerical simulation, in real time, as shown in Figure 6.7.

It can be observed from Figure 6.6 that for all selected averaging time values (AT), lower
modal RMS structural acceleration response values, utilizing the semi-active TLD control
system, are achieved compared to that predicated for the passive TLD control system
employed in Chapter 3. This can be attributed to the differences found between the constant
and updated damping screen loss coefficient values utilized to feedback the numerical
simulation of the conventional passive and semi-active TLD control systems, respectively,

during the entire time history as shown in Figure 6.7.

Also, Figure 6.6 shows that utilizing small AT values lead to low total and modal RMS

structural acceleration response values with maximum percentage difference found equal to
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10% at minutes 22 and 25 of the time history for TLDs installed in the x- and y-directions,
respectively, while small percentage differences in the range between 1% and 5% are found
for the remaining of the time history. These results are in agreement with those obtained in
Section 5.3.3 utilizing a 3D single-story structure. In contrast, utilizing high AT values result
in a reduction in the modal structural response values and the damping screen loss coefficient
values (see Figure 6.7). In addition, Figure 6.7 shows that the selected range of Cy values for
the first TLD mode tanks are valid as all Cy values are found in the range between C;_,,,in
and C;_,,4 at the critical wind loading direction (6,,) of 210°. The same trend and behaviour
are obtained for the tanks installed to suppress mode 2 in the y-direction and mode 3 in the
x- and y-directions (see Figures D1-D6 Appendix-D). Therefore, a 60-minute AT value is

selected for use in the remainder of this study.

A second sensitivity analysis is performed utilizing the 3D-Structure-SA-MTLD system
model to study the effect of various updating time value (UT) on the RMS structural response
results. Different UT values of 0.25T, 1.00 T and 8.00 T (i.e. 1.8 < UT < 58.5 seconds) are
selected to conduct the sensitivity analysis setting the averaging time value (AT) equal to 60
minutes. Figure 6.8 shows the modal RMS structural acceleration response values remain
constant for different selected UT values at the location of TLDs to suppress mode 1 in the x-
direction. The same trend and behaviour are obtained for mode 2 in the y-direction and mode
3 in the x- and y-directions (see Figures D7-D12 Appendix-D). Results for the high-rise
building are found to be in agreement with that obtained for the single-story structure studied
in Chapter 5 (see Section 5.3.3). Therefore a UT value equal to 1.00 T is selected to be used

for the remainder of this study.

6.5. Improved Responses of an Actual High-Rise Building Utilizing Multiple
SA-TLDs Over a Range of Wind Loading Directions

This section investigates the potential of improved efficiency by employing the semi-
active TLD control system to control the high-rise building responses subjected to a wide
range of wind loading directions (6,,) compared to the conventional passive TLD control

system in Chapter 3.

A total of 36 two-hour numerical simulations are conducted in this section by employing
the 3D-Structure-SA-MTLD system model with selected AT and UT values equal to 60

minutes and 1.0 T, respectively, utilizing the recorded wind loading directions in the range
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between 0° and 360°. The semi-active TLD tank geometries for the first three modes of
vibration to be suppressed, which have been presented in Section 6.4.1, match those of the
conventional passive TLD tanks utilized in Chapter 3 (i.e. L, b, h, damping screens properties
(S), TLD locations, and the mass ratios (i) for all mode tanks). The damping screen loss
coefficient values Coy,, Coy,, Cox, and Cg,, for mode 1 in the x-direction, mode 2 in the y-
direction, mode 3 in the x-direction and mode 3 in the y-direction, respectively, are set by the

semi-active TLD control strategy to be within the ranges selected in Section 6.4.1 as follows

Crx—min, < Cox, < Crx—max,; 1.5 < Coy, < 15 (6.8)
Cly—min, < Coy, < Cly_max,; €. 10 < Cgy, < 30 (6.9)
Crx—miny < Cox, < Cixomax,; 16 15 < Coy, < 55 (6.10)
Cly—miny < Coyy < Cly—maxy; €. 7 < Cayy < 22 (6.11)

Results from the numerical simulations show that the maximum uncontrolled RMS
structural acceleration response values (0;—initiai; 0y—initiar) OF 6.3 milli-g and 4.2 milli-g
(see Figures 6.5a and 6.5b) at the critical wind loading direction (6,,) of 210° are reduced to
values of 3.4 milli-g and 3.8 milli-g, utilizing the conventional passive TLD control system
(see Figures 6.10a and 6.11a), compared to values of 2.9 milli-g and 2.6 milli-g, utilizing the

semi-active TLD control system, respectively (see Figures 6.10b and 6.11b).

In addition, at different wind loading angles (6,), it can be observed that further
reductions in the structural accelerations are achieved utilizing the semi-active TLD control
system compared to the conventional passive TLD control system in the x- and y-directions
as shown in Figures 6.10 and 6.11, respectively (note that all conventional passive TLDs
were designed to achieve their optimal design parameters according to the critical wind
loading angle of 210°). As a result, RMS resultant acceleration response values (Rgpys),
calculated using Equation 6.12 and presented in Figure 6.12, are reduced by a nearly constant
percentage range between 40-50% +5%, calculated using Equation 6.13 and presented in
Figure 6.13

Rerus = /(‘75&)2 + (03)? (6.12)

R 0— —R wi
% "PRMS — ( RMS(No—TLD) ™ RRMS( thTLD)) 100 (613)

RRMS(No-TLD)
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where Rryswith 7oy @Nd Rrysvo-Tipy are the RMS resultant acceleration response values

with and without TLDs installed, respectively.

Criteria for acceptable wind-induced motions are related to human perception thresholds,
which are calculated using a probabilistic approach and experimental evaluation. Based on
this concept, the Boundary Layer Wind Tunnel Laboratory (BLWTL) has recommended the
following criteria for acceptable accelerations in a 10-year serviceability return period: 10 to
15 milli-g for residential buildings, 15 to 20 milli-g for hotels and 20 to 25 milli-g for office
buildings (Isyumov 1994). The serviceability criteria in the National Building Code of
Canada (NBC) only address inter-story drift; therefore, serviceability criteria dictated by the
BLWTL are taken as the acceptable limits. Hence, for all wind loading angles (6,,), the
controlled average peak hourly resultant acceleration response values (Rpeqx—nr) are
presented compared to the uncontrolled responses in Figures 6.14c and 6.14a, respectively. It
can be noticed that the maximum uncontrolled R,.qx—n, Value is reduced from a value of
28.2 milli-g to a value of 13.6 milli-g at the critical wind loading angle (6,,) of 210°
achieving a percentage response reduction value (Wgus) of 51%. This is also a significant
improvement over the passive system peak response acceleration of 18.9 milli-g as shown in
Figure 6.14b. As a result, utilizing the semi-active TLD control system is found to satisfy
wind-induced serviceability levels for residential buildings compared to the hotel

serviceability requirements achieved utilizing conventional passive TLDs (Chapter 3).

6.5.1  Investigation of SA-TLDs Response History Over a Range of Wind
Loading Directions

In this section, the semi-active TLD response histories at selected wind loading directions
(6,,), which produce various average peak hourly resultant acceleration response levels
(Rpeak—nr) Of the Indianapolis building, are studied. This allows a detailed picture of the
semi-active TLD response behaviour over a wide range of wind loading directions (8,,) to be
examined. As the SA-TLDs are placed either in the x- or y-direction, therefore, their
responses are controlled by the modal structural response component in these directions. As a
result, criteria for selecting wind loading directions to be studied in this section are set as the
wind loading angles (6,,) that produce the minimum, maximum and approximately mid-

range RMS structural acceleration response values in the x- and y-directions (oy; oy).

Consequently, wind loading angle values (6,,) of 60°, 150° and 210° are selected from
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Figure 6.5a, while wind loading angle values (6,,) of 60°, 180° and 260° are selected from
Figure 6.5b. These selected wind loading angles produce different peak levels of Ry,¢qx—py In

the range between the upper and lower R,qx—p, Values.

6.5.1.1 Response History of SA-TLDs for Mode 1 in the x-Direction

Figure 6.15 shows the first modal RMS acceleration response component values used to
evaluate the damping screen loss coefficient values (Cy,, ). Figure 6.16 shows the evaluated
screen loss coefficient values (Cyy,) utilized in the numerical simulation during the entire
time history. It can be noticed from Figure 6.16 that at critical wind loading angle (6,,) of
210°, the semi-active TLDs are fully-efficient [i.e. the damping screen loss coefficient value

(Cle) remains within the Cix—min, 10 Cix—max, range].

The constant damping screen loss coefficient value (Cpx—passive,) Of 9.8 is near the Co,,
values obtained for the first 10 minutes of the response history, while a difference if
approximately 20% is found throughout the rest of the time history. This is attributed to the
reduced modal RMS structural response at the TLD location due to higher efficiency (y) of
the installed semi-active TLDs compared to the conventional passive TLDs. This is found to
be in agreement with the study utilizing a single-story structure studied in Chapter 5 (see
Section 5.5). Therefore, good agreement was found between both Cg,, and Ci_passive,
during the first 10 minutes of the response history before further structural response

reduction is achieved leading to higher Cy,, values.

For the wind loading angle (8) of 180°, the semi-active TLDs are found to remain fully-
efficient except a during few time periods (between 5-10 minutes, 25-30 minutes and 95-100
minutes) as shown in Figure 6.16, where the structural response values are found to be small.
Although, all screen loss coefficient values (Cy,,) are set by the semi-active control strategy
to their maximum values (Cjx_mqax,) Of 15.0 at wind loading angles (6) of 60°, 150° and
260°, the semi-active TLDs efficiency (y) is found higher than its counterpart value of the
conventional passive TLDs due to a significant difference between damping screen loss
coefficient value (Cix—passive,) Of 9.8 of the conventional passive TLD and its semi-active

counterpart value (Cox, = Cix—max,) 0 15. 0.
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By shifting the selected damping screen loss coefficient range higher in order to include
the Cy,, values at wind loading angles of 60°, 150° and 260°, higher TLD efficiency (y)
could be obtained. However, there are two important reasons to maintain the selected range
of Cy,, values. First, the structural acceleration response values at these wind loading angles
are small and, therefore, do not require the semi-active TLDs to be fully-efficient (i.e.
achieving an efficiency value () of 100%). Secondly, in order for the semi-active TLDs to
be fully-efficient at higher structural acceleration response values considering higher return

period wind speeds, low Cy,, Vvalues are required (see Section 6.6).

6.5.1.2 Response History of SA-TLDs for Mode 2 in the y-Direction

The semi-active TLDs to suppress the second mode of vibration are found to be fully-
efficient during the entire 2-hour time history at all wind loading angles (8,,) considered,
except at wind loading angle (6,,) equal to 60°. Fluctuations in the screen loss coefficient
values for mode 2 tanks (Cy,,) in Figure 6.17 is found to be higher than for mode 1 tanks
(Cox,) in Figure 6.16. This is attributed to the higher fluctuations in modal RMS structural
acceleration response values in the y-direction (see Figure D13 Appendix-D) compared to

the x-direction (see Figure 6.15).

6.5.1.3 Response History of SA-TLDs for Mode 3 in the x- and y-Directions

The semi-active TLDs placed at corners €3 and C4 in the x-direction are fully-efficient at
wind loading angels of 150°, 180°, 210° and 260° as shown Figure 6.18. In contrast, upright
position of the damping screens is set by the semi-active TLD control strategy for the TLDs
at wind loading angle of 60° (i.e. Cox, = Cix—max,)- AlSO, it can be observed that Cq,, values
resulting from the semi-active TLD control strategy (see Figure 6.18) are higher than their
counterpart values resulting in the y-direction (Cy,,,) (see Figure 6.19). In the y-direction, the
semi-active TLDs placed at corners €2 and C3 are fully-efficient during the entire time
history at wind loading angles of 180°, 210° and 260°, while damping screens are set to their
vertical position at wind loading angles of 60° and 150°. As a result, a maximum damping
screen loss coefficient value of 22.0 (i.e. Cgy, = Ciy—max,) is Utilized at these wind angles
compared to its counterpart value of 14.1 utilized in the conventional passive TLD control
system, which was designed for a different wind loading angle (6,,) equal to 210° (see
Figure 6.19).
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6.6. Improved Responses of an Actual High-Rise Building Utilizing Multiple
SA-TLDs Over a Range of Mixed Return Periods

In this section, a study on an actual high-rise building (Indianapolis building) both
without and with TLDs utilizing the semi-active TLD control strategy is conducted over a
wide range of serviceability and strength (mixed) return period wind speeds at the critical
wind loading direction (6,,) of 210° employing the 3D-Structure-SA-MTLD system model.
This allows the semi-active TLD efficiency to be examined for both strength and
serviceability wind speeds. Also, a performance comparison between the conventional
passive and semi-active TLD control systems is conducted over the considered range of

return periods.

For strength related issues, such as design loads and cladding pressure zones, the
boundary layer wind tunnel laboratory (BLWTL) wind climate model is scaled (see Figure
6.4) to match the wind speed requirement in ASCE-7-05 (see Chapter 3 for additional
details). Therefore, a 50-year strength return period is found equal to 47.5 m/s using the
upper curve plotted in Figure 6.4. This curve represents the design wind speeds in the
Indianapolis area as recommended by the wind tunnel study (BLWT-SS3-2007) and ASCE
7-05. Table 6.1 shows different wind speed values corresponding to different return period
wind speeds utilized in this study.

For serviceability related issues, the semi-active TLDs, which were originally designed
for a serviceability return period of 10 years (see Section 6.4.1), are employed in this section
to examine their efficiency at serviceability return periods ranging from 1 month to 50 years,
in addition to an extreme wind speed value that is equivalent to a strength related return
period wind speed of 50 years, which exceeds a 1000-year serviceability return period (see
Figure 6.4).

In addition, a dynamic analysis of the Indianapolis building is conducted over the same
selected range of mixed return periods utilizing the conventional passive TLD control
system, which was designed at the critical wind loading angle (6,,) of 210° at the 10-year
serviceability return period with tanks of the same geometries (i.e. L, b, h), damping screens
properties (S) and mass ratio values (i) for the first three modes as of the semi-active TLD
control system. Consequently, percentage response reduction values of the resultant RMS

and average peak hourly structural acceleration response values (Rrys; Rpeqk—-nr) are
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determined to permit a direct comparison between both TLD control systems. Finally, the
response behaviour of the semi-active TLDs over the studied range of return period wind

speeds is investigated for each mode tank during the entire time history.

6.6.1  Response Evaluation with No-TLDs

The 3D finite element model is employed in this section to conduct a dynamic analysis of
the Indianapolis building utilizing mixed return period wind speeds (see Table 6.1) recorded
at the BLWTL (BLWT-SS3-2007) at the critical wind loading angle (6,,) of 210°. The result

is RMS and average peak hourly resultant acceleration response values (Rguys; Rpeak—nr) Of

the centre of mass (CM) and the four corners (C1; C2; C3; C4) at the uppermost floor
(z = 154.6 m) of the Indianapolis building. Consequently, ranges of uncontrolled Rg,s and
Rpeak—nr Values between 2.5-17.0 milli-g and 9.5-62.0 milli-g are determined from the
dynamic analysis and presented in Figures 6.20a and 6.22a, respectively. It can be noticed
that a nonlinear increase of the building responses is found to occur and is related to the
increase in wind speed, especially when a linear elastic 3D structure model is considered in
all simulations as recommended in wind-type analyses. This can be attributed to the change
of the frequency content of the wind, which is accompanied by the change of the wind
speeds. In fact, the fluctuations in the wind can be thought of as resulting from a composite
of sinusoidally varying winds superimposed on the mean steady wind, which varies along the
building’s height (see Figure 6.23). Theses sinusoidal variations have a variety of
frequencies, amplitudes and phases that change with the wind speed (van der Tempel 2006;
Manwell et al. 2010). The resulting structural acceleration response values are found to
increase by nearly an order of magnitude at the 50-year strength return period compared to
the 50-year serviceability return period achieving Ry, values of 17.0 and 8.0 milli-g, and
Ryeak—nr Values of 62.0 milli-g and 32.5 milli-g, which correspond to wind speed values of

47.5 m/s and 34.0 m/s, respectively.

6.6.2  Response Evaluation Utilizing Semi-Active and Conventional Passive TLD
Control Systems

In this section, two sets of analyses are conducted on the Indianapolis building over a
range of mixed return period wind speeds, listed in Table 6.1, at the critical wind loading
angle (6,,) of 210° utilizing the conventional passive and semi-active TLD control systems.
Subsequently, the 3D-Structure-MTLD and 3D-Structure-SA-MTLD system models are used
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to conduct this analysis, where the first 3 modes of vibration are suppressed. The result is
resultant RMS structural acceleration response values (Rgps) for the centre of mass (CM)
and the four corners (C1; C2; C3; C4) at the uppermost floor (z = 154.6 m) of the
Indianapolis building, using Equation 6.11, equipped with both TLD control systems
separately. Consequently, percentage response reduction values (Wgys) Of Rgys are
determined, using Equation 6.12. Therefore, a direct comparison between both TLD control

systems is conducted in the next section.

It can be seen that uncontrolled resultant RMS acceleration response values in the range
of 2.5 milli-g to 17.0 milli-g (see Figure 6.20a) are reduced to values between 1.2 milli-g and
8.0 milli-g (see Figure 6.20b) utilizing the semi-active TLD control system. As a result,
minimum percentage response reduction values (Wgys) of Rgys ranging between 46% and
50% are achieved at the 1-month serviceability return period, while maximum percentage
response reduction values (Wxus) ranging between 50% and 53% are observed at the 10-year
serviceability return period. This leads to nearly constant percentage response reduction
values (Wxrus) Of Rgys Over the considered mixed return periods utilizing the semi-active
TLD control system (i.e. variation range ~ 3-4%, see Figure 6.21b) compared to
considerable differences of ¥y, values (i.e. variation range ~ 18-19%, see Figure 6.21a)
utilizing the conventional passive TLD control system. Also, the calculated uncontrolled
average peak hourly resultant acceleration response values (Rpeqk—nr), Calculated using
Equation 6.1, which are found to range between 9.5 milli-g to 62.0 milli-g (see Figure 6.22a)
are reduced to values in the range between 5.0 milli-g and 30.5 milli-g utilizing the semi-
active TLD control system (see Figure 6.22b). It can be noticed that the maximum
uncontrolled Ry eqx—nr Value is reduced from a value of 28.2 milli-g to a value of 13.6 milli-g

at the 10-year return period wind speed.

6.6.3  Investigation of SA-TLDs Response History and Performance Comparison
with Passive TLDs

In this section, the behaviour of semi-active TLDs, installed to suppress the first three
modes of vibration, is investigated in detail at selected values of serviceability and strength
return period wind speeds. Performance comparisons in terms of response reduction of Rz

and Ryeqk—nr Values are also made.
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6.6.3.1 Response History of SA-TLDs for Different Return Periods

At the 1-month return period wind speed, Figure 6.24 shows that low first modal RMS
structural acceleration response values are achieved for TLDs to suppress mode 1 in the x-
direction. Similar observations are found for mode 2 in the y-direction and mode 3 in the x-
and y-directions (see Figures D16-D18 Appendix-D). As a result, all damping screens are set
by the semi-active TLD control strategy to the upright position to achieve their maximum
screen loss coefficient values (i.e. Cogy, = Cix—max, = 15.0, Cyy, = Ciy—max, = 30.0,
Cox; = Cix—max, = 55.0 and Cyy, = Ciy_max, = 22.0 compared to Cg,, = 9.8, Cp,, =
20.3, Cyx, = 35.3 and Cy,,, = 14.1 for the conventional passive TLDs, designed at the 10-
year serviceability return period, as shown Figures 6.25-6.28, respectively. Therefore, higher
percentage response reduction values (¥xys) Of Rpys in the range between 45% and 49% are
achieved utilizing the semi-active TLDs, while percentage response reduction values (¥zys)
in the range between 28% and 31% are achieved utilizing the conventional passive TLDs
(see Figure 6.21). This can be attributed to the fact that the conventional passive TLDs are
highly under-damped compared to the semi-active TLDs, which leads to a significant
decrease in the TLD efficiency (yr.p) Of the passive system (Tait et al. 2008) compared to
the semi-active system (see Chapter 5 - Figure 9a). Therefore, a percentage response
reduction improvement (W) equal to 19% is achieved at the 1-month serviceability return
period utilizing the semi-active TLD control system. Similar results are found for the 1-year
serviceability return period. However, a lower percentage response reduction value of 11% is

achieved.

At the 10-year serviceability return period wind speed, maximum percentage response
reduction values (Wg)s) are found to range between 50% and 53% and between 45% and
48% utilizing the semi-active TLDs and the conventional passive TLDs as shown in Figure
6.21, respectively. The maximum ¥g,,s values achieved at this particular return period can
be attributed to the fact that the passive TLDs are designed to 10-year serviceability return
period. However, the percentage response reduction values (¥gys) achieved utilizing the
semi-active TLDs are found 5% higher than their counterpart values utilizing the
conventional passive TLD control system as all semi-active TLDs are found to be fully-

efficient during the entire time history (see Figures 6.25-6.28). These results are in agreement
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with those obtained from a single-story structure, discussed in detail in Chapter 5 (Section
3.5).

At the 50-year serviceability return period wind speed, Figure 6.21 shows that percentage
response reduction values (Yzys) range between 50% and 52% utilizing semi-active TLDs
compared to ¥pys Vvalues between 42% to 44% utilizing conventional passive TLDs,
respectively. It can be noticed that the percentage response reduction values (Wg,,s) utilizing
the conventional passive TLDs are only 8% less than their counterpart values for the semi-
active TLDs, although all semi-active TLDs are found to remain found fully-efficient during

the entire time history (see Figures 6.25-6.28).

Due to the amplitude dependent properties of the TLDs (Tait et al. 2004a; Tait et al.
2004b), the conventional passive TLDs experience high response amplitudes and as a result,
the inherent damping ratio values of the conventional passive TLDs exceed their design
values (i.e. {r.p > {rip—-opt)- CONsequently, the conventional passive TLD control system is
over-damped compared to the under-damped cases at the 1 month and lyear return periods.
As a result, the increased system efficiency (y) using the semi-active control is lower. This is
in agreement with that observed in the efficiency chart for an over-damped TLD system (see

Chapter 5 - Figure 9a).

It is also observed that damping screen loss coefficient values of the conventional passive
TLDs are found to be similar to the average values of their counterparts utilizing the semi-
active TLDs to suppress mode 1 in the x-direction (i.e. Cix—passive, = ngl_avemge), mode 2

in the y-direction (i.e. Cy_passive, = C ) and mode 3 in the y-direction

oy 2—average

(i.e. Ciy—passive; = ngs_avemge) as shown in Figures 6.25, 6.26 and 6.28, respectively.
Although, significant discrepancy is found between Cyy_pqssive, and Coxs_average for mode 3

tanks in the x-direction, it has insignificant effect on the percentage response reduction
values (Wgrus) Of Rpys due to the small contribution of the third modal RMS acceleration
response component in the x-direction at corners €3 and C4 (see Table 6.3, Figure D17
Appendix-D).

Figure 6.21 shows that percentage response reduction values (Wgys) range between 48%
and 50% utilizing semi-active TLDs compared to 37% to 38% utilizing conventional passive

TLDs. The percentage response reduction values (Wgus) achieved utilizing the conventional
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passive TLDs are 11% less than their counterpart values achieved utilizing the semi-active
TLDs. This can be attributed to the fact that all passive TLDs are over-damped due to the
high response amplitude values at the 50-year strength return period. It can be observed that
only the semi-active TLDs to suppress mode 1 in the x-direction are found fully-efficient
during the entire time history (see Figure 6.25), while semi-active TLDs to suppress mode 3
in the y-direction are found to be partially-efficient (see Figure 6.28) as the semi-active
TLDs to suppress mode 3 in the y-direction are found to be fully-efficient starting at minute
25 of the time history (see Figure D18 Appendix-D). The damping screen loss coefficient
values for semi-active TLDs to suppress mode 2 in the y-direction and mode 3 in the x-
direction are set by the semi-active TLD control strategy to their minimum values (i.e.
Coy, = Cly—min, = 10.0; Cox, = Cix_min, = 15.0) compared to higher damping screen loss
coefficient values utilized for the conventional passive TLDs (i.e. Cjy_passive, = 20.3;
Cix—passive; = 35.3) as shown in Figures 6.26 and 6.27, respectively. Consequently, the

semi-active TLDs to suppress mode 2 in the y-direction and mode 3 in the x-direction are

over-damped resulting in a reduction in TLD efficiency.

6.7. Conclusions

In this chapter, a control strategy based on gain scheduling, which was introduced and
verified experimentally by Yalla and Kareem (2003), has been incorporated into a multi
semi-active TLD model. The developed 3D-Structure-SA-MTLD system model has been
employed to analyze a multi-modal high-rise building subjected to recorded wind tunnel
loads. A preliminary TLD design procedure has been expanded for use on a multi-modal
high-rise building utilizing modal structural response components. It has been implemented
in a programmable way in the 3D-Structure-SA-MTLD system model as an alternative to
look-up tables. A detailed example of designing multiple semi-active TLDs to suppress the
first three modes of vibration of an actual multi-modal high-rise building (Indianapolis
building) has been described. Also, a suggested procedure for the damping screen loss

coefficient range selection has been presented and evaluated.

Gain scheduling has been found to be an efficient control scheme to maintain the inherent
damping ratios of the TLDs ({r.p) at their selected values ({r.p—op¢). FOr given structural
response accelerations at the multiple SA-TLD locations, the pressure loss coefficients (Cp)

for the multiple SA-TLDs to suppress different structural vibration modes have been changed
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in accordance with the expanded preliminary TLD design procedure. The use of practical
parameter values of averaging time (AT = 60 minutes) and updating time (UT = 1.0T) has

also been confirmed utilizing the sensitivity analysis conducted in this chapter.

Employing the preliminary TLD design procedure for multiple TLDs to suppress the first
three modes of vibration of the Indianapolis building, subjected to recorded wind tunnel
loads, has led to the evaluation of the required damping screen loss coefficient values (Cp)
that maintain the TLD inherent damping ratios ({;.p) during the entire time history as
feedback to the numerical simulation. Consequently, two significant improvements have
been gained:

i. Employing the semi-active TLD control strategy has improved the response of an actual
high-rise building over a wide range of wind loading directions (0° — 360°), where nearly
constant percentage response reduction values (Ygus) ranging between 40% and 50%
have been achieved. In additions, a performance comparison between the semi-active and
the conventional passive TLD control systems has been conducted at the critical wind
loading angle, and at the return period wind speed utilized to design the conventional
passive TLD control system.

ii. Employing the semi-active TLD control strategy has shown the efficiency of multiple
SA-TLDs to provide control at both serviceability and strength wind speed levels. In
other words, results over a wide range of serviceability and strength return period wind
speeds at the critical wind loading angle (6,,) of 210° have indicated nearly constant
percentage response reduction values (Wxys) With a maximum percentage difference
value of 4% found utilizing the semi-active TLD control system compared to 19%
utilizing the conventional passive TLD control system.

Therefore, improved performance of the semi-active TLD control system compared to the
conventional passive TLD control system has been demonstrated.
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Table 6.1. Serviceability and Strength (Mixed) Return Periods and Wind Speeds

Return Period Wind Speed
(year) (m/s)
50 37.0
10 34.0
Serviceability
1 29.0
1/12 23.0
Strength 50 475
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Table 6.2. Modal Acceleration Response Components in the x- and y-directions at the Centre of

Mass with No-TLDs (6,, = 210°, z = 154.6 m)

Mode 1
Return Wind
Node Period Speed Ox—initial MF Ox—initial-m Os-target-m Os—target—t
(years) (m/s) (milli-g) (%0) (milli-g) (milli-g) (milli-g)
Centre 10 34 6.1 98.3 6.0 31 3.2
Mode 2
Return Wind MF o . o o
H . y—initial-m y—target—m y—target—t
Node g,ig?g S(ﬁqe,ig 7y-tnictal (%) (milli-g) (milli-g) (milli-g)
Centre 10 34 3.6 94.1 3.4 18 2.0

Table 6.3. Modal Acceleration Response Components in the x- and y-directions at the Four Corners
with TLDs to Suppress the First Two Modes (4 =6%, 6,, = 210°, z = 154.6 m)

Mode 3
Return Wind o - o p
Node Period Speed k-initial MF (% X—initial-m i—tqrqet—m ;'t—tfzr:qet—t
(years) (% 9 (milli-g) (%) (milli-g) (milli-g) (milli-g)
Corner 1 3.8 22.6 0.9 - -
Corner 2 3.8 22.6 0.9 - -
10 34
Corner 3 4.1 37.3 15 0.8 34
Corner 4 4.1 37.3 1.5 0.8 34
Mode 3
Return Wind o . o . o o
Node Period Speed y-initia MF (% y—initial=m y-target=m y-target-t
(years) (pm/s) (milli-g) (%) (milli-g) (milli-g) (milli-g)
Corner 1 4.3 57.3 25 - -
Corner 2 5.2 74.0 3.8 2.0 3.4
10 34
Corner 3 5.2 74.0 3.8 2.0 34
Corner 4 4.3 57.3 2.5 - -
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Table 6.4. Preliminary TLD Design for Mode 1 in the x-direction (u = 6.0%, Serviceability Return

Period = 10 years)

Quantity Equation(s) Value
Initial peak hourly acceleration, X;,itia 22516  milli-g
Modal Factor, MF 98.300 %
!'nltlal modal peak hourly acceleration, Foviatom = Foiar, MF 22368 milli-g
Xinitial-m
Structure cyclic frequency, f;_, 0.137 Hz
Structure time period, T,_, To—y = 1/fi—x 7.310 S
Structure natural frequency, wg_, Ws_y =21/ Ts_y 0.860 rad/s
Peak factor, PF, PF, = 2In(57305) + = 3.685
Initial RMS acceleration, 6;_initiai—m O%—initial-m = x%;;"" 6.010  milli-g
Initial RMS displacement, o, _initiai—m Ox—initial-m = ax_(zz—t_il_mm% 0.081 m
Assumed mass ratio, u 0.060 (6.00%)
Effective damping provided by TLD, 1 |pptud
—eff-opty =5 |3 0.062 6.20%
CrLp—eff—opty rip-ess-opt = T+ Hx ( 2
. . . Lt u2
Optimal damping ratio, {r;p—opt, Crip—opt, = JT::LZ;& 0.120  (12.0%)
Optimal tuning ratio, 2, a,, = ek 0.957 (95.7%)
Optx 1+px
Optimal TLD cyclic frequency, frip—opt, Qope, = f”;’;_'”" 0.131 Hz
_ Or—x __ 1+
Optimal response ratio, Ry, Ropt, == = 2ht 2 2.993
Structure damping ratio, ¢ 0.020 (2.00%)
Total structure damping, Cror—x Crot—x = 0.80s + Crip—efr-opt, 0.078 (7.80%)
Target RMS displacement, o, _;qrget—m Crot—x = s Z’;‘”ﬂ 0.043 m
x—target—-m
Target RMS acceleration, 65_¢arget—m O%_target-m = @SZ Ox_target-m 3.080 milli-g
Target peak hourly acceleration, X;4rget-m  Gi-target-m = W 11.350 milli-g
TLD response, g,_, Or—x = Ropt, Ox—target—m 0.122 m
. . _ 1 |mg mh L,=16.0 m
Select tank dimensions, L,, h frip-opt, = 5 ,Ztanh (Z) hx: 187 m
Shallow water theory check, h/L, 0.12
Crip—x = Cl—x\/?_z tanhz(z—h)AxEx O'Z—x
" * * x;=0.41L,
Select screen properties, x4, X2, C;_, 4, = (% +— t _ ) x;=0.6L,
S’f’l @) C_,=9.76
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Table 6.5. Water Mass Calculations for TLDs to Suppress Modes 1 and 2 (u = 6.0%)

Quantity Equation(s) Value
L, = 16.00 m
B, =13.41m

Selected tank dimensions, Ly, By, Ly, By, h L,=1341m
B, =16.00 m
h=187 m

Water height to tanks length ratio in x-dir ~ h/L, 0.12

Water height to tanks length ratio in y-dir ~ h/L, 0.14

Water mass of 1 tank, m,,(1¢ank) My (1tank) = LxBxh = LyByh 401255 kg

TLD mass of 1 tank in x-dir,
MrLp-x(1tank)

TLD mass of 1 tank in y-dir,
mTLD—y(ltank)

Total building mass, M,
Generalized building mass in x-dir, My
Generalized building mass in y-dir, M;,

Required TLD mass in x-dir, my.p_,
Required TLD mass in y-dir, my;p_,,
No. of Tanks required in x-dir, Nyyp_y
No. of Tanks required in y-dir, Nz;p_,,

Chosen No. of tanks for modes 1 and 2,
Nrip_xy

Actual mass ratio in x-dir, ty_acrual

Actual mass ratio in y-dir, #y_gcruar

Mass ratio of contained water, u,,

Mrip—x(itank) = Mi—x =
8 tanh(nLi)
X
3(1) mw(ltank)
a Le

Mrip-y(itank) = Mi-y =
8tanh(n£)
Ly
3 h mw(ltank)
Ly

M =32} my

M; = 2,2 (my), (@3

My =52 (mp), (63),

Mrp—x = My

Mrrp—y = dyMy,

Nrpp_yx = mTLD—x/mTLD—x(ltank)
NTLD—y = mTLD—y/mTLD—y(ltank)

(Uni-directional tanks)

Hx—actual = NTLD—xymTLD—x(ltank)/
My

Hy—actual = NTLD—xymTLD—y(ltank)/
My

u, = NTLD—xymw(ltank)/Ms

0.776 mw(lmnk) =
311370 kg

0.762 mw(ltank) =
305904 kg

36412955 kg
10523344 kg

10013563 kg

631401 kg
600814 kg
2.03
1.96

2 sets of 2 tanks
5.92 %

6.11 %
440 %
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Fig. 6.2. Floor Plan of the Indianapolis Building Showing the Statical System Consists of (a) Real
Slabs and Shear Walls; and (b) Frame Elements and Slab Beams Installed with Lumped
Masses (kg)
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Fig. 6.3. Mode Shapes of the Indianapolis Building for (a) Mode 1; (b) Mode 2; and (c) Mode 3
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Fig. 6.10. RMS Structural Accelerations in the x-direction of the Indianapolis Building Using (a)
Passive TLD System; and (b) Semi-Active TLD System (AT = 60 min, UT =1.0T,

Return Period=10 Years)
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Fig. 6.11. RMS Structural Accelerations in the y-direction of the Indianapolis Building Using ()
Passive TLD System; and (b) Semi-Active TLD System (AT = 60 min, UT = 1.0T;

Return Period=10 Years)

[Note: 2M-TLDs and 3M-TLDs indicate TLDs to Suppress the First 2 and 3 Modes, respectively]
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Fig. 6.14. Average Peak Hourly Resultant Accelerations Using (a) No-TLDs; (b) Passive TLD
System; and (c) Semi-Active TLD System (AT = 60 min, UT = 1.0 T, Return Period=10

Years)
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Fig. 6.18. Influence of Wind Loading Direction on Screen Loss Coefficient of Mode 3 Tanks Placed
at €3 and C4 in the x-direction Using Semi-Active TLD System (AT = 60 min, UT =
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Fig. 6.20. RMS Resultant Accelerations (6,, = 210°) over a Range of Serviceability (black) and
Strength (red) Return Periods Using (a) No-TLDs; and (b) Semi-Active TLD System
(AT = 60 min, UT = 1.0T)

= = = -Corner1 Corner2  eeccesceees Corner 3 —— — Corner4 —— . = Center
" 60 |
Z 50
o
5 40 ____ﬁaﬂbi—""' e ——
.5 30 — -M
g 20
3
3 10
X 0
0.01 0.1 1 10 100
Return Period (years)
(a)
= = = -Corner1 Corner2  eeceeceeens Corner 3 — — Corner4 — - — Center
., 60
2 1 | -
oF 50 e N —n
‘s 40
5 30
g 20
=]
3 10
X 0
0.01 0.1 1 10 100
Return Period (years)

(b)

Fig. 6.21. Percentage Reduction of RMS Resultant Accelerations (8,, = 210°) over a Range of
Serviceability (black) and Strength (red) Return Periods Using (a) Passive TLD System;
and (b) Semi-Active TLD System (AT = 60 min, UT = 1.0 T)
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Fig. 6.22. Average Peak Hourly Resultant Accelerations (6,, = 210°) over a Range of Serviceability
(black) and Strength (red) Return Periods Using (a) No-TLDs; (b) Passive TLD System;

and (c) Semi-Active TLD System (AT = 60 min, UT =1.0T)
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Fig. 6.23. Experimental Speed Profile (from van der Tempel 2006)
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Fig. 6.24. Influence of Return Period on RMS Structural Acceleration at the CM of the Indianapolis
Building in the x-direction Using Semi-Active TLD System (AT = 60 min, UT =
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Fig. 6.25. Influence of Return Period on Screen Loss Coefficient of Mode 1 Tanks Placed at the CM
in the x-direction Using Semi-Active TLD System (AT = 60 min, UT =1.0T, 6, =
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Fig. 6.26. Influence of Return Period on Screen Loss Coefficient of Mode 2 Tanks Placed at the CM
in the y-direction Using Semi-Active TLD System (AT = 60 min, UT =1.0T, 6, =
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Chapter 7: Conclusions and Recommendations

7.1. Summary and Conclusions

The research presented in this thesis has focussed on two major areas. First, on the ability
to evaluate the dynamic response behaviour of single and 3D multi-degree-of-freedom
structures equipped with single and multiple passive tuned liquid dampers. Research work
completed includes developing and validating a 3D finite element model coupled with two
different nonlinear TLD models to evaluate the resulting TLD base shear forces. TLD
systems were designed to suppress two and subsequently three modes of vibration,
respectively. In this study, the structural response behaviour at different wind loading
directions (between 0° and 360°) and at different return period wind speeds (1 month to 50
years) was evaluated. The second area of focus was on the development and validation of a
novel semi-active TLD system based on a gain scheduling technique (3D-Structure-SA-
TLD). This included updating and validating the nonlinear TLD fluid model to simulate the
TLD equipped with fixed inclined and adjustable damping screens, constructing required
look-up tables and implementing the novel control technique in the proposed 3D finite
element model. This novel technique was expanded to semi-active multiple TLDs (3D-
Structure-SA-MTLD) for multi-modal high-rise building applications. Different wind
loading directions and different return period wind speeds were considered. Conclusions
pertaining to the research presented in the five main chapters conducted in this thesis

(Chapters 2-6) are presented below.

7.1.1  Development and Validation of Finite Element Structure-Tuned Liquid
Damper System Models

A finite element model capable of simulating the behaviour of a 3D-Structure, using 3D-
beam elements, is developed and validated under dynamic loading. The validated finite
element model is used to estimate the response of a 3D-Structure outfitted with TLDs (3D-
Structure-TLD). The interaction base shear force resulting from the TLD is estimated using
two nonlinear TLD models; a nonlinear fluid model that simulates the TLD sloshing force
(TLD Model 1) and an equivalent amplitude dependent TMD model (TLD Model 2).
Numerical simulations are carried out using both nonlinear TLD models and both models are

subsequently coupled with the finite element model.

The following points summarize the main findings in this chapter:
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e A significant reduction in the computational effort to a conduct dynamic analysis of a
3D-Structure-TLD system model is achieved utilizing the equivalent amplitude
dependent tuned mass damper (EADTMD) model (TLD Model 2). The computational
time required for the EADTMD model is approximately 18 times less than that required
for the nonlinear fluid model. In order to use this particular model, two important steps
are introduced.

o First, the nonlinear fluid model is used to generate TLD energy dissipation curves
(instead of using shake table test data). Theses curves are required to evaluate
equivalent TMD parameters (mr.p, frip, {r.p) for the EADTMD model.

o Second, a modified implementation method of the EADTMD model in the finite
element model using the velocity tracking technique is presented. This method,
which is applicable for any type of loading (i.e. wind or earthquake), is introduced
to allow for mean structural displacements.

e The developed finite element model is validated under harmonic and random excitation
forces with experimental values utilizing both nonlinear TLD models.

7.1.2  Three Dimensional Analysis of a High-Rise Building Equipped with
Multiple Tuned Liquid Dampers Using Wind Tunnel Loads

In this chapter, a 38-story high-rise building (Indianapolis building) is modelled using the
3D finite element model, developed and validated in Chapter 2. The 3D-Strucutre-TLD
system model is expanded to consider multiple TLDs (3D-Strucutre-MTLD) and used to
conduct time history analyses on a high-rise building equipped with multiple TLDs to
suppress either the first two or the first three structural modes of vibration, respectively.
Recorded wind tunnel data is used as the excitation input over a range of wind loading
directions (0° and 360°). An existing TLD design procedure (Tait 2008) is expanded, using
modal factors (MF), to design multiple TLDs utilized to suppress selected structural modes
of vibration. A spectral analysis is employed using MATLAB® and the modal factors are

evaluated (M F) for the uncontrolled and controlled structural time history responses.

The major findings from this study are:
e Excellent agreement is observed between both nonlinear TLD models, the TLD fluid
model and the EADTMD model. Therefore, the second TLD model (i.e. EADTMD
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model) has been used to carry out the remaining analyses resulting in a significant
reduction in computational time.

e A two-step TLD design procedure provides the ability to assess the decision of installing
extra sets of TLD tanks to suppress higher modes of the building. This design procedure
also allows the selected TLD tank locations and placement directions to be evaluated. By
employing the two-step TLD design procedure, the following findings are observed:

o The floor centre of the Indianapolis building is found to be an ideal location for the
first two mode tanks to be installed, where the modal factor values at the floor
centre in both x- and y-directions have higher values than the corners for the
uncontrolled structural responses.

o The maximum average peak hourly resultant acceleration response value
(Rpeak—nr) Of the Indianapolis building at the critical wind loading angle of 210° is
reduced by minimum values of 32% and 53% at the centre of mass and the four
corners, respectively. As a result, the Indianapolis building is found to satisfy
acceptable acceleration response level criteria for office buildings using TLDs to
suppress the first two modes of vibration compared to acceptable criteria for hotels

with TLDs installed to suppress the first three modes of vibration.

7.1.3  Finite Element Modelling of Structure-MTLD Systems with Inclined
Damping Screens

In the first part of this chapter, the nonlinear TLD fluid model is updated and validated
with experimental values found in the literature to simulate inclined damping screens in a
TLD by reproducing the non-dimensional energy (E,,) and the frequency response curves for

two sets of slat screens, at different normalized excitation amplitudes

The main findings from this part of the study include:
e The updated fluid model is found to be in excellent agreement with the experimental test
values obtained from a shake table testing program found in the literature.
e The updated TLD fluid model is found to overcome the limitations of existing linear
models as following:
o The robustness of a structure-TLD system model due to mistuning is addressed
utilizing the updated nonlinear TLD fluid model as it captures the hardening

behaviour.
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o The updated TLD fluid model provides an accurate estimation for the resultant
base shear forces at higher screen inclination angles (6) compared to existed linear

models. In addition, the nonlinear response of free-surface is also simulated.

In the second part of this chapter, the updated nonlinear TLD fluid model is implemented

into a 3D finite element model (3D-Structure-TLD) and expanded to model multiple TLDs

(3D-Structure-MTLD). The ability to passively control the inherent damping ratio in a tuned

liquid damper ({r;p) Over a range of excitation amplitudes is demonstrated.

The main findings from the second part of this study include:

The vertical screens are found to operate optimally for only one particular structural
response acceleration. Throughout different screen angles (8) an envelope is drawn
capturing 100% TLD efficiency (y) over a range of structural response accelerations. The
envelope curves show that angled screens are able to maintain 100% TLD efficiency (y)
over a range of structural response accelerations.

The use of the preliminary TLD design procedure (Tait 2008) to estimate the damping
screen properties to achieve 100% TLD efficiency (i) at different selected target peak
hourly acceleration responses and mass ratios is investigated. Results are found to be in
agreement with nonlinear numerical results. Thus, the preliminary TLD design procedure
is employed to estimate the required inclination angle values (8) for the damping screens.
Dynamic analysis of a 38-story high-rise building is carried out utilizing a 4-hour
duration recorded wind tunnel loading time history at the critical wind loading direction
of 210° at different return period wind speeds ranging between 1 month and 50 years.
The results show that employing inclined damping screens in the TLDs leads to
approximately constant TLD inherent damping ratio values ({;;p) over the selected

return periods.

7.1.4  Development and Validation of a Finite Element Structure Semi-Active
Tuned Liquid Damper System Model

A control strategy based on the gain scheduling scheme is developed, by actively

controlling the damping screen inclination angles () and their resulting loss coefficient

values (Cg). Results from the semi-active TLD numerical simulation for a 3D single-story

structure subjected to random excitation are compared with values from manually adjusted

damping screen inclination angles. An updated nonlinear fluid model of a TLD equipped
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with inclined damping screens, developed and validated in Chapter 4, is used to determine
the resulting TLD base shear force in real time. The necessary steps for constructing the
look-up table are described in detail. To implement the gain scheduling scheme in the
numerical simulation, three parameters are added in the semi-active TLD control technique
(3D-Structure-SA-TLD), in addition to the fitted equation of the look-up table. These
parameter are, the averaging time (AT), the updating time (UT) and the initial time (IT). A
sensitivity study is performed utilizing a 3D single-story structure equipped with a TLD with

the aim of selecting the first two parameter values (AT and UT).

Important findings that can be drawn from this chapter include:

e The semi-active TLD control system with practical control parameters (i.e.5 < AT < 60
min, UT = T) exceeds the efficiency (y) of the passive TLD control system in further
reduction of the RMS structural acceleration response value (o3) up to 11.7% and
matches the efficiency of the passive TLD control system in reducing the peak hourly

structural response values (X,eqx—nr)-

e The semi-active TLD control system with instantaneous control parameters (i.e. AT =
UT = At) exceeds the efficiency () of the passive TLD control system; both in a
reduction of the average peak hourly (¥,.qk-rr) and RMS (o) structural acceleration
response values.

e The semi-active TLD control system provides the ability to achieve the above three
results over a wide range of applied excitations compared to the passive TLD control

system.

7.1.5  Applications of Multiple Semi-Active TLDs for Structural Control of Three
Dimensional High-Rise Buildings Using Wind Tunnel Loads

In this chapter, the semi-active TLD control technique is expanded to semi-active
multiple TLDs (3D-Structre-SA-MTLD) and employed to analyze a multi-modal high-rise
building subjected to recorded wind tunnel data (0° — 360°) at a 10 year serviceability return
period; and at the critical wind loading angle of 210° for return periods from 1 month to 50
years. A proposed procedure for selecting the damping screen loss coefficient range is
presented and evaluated. An alternative procedure to the look-up table is developed and
implemented in the numerical simulation based on the preliminary TLD design procedure,

which was introduced by Tait (2008) and expanded for a multi-modal high-rise building in
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Chapter 3. As a result, TLD inherent damping ratios ({;,p) are maintained in real time by

evaluating the required damping screen loss coefficient values (Cp).

The main findings from this chapter are:

e A nearly constant percentage response reduction values of the resultant RMS structural
acceleration responses (Rgys) between 40% and 50% at the centre of mass (CM) and the
four corners (C1; C2; C3; C4) is achieved over a wide range of wind loading directions
(0° — 360°) employing the semi-active control technique.

e At the critical wind loading angle of 210° and at a 10-year serviceability return period,
used for the design of the conventional passive TLD system, the semi-active TLD control
system attains a 5% greater RMS acceleration percentage response reduction value.

e At the critical wind loading angle of 210° and at return periods ranging from 1 month to
50 years, the semi-active control system provides nearly constant percentage response
reduction with maximum percentage difference of 4% compared to 19% for the
conventional passive TLD control system. As a result, improved overall performance of
the semi-active TLD control system, over a wide range of wind loading angles and return

periods, is demonstrated compared to the conventional passive TLD control system.

7.2. Recommendations for Future Study
This section presents recommendations for future work

[1] Model scale testing of a structure-SA-TLD system subjected to random and earthquake
excitation is highly recommended, allowing the numerical simulation results to be
compared with experimental values. A particularly interesting case to experimentally
investigate is the SA-TLD control technique with instantaneous control parameters
(i.e. AT = UT = At), which responds instantaneously to highly fluctuated structural
response values of a structure under random forces.

[2] Full-scale implementation and monitoring of structures equipped with semi-active
multiple TLDs (SA-MTLD) should be conducted and compared with numerical
simulations of the 3D-Structure-SA-MTLD system model.

[3] The three dimensional finite element model in conjunction with single/multiple
conventional passive/SA-TLD system models provides the ability to accurately predict
the reduced straining actions in the lateral load resisting elements of full-scale structures

(i.e. normal force, shear force and bending moment). The following question arises. Can
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the SA-TLD control technique be relied upon for strength consideration and wind related

serviceability issues at the same time?
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Table1l.  TLD Design for Mode 2 (y-direction) for the Indianapolis Building

Quantity Equation(s) Value

Initial peak hourly acceleration, ¥;nitiai 14.14 milli-g
Modal Factor, MF 94.08 %
Initial modal peak hourly acceleration, . . -
oo . y Vinitiatl-m = Vinitiar- MF 13.24 milli-g
Yinitial-m .

Structure cyclic frequency, f;_,, 0.16 Hz
Structure time period, T_,, Tooy =1/fsy 6.18 sec
Structure natural frequency, ws_,, ws_y = 21/Ts_, 1.02 rad/sec

Peak factor, PF, y (57305-y) G730 373

Vinitial-m

Initial RMS acceleration, o5_initiai—m Ty—initial-m =~ pp = 3.40 milli-g
Initial RMS displacement, o, _initiai—m Oy—initial-m = Uy_(jz—t_zl'mﬁ 0.03 m
Assumed mass ratio, u 0.06 (6.0%)
Effective damping provided by TLD, 2
¢ PIng P Y {rLD-eff-opt, =% thy;uy (6.2%)
TLD—eff-opty ity 0.06
i i i Htapid 0
Optimal damping ratio, {r.p—opt,, Criv-opt, = |rrere 012 (12.0%)
Optimal tuning ratio, 2 _ 95.7%
P d Pty Dov, =10 095 T
. - f —opt-
Optimal TLD cyclic frequency, fr.p—opt, Qopt, = ”Z_y” Y 0.16 Hz
i ; R, =%y _ 1ty
Optimal response ratio, Rype,, oty = 5 m 599
Structure damping ratio, {, 0.02 (2.0%)
Total structure damping, {;o¢—y Ctot—-y = 0.80s + Crip—erf—opt, 0.08 (7.8%)
Target RMS displacement, g, _¢qrget—m Srot—y = (s% 0.02 m
TargEt RMS acceleration, O-j'l—target—m Uy—target—m = (‘)52 Uy—target—m 1.80 ml""g
Target peak hourly acceleration, ¥iarget-m  Oy-target-m = MP#F;"" 6.72 milli-g
TLD response, o,_,, Or—y = Ropt, Oy—target-m 0.05 m
. . _ 1 g Th L = 1341 m
Select tank dimensions, Ly, h frip—opt, = 5= /Etanh i) h=187 m
Shallow water theory check, h/L,, 0.14

= ,E 2(Th g Ty
(TLD—y - Cl—y 3 tanh (Ly)AyHy L,

Y1 = 0.4 Ly
; 1 1 -
Select screen properties, y5, ¥z, €1y, A, = (5 n m) y2=0.6L,
Iy C._, = 20.26
g, = Z;liyl in® (nL—i’)
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Table 2. Preliminary TLD Design for Mode 3 (x-direction) for the Indianapolis Building

Quantity Equation(s) Value
Initial peak hourly acceleration, X;,itiai 16.14 milli-g
Modal Factor, MF 37.31 %
Initial modal peak hourly acceleration, N N -
% P Y Xinitial-m = Xinitiar- MF milli-g
Xinitial-m . 6.03
Structure cyclic frequency, f;_, 0.33 Hz
Structure time period, T,_, Tooy =1/fiy 3.01 sec
Structure natural frequency, ws_, We_y =271/ Ts_y 2.09 rad/sec
Peak factor, PF, PE, = 2In(573ws_) + J%;u_x) 3.92
Initial RMS acceleration, 6;_initiai—m Of—initial-m = x%;x’"" 1.54 milli-g
Initial RMS displacement, 6,_initiai—m Ox—initial-m = %(Zz—t_:l_mﬁ 0.00 m
Assumed mass ratio, u 0.05 (5.0%)
Effective damping provided by TLD, o

ping P y CrLD-eff—opty =% £ ;u (5.6%)
CrLD—eff—opty T 0.06

i i i IR 0
Optimal damping ratio, {r.p—opt, Sriv-opt, = |renam 011 (11.0%)
Optimal tuning ratio, 2 1ok 49
p g opty Dopt, =1 0.96 (96.4%)
Optimal TLD cyclic frequency, frip—opt, Qopt, = f”}i’;“" 0.32 Hz
. . Rype. = Or—x _ _ 1H+Hx
Optimal response ratio, R, Ptx ~ g, W 3.26
Structure damping ratio, {, 0.02 (2.0%)
Total structure damping, {;o:—x Ctot-x = 0.80s + {rip_cfr-opt, 0.07 (7.2%)
Target RMS displacement, o, ;qrget—m Srot—x = G5 oy imitielom 001 m
x—target—m .

Target RMS acceleration, Oi—target—-m O%—target—m = w.g Ox—target—m 0.81 milli-g
Target peak hourly acceleration, Xqrget—m ~ O¢—target—m = X“%F;’m 3.18 milli-g
TLD response, g,_, Or—x = Ropt, Ox—target—m 0.01 m

. . _ 1 |ng h L,=3.00 m
Select tank dimensions, L., h frip-opt, =5~ /Ztanh (Z) hx= 040 m
Shallow water theory check, h/L, 0.13

Crip—x = Cl—x\/% tanh? (:_h)AxEx Uz_x
* X1 = 0.4 Lx
Select screen properties, x;, X2, C;_, 4, = <§ + ﬁ) x;=0.6L,
) Ci_, =35.26

- ns.
Sx = Zj:x1

. X
sin’ (—’)|
Ly
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Table 3. Preliminary TLD Design for Mode 3 (y-direction) for the Indianapolis Building
Quantity Equation(s) Value
Initial peak hourly acceleration, ¥;nitiai 20.33 milli-g
Modal Factor, MF 74.01 %
Initial modal peak hourly acceleration, . . -
_ P Y Vinitiat-m = Yinitiar- MF 15.04 milli-g
Yinitial-m .
Structure cyclic frequency, f;_,, 0.33 Hz
Structure time period, T_,, Tooy =1/fsy 3.01 sec
Structure natural frequency, ws_,, ws_y = 21/Ts_, 2.09 rad/sec
Peak factor, PF, PE, = [2In(573ws_) + —
/21n(573w5_y) 3.92
Initial RMS acceleration, 65_mitiat-m Oy—initial-m = y",f—;y"’“ 3.84 milli-g
Initial RMS displacement, o, _initiai—m Oy—initial-m = Uy_(jz—t_zl'mﬁ 0.01 m
Assumed mass ratio, u 0.05 (5.0%)
Effective damping provided by TLD, 2
C PIng P Y Crip-eff-opt, =7 | (5.6%)
TLD—eff-opty Tgky 0.06
i i i L 0
Optimal damping ratio, {r.p—opt,, Criv-opt, = |rrere 011 (11.0%)
Optimal tuning ratio, 2 _ 96.4%
p g opty Qopt, = T 096 ( 0)
. - f —opt:
Optimal TLD cyclic frequency, fr.p—opt, Qopt, = ”Z_y” Y 0.3 Hz
} ) R _ Ur—y _ 1+My
= =_th
Optimal response ratio, Rype,, oty = 5 m 326
Structure damping ratio, {, 0.02 (2.0%)
Total structure damping, {;o¢—y Ctot—-y = 0.80s + Crip—erf—opt, 0.07 (7.2%)
Target RMS displacement, g, _¢qrget—m Srot—y = (s% 0.01 m
TargEt RMS acceleration, O-j'l—target—m Uy—target—m = (‘)52 Uy—target—m 2.02 ml""g
Target peak hourly acceleration, ¥iarget-m  Oy-target-m = MP#F;"" 7.92 milli-g
TLD response, o,_,, Or—y = Ropt, Oy—target 0.02 m
. . _ 1 g h L :300 m
Select tank dimensions, L, h frip-opt, = 5= /Etanh (Z) hy: 040 m
Shallow water theory check, h/L,, 0.13
{rip-y = Ci- \/?_itanhz(n_h)ﬁ g, T2
A YTy = 0.4L,
Select screen properties, y1,y2, €y, 4, = (§ + ﬁ) y2=06L,
sinh (E) Cl—y =14.14
- ns. . Y|
g, = Z]-=y1 in3 (L—y’)
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Table 4.  Water Mass Calculations for TLDs to Suppress Mode 3 for the Indianapolis Building
Quantity Equation(s) Value
L, =3.00m
Selected tank dimensions, Ly, L,, h L, =3.00m
h=040m
Water height to tanks length ratio in x-dir h/L, 0.13
Water height to tanks length ratio in y-dir h/L, 0.13
Water mass of 1 tank, my,(1¢ank) My 1eank) = LxLyh 3575.4 kg

TLD mass of 1 tank in 6-dir, mr;p_g(1tank)

MrLp-6(1tank) = Mi-g =
Stanh(nLL)
X
—3(1) My (1tank)
T ™

0.77 mw(ltank)
2741.7 kg

(90
S A _ li=Ng
g Total building mass, M, My =3%,_ " me 36412955 kg
S | Generalized building mass in 8-dir, M; M = 52y (mg), (D) 12198340 kg
Required TLD mass in 8-dir, my;p_g Mrp-g = Urip-eMp 609917 kg
; i a-di Nrip—g
No. of Tanks required in 8-dir, Ny.p_g = Mrip6/MrL—0(tcant) 222.46
Chosen No. of tanks for mode 3, Ny;p_g (Bi-directional tanks) 111
N im0 Ho-actual = 0
Actual mass ratio in 8-dir, ug_actuat Nr1o-Mr10-0ctcanic/ M 2.49 %
Mass ratio of contained water, u,, (Bi- _ o
directional) Hw = NTLD—Bmw(ltank)/Ms 1.09 %
Selected tank dimensions, Ly, By, Ly, By, h L,=3.00m
B, =1332m
<
o L,=3.00m
e
© B, =1332m
N
2
2 h=040m
g Chosen No. of tanks for mode 3, Ny;p_g (Uni-directional tanks) 25*2
Actual mass ratio in 6-dir, tg_sctual Uo—actual = 2.49 %
NTLD—GmTLD—G(ltank)/Mé
Mass ratio of contained water, u,,, (Uni- Uw = Nrpp—eMy(ieanky/Ms 1.09 %
directional)
Mass ratio of contained water, u,, (Bi/Uni-directional) 2.18 %
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Fig.1.  Time History of the Indianapolis Building at CM with No-TLD Installed for the (a)
Velocity and (b) Acceleration in the x-direction (z = 154.6 m; 6,, = 210°)
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Fig. 2.  Time History of the Indianapolis Building at CM with No-TLD Installed for the (a)

Velocity and (b) Acceleration in the y-direction (z = 154.6 m; 6,, = 210°)
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oo TLD Mass Equation
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Fig.3.  TLD (a) Mass Ratio, (b) Frequency Ratio, and (c) Damping Ratio with respect to the
Normalized Amplitude of Excitation for Mode 2 tanks in the y-direction of the
Indianapolis Building
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Fig. 4.  Time Histories of the Indianapolis Building at the CM with TLDs Installed to Suppress the
First two Modes for the (a) Velocity, and (c) Acceleration in the x-direction (z = 154.6 m;
0,, = 210°)
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Fig. 5.  Time Histories of the Indianapolis Building at the CM with TLDs Installed to Suppress the
First two Modes for the (a) Velocity, and (b) Acceleration in the y-direction (z = 154.6 m;
0,, = 210°)
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Fig.6. TLD (a) Mass Ratio, (b) Frequency Ratio, and (c) Damping Ratio with respect to the
Normalized Amplitude of Excitation for Mode 3 tanks in the x-direction of the
Indianapolis Building
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Fig.7. TLD (a) Mass Ratio, (b) Frequency Ratio, and (c) Damping Ratio with respect to the
Normalized Amplitude of Excitation for Mode 3 tanks in y-direction of the Indianapolis
Building
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Table 1.  TLD Design for Vertical Damping Screens (4 = 2.5%)

Quantity Equation(s) Value
Initial peak hourly acceleration, X;,itia 45.56 milli-g
Structure cyclic frequency, f;_, 0.558 Hz
Structure time period, T,_, Ts_x =1/fs_x 1.792 S
Structure natural frequency, ws_, We—y = 21Ty 3.507 rad/s
Peak factor, PF, PF, =2 ln§}81ws—x) + \/#:w_x) 3.753
Initial RMS acceleration, 6;_initial Os—imitial = ";‘—FZ‘” 12.15  milli-g
Initial RMS displacement, oy _nitiar Txminitiat =~ g 100 9.700  mm
Assumed water mass ratio, u,, 0.035 (3.50%)
Assumed mass ratio, u 0.027 (2.69%)
Effective damping provided by TLD, R
Crip—eff—opt, $rLD—eff-opt, = 3 T 0.039 (3.96%)
. . . tou?
Optimal damping ratio, {r;.p—opt, Crip-opt, = /:sz;ti 0.078  (7.83%)
Optimal tuning ratio, 2., 0, iU 0981  (98.1%)
OPtx 1y
Optimal TLD cyclic frequency, frip—opt, Qopt, = f”}’;_”“‘ 0547 Hz
Optimal response ratio, R, Rope, 0 m 4541
Structure damping ratio, 0.0006  (0.06%)
Total structure damping, Cor—x Ctot—x = 0.80s + {rip—eff-opt, 0.0401  (4.01%)
Target RMS displacement, o,_;qrget Crot—x = Gs it 1.190 mm
x—target
Target RMS acceleration, oy_;qrget Os—target = WE Ox_target 01.73 milli-g
Target peak hourly acceleration, X4 get Os—target = % 06.50 milli-g
TLD response, 0,_, 0r—x = Ropt, Ox_target 5.380 mm
. . _ 1 |mg Th L,=0.966 m
Select tank dimensions, L., h frip-opt, = 5 /Ztanh (E) hx: 0190 m
Shallow water theory check, h/L, 0.124

x;=0.4L,
Select screen properties, x;, X2, C;_, L= <§ + ﬁ) x;=0.6L,
sinhz(L—) C =8.27

X l_x .
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Table2.  TLD Design for Vertical Damping Screens (n =3.5%)

Quantity Equation(s) Value

Initial peak hourly acceleration, X;,itia 65.81 milli-g

Structure cyclic frequency, f;_, 0.558 Hz

Structure time period, T,_, Ts_x =1/fs_x 1.792 S

Structure natural frequency, ws_, Ws_y = 21/ Ts_y 3.507 rad/s
0.577

Peak factor, PF, PF, = /2 ln(“181ws—x) t e 3.753

Initial RMS acceleration, 6;_initial Os—imitial = ";‘—Fi‘” 1755  milli-g

Initial RMS displacement, oy _nitiar Txminitiat =~ g 100 1401  mm

Assumed water mass ratio, u,, 0.035 (3.50%)

Assumed mass ratio, u 0.027 (2.69%)

Effective damping provided by TLD, R

Crib—eff—opt $rLD—eff-opt, = 3 T 0.046 (4.69%)

Optimal damping ratio, {r;.p—opt, Crip-opt, = /% 0.092  (9.23%)

Optimal tuning ratio, 2., 0, iU 0974  (97.4%)
OPtx 1+puy
Optimal TLD cyclic frequency, frip—opt, Qopt, = f”}’;_”“‘ 0543 Hz
_ Or—x _ 14y
Optimal response ratio, R,,; Rope, = I 3.861
x HxtHx
Structure damping ratio, 0.0006  (0.06%)
Total structure damping, {;o:—x Ctot—x = 0.80s + {rip—erf—opt, 0.0047  (4.74%)
Target RMS displacement, o,_;qrget Crot—x = Gs it 1570  mm
x—target
Target RMS acceleration, oy_;qrget Os—target = WE Ox_target 02.40 milli-g
Target peak hourly acceleration, X4 get Os—target = % 09.00 milli-g
TLD response, 0,_, 0r—x = Ropt, Ox_target 6.080 mm
. . _ 1 |mg 1h L,=0.966 m
Select tank dimensions, L., h frip-opt, = 5, /Ztanh (E) hx: 0118 m
Shallow water theory check, h/L, 0.122

x;=0.4L,
Select screen properties, x;, X2, C;_, L= <§ + ﬁ) x;=0.6L,
sinhz(L—) C =8.31

X l_x .
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Table 3.  TLD Design for Vertical Damping Screens (4 = 5.0%)

Quantity Equation(s) Value

Initial peak hourly acceleration, X;,itia 90.00 milli-g
Structure cyclic frequency, f;_, 0.558 Hz
Structure time period, T,_, Ts_x =1/fs_x 1.792 S
Structure natural frequency, ws_, Ws_y = 21/ Ts_y 3.507 rad/s
Peak factor, PF, PF, = 2In(181ws_,) + 3.753

Initial RMS acceleration, 65_;nitial O%_initial = ";‘—Fi‘” 24.00 milli-g
Initial RMS displacement, oy _nitiar Txminitiat =~ g 100 19.15  mm

Assumed water mass ratio, u,,
Assumed mass ratio, u

Effective damping provided by TLD,
ZTLD—eff—optx

Optimal damping ratio, {r;p—opt,

Optimal tuning ratio, 12

opty
Optimal TLD cyclic frequency, frip—opt,
Optimal response ratio, R,

Structure damping ratio,
Total structure damping, {;o:—x

Target RMS displacement, oy _;qrget
Target RMS acceleration, 6x_;arget
Target peak hourly acceleration, X4 get
TLD response, g,_,

Select tank dimensions, L., h

Shallow water theory check, h/L,

Select screen properties, x1, X3, Cj_y

cTLD—eff—optx =

3
Z _ ux+zu32(
TLD—0pty = |atep,+2u?

1
1+Eux

'Q()ptx =

1y
Qg = JTLD-opty
Op x fs_x
O
R — =X __

opty, — -
T el

Ctot—x = 0.805 + {TLD—eff—optx

Ztot—x

Ox—target
— 2
Os—target — Ws Ox—target
_ jétarget
O-)‘c'—target - PF,

Or—x = Roptx Ox—target

1 |ng Th
fTLD—optx == ’Ztanh (E)

2
— Z Ox—initial
T 5s 2

0050  (3.50%)
0039  (3.85%)

0056  (5.62%)

0011  (10.98%)

0964  (96.42%)

0.538 Hz
3.259

0.0006  (0.06%)
0.0057  (5.67%)

1.970 mm
03.33 milli-g
12.50 milli-g
6.420 mm
L,=0.966 m
h=0.115 m
0.119
x;=0.4L,

Xy = 0.6 Lx
C,_,=8.35
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Table4.  TLD Design for Mode 2 of the Indianapolis Building in the y-direction (u = 2.0%,
Serviceability Return Period = 50 years)

Quantity Equation(s) Value
Initial peak hourly acceleration, ¥;,itial 18501  milli-g
Modal Factor, MF 94670 %
Initial modal peak hourly acceleration, .. .. -
. P Y Yinitiat-m = Yinitiar- MF 17.515  milli-g
Yinitial-m
Structure cyclic frequency, f;_, 0.162 Hz
Structure time period, Ts_,, To—y =1/fsy 6.180 S
Structure natural frequency, ws_,, ws—y = 2m/Ty_, 1.017 rad/s
PE, = /zm 573ws_y) +
Peak factor, PE, y ( s y) \/m 3.730
Initial RMS acceleration, 65_nitiat—m Oy—initial-m = y",fip“yl"" 4700  milli-g
Initial RMS displacement, oy, _initiai-m Oy—initial-m = Uy_tzzit_zl'mﬁ 0.045 m
Assumed mass ratio, u 0.020 (2.00%)
Effective damping provided by TLD, 1yt 0
ZTLD—eff—opty (TLD—eff—opty T4 1_%”}, 0035 (350 A))
. . . x+§ 2
Optimal damping ratio, {rLp-opt, Crip—opt, = ﬁ 0.070 (7.02%)
Optimal tuning ratio, £2,,, 0. = Sy 0.985  (98.53%)
Y Pty T 14p,
Optimal TLD cyclic frequency, frip—opt, Qope, = f”}’f;”’y 0.159  Hz
s-y
i . R — Or—y — 1+u,,
Optimal response ratio, Ropt, opty = g, w 5.062
Structure damping ratio, 0.020 (2.00%)
Total structure damping, {;o—y Ctot—y = 0.80s + {rip—erf-opt, 0.051 (5.14%)
Target RMS displacement, oy, _;qr ger—m Ctotmy = G oymitiatom 0028 m
y—-target-m
Target RMS acceleration, 6y_¢arget-m Oy_target—m = 9352 Oy—target—-m 2.930 milli-g
Target peak hourly acceleration, Juarget-m ~ 0y-targec—m = ~pa 10.921  milli-g
TLD response, o,_,, Or—y = Ropt, 0y—target-m 0.141 m
. . 1 g Th. L = 12.00 m
Select tank dimensions, Ly, h frip-opt, = 5= /Ztanh @) hyz 158 m
Shallow water theory check, h/L,, 0.131
{TLD—y = Cl—y\/% tanhz(:_:)AyEyUZ_;y
y1=0.4L,
Select screen properties, ¥1,y2, C;_y Ay =+ ——p y2=0.6L,
? oG, C_, =3.81
P T
g, = Z}.=1 sin (?)
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Table5.  Water Mass Calculations for TLDs to Suppress Mode 2 for the Indianapolis Building

(u = 2.0%)
Quantity Equation(s) Value
L, =12.00m
Selected tank dimensions, Ly, By, h,, B, =3.40m
h, =1.58m
Water height to tanks length ratio in y-dir hy /Ly, 0.13
Water mass of 1 tank, my, (1 ¢ank) My (1tank) = LyByh,y 64309.3 kg

Mrip-y(itank) = M-y =

TLD mass of 1 tank in y-dir, mr;p_ycani) 8 tanh(m %) 0-77 My 1tant) =

3(h My (1tank) 49357.0 kg
()
S _ wi=Nf
Total building mass, M M, = Zi‘:1 me 36412955 kg
Generalized building mass in y-dir, M;, My = Ziff(mf)i (@2); 10013563 kg
Required TLD mass in y-dir, mr.p_,, Mrpp_y = frp—yM; 100136 kg
No. Of TankS required in y'dlr, NTLD—y NTLD—y = mTLD_y/mTLD_y(ltank) 4.058
Chosen No. of tanks for mode 2, Ny;p_,, 4
Actual mass ratio in y—dir, ”y—actual Hy-actual = NTLD—ymTLD—y(ltank)/M; 1.97 %

Mass ratio of contained water, u,, Mw = Nrpp_yMyitanicy/Ms 0.71 %
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Table 1.  Preliminary TLD Design for Vertical Damping Screens (u =2.5%)
Quantity Equation(s) Value
Initial peak hourly acceleration, X;,itia 45.56 milli-g
Structure cyclic frequency, f;_, 0.59 Hz
Structure time period, T,_, Ts_x =1/fs_x 1.79 S
Structure natural frequency, ws_, We—y = 21Ty 3.51 rad/s
Peak factor, PF, PF, =2 ln§}81ws—x) + J#fw_x) 3.75
Initial RMS acceleration, 6;_initial Os—initial = x‘#:‘” 12.15  milli-g
Initial RMS displacement, oy _nitiar Txminitiat =~ g 100 9.70 mm
Assumed mass ratio, u 0.025 (2.50%)
Effecti i i TLD 2
ective damping provided by , Cribmepfmope, = & Lt 0039 (3.96%)
ZTLD—eff—optx 4 | 14opy
. . . o
Optimal damping ratio, {r;p_opt, Crip—opt, = :szm% 0.078 (7.83%)
Optimal tuning ratio, 2y, a,, = ek 0.981 (98.1%)
OPtx 1+py
Optimal TLD cyclic frequency, frip—opt, Qopt, = % 0547  Hz
) . — Or—x _ 140y
Optimal response ratio, R, Ropt, 0 W 4.541
Structure damping ratio, 0.0006  (0.06%)
TOta| structure damplng, Ztot—x (tot—x = 08(5 + (TLD—eff—optx 00401 (401%)
Target RMS displacement, o,_;qrget Srot—x = Gs il 1.190 mm
x—target
Target RMS acceleration, ox_¢arget O—target = WE Ox_target 01.73 milli-g
Target peak hourly acceleration, X;q; et Os—target = % 06.50 milli-g
TLD response, o,_, Or—x = Ropt, Ox—target 5.380 mm
. . _ 1 |mg Th L,=0.966 m
Select tank dimensions, L,, h frip-opt, = - ,Ztanh (E) hx: 0.120 m
Shallow water theory check, h/L, 0.124
(TLD—x = Cl—x\/?_i tanhz(z_h)AxEx Uz_x
4 * *  x;=0.4L,
Select screen properties, x4, X2, C;_, 4, = (l + ﬁ) x;,=0.6L,
3SR C,_, =827

= ns
Sx = ijxl

. X
sin3 (—’)|
Ly
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Table 2. Preliminary TLD Design for Vertical Damping Screens (u =3.5%)

Quantity Equation(s) Value
Initial peak hourly acceleration, X;,itia 65.81 milli-g
Structure cyclic frequency, f;_, 0.558 Hz
Structure time period, T,_, Ts_x =1/fs_x 1.792 S
Structure natural frequency, ws_, We—y = 21Ty 3.507 rad/s
0.577
Peak factor, PF, PF, = /2 ln(“181ws—x) t e 3.753
Initial RMS acceleration, 6;_initial Os—initial = x‘#:‘” 17.55  milli-g
Initial RMS displacement, oy _nitiar Txminitiat =~ g 100 1401  mm
Assumed mass ratio, u 0.035 (3.50%)
Effective damping provi TLD 2
ective damping provided by , Cribmepfmope, = & Lt 0.046  (4.69%)
ZTLD—eff—optx 4 | 14opy
. . . o
Optimal damping ratio, {r;p_opt, Crip—opt, = :szm% 0.092 (9.23%)
Optimal tuning ratio, 2y, a,, = ek 0.974  (97.4%)
OPtx 1y
Optimal TLD cyclic frequency, frip—opt, Qopt, = % 0543 Hz
) . — Or—x _ 140y
Optimal response ratio, R, Ropt, 0 W 3.861
Structure damping ratio, 0.0006  (0.06%)
Total structure damping, (;o¢—x Ctot—x = 0.80s + {rip—eff-opt, 0.0047  (4.74%)
Target RMS displacement, o,_;qrget Srot—x = Gs il 1570  mm
x—target
Target RMS acceleration, ox_¢arget O—target = WE Ox_target 02.40 milli-g
Target peak hourly acceleration, X;q; et Os—target = % 09.00 milli-g
TLD response, o,_, Or—x = Ropt, Ox—target 6.080 mm
. . _ 1 |mg Th L,=0.966 m
Select tank dimensions, L,, h frip-opt, = - ,Ztanh (E) hx: 0118 m
Shallow water theory check, h/L, 0.122
(TLD—x = Cl—x\/?_i tanhz(z_h)AxEx Uz_x
4 * *  x;=0.4L,
Select screen properties, x4, X2, C;_, 4, = (l + ﬁ) x;,=0.6L,
3SR C,_,=8.31

— ns.
Sx = Zj:x1

. X
sin3 (—’)|
Ly
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Table 3. Preliminary TLD Design for Vertical Damping Screens (1 =5.0%)
Quantity Equation(s) Value
Initial peak hourly acceleration, X;,itia 90.00 milli-g
Structure cyclic frequency, f;_, 0.59 Hz
Structure time period, T,_, Ts_x =1/fs_x 1.79 S
Structure natural frequency, ws_, We—y = 21Ty 3.51 rad/s
Peak factor, PF, PF, =2 ln§}81ws—x) + J#fw_x) 3.75
Initial RMS acceleration, 6;_initial Os—imitial = ";‘—Fi‘” 24.00  milli-g
Initial RMS displacement, oy _nitiar Txminitiat =~ g 100 19.15 mm
Assumed mass ratio, u 0.050 (5.00%)
Effecti i i TLD 2
ective damping provided by , Cro—et ropt. =% i 0.056 (5.629%)
ZTLD—eff—optx 1+7ux
. . . o
Optimal damping ratio, {r;p_opt, Crip—opt, = :szm% 0.011 (10.98%)
Optimal tuning ratio, 2, Q. = Jis 0964  (96.42%)
OPtx 1y
Optimal TLD cyclic frequency, frip—opt, Qopt, = % 0538 Hz
) . — Or—x _ 140y
Optimal response ratio, R, Ropt, 0 W 3.259
Structure damping ratio, 0.0006  (0.06%)
TOta| structure damplng, Ztot—x (tot—x = 08(5 + (TLD—eff—optx 00057 (567%)
Target RMS displacement, o,_;qrget Srot—x = Gs il 1.970 mm
x—target
Target RMS acceleration, ox_¢arget O—target = WE Ox_target 03.33 milli-g
Target peak hourly acceleration, X;q; et Os—target = % 12.50 milli-g
TLD response, g,_, Or—x = Ropt, Ox—target 6.420 mm
. . _ 1 |mg Th L,=0.966 m
Select tank dimensions, L,, h frip-opt, = - ,Ztanh (E) hx: 0115 m
Shallow water theory check, h/L, 0.119
(TLD—x = Cl—x\/?_i tanhz(z_h)AxEx Uz_x
4 * *  x;=0.4L,
Select screen properties, x4, X2, C;_, 4, = (l + ﬁ) x;,=0.6L,
3SR C,_.=8.35

= ns
Sx = ijxl

. X
sin3 (—’)|
Ly
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Table1.  Preliminary TLD Design for Mode 2 of the Indianapolis Building in the y-direction
(u = 6.0%, Serviceability Return Period = 10 years)
Quantity Equation(s) Value
Initial peak hourly acceleration, ¥;,itial 14.138  milli-g
Modal Factor, MF 94.080 %
!.nltlal modal peak hourly acceleration, oo = Y MF 13243 milli-g
Yinitial-m
Structure cyclic frequency, f;_, 0.162 Hz
Structure time period, Ts_,, Ty =1/fsey 6.180 S
Structure natural frequency, w;_,, ws_y = 21/T;_, 1.017 rad/s
PF, = /21n 573w,_y) + —all—
Peak factor, PE, y ( s y) \/m 3.730
Initial RMS acceleration, 65_nitiat—m Oy—initial-m = y",fip‘;l"" 3.400  milli-g
Initial RMS displacement, oy, _initiai-m Oy—initial-m = %uﬁ 0.034 M
Assumed mass ratio, u 0.060 (6.00%)
Effective damping provided by TLD, 1wyl
ZTLD—eff—opty ZTLD—eff—opty - Z 1+%Hy 0.062 (620%)
- . . x+§ ,2(
Optimal damping ratio, {rLp-opt, Crip—opt, = ’JT::LZ;& 0.120 (12.0%)
Optimal tuning ratio, £2,,, 0. = 1y 0.957  (95.7%)
Y Pty T 1+4p,
Optimal TLD cyclic frequency, frip—opt, Qope, = f”}i’;'"y 0.155  Hz
. . R — "T—;_i ey
Optimal response ratio, Ropt, opty ~ g, w 2.993
Structure damping ratio, 0.020 (2.00%)
Total structure damping, {;o—y Ctot—y = 0805 + {rip_err—opt, 0.078 (7.80%)
Target RMS displacement, oy, _;qr ger—m Crotmy = §s miiaton 0017 m
y—-target-m
Target RMS acceleration, 6y_¢arget-m Oy—target—m = W? Oy_target—m 1.801 milli-g
Target peak hourly acceleration, ¥4y get-m  T9-target-m = y"%Fy“"‘ 6.720 milli-g
TLD response, o,_,, Or—y = Ropt, Oy—target-m 0.051 m
. . _ 1 g Th. L = 13.41 m
Select tank dimensions, Ly, h frip-opt, = 5= /Etanh (U) hy= 187 m
Shallow water theory check, h/L,, 0.14
Cripey = Ciy J%tanhZ(:l)Aysy P
y Y y;,=041L,
Select screen properties, ¥1,y2, C;_y A, = <l+ ;nh) y2=0.6L,
3 sinh2%2(—)
Ly C,_, =20.26
o _ ons . nyj
5, - sy (2)
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Table 2.  Preliminary TLD Design for Mode 3 (x-direction) for the Indianapolis Building (u =
5.0%, Serviceability Return Period = 10 years)
Quantity Equation(s) Value
Initial peak hourly acceleration, X;,itia 16.141  millig
Modal Factor, MF 37310 %
!'nltlal modal peak hourly acceleration, Foviatom = Foiar, MF 6.033 milli-g
Xinitial-m
Structure cyclic frequency, f;_, 0.332 Hz
Structure time period, T,_, To—y = 1/fi—x 3.013 S
Structure natural frequency, wg_, Ws_y =21/ Ts_y 2.085 rad/s
Peak factor, PF, PE = 2In(5730,-) + e 3918
Initial RMS acceleration, 6;_initiai—m O%—initial-m = x%;;"" 1.540  milli-g
Initial RMS displacement, o, _initiai—m Ox—initial-m = ”"‘Jiz—t_jf”"ﬁ 0.003 m
Assumed mass ratio, u 0.050 (5.00%)
Effective damping provided by TLD, 1 |pptud
—eff- =- |Z5= 0.056 5.60%
CrLD—eff—opty $rip-eff-opt: =3 142, ( 0)
. . . Lt u2
Optimal damping ratio, {r;p—opt, Crip—opt, = JT::LZ;& 0.110  (11.0%)
Optimal tuning ratio, 2, a,, = ek 0.964  (96.4%)
OPtx 14y
Optimal TLD cyclic frequency, frip—opt, Qope, = f”;’;_'”" 0.320 Hz
- . — Or—x — 1+py
Optimal response ratio, Ry, Ropt, ox 2ht 20 3.260
Structure damping ratio, ¢ 0.020 (2.00%)
Total structure damping, Cror—x Crot—x = 0.80s + Crip—efr-opt, 0.072 (7.20%)
Target RMS displacement, o, _;qrget—m Crot—x = s Z’;‘”ﬂ 0.007 m
x—target—m
Target RMS acceleration, 65_¢arget—m O—target—m = WF Ox_target—m 0.810 milli-g
Target peak hourly acceleration, X;qrget-m ~ Oi-target—m = % 3.175 milli-g
TLD response, g,_, Or—x = Ropt, Ox—target—m 0.006 m
. . _ 1 |mg mh L,=3.00 m
Select tank dimensions, L,, h frip-opt, = 5 ,Ztanh (Z) hx: 040 m
Shallow water theory check, h/L, 0.13
Crip—x = Cl—x\/?_z tanhz(z—h)AxEx O'Z—x
" * * x;=0.41L,
Select screen properties, x4, X2, C;_, 4, = (l +— t _ ) x;, =0.6L,
3 s @) C.,=3526




Appendix-D

275

Table 3.  Preliminary TLD Design for Mode 3 (y-direction) for the Indianapolis Building (u =
5.0%, Serviceability Return Period = 10 years)
Quantity Equation(s) Value
Initial peak hourly acceleration, ¥;,itial 20.333  milli-g
Modal Factor, MF 74010 %
!.nltlal modal peak hourly acceleration, oo = Y MF 15.044  milli-g
Yinitial-m
Structure cyclic frequency, f;_, 0.332 Hz
Structure time period, Ts_,, Ty =1/fsey 3.013 S
Structure natural frequency, w;_,, ws_y = 21/T;_, 2.085 rad/s
PF, = /21n 573w,_y) + —all—
Peak factor, PE, y ( s y) \/m 3.918
Initial RMS acceleration, 65_nitiat—m Oy—initial-m = y",fip‘;l"" 3.840  milli-g
Initial RMS displacement, oy, _initiai-m Oy—initial-m = %uﬁ 0.009 m
Assumed mass ratio, u 0.050 (5.00%)
Effective damping provided by TLD, 1wyl
(TLD_eff_opty (TLD—eff—opty =2 1+%Hy 0.056 (5-60%)
. . . x.,_i 2
Optimal damping ratio, {rLp-opt, Crip—opt, = ’JT::LZ;& 0.110 (11.0%)
Optimal tuning ratio, £2,,, 0. = 1y 0.964  (96.4%)
Y Pty T 1+4p,
Optimal TLD cyclic frequency, frip—opt, Qope, = f”}i’;'"y 0320 Hz
imal . R — ”’—; i ey
Optimal response ratio, Ropt, oty T g, w 3.260
Structure damping ratio, 0.020 (2.00%)
Total structure damping, {;o—y Ctot—y = 0805 + {rip_err—opt, 0.072 (7.20%)
Target RMS displacement, oy, _;qr ger—m Crotmy = §s miiaton 0006 m
y—-target-m
Target RMS acceleration, 6y_¢arget-m Oy—target—m = W? Oy_target—m 2.020 milli-g
Target peak hourly acceleration, ¥4rget-m ~ 9y-target—m = ”%}ry‘-’" 7.916 milli-g
TLD response, o,_,, Or—y = Ropt, Oy_target 0.015 m
. . _ 1 g Th. L =3.00 m
Select tank dimensions, Ly, h frip-opt, = 5= /Etanh (U) hy= 040 m
Shallow water theory check, h/L,, 0.13
Crip—y = Cl—y\/% tanh? (:_h)AyEy J,r__y
y Y y;,=041L,
Select screen properties, ¥1,y2, C;_y A, = <l+ ;nh) y2=0.6L,
3 sinhZ(L—) _
y Cr-y =14.14
o _ ons . nyj
5, - sy (2)
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Table 4.  Water Mass Calculations for TLDs to Suppress Mode 3 for the Indianapolis Building

(u = 5.0%)

Quantity Equation(s) Value
Ly=L,=3.00m

Selected tank dimensions, Ly, By Ly, By, hy, h,, B, =B, =15.00m
hy =h, =040m

Water height to tanks length ratio in x-dir hy/Ly 013

Water height to tanks length ratio in y-dir hy/L, 0.13

Water mass of 1 tank, my, 1 ¢ank) My (1tank) = LxBxhx = LyByh, 18000 kg

TLD mass of 1 tank in 8-dir, mr,p_g1¢ank)

Total building mass, M,

Generalized building mass in 8-dir, Mg
Required TLD mass in 8-dir, my;p_g

No. of Tanks required in 8-dir, Ny p_g

Chosen No. of tanks for mode 3, Nyip_g
Actual mass ratio in 8-dir, pg_sctua

Mass ratio of contained water, u,,

MrLp-6(itank) = Mi-g =
Stanh(nLl)
X
3(&) mw(ltank)
L Vo

i=Nf
Ms =%, my
i=Ng

Mé = 2i=1 (mf)l (d)g)l
Mmrip-¢ = Hrip-eMg
Nrip-g

= MrLp_6/MTLD-0(1tank)

(Uni-directional tanks)

Ho-actual =

.
Nrpp_eMrip—gcitanky/Ma
Uw = Nypp_oMycitaniy/Ms

0.767 My (1tanky =
13806 kg

36412955 kg
12198340 kg
609917 kg

4417

4 sets of 11 tanks
4.98 %
4.35%
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Fig. 1. Second Modal RMS Structural Accelerations at the CM of the Indianapolis Building in the
y-direction (z =154.6 m) Employing Semi-Active TLDs Utilizing Various Averaging
Time (UT =1.0T, 8,, = 210°, Return Period=10 Years)
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Fig. 2. Screen Loss Coefficient Values of Semi-Active TLDs Installed to Suppress Mode 2 of the
Indianapolis Building Placed at the CM in the y-direction (z =154.6 m) Utilizing Various
Averaging Time (UT = 1.0T, 6,, = 210°, Return Period=10 Years)
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Fig. 3.  Third Modal RMS Structural Accelerations at Corners 3 and 4 of the Indianapolis Building
in the x-direction (z =154.6 m) Employing Semi-Active TLDs Ultilizing Various
Averaging Time (UT = 1.0T, 6,, = 210°, Return Period=10 Years)
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Fig. 4. Screen Loss Coefficient Values of Semi-Active TLDs Installed to Suppress Mode 3 of the
Indianapolis Building Placed at Corners 3 and 4 in the x-direction (z =154.6 m) Utilizing
Various Averaging Time (UT = 1.0T, 6,, = 210°, Return Period=10 Years)
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Fig.5.  Third Modal RMS Structural Accelerations at Corners 2 and 3 of the Indianapolis Building
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Fig. 7. Second Modal RMS Structural Accelerations at the CM of the Indianapolis Building in the
y-direction (z =154.6 m) Employing Semi-Active TLDs Utilizing Various Updating Time
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Fig. 8. Screen Loss Coefficient Values of Semi-Active TLDs Installed to Suppress Mode 2 of the
Indianapolis Building Placed at the CM in the y-direction (z =154.6 m) Utilizing Various
Updating Time (AT = 60 min, 6,, = 210°, Return Period=10 Years)
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Fig. 9.  Third Modal RMS Structural Accelerations at Corners 3 and 4 of the Indianapolis Building
in the x-direction (z =154.6 m) Employing Semi-Active TLDs Utilizing Various Updating
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Fig. 10. Screen Loss Coefficient Values of Semi-Active TLDs Installed to Suppress Mode 3 of the
Indianapolis Building Placed at Corners 3 and 4 in the x-direction (z =154.6 m) Utilizing

Various Updating Time (AT = 60 min, 8,, = 210°, Return Period=10 Years)
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Fig. 11. Third Modal RMS Structural Accelerations at Corners 2 and 3 of the Indianapolis Building
in the y-direction (z =154.6 m) Employing Semi-Active TLDs Utilizing Various Updating
Time (AT = 60 min, 8,, = 210°, Return Period=10 Years)
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Fig. 12. Screen Loss Coefficient Values of Semi-Active TLDs Installed to Suppress Mode 3 of the
Indianapolis Building Placed at Corners 2 and 3 in the y-direction (z =154.6 m) Utilizing
Various Updating Time (AT = 60 min, 8,, = 210°, Return Period=10 Years)
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Fig. 13. Second Modal RMS Structural Accelerations at the CM of the Indianapolis Building in the
y-direction (z =154.6 m) Employing the Semi-Active TLDs Utilizing Various Wind

Loading Directions (AT = 60 min, UT = 1.0 T, Return Period=10 Years)
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Fig. 14.  Third Modal RMS Structural Accelerations at Corners 3 and 4 of the Indianapolis Building
in the x-direction (z =154.6 m) Employing Semi-Active TLDs Utilizing Various Wind

Loading Directions (AT = 60 min, UT = 1.0 T, Return Period=10 Years)
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Fig. 17. Third Modal RMS Structural Accelerations at Corners 3 and 4 of the Indianapolis Building
in the x-direction (z =154.6 m) Employing the Semi-Active Control Strategy Utilizing
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Fig. 18. Third Modal RMS Structural Accelerations at Corners 2 and 3 of the Indianapolis Building
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