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In previous rescarch, prediction of the natural frequency of tuned liquid column dampers (TLCDs)
including a liquid column vibration absorbers (LCVA) is based on the assumption that the liquid velocity
within each leg of these dampers i constant and the transition between the vertical and horizontal flows
occurs at a single point. This assumption is valid for a TLCD and LCVA when the widths of both the
horizontal cross-over duct and vertical columns are small compared to the overall dimensions of the damper.
For buildings with limited space, it will be necessary to configure a TLCD with the width of the vertical
columns that is not small with respect to the overall dimensions of the damper, a configuration which has
not yet been investigated in research. In this case, the variation of liquid velocity in the relatively large
transition zone between the wvertical columns and the cross-over duct cannot be ignored. A numerical
potential-flow method, known as the numerical panel method, is utilized to simulate the velocity distribution
of the fluid inside liquid dampers. The method allows an integral equation for the velocity potential to be
formulated and selved numerically to determine the flow. These numerical solutions are verified with those
obtained from existing experimental results. In addition, three full-scale models of LCV As are investigated
experimentally under free-vibration, spectral and preseribed base excitations. The results from the numerical
panel method lead to improved prediction of the characteristics of TLCDs over a wide range of
configurations, which is essential in control problems for optimum performance of buildings.

The weakness of all passive sysiems is the inability to provide significant reduction in motion to
non-harmonic excitations, such as those-encountered when the loadings are of impulsive type. In this case
the very first excursion of the building's motion may be the worst in terms of its performance. To improve
the TLCD's performance for such-earthquake loadings, a TLCD equipped with a flow-triggering device is
proposed and investigated experimentally and numerically. The TLCD equipped with a flow-triggering
device can keep the fluid in an unbalanced state with a high potential energy. The fluid can be abruptly
released at an appropriate time, counteracting the response of the structure induced by the earthquake
excitation. '

It is found that the damping ratio of TLCD equipped with the flow-triggering device tested in this
study is higher than typical- TLED: This excessive damping ratio-can-deteriorate the contral performance of
the damper. Then, the designed optimum damping ratio is used to simulate in the numerical investigations
under various types of excitations, and it is found from the numerical investigations that the performance of
TLCD equipped with a flow-triggering device when the damping ratio of the system can be adjusted 1o the
designed optimum value is better than the performance of typical TLCD.
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CHAPTER |
INTRODUCTION

1.1 Introduction

Vibration control of environmentally induced motions in civil engineering
structures has been a topic of intensive research over the last 30 years. A need for new
and better means of designing new structures and retrofitting existing ones from the
damaging effects of severe environmental loadings has motivated civil engineers to
embark on rather unfamiliar but innovative concepts of structural control. With the
current trend of taller and more flexible building structures, which are prone to cause
human discomfort, structural damage or even failure in extreme environmental
loadings, means to suppress undesirable levels of vibration have become essential and
integral aspect structural system in tall buildings.

One general way of classifying different approaches to suppressing the

dynamic response of structural systems may be as follows:

a) Input Reduction — to reduce the level of excitation or external energy transmitted

to the structure, e.g. by means of base/seismic isolation.

b) Damping Augmentation — to increase the damping capacity of the structure.

Tuned mass dampers and tuned liquid column dampers are examples in this
category.

c) Structural Madification — to change the structural properties or configuration.

Stiffening of structural components is one commonly used method.

The control approaches shown in Fig. 1.1 may be further classified into
passive and active, depending on the requirements for both information and energy.
The distinction between the two is obvious as the term active implies a control or
modification by means of the action of a control system through some external energy

supply, that is not required for passive control.



Dynamic Response Control of Structural System

A 4 A 4 A 4

Input Damping Structural
Reduction Augmentation Modification
Base/Seismic Isolation: Mass-Effect Dampers: - Parameters
- Mechanical Isolation - TMD - Components
- Flexible Basement - TLD/TLCD

Mechanical Dampers:
- Friction
- Viscous/Viscoelastic

Fig. 1.1 Classification of approaches for structural response control (Izumi et al. 1992)

According to Soong (1997), the goal of structural control is to provide safety
of the structures with acceptable human comfort and serviceability. Various passive
control systems, e.g., tuned mass dampers and tuned liquid column dampers have
been implemented with some degree of success. The active control systems, however,
are yet to prove their reliability in performance in actual applications.

Much of the built environments around the seismic regions in the world were
constructed during times when design codes either did not address seismic safety or
were not adequate. Seismic safety codes are a developing process. With each new
earthquake we find out conditions that were not well taken care of in previous design
codes. Since the last decade or so, the Hanjin, Northridge, Loma Prieta and Kobe
earthquakes have had much impact on design codes. The bottom line is that there are
a large number of today's existing buildings that are unsafe by current standards.

To improve those building to meet current earthquake standards, there exist a
number of different improvement methods. Strengthening of the buildings or
installation of base isolation system may involve a lot of details, times, and cost while
incorporating the passive dampers into the buildings is relatively simple and
inexpensive. Therefore the research on the topics related to passive dampers has
attracted increasing interest in recent years. Although there are many kinds of passive



dampers, the liquid type dampers are found to be attractive due to their unique
advantages such as lower cost, easy handling, fewer maintenance requirements and no
weight penalty to the structure when the water in the tanks is also used for fire
fighting.

A proposed passive device for control of wind-induced motions in flexible
structure is the tuned liquid column damper (TLCD). This sample device, liquid in a
U-shaped container with an orifice, achieves the effect of vibration absorber or tuned
mass damper (TMD). It has been implemented in the Higashi-Kobe cable-stayed
bridge to reduce wind-induced vibration of the bridge towers. It has been shown that
the system is simple, even simpler than TMDs as it requires no mechanical
components, and extremely versatile in its application for temporary use and easy
adaptation for retrofit schemes for existing structures. This device is particularly well
suited for tall buildings since they usually contain water storage for potable or
emergency use. Utilizing the already available water and proper modifications to the
existing storage tanks, a TLCD can be formed without introducing an unnecessarily
large additional mass. Furthermore, its natural frequency and damping characteristics

can be easily modified.

1.1.1 Applications
1.1.1.1 Ship industry

The operation of a ship is influenced by the motions and forces induced by
rolling, which can cause discomfort to passengers, reduction in crew efficiency or
even damage to cargo. The first application of devices for ship stabilizing was made
by Froude in 1862 followed by apractical application by Watts in 1880. After that, in
1911, A U-shaped tank is proposed as a roll stabilizer by Frahm. Widespread
applications on. commercial ships started (in the 1950s. Advanced stabilizers with a
microprocessor-based roll indicator were introduced in 1990.

Three basic categories of passive/ controlled passive dampers for roll

stabilization in ships (Honkanen 1990), are shown in Fig. 1.2, namely,

a) Free surface open tanks. These may be equipped with baffles/nozzle plates to
generate internal damping. The required rolling frequencies can be obtained by

providing an appropriate liquid level in the tank.



b) U-tube tanks. In this category, two tanks are connected by a cross-over duct at the
bottom with the air spaces above the fluid connected by a duct. Restricting the
flow of air between the tanks creates the damping required.

c) Free flooding tanks. This is similar to the U-tube tanks but the free flooding tanks
are not connected through a cross-over duct. The top of the tanks is connected by
an airduct to adjust the tank natural frequency by setting the size of the inlet ducts

relative to the tank’s internal free surface.

It should be noted that all these roll stabilizers affect only the roll amplitude
and not the roll period (Sellars and Martin 1992).

1.1.1.2 Structural Applications

A TLCD has been installed in the Cosima Hotel in Tokyo (Fig. 1.3). The hotel
is a 26 storey steel building with a height of 106.2 meters. This building has a height-
to-width ratio of 4 and is therefore wind sensitive. The foundation of the building is
firmly anchored to the ground using high-strength steel grout anchors. The 58 ton
TLCD with pressure adjustment, called MOVICS, is installed on the top floor and has
been observed to reduce the maximum wind-induced acceleration by 50-70% and the
RMS acceleration by 50%. Other MOVICS systems have been installed in the Hyatt
Hotel in Osaka and the Ichida Building in Osaka (Shimizu and Teramura 1994).



External Tanka

Fig. 1.2 Types of passive/ controllable-passive tanks for ships (Honkanen 1990)
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Fig. 1.3 (a) Liquid damper with pressure adjustment concept (b) Cosima Hotel, Tokyo
equipped with tuned liquid column damper (Shimizu and Teramura 1994)

Recently, liquid dampers have been planned for the proposed Millennium
Tower, Tokyo Bay, Japan. Due to this super-tall building’s exposure to typhoons,
external damping sources are supplemented to control the wind-induced vibrations. In
addition to the massive steel blocks at the top, there are water tanks with ducts
between them. The water would oscillate in the passive control mode under normal
conditions, but under high winds, the sensors would trigger a pumping mechanism,
changing the control mode from passive to active (Sudjic 1993). Fig. 1.4 shows the

schematic of the circular TLCD concept in this tower.



Fig. 1.4 Millennium towers: passive and active TLCD concept (Sudjic 1993)

1.2 Problem Statement

The control performance of liquid type dampers under wind excitations has
been well established and consequently has been successfully applied to some
practical structures including the Sakitama Bridge and the Shin ‘Yokohama Prince
Hotel, in Japan. Unlike the case of wind excitations, the studies of the dampers under
seismic excitations are quite limited. This is mainly because some earlier works
indicated rather poor performance of these dampers under seismic excitations.

Existing buildings that have been designed and built without consideration of
seismic effects may need to be retrofitted. Utilization of passive dampers, e.g. tuned
mass dampers (TMDs) for vibration reduction is one possible method. However, if the
TMD is either large in physical size or heavy, then bringing the damper to the
appropriate location in the existing building (normally high in the building) can



become a significant problem. On the other hand, small light-weight containers
without water (which needs not be filled in until they are in place) may be easily
transported to the desired locations in the building. Thus, liquid dampers appear to be
attractive for use as seismic dampers in existing buildings.

The weakness of all passive systems is their lack of ability to provide
significant reduction in motion to non-harmonic situations, such as those encountered
when the loadings are of impulsive nature at the very beginning of the event. In this
case the very first excursion of the building’s motion may be the worst in terms of its
performance. To improve the TLCD’s performance for highly transient earthquake
loadings, TLCD equipped with a flow-triggering device is proposed. The TLCD
equipped with a flow-triggering device could keep the fluid in an unbalanced state
with a high potential energy and could abruptly release the fluid at an appropriate time

to counteract the motion of the primary structure.

1.3 Research Objectives

The goal of this study is to evaluate the performance of TLCD with various
configurations. The main emphasis in this study is limited to a conceptual
development of TLCD system equipped with a flow-triggering device for reduction of
seismic-induced motion. An approximate numerical modeling for the system is
developed, method to control the flow-triggering device is determined, and its
potential as a control device for seismically induced motions in flexible structures is

assessed by numerical simulations. The general objectives of this study are:

a) To numerically and experimentally study the control characteristics of TLCDs
with various configurations.

b) Tonumerically and experimentally study the control characteristics of the TLCD
equipped with a flow-triggering device.

c) To numerically investigate the control performances of a SDOF system installed
with TLCD and TLCD equipped with a flow-triggering device subjected to
various cases of external loadings (such as impulse load, harmonic load and

earthquake ground motions).



1.4 Scope of Research

The general scope of this study is limited to the following:

a) The motion of the system is considered to be in one direction only.

b) A long period primary system with a natural period in the 2 seconds range is
investigated for damper performance.

c) The performance of the TLCD-equipped system is evaluated within the elastic
range of the primary structure using a numerical simulation. Furthermore the
investigations are conducted based on a set of selective earthquake ground

motion records.

1.5 Literature Review

A TLCD, the parent system of subject study, was first introduced by Saoka et
al. (1988). The oscillation of the liquid mass in TLCD can be approximated by a
single coordinate system. Therefore, the liquid oscillation may be idealized by one-
dimensional rigid-body motion in contrast to the two-dimensional sloshing in tuned
liquid damper (TLD). Saoka et al. (1988) showed that TLCD exhibits characteristics
often found in TMD systems, and different levels of damping can be obtained with an
orifice at various opening ratios. The relationship between the orifice opening ratio
and the headloss coefficient for standard orifices can be found in earlier work
(Blevins 1984). Sakai et al. (1989) further proposed the concept of a tuned liquid
column damper and- described an -application for cable-stayed bridge towers. A
similitude study of the tower of the Higashi-Kobe cable-stayed bridge was conducted,
and TLCD was designed and later-installed for the structure.

To obtain an effective liquid damper, it is'essential that the fundamental modal
frequency of liquid motion be tuned to the natural frequency of structure and the
damping ratio of its motion be set to an optimal value. TLCDs were investigated for
wind excited structures by Xu et al. (1992) and Balendra et al. (1995). Studies were
also made for determining certain optimal characteristics of these passive devices by
Gao et al. (1997); Chang and Hsu (1999); and Gao et al. (1999). Chang et al. (1998)
investigated the control performance of TLCD under Gaussian white noise excitation.
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The structure was modeled as a linear SDOF system while TLCD's properties such as
the effective length and head-loss were varied in order to determine the optimal
condition of TLCD. Based on numerical simulation, it was found that the performance
of TLCD would vary as the excitation amplitude changes due to the nonlinearity in
the damping term. In addition its performance is in general slightly inferior to that of
TMD with the same mass since only a portion of its mass is effective.

The effectiveness of liquid type dampers has also been investigated under
typical seismic excitations. The performance of TLCDs for seismic applications has
been studied by Won et al. (1996) and Sadek et al. (1998). Sadek et al. numerically
investigated the control performance of TLCD for a SDOF and a 10-storey building
under 72 earthquake ground motion records. The results indicated that a proper
selection of TLCD’s parameters led to the reductions of the displacement and
acceleration responses up to 47 percent. The study also concluded that although
multiple-TLCDs are not necessarily superior to single TLCD, they are robust with
regard to errors in estimating the structural parameters.

It should be noted that in most of the related investigations, the structures are
assumed to vibrate within the elastic range, and the displacement reduction of the
structures is taken as the control performance index. It has been recently shown that
this index is inadequate for seismic application (Lukkunaprasit and Wanitkorkul 2001
and Pinkaew et al. 2001), since under high intensity earthquakes, the structure
inevitably will experience inelastic deformation. Therefore, the performance of the
control system will be better described by the reduction of damage or the reduction in
the hysteretic energy absorption in the system rather than the displacement reduction.

Most of -the studies described normally concern passive TLCDs without any
active adjustment. of the damping characteristics during operation. The passive
damper is designed to be optimal at design amplitudes of excitation. Therefore, its
performance generally deteriorates at other amplitudes of excitation. In order to solve
this difficulty, semi-active and active systems have been proposed by Kareem (1994),
Haroun et al. (1994), and Abe et al. (1996).

The semi-active control systems with variable damping have been widely
studied in the area of structural control. Haroun et al. (1994) numerically investigated
a hybrid liquid column damper (HLCD), which actively controls the orifice-induced
damping forces by opening and closing the orifice under wind load and earthquake

ground motions. The numerical results show that HLCD can be significantly more
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effective over its parent TLCD system for long duration, periodic disturbances, while
only a small amount of control effort is required to control the orifice. In seismic
condition, HLCD with the orifice control can also be effective in quickly damping out
the secondary response of the structure. Yalla et al. (2001) investigated a variable-
damping semi-active TLCDs for vibration control of structures using numerical
simulation. Both harmonic and random wind excitations were considered. In the case
of harmonic loading the improvement of the semi-active system over the passive one
was about 25-30% while for random excitation the improvement was about 10-15%.

Multiple Tuned Liquid Column Dampers (MTLCDs) with natural frequencies
distributed around the natural frequency of the primary structure have been studied
extensively by Chang et al. (1998); Gao et al. (1999) and Yalla and Kareem (2000).
Such systems with smaller sizes of TLCDs facilitate construction, installation and
maintenance. The dampers, when strategically located, can also be more effective
than a single damper in reducing the motions of buildings undergoing complex
motions (Bergman et al. 1990).

The TLCDs in the aforementioned works have the same widths in the two
vertical columns and the cross-over duct. Another variation of TLCD, denoted as
Liquid Column Vibration Absorbers (LCVAS), has been proposed by Watkins (1991)
in which the fluid column cross-section is not uniform (as shown in Fig. 1.5). The
performance of LCVA has been found to be as effective as or even more effective
than TLCD (Chang and Hsu 1998). As will be described in a subsequent chapter, the
natural frequency of the damper is determined by its “effective length” and this is
related to the geometry of the tank and particularly to the ratio of the cross-section
areas of the vertical columns and the cross-over duct (Hitchcock 1997).

Most previous research focuses on LCVAs with a small ratio of the transition
zone between the vertical and horizontal portion (corner-to-corner width) to the
horizontal length (in the range of 0.04 —0.20). For buildings with limited space, it will
be necessary to configure a LCVA with a significantly larger ratio of the corner-to-
corner width to the horizontal length, for which research work is still lacking. It is
thus significant to investigate the characteristics of TLCDs and LCVAs with a
significantly larger ratio of the corner-to-corner width to the horizontal length.
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Fig. 1.5 Geometry of LCVA

1.6 Organization of Dissertation

The state-of-the-art of liquid dampers is introduced in Chapter 1. The problem
statement and objectives are also given.

In Chapter 2, the fundamental concepts and principles of TLCD system in its
passive mode are presented. The optimum absorber parameters for TLCDs are given
for various load cases.

The experiments of a TLCD and LCVAs appropriate for application in long
period buildings are described in Chapter 3. The test results are compared with
existing analytical predictions, and the need for- improvement is spelled out.

Chapter 4 discusses the development of the numerical panel method for
accurately predicting the characteristics of LCVAs with various configurations

Those models tested in chapter 3 are equipped with a flow-triggering device
and tested by varying the values of initial conditions. The test results are presented
and compared to the numerical results in Chapter 5.

Finally, Chapter 6 presents important conclusions as well as recommendations

for future research.



CHAPTER II
TUNED LIQUID COLUMN DAMPERS

In this chapter, the mathematical models of the TLCD and coupled SDOF-
TLCD system are presented. Next, existing numerical optimization studies are given
to determine the important parameters for optimum TLCD performance, namely, the

tuning ratio and the damping ratio.
2.1 Formulation of TLCDs

Consider a TLCD with configuration shown in Fig. 2.1 excited by a base

displacement, Xg. The vertical and the horizontal column cross-sectional areas are
denoted as A, and A, respectively. As shown in Fig. 2.1, during the motion, the
liquid volume inside the TLCD can be divided into two vertical portions (v,andv,),

and one horizontal portion (v,). From the continuity of liquid motion, the liquid

moves horizontally relative to the tube with a homogenous velocity of r>'<]c in portion

v,, where r is the area ratio of the TLCD defined as r = ;}’ while in portions v,

and v, the liquid moves vertically relative to the tube with a homogenous velocity of
Xf .

By using the energy principles, assuming the internal energy of the liquid
remains unchanged during the motion, the unsteady, non-uniform and incompressible
flow equation along the streamline for the TLCD can be derived using the Lagrange

equation:

dler | o1 ov _
a(axf}ax . Q (2.1)
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where T and V are the total kinetic energy and the total potential energy of the

system, respectively. Qs the total non-conservative force in the direction of Xf,

which can be related to the head loss.
The kinetic energy of the oscillating liquid body can be obtained as follows:

X2 (X, +X.)? X2
T= j7pdv+ [ #pdv+j7pdv
\ 2 Vg (2.2)
Y (rx; + X )?
:,oA,hxf +pﬁ1bf
where p = The density of liquid inside the TLCD
b = The horizontal width of liquid inside the TLCD
h = The vertical height of liquid inside the TLCD.
The potential energy of the liquid can be expressed as
h—xf h+xf
V= zdz+ zdz
PIA, (J) PIA, £ 2.3)
_ L2
= pgA (W% &)

in which g = The acceleration due to gravity

z = The vertical coordinate measuring from a reference datum.

The non-conservative force in this case is the damping force of liquid motion,

and it can be expressed as (Saoka et al. (1988))

Elrx, | rx
Q=—(PIAN——pg—) == 5 PATE X X, (2.4)

It should be noted that the damping force is a nonlinear function of velocity.

Therefore, TLCD exhibits nonlinear damping characteristic. The absolute value sign
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on )'(f is to ensure that the damping force, Q, is always opposite to the flow velocity.

By substituting Egs. (2.2)-(2.4) into (2.1), the resulting governing equation for the
motion of the fluid in the tube is

: 1 o .
PALeX; +7pAVr§‘Xf‘Xf +2pA,9%; = —pAbX, (2.5)

where & = The coefficient of head loss

Lo = rb + 2h=The effective length of TLCD

ws = \/E = The natural frequency of oscillations in the tube.

Eq. (2.5) has the same form as the original formula given by Sakai (1989)
when r is equal to one.

Two different definitions for the effective moving fluid in the liquid dampers
have been suggested. Gao et al. (1997), and Chang et al. (1998) use the center line
dimensions to define the effective width and height, while Hitchcock (1997) uses the
outer dimension to define the effective height and the inner length between the two
columns as the effective width. These give rise to different effective lengths, which

may differ substantially in some cases as will be demonstrated in Chapter 4.
2.2 Modeling of TLCD-Primary Structure System

Fig. 2.2 shows the schematic of a TLCD mounted on a structure represented as
an equivalent single-degree-of-freedom (SDOF) system. The base is subjected to a

ground motion Ug(t) .
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Applying the Lagrange equations of motion, one obtains the governing
equations as follows:

PALGRE 0+ PAE[RE )] 0+ 20A, 8¢ (= -pAD( () + i (1) (2:62)

(M +,o,ﬂ/(tr)+2h))>'('s(t)+,o,0\lb5<'f (t)+CSX8 + K X (1) o)
2.6

b
= ~(M + A, €+ 2001 (©

where Ms = mass of the primary system; X = the primary system (structure) response
which is the base displacement of the TLCD relative to the ground; Ks = stiffness of
the primary system; Cs = damping in the primary system = 2Mg¢sws; ¢ = damping
ratio of the primary system and wg= natural frequency of the primary system. The

two equations can be combined into the following matrix equation:

MS+pAV(tr)+2h) ams {XS}{CS OMXS}{KS OHXS:I
ams my X f 0 cf || xf 0 kit || Xf

Mgty (Ce2n) |
r Ug

(t)

amf

subject to ‘Xf ‘ <h (2.8)

where « = length ratio =b/ Le; mf = pA\/Le; Ccf = equivalent damping of the liquid
damper = 2mfwfdlf ; C¢= damping ratio of TLCD and k¢ is the stiffness of the

liquid column = 2pA\/g. The constraint condition in Eqg. (2.8) is placed so as to
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ensure that the liquid in the tube maintains the U-shape and the water does not spill
out of the tube, thereby decreasing the dampers effectiveness.

An iterative procedure is needed to solve the nonlinear equations. The coupled
nonlinear equations of motion governing the vibration of the SDOF-TLCD system,
Eg. (2.7a), are solved by using the sub-system concept (Lukkunaprasit and
Wanitkorkul (2001)). Basically, if X, is assumed, then the first equation of Eq. (2.7)

will contain only one unknown variable, X, and it can be easily solved by the direct

integration method (Newmark (1959) or Chopra (1995)). Then, the obtained value of

the primary system displacement, X, is substituted into the second equation of Eq.

(2.7), from which the liquid displacement, xf , can be solved. By substituting, x ,

back to the first equation of Eq. (2.7), a new value of X;is determined. The iterative

procedure is repeated by alternatively solving the first and second equation of Eg.

(2.7) as described until convergence in X, xf and TLCD damping ratio is achieved

within the specified tolerance.

To facilitate estimation of the nonlinear damping, the liquid velocity, X , at

each time increment is estimated by using the first three terms in a Taylor series

expansion of x¢ as (Sadek et al. 1998)
. b . 1
Xf ('[):EXf (t-At)-2xf (t—2At)+EXf (t—3At) (2.9)

2.3 Optimum Absorber-Parameters

It has been observed from numerical studies that the head loss coefficient
affects the structure’s frequency. response curve. As the head loss coefficient (&)
increases, the response curve changes from a double hump curve to a single hump
curve (Fig. 2.3). Numerical studies conducted by Yalla (2000) indicate that the

optimal damping ratio is independent of the excitation level.
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Fig. 2.3 Variation of dynamic magnification factor with the head-loss coefficient
and frequency ratio for a TLCD (Yalla 2000)

The optimal absorber parameters are derived for the case of white noise. The
optimal absorber parameters (i.e., optimum damping ratio and optimum tuning

frequency (¢ and y =, /@y)) are obtained numerically for these cases. Based on

the white noise excitation models, optimal parameters have been obtained for TLCD
attached to a damped and undamped primary systems. For the case of an undamped
structure-TLCD system: subjected to white noise, -an “explicit expression can be
derived. However, for damped systems and/or other excitations, the development of
closed-form ‘solutions is not possible, in-general.  Therefore, the optimal absorber
parameters are obtained numerically for these cases.

The optimal conditions are obtained by setting (Yalla 2000):

dog, o ol

Z=0, =0 (2.10)
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where G>2(s = the variance of the primary system displacement. One can obtain £,

and y,p; by solving the two conditions given by Eg. (2.10)

For an undamped primary system, solving the two optimization conditions in
Eqg. (2.10) and setting ¢ =0 yields:

(W) 10 2 ad L+ -
éyopt:% S0 1T 4) g (2.11)

yVopt =
A+ )@+ p-? 2" A

where x is the mass ratio= m, /M.
In case one can assume the tuning ratio to be equal to one, i.e. ,,; =1, one can

obtain a simpler expression for the optimal damping given by

1 u(u+a?)
Copt 2\ (Trp) (2.12)

This is justifiable because for the low mass ratios of the order 1-3% practical for tall
buildings, the tuning ratio is close to one, and in this case the optimal damping
coefficient given by Eq. (2.12) approximates Eq. (2.11) quite well. It is interesting to
note that similar expressions exist for an optimal damping coefficient and tuning ratio
of a TMD given by Warburton and Ayorinde (1980),

=¥ 02 (2.13)

Note that in all cases considered, the optimum damping coefficient is
independent of the value of the intensity of white noise excitation. It is worth noting
that Eq. (2.11) reduces to Eqg. (2.13) as « approaches 1. A list of optimal parameters

under different optimization criteria is given in Table 2.1 for TMDs and TLCDs.
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TABLE 2.1 Comparison of optimal parameters for TMD and TLCD (Warburton
(1982) and Yalla (2000))

™I TLCIY
Case number and
parameter optimized

Tr;_p.r t-le.l_a'rr Tupr gam
1 Random 2 T u [
L | u[l v 3

Forceact- | (K| f14 | ] q|'1 —u[l-"T‘] . il u[l an u:f,i}
ing on T+u 5 | 3 [—————
Structure .u‘tl *u?[1 %] l1+p J,Iltl 'm[l g %‘E]

2 Random 2 — _— - E
[ i 2
WA (2D || weset)
tion at the T+p e ! = |

base 2"]“ ‘w(15) s ja+mf1em 3“—“]

L=

7

3 Random .2 | sameas same a8 case 2 same as case 2 same as case 2
Force act- {X} case 2
Ing on

Structure

4 Random z> same as same as case | same as case | same as case |
accelera- (X case |

tion at the
base

As discussed earlier, it is not possible to obtain closed-form solutions for
optimum damper parameters for a damped primary system; therefore, they must be
estimated numerically (Warburton 1982). Optimum absorber parameters are presented
in Table 2.2 for {s= 1, 2 and 5% and u= 0.5, 1, 1.5, 2 and 5% along with the

undamped case.

TABLE 2.2 Optimum parameters for white noise excitation for different mass ratios
(alla 2000)

Undamped
primary system 1% Damping 2% Damping 5% Damping
Yo pt ;ﬂﬂ I Yo pt gﬂﬂf Yo pt ;Uﬂ B Yo pt ;'n Tilg

p=0.5% | 0.9965 0.0317 | 09962 | 0.0317 | 09958 | 0.0317 | 0995 0.0317
p=1% | 0.993 0.04435 09925 | 0.0448 0.992] 0.0448 | 09908 | 0.0448
p=1.5% | 0.9896 | 0.0547 | 0.989 0.0547 | 09885 | 0.0547 | 09869 | 0.0547
p=2% | 0.986 0.0631 0.9855 | 0.0631 0.985 0.0631 0.983 0.0631
p=5% | 0.0966 0.0086 | 0.965 00986 | 0.964 0.0086 | 0.962 0.0986




CHAPTER IlI
THE SHAKE TABLE EXPERIMENT OF THE
TUNED LIQUID COLUMN DAMPER MODELS

3.1 Introduction

As mentioned in the previous chapter, most previous research focuses on
LCVAs with a small ratio of the transition zone between the vertical and horizontal
portion (corner-to-corner width) to the horizontal length. Prediction of the natural
frequency of a LCVA in those studies is based on the assumption that the liquid
velocity can be expressed as one value of an effective average velocity in each
considered portion. Different researchers have also suggested different definitions for
the effective length of LCVA based on different idealization of the moving fluid,
resulting in different values of the natural frequencies (Gao and Kwok (1997), Chang
and Hsu (1998) and Hitchcock (1997)). For buildings with limited space, it will be
necessary to configure a LCVA with a significantly larger ratio of the corner-to-
corner width to the horizontal length, for which research work is still lacking.

This chapter reports the test results of the tuned liquid column dampers
(TLCDs) on the shake table. Three models of TLCD having the same natural period
(based on the existing analytical model) are investigated under free-vibration tests,
spectral tests and time history tests. One of them has the same cross-sectional area in
the horizontal and vertical columns. The others have different cross-sectional areas in
the horizontal and vertical columns. Their sizes of the transition regions between the
vertical and horizontal portions (corner-to-corner-widths) are-large compared to the
horizontal width and the vertical height in LCVAs. By using the existing analytical
model given by Gao and Kwok (1997) or Chang and Hsu (1998), the characteristics of
this type of LCVA will be studied and compared with the test results with an aim to

verify the existing analytical model.
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3.2 Design and Construction of TLCD Models

In most previous research, the TLCDs and LCVAs investigated have small
ratios of the transition boundary between the vertical and horizontal portions (corner-
to-corner width) to the horizontal length in the range of 0.04 — 0.20. It is thus
significant to investigate the characteristics of TLCDs and LCVAs with a
significantly larger ratio of the corner-to-corner width to the horizontal length, which
may be appealing for buildings with limited space, a situation usually encountered in
practice due to high demand for saleable space. This configuration has been used as a
roll stabilizer in ships also (Webster, 1989,1998). The damper configurations are
studied here and are labeled Type I, Type Il and Type 11l (shown in Figs. 3.1 - 3.4).
The corner-to-corner width to horizontal length ratio ranges from 0.35 to 0.75 in the
models tested.

The damper model consists of two parts. The first part is a rectangular tank,
which is made of acrylic plates for flow visualization. The second part is an insert,
which is used to configure the tank to the desired TLCD. Three different inserts,
constructed from polyurethane closed-cell foam, are employed in this test to provide
three different models of TLCD. All models of TLCD are supposed to be tuned to the
structure of approximately 20 stories height, which has the fundamental natural period
of about 2 seconds.

The dimensions of three models of TLCDs investigated in all tests are shown

in Figs. 3.2 - 3.4. The models are designed to have the same effective lengths of Le=

2.07 m, based on the simplified effective length by Gao and Kwok (1997) or Chang

and Hsu (1998), and are expected to have the natural frequencies, f_, of 0.49Hz.
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3.3 Measurement Devices

The measurements include water level, lateral force (interaction force) at the
base of the damper due to liquid motion, and shake table motion. A Keyence laser
displacement sensor (as shown in Fig.3.5) is used to measure the displacement of

liquid motion. Its measuring range is =100 mm with a resolution of 50 £ m. The

interaction force due to liquid motion in the TLCD is determined by the 2-kN Tokyo
Sokki Kenkyujo load cell (as shown in Fig. 3.6). The shake table motion is measured
by means of a Kyowa accelerometer and LVDT for its acceleration and displacement,
respectively.

All devices were calibrated to ensure accurate measurements. Masses with
exact weight are used to calibrate the force measurement system. The plates with exact
thickness are used to calibrate the laser displacement system and LVDT. The

accelerometer is also calibrated by means of gravity.

Fig. 3.5 KEYENCE laser displacement system
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Fig. 3.6 Force Measurement System

3.4 Experimental Investigations

The damper models are firmly fixed on top of the shake table which can be
horizontally moved by an actuator. The scope of tests consists of the following:

(a) Free-vibration tests : The purpose of the free vibration tests is to determine the
dynamic properties of the liquid motion by using 12 different initial displacements
(£3cm to +8cm). Based on these free vibration responses, the damping ratio and
natural frequency of liquid motion for each model of the TLCD can be calculated.

(b) Spectral tests : These tests have been investigated to determine the frequency
responses of liquid motion for each model using sinusoidal base excitation with

the excitation frequency ranging from 0.7 f, to 1.3 f, where. f; is the natural

frequency of the liquid mation obtained from the free-vibration tests (In spectral
tests, the frequency range is between 0.35 Hz — 0.65 Hz).

(c) Prescribed base excitation tests : These tests have been investigated to
determine the responses of liquid motion for model under 6 prescribed base
excitations as shown in Figs. 3.7 and 3.8. The prescribed base excitations no.1, 3
and 5 will excite the damper model around its resonance frequency. For the
prescribed base excitations no.2, 4 and 6, the shapes are similar to the prescribed
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base excitations no.1, 3 and 5, respectively, but they will excite the damper model
around half of its resonance frequency.
The interaction force of TLCD, its head-loss coefficient, the phase and also the

liquid column displacement are measured from all experiments.
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3.5 Experimental Data

3.5.1 Free-vibration test data
Fig. 3.9 shows the free-vibration test data for LCVAs with inserts types Il and

I11. The liquid amplitude was 7 cm.

Free-vibration Tes! of liquid amplitude = T cm for LCVA with Insert Type Il
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Fig. 3.9 Free-vibration test data for LCVAs with inserts types Il and 111 - liquid amplitude = 7
cm
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To determine the damping ratio of each damper model, Eq. (3.1) is used. The
damping ratio ¢ can be obtained from

LS (U S (U W
gzﬂln(ﬂj_zzm[umj Zﬁln(fjmj (3.2)

where ( U j( 4 Jor( u' J is the ratio of successive peaks (maxima).
Ui
1

u u

Because TLCD has nonlinear damping characteristic (its damping ratio

i+ i+1 i+1

depends nonlinearly on the liquid velocity), the piecewise linear approximation is

used to determine the damping ratio. By plotting this damping ratio £ against the

. _— /) UnT™el: » . .
average amplitude of liquid velocities, ( ' +2 '*1j which are obtained from the first
derivative of the liquid displacement, for every successive peak, the linear and
quadratic damping ratio can be obtained from linear regression in the form

¢=c1+c2\u| (3.2)

where ¢, and c, are the coefficients obtained from regression.

Fig. 3.10 shows the relationship between the damping ratio and liquid
velocity for the TLCD with insert type | and LCVAs with inserts types Il and 111.
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The Relationship between the Damping Ratic and Liquid Velocity for TLCD with Inserl Type | From Free-vibration Tests
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Fig. 3.10 The relationship between the damping ratio and liquid velocity: (a) TLCD
with insert type I; (b) LCVA with insert type II; (c) LCVA with insert type 111
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The Relationship between the Damping Ratio and Liquid Velocity for LCWA with Inser Type Il From Free-vibration Tesls
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(c) LCVA with insert type Il
Fig. 3.10 (continued)

The damping ratios obtained from Fig. 3.10 will be used to simulate the

characteristics of three damper models in the next section.
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3.5.2 Spectral test data

The liquid displacements, interaction forces due to liquid motion and base
accelerations from spectral tests at the natural frequency of each damper model are
shown in Fig. 3.11.
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Fig. 3.11 Spectral test data at the natural frequency of each damper model
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3.5.3 Prescribed base excitation test data

Fig. 3.12 shows the liquid displacements, interaction forces due to liquid

motion and base accelerations from prescribed base excitation test of prescribed base
excitation no. 5 for TLCD with insert type | and LCVAs with insert type 11 and 11I.

Prescribed base excitation test of TLCD with Insert Type | (Prescribed base excitation no.5 )
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(a) TLCD with insert type |

Fig. 3.12 Responses due to prescribed base excitation no. 5: (a) TLCD with insert
type I; (b) LCVA with insert type 11; (c) LCVA with insert type 111
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Prescribed base excitation test of LCVA with Insert Type |l (Prescribed base excitation no.5 )
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3.6 Verification of Results from Analytical Method Based on
Simplified Effective Length

3.6.1 Spectral tests

With the damping ratios determined from the free vibration tests, the
frequency responses of the TLCDs can be analytically obtained by solving Eq. (2.5)
and the results are compared with the spectral test data for three types of inserts as
shown in Figs. 3.13 — 3.14. The computation is based on the simplified effective
length by Gao and Kwok (1997).

Frequency Response for TLCD with Insert Type |
12{] ] T aF F FT 2 T I | T

© From Experiment
= [From Existing Analytical Method

100~

o juz]
% =

Liquid Displacement (mm)

20

| || | 1
0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65
Hz

Fig 3.13 Experimental and analytical results of spectral tests for TLCD with insert type |
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Fig. 3.14 Experimental and analytical results of spectral tests for LCVAs with inserts types 11&lIl11
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It is found from Fig. 3.13, that the analytical solutions based on the simplified
effective length agree very well with the experimental results for the TLCD with
insert Type I, but for the LCVAs with inserts types Il and 11, the simplified effective
length method cannot give a satisfactory response. As depicted in Fig. 3.14, both the
analytical frequency response curves are significantly shifted to the left-hand side of
those obtained from the experimental results. This clearly indicates that the
theoretical natural frequency of the damper has not been estimated correctly, leading

to mistuning of the system.

3.6.2 Prescribed base excitation tests

For the prescribed base excitation tests, the existing analytical method can
predict the behavior quite well in case of the TLCD with insert Type | as shown in
Fig. 3.15, but for the LCVAs with inserts types Il and Ill, it cannot predict the real
responses (displacements and forces) of the LCVAs for both amplitudes and phases
of the motions. Figs. 3.16 and 3.17 show typical results for prescribed base excitation
no.1l for LCVAs with inserts types Il and 11, respectively. Unsatisfactory analytical

results are also obtained for other base excitations.
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Prescribed base excilalion Test of TLCD with Insert Type | (Prescrbed base excilation no1)
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Fig. 3.15 Experimental and analytical results of prescribed excitation test no.1 for TLCD with insert type |
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WA with Insort Type 1 (Prescribed base excitation no. 1)

i1
"

Mrescribed base excitation Test of LO

M
. gy LA _IL ] i J P
il f =~
= I
3 olormee = g
s = - . l.ﬂi
2 b TR
H‘N. = .-I..ll.ll..l_.
E g hgommm
.m T o e i
m m-r.l - e
WH:I.I.—..-.‘.I...I ll.ll.‘ “-i.
= T )
A i s =
U= e W™
1 = - \
Py
..|.._| I.r.l .Il_l._l._l _I||.IIE___._.
e e L
P 3
S = -
s -=
= ey
™o g
-
= N L
T
- =i BONCCHN T
e s = W=

RIS S

20

70

a0

- =
- e YR
] — =
= I T
o =
S o
g T
-y o = oo
~m iR
-y 3
; i
L3 = e =
'

(o) Jusiuaoedaic] pinbm

40

10

time(ses)

-
-

TO

G0

=

e T
S iy

o - L

B

e TN =

oy

o -
- S e
o i Ty

50

LS T

o

T =
o

fn
=

0

e |
(M) 2000 Uooe e !

50

limelses)

Fig. 3.16 Experimental and analytical results of prescribed excitation test no.1 for LCVA with insert type Il
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Proscribed base excitation Test of LOVA with Insert Type Il {Prescribed base excitation no.1)
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Fig. 3.17 Experimental and analytical results of prescribed excitation test no.1 for LCVA with insert type 111
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3.7 Conclusions

From these tests, it is evident that the simplified effective length approach in
existing literature gives good results for TLCD, but fails to give satisfactory
prediction of the natural frequencies and responses in the case of LCVAs with
relatively large transition boundaries. Such a configuration of the LCVA does not
allow approximation of an effective average velocity within each portion of the
moving liquid column, since there will be a relatively larger transition zone in which
the flow is highly non-uniform. Thus it is necessary to use more refined method to

simulate the flow in LCVVAs which is the subject of the study in the next chapter.



CHAPTER IV
NUMERICAL PANEL METHOD

As accurate prediction of the natural frequency of a damper is crucial in
control problems, a more refined analysis is clearly needed. This chapter utilizes a
numerical potential-flow method, known as the numerical panel method, to simulate
the induced velocity distribution of the fluid inside liquid dampers. The advantage of
this approach is twofold. Firstly, a more accurate estimate of the effective length of
liquid dampers, and hence the natural frequency can be obtained. Secondly, the
method is applicable for any configuration of the LCVA and TLCD. The numerical
results are verified with those obtained from existing experimental results. In addition,
scaled models with large transition boundary to horizontal length ratios
experimentally investigated under various types of excitations consisting of free-
vibration, spectral and prescribed base excitations from previous chapter serve to

verify the results obtained from the panel method.

4.1 Panel Method Formulation

The panel method developed by Frank (1967) for determining the
hydrodynamic forces on rigid ship cross-sections is used to simulate the flow in the
TLCD. In this method, the section is approximated by straight-line segments on each
of which source singularities of constant strength are distributed. By applying Green’s
theorem and the Green function method, an integral equation for the velocity potential
is obtained using the potential flow theory.

It. is possible -to-develop a numerical- solution for -the flow past a two-
dimensional body of arbitrary shape. In principle this is accomplished by the
superposition of uniform flow plus an as yet unknown distributed singularity. By
specifying the body shape the problem is reduced to finding the unknown singularity
distribution. The distributed singularities may be doublets, vortices, or sources and
sinks as shown in Fig.4.1. If the singularities are distributed over a contour fully
enclosing the fluid, then a panel method can be applied. This method has had
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extensive application in flow modeling (Chow 1979, Hess 1990 and Katz 1991). The

foundation reference for the technique is Hess and Smith (1966).

Source and sink Origin is singular point
q is volume flow rate per unit depth

/T\ V,=0 .;ﬁ:—__:irlm'

Vortex Origin is singularity point
K is strength of the vortex

V=0 = Ins
2r
K K
V, =+ =——0
2 ¢ 27
Doublet I Aa Origin is singularity point

A is strength of the doublet

I &= —iccsf) Ww=- Ailnd

2 -

Acosd
-

"

.""IL N
Vo=——sind ¢=-
r

Fig. 4.1 A linear combination of singularities (Chow 1979)

Fig. 4.2 shows a source panel in global and local coordinates. A field point in
the fluid is assumed to be at-(X4, y4). The potential, @(X, ¥); induced at the field

point by a distribution of sources with strength, g(s), around the contour enclosing the

fluid is given by

o(x,y) = gﬁ—ln[;w} g(s) ds 4.1)
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where the source singularity is given by

@ P R S
source 2 (X B Xa )2 4 yj

It is assumed that the contour is decomposed into a series of straight-line
segments and on each of these segments the source strength, g(s), is constant. The
situation for line segment n is shown in Fig. 4.2. The field point of interest is given as
(xé,yé)in the O'x’y" system or (xa,ya)in the Oxy system. The line segment is
assumed to lie on the Ox’ axis and to be centered on the Oy’ axis. The contribution to

the potential from line segment n is given by:

S
s 1
1Ya) T n =~ M 9 - d
wn(xa y) { _."32 n[(xxa) +y§] ' (4.2)

The integral term for the potential can be simplified as the following equation.
Eq. (4.3) is fully derived in Appendix A.

¢:23+ya'{:—Arctan£Xa _Sj+ Arctan[xa +Sj}

Ya Ya
+(X, —s)ln\/(xa —3)2 +y: —(X, +s)|n\/(xa +s,)2 +y?

(4.3)

The velocity components are given by the derivatives of the above function

with respect to Xz and y, :

0 op T 7 2
2 0, 2 g, [l v iy st |

99 _ gn%: g, —Arctan{Xa _Sj+ Arc:tan(xa +Sﬂ
Y, oA Ya Ya

(4.4)
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Field Point “a”

(x,, y,) in Oxy, or

(X, y,)in 0xy’ \ JInduced Velocity
u=(u,v,)
potential = ¢

X

Fig. 4.2 Source panel in global and local coordinates

The LCVA models with inserts types Il and Ill are modeled by using the
whole domain of the fluid from the free surface on one side of the tank to the free
surface on the other side. It would be complicated to deal with the free surface, so the
problem is treated as one where there is a piston pushing down the free surface on the
left-hand side and the resulting motion pushes up the piston on the right-hand side as
shown in Fig. 4.3. It should be noted that the sloshing frequency of an individual
column is approximately three times that of the LCVVA. As a result, the dynamics of
the sloshing in a single leg of the tank are disjoint from that of the tank as a whole and
the free surface effect can be ignored here since it has insignificant influence on the
first mode of vibration of LCVVA models.

The problem is solved using kinematic conditions defining the normal velocity
around the contour. The normal velocity on the bottom of the piston on the left-hand

side is given by:

)=-Y, (4.5)
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The normal velocity on the bottom of the piston on the right-hand side is U,

and the normal velocity is 0 elsewhere. The pressure at any point in the fluid is given

by

op
= —p——L 4.6
p P (4.6)

where p is the mass density of the fluid.

The result is a set of simultaneous equations for the source strengths on each
panel, which can be solved to yield the potential distribution on the walls of the tank
and the bottom of the pistons. The integral of this potential distribution on the bottom
of the pistons yields the force on the piston needed to change the velocity of the fluid.

Let us define a new potential:
AL
-4 a

where ais the assumed velocity of the piston (m/s). The force on the left-hand piston

can be expressed as:

0 09
F, = j (—pﬁ(pjdxdy:—apw j Tlhdx (4.7)

piston area I piston

where w is the constant width of the piston, and Ih denotes left-hand piston.

From symmetry, if the total force on the column is equated to the force needed
to accelerate the fluid, then the effective length can be obtained from the following

equation:

Le = [2 _[ (ElthJ /Ipiston (48)

piston
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Uo Uo I/Piston
ree surface level
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Fig. 4.3 Panel method modeling for TLCDs and LCVAs

In the numerical computation, the damper model is simulated by a number of
panels. After source panels are defined by the line segments, the velocity potential for
the flow consisting of the uniform stream and source panels can be obtained from Eq.
(4.3), together with induced velocities from source panel obtained from Eq. (4.4).
Then applying the kinematic conditions of all boundary points, all panel strengths can
be determined. The velocity and pressure at any point in the flow can be computed by

taking derivatives of ¢ expressed in Eq. (4.4) and Eq. (4.6), respectively. The
effective length of the TLCD can then be computed from Eq. (4.8).

4.2 Verification of Results from Numerical Panel Method

4.2.1 Effective lengths and natural frequencies

The accuracy of the analytical prediction of the damper characteristics hinges
on the precision In estimating the natural frequency of the system. The effectiveness
of the ‘numerical panel method in predicting the natural frequencies is first verified
with the experimental results obtained in this study and those in Hitchcock’s tests
(1997).

TLCD with insert type | and LCVA models with inserts types Il and Ill are
numerically simulated by 130 panels as shown in Fig. 4.4. It is to be noted that small
source panels are chosen at each corner in all simulations to minimize the numerical

error on calculation.
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(a) TLCD with insert type | (b) LCVA with insert type Il (c) LCVA with insert type 11l
Fig. 4.4 Induced velocity distribution in liquid column vibration absorber model

Fig. 4.5 shows 5 LCVA configurations, which are part of the first series of the
Hitchcock’s experiments (1997). These dampers have the same horizontal fluid
column length of 820 mm and vertical fluid column height of 180 mm, but different
area ratios, which are 0.82, 1.39, 2.14, 3.14 and 4.11, respectively. The corner-to-
corner width to horizontal length ratios range from 0.04 to 0.13. One hundred and
twenty panels are used to model these LCVA dampers.

Fig. 4.4 shows the induced velocities from source panels for TLCD with insert
type | and LCVA models with inserts types Il and I11, respectively. The resulting flow
for the other LCVAs are shown in Fig 4.5. As depicted in Fig. 4.4, the flow in the
transition region of LCVA model with insert type Il is highly non-uniform, and the
transition region constitutes a significant portion of the damper.
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Fig. 4.5 Induced velocity distribution of 5 LCVA configurations investigated by Hitchcock (1997)



TABLE 4.1 The damper effective lengths and natural frequencies from various
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Corner-

Gao and Kwok (1997)

to-corner Experiment or Chang and Hsu H'(ng?; k Panel Method
Damper Configuration h‘g’:?ztgnttc;l (1998)
length L fo Le fy L, f L, £
ratio (m) (Hz) (m) (Hz) (m) (Hz) (m) (Hz)
035 | 207 | 0490 | 207 | 0490 | 207 | 049 | 207 | 0.490
(00%) | (0.0%) | (0.0%) | (0.0%) | (00%) | (0.0%)
052 | 191 | 0510 | 207 | 049 | 1.82 | 0523 | 191 | 0511
(84%) | (39%) | (47%) | (25%) | (00%) | (0.2%)
u 075 | 177 | 0530 | 207 | 0490 | 147 | 0580 | 165 | 0548
(16.9%) | (7.5%) | (16.9%) | (9.4%) | (6.8%) | (3.4%)
013 | 427 | 0341 | 417 | 0345 | 373 | 0365 | 417 | 0.345
(23%) | (12%) | (126%) | (7.0%) | (23%) | (1.2%)
. ] 010 | 330 | 0388 | 319 | 0395 | 294 | 0411 | 327 | 0.390
(33%) | (1.8%) | (109%) | (5.9%) | (09%) | (0.5%)
H—H 0.08 2.42 0.453 2.22 0.473 2.12 0.485 2.35 0.460
(83%) | (44%) | (124%) | (7.1%) | (29%) | (15%)
1 ] 006 | 150 | 0575 | 153 {0570 | 150 | 0575 | 151 | 0574
(20%) | (09%) | (0.0%) | (0.0%) | (07%) | (0.2%)
0.04 1.15 0.656 1.02 0.697 1.03 0.693 1.10 0.672
(113%) | (63%) | (104%) | (5.6%) | (4.3%) | (24%)
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Table 4.1 lists the effective lengths and the natural frequencies computed from
3 analytical methods, based on simplified effective length (Gao and Kwok (1997) or
Chang and Hsu (1998), Hitchcock (1997)) and the panel method. The experimental
results are also included for comparison. Except for LCVA with insert type Ill, the
effective lengths computed from the existing analytical methods agree with less than
12.6% discrepancy compared with those based on the experimental results. However,
a significant discrepancy of 16.9% is observed for LCVA with insert type Ill. The
analytical model proposed by Gao and Kwok (1997) or Chang and Hsu (1998) results
in error of about 7.5% in the natural frequency for LCVA with insert type Ill, while
that proposed by Hitchcock (1997) gives rise to an error of 9.4%. The natural
frequencies calculated based on the effective lengths obtained from the panel method,
on the other hand, differ from the experimental values by not more than 3.4%. This
reveals that the simplified effective length approximations in previous studies cannot
represent the actual flow in the dampers with a relatively large size of the transition

boundaries, while the panel method yields a more realistic approximation.
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Fig. 4.6 Variation of LCVA natural frequency with area ratio and vertical column height
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In Fig. 4.6, the test results of 20 LCVA dampers obtained by Hitchcock (1997)
are compared with those computed based on the numerical panel method. It may be
seen from the figure that the discrepancy between the measured and the calculated
natural frequencies as proposed by Hitchcock (1997) varies from about 1% to
approximately 5%, while the discrepancy between the measured and the calculated
natural frequencies based on the numerical panel method varies from less than 0.5%
to 3%. The numerical panel method clearly provides a better prediction of the natural
frequencies of liquid motions for various LCVA configurations. It should be noted,
however, that the panel method is much more complicated than the other methods.
Improvement based on the latter can be made if some fine tuning is allowed for by
providing a means to adjust the amount of water inside the LCVAs. Such a practical
aspect, as well as fine tuning to account for building frequency changes stemming

from age or damage over time need further extensive investigation.

4.2.2 Frequency response curves

With the better estimates of the natural frequencies, the frequency response
curves for LCVAs with inserts types Il and Il are again determined using the
effective lengths obtained from the numerical panel method. Fig. 4.7 shows the

resulting frequency response curves together with those obtained earlier and test

results.
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As evident from Fig. 4.7, the frequency response curves based on the
numerical panel method match the experimental results much better than the ones
obtained from the existing analytical method based on the simplified effective length.
The agreement is almost perfect for LCVA with insert type Il, and acceptable for
LCVA with insert type Ill. In the latter, at the resonance frequency, for instance, the
analytical solution based on the panel method underestimates the displacement
response by about 10.5% compared with an excessive error of about 52.6% for the

existing method.

4.2.3 Improvement of the panel method modeling

The difference between the natural frequency obtained from the experiment
and that obtained from the numerical panel method is believed to result from the
effect of the liquid viscosity. The numerical panel method in this study cannot model
the effect of liquid viscosity, which can cause the vortices and separation in the flow.
Because vortices are detected during the experiment at the corner of the transition
boundaries between the vertical and horizontal portions, the “bump” source panels are

introduced to simulate the effect of these vortices as seen in Fig. 4.8.

(a) LCVA with insert type 11 (b) LCVA with insert type 111
Fig. 4.8 Induced velocity distribution in liquid column vibration absorber models
with estimate of the effect of vortices
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After the bump source panels are input in the model to estimate the effect of
vortices, the effective lengths for both models can be recalculated, which can be
converted to 0.511 Hz and 0.548 Hz for LCVA models with inserts types Il and IlI,
respectively. These two natural frequencies are even closer to the experiment results
than those values without considering the effect of vortices. For both models, the
effect of input bump source panel on the left corner is larger than the effect of input
bump source panel on the right corner, because the vortex at the left corner is more
influential. This can be observed in experiments, and also determined from the
numerical panel method results in both models. However, the use of two bump source
panels in the model to estimate the effect of vortices is only a rough approximation,
because it is difficult to define the dimension of the bump source panel to be
consistent with the real characteristic of the vortices.

The numerical panel method is demonstrated to be a good theory for better
prediction of liquid column mass damper’s characteristics for many different
configurations. It has been proven by the simulation results of various LCVA
configurations compared to the experimental results, which can give the best
correlation when compared to the existing analytical methods (Gao and Kwok (1997),
Chang and Hsu (1998) and Hitchcock (1997)).

4.3 Conclusions

The numerical panel method, which is well known and widely accepted in the
naval industry and in aerospace for calculating potential flows, is applied to simulate
flows in the TLCDs and LCVAs: The prediction-of the characteristics of TLCD and
LCVA based on the panel method is found to be accurate over a wide range of
damper configurations, which-is crucial in control problems.

Significant improvement is achieved by using the numerical panel method
with a discrepancy of not greater than 3.4% between the predicted natural frequencies
and the experimental results, compared with about 7.5% discrepancy or more in the
conventional analysis.

In view of damper applications, this observed order of improvement is
significant since a slight mistuning of the damper frequency can substantially
deteriorate the effectiveness of the designed damper. In addition, the panel method is
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applicable to any configuration of the LCVA and TLCD. This method also provides
the induced velocity distribution of the liquid motion inside the damper, which is
useful in application with flow dampening devices, including orifices. Therefore the
numerical panel method is a versatile and powerful tool for analysis and design of

liquid column dampers.



CHAPTER V
EXPERIMENTS AND SIMULATIONS OF TLCDS
EQUIPPED WITH A FLOW-TRIGGERING DEVICE

5.1 Introduction

Experimental studies using tuned liquid column dampers (TLCDs) for evaluating
their control performance have been limited to passive systems. Sakai et al. (1991)
verified the performance of a TLCD installed on a scaled-down model of an actual cable
stayed bridge tower. Balendra et al. (1995) conducted shaking table tests using TLCDs
and studied the effect of different orifice opening ratios on the liquid motion.
Experimental studies have also been reported by Hitchcock et al. (1997) using passive
TLCDs with no orifice, termed as liquid column vibration absorbers (LCVAs). Recently
Xue et al. (2000) presented experimental studies on the application of a passive TLCD in
suppressing the pitching motion of structures and conducted experiments to delineate the
influence of different damper parameters on the TLCD performance.

A full scale installation of a bi-directional passive liquid column vibration
absorber (LCVA) on a 67m steel frame communications tower has been reported by
Hitchcock et al. (1999). This device does not have an orifice/valve in the U-tube and
hence, it is not possible to control the damping in the LCVA. They acknowledged that
due to the lack of orifice, the damping ratio of the LCVA was not expected to be
optimum. They also observed that'the LCVA did not perform optimally at all wind
speeds. Response reduction of almost 50% was noted, however, non-optimal
performance of the damper was noted above and below the design wind speed. This
observation re-affirms the fact that passive liquid damper systems are inadequate in
performing optimally at all levels of excitation (Kareem, 1994).

This chapter discusses experiments of a semi-active LCVAs which have the initial
liquid displacements set to non-zero values. In this chapter, the experimental study on a

prototype LCVAs equipped with a flow-triggering device are presented. A flow-
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triggering device, which can keep the initial liquid displacement of the LCVA, consists of
4 large size 3 port solenoid valves and the acrylic cover plate as shown in Fig. 5.1.
LCVAs equipped with a flow-triggering device are newly proposed to be an effective
liquid damper for mitigation of structural response subjected to highly transient
earthquake excitation. First, the dynamic characteristics of the LCVAs equipped with a
flow-triggering device are investigated and compared with previously obtained free-
vibration test results reported in Chapter 3. The LCVAs with inserts types Il and IlI
equipped with a flow-triggering device are tested by releasing the flow from a number of
different initial liquid displacement. The obtained experimental results are used to
compare with those obtained from analytical model. Then the numerical simulations of
SDOF system installed with LCVA equipped with a flow-triggering device subjected to
various cases of external loadings (such as impulse load, harmonic load and earthquake
ground motions) are investigated and compared to SDOF system without LCVA and
SDOF system with typical LCVA to study the efficiency of LCVA equipped with a flow-

triggering device.

5.2 Experimental Set-Up

Fig. 5.1 Photograph of the experimental set-up
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Fig. 5.2 Schematic diagram of the experimental set-up

The experimental set-up is shown in Figs. 5.1 and 5.2. In this chapter, the damper
models tested in chapter Il are equipped with a flow-triggering device and are
experimentally investigated by varying a set of initial liquid displacements.

The flow-triggering device consists of 4 large size 3 port solenoid valves and the
acrylic cover plate (as seen in Fig. 5.1). The specification of these solenoid valves is
shown in Fig. 5.3. The maximum operating frequency is 8 Hz and the response time is 30
ms. Each side of the acrylic cover plate has 4 acrylic tubes, which have one and a half-
inch inside diameter. Both sides of the acrylic tubes are connected through the solenoid
valve by rubber tube. The air pressure pump is connected to the air chamber on one side
of the tank. By applying the air pressure, the liquid-level in that side will be decreased,
while the liquid level in another side of the tank will be increased. The liquid level is
measured by a Keyence laser displacement sensor (as shown.in Fig.3.5). After the liquid
level reach'the desired level, the application of the air pressure will be stop. The solenoid
valve is opened by applying voltage through the computer, then the liquid inside the tank
is released and moved like a free-vibration testing. The interaction force and the liquid
displacement are determined by a 2-kN Tokyo Sokki Kenkyujo load cell (as shown in

Fig.3.6) and a Keyence laser displacement sensor, respectively.



Specifications
Fluid Air
Operation N.C. or N.O. (Convertible)
. Internal pilot External pilot
Pllotistyle Genaral Vacuum/Low pressure Genaral
) Main pressure -101.2kPato 0.2 0.2t0 0.8
Operating pressure range 021008
(MPa) ; Refer to the graph
Pilot pressure 0.2t00.3 onp.2.82
Ambient and fluid temperature (°C) 0 (No freezing)to 60
AC | 30 or less AC | 30 orless
ime
Response time ' (ms)(at 0.5 MPa) ON DC |40 or less OFF DC 130 or less
Max. operating frequency (Hz) 8

Lubrication !

Required (Equivalent to turbine oil class1 1SO VG32)

Manual override Non-locking
Mounting 7 Free
Shock/Vibration resistance ' (m/s?) 150/50

surge voltage suppressor)

QNote 1) Based on dynamic performance test JIS B8374-1981. (Coil temperature 20°C, at rated voltage, without

Note 2) Shock resistance: No malfunction resulted from the impact test using a drop impact tester. The test was
performed on the axis and right angle dierctions of the main valve and armature, for
both energized and de-energized states.

Note 3) Vibration resistance: No malfunction occurred in a one-sweep test between 45 and 1000Hz. Test was
performed at both energized and de-energized states to the axis and right
angle directions of the main valve and armature. (Value in the initial stage.)

Fig. 5.3 Solenoid valve specification

5.3 Experiment Investigations

The LCVAS equipped with a flow-triggering device are firmly fixed on top of the
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shake table as shown in Figs. 5.1 and 5.2. Those LCVAs with inserts types Il and 111 are

experimentally investigated under 5 initial liquid displacements of about 5, 7.5, 10, 12.5,

15 cm. For each initial liquid displacement, the experiment is repeated for 4 times. In all

tests, the interaction force of LCVA and the phase and the displacement of the liquid

motion are measured.
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5.3.1 Damping for LCVAs equipped with a flow-triggering device

Figs. 5.4 and 5.5 show the liquid amplitude histories of LCVA without cover plate

and LCVA with cover plate for inserts types Il and 11, respectively.

B T T ] L
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4L -
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Fig. 5.4 The liquid amplitude histories of LCVA without cover plate and LCVA with cover
plate for insert type
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Fig. 5.5 The liquid amplitude histories of LCVA without cover plate and LCVA with cover
plate for insert type 11

The decay rate of liquid displacement without cover plate is obtained from the
free-vibration tests in chapter 3, while the decay rate of liquid displacement with cover
plate is obtained from-the. initial condition tests of the  LCVVAs equipped with a flow-
triggering device. Approximately 3-4 times greater for damping ratio can be observed
after the LCVAs with inserts types Il and 111 are equipped with a flow-triggering device.
This is due to the very high energy loss of airflow from one side of the tank through the
rubber tubes and solenoid valves to another side of the tank.

The damping in the system of LCVAs equipped with a flow-triggering device is
found to be quite highly nonlinear. The linear damping and quadratic damping are

supposed to be obtained from the initial condition tests of the LCVA models equipped
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with a flow-triggering device. As described in Chapter3, the damping ratio ¢ can be

obtained from Eq. (3.1):

Figs. 5.6 and 5.7 show the relationship between the damping ratio and liquid
velocity for the LCVAs with inserts types I and Il equipped with a flow-triggering
device together with those obtained from the free-vibration test in Chapter 3.

As seen in Figs. 5.6 and 5.7, the guadratic damping of LCVAs equipped with a
flow-triggering device is obviously greater than that of typical LCVAs experimentally
investigated in Chapter 3 for both inserts types Il and Ill. This is due to the effect of a
flow-triggering device. The damping ratio varies with the amplitude of the liquid
velocity. This is coincident to the nonlinear damping characteristic of LCVAs. The
damping ratio of LCVAs equipped with a flow-triggering device is higher than typical
LCVAs about 4-5 times. Then, it might be the problem to apply LCVAs equipped with a
flow-triggering device in actual applications because the damping ratio of them might

exceed the designed optimum damping ratio.
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Fig. 5.6 The Relationship between the damping ratio and liquid velocity for LCVA with insert type Il
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5.3.2 Verification of initial condition test results from numerical panel

method

To verify the equation of motion for simulation the characteristics of LCVAs
equipped with a flow-triggering device, the numerical panel method is used. The natural
frequency of the LCVAs equipped with a flow-triggering device is obtained by using the
numerical panel method. By using the damping ratio obtained from the experiment in
previous section (Figs. 5.6 and 5.7), the responses of the LCVAs equipped with a flow-
triggering device can be analytically obtained by solving Eg. (2.5) as described in
Chapter 3 and the results are compared with the initial condition test data for both inserts

types Il and 1I.
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Fig. 5.8 Initial liquid displacement of 10 cm for LCVA with insert type Il
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LCVA with Insert Type Il (Initial Liguid Displacement 15 cm)
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Fig. 5.9 Initial liquid displacement of 15 cm for LCVA with insert type 11
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Fig. 5.10 Initial liquid displacement of 7.5 cm for LCVA with insert type Il
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Fig. 5.11 Initial liquid displacement of 12.5 cm for LCVA with insert type 1|

Figs. 5.8 =5.11 show the analytical results compared with the initial condition test
data. The vertical line on Figs. 5.8 — 5.11is the signal of the applied voltage to the
solenoid valves, which gives rise to 5 volts. to open the valves. Before the solenoid valves
are opened, the interaction force due to the liquid motion measured by a 2-kN Tokyo
Sokki Kenkyujo load cell is almost zero for all tests due to the static equilibrium, while
the liquid displacement measured by a Keyence laser displacement sensor is lifted up to
the desire level. After the solenoid valves are suddenly opened, the liquid will move like
a free vibration. Since the measurable range of the Keyence laser displacement sensor is
limited to about + 10 cm, the signal of the liquid displacement in Figs. 5.9 and
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5.11beyond this range are approximately replaced by the dotted line. So it should be
noted that for those cases when the initial liquid displacement is higher than 10 cm, i.e.
12.5 cm and 15 cm, the exact liquid level after the solenoid valves are opened cannot be
obtained (as seen in Figs 5.9 and 5.11). With the initial liquid displacement measured by
the Keyence laser displacement sensor, the analytical solutions based on the numerical
panel method can be obtained by solving Eqg. (2.5). It is found from Figs 5.8 — 5.11, that
the analytical solutions based on the numerical panel method agree very well with the
experimental results for both amplitude and phase of the interaction force and liquid
displacement. From these figures, the analytical solutions based on the numerical panel
method can predict the characteristic of LCVA equipped with a flow-triggering device
very well. In particular, the agreement is very good for LCVA with insert type Il, and
acceptable for LCVA with insert type I11.

LCwA with Insert Type N1&I

140 T T T I T
: : : —— From Experimental Results far insert type |l
From Analytical Results for insert type [l
From Analytical Results{using effective length from experiments)
—— From Experimental Results for insert type |l
L Y R Fram Analytical Results far insert type I I
—
: . : : . o
1 SRS e T T B -

Average of Peak Interaction force (M)

2 4 ] g 10 12 14 16
Initial Displacement (cm)

Fig. 5.12 The Relationship between the peak interaction force and initial displacement of 5-15 cm for
LCVAs with inserts types Il and 11l
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Fig. 5.12 shows the peak interaction force of each initial liquid displacement for
all tests compared to the analytical solutions based on the numerical panel method.
While, the yellow line shows the analytical solutions using the effective length from the
experiments. The analytical solutions based on the numerical panel method agree very
well with the experimental results of LCVA with insert type Il. This is due to the precise
prediction of the natural frequency of the LCVA with insert type Il (as seen in Table 4.1).
The agreement between the analytical solutions based on the numerical panel method and
the experimental results is acceptable. This is due to the slightly error of the prediction of
the natural frequency of LCVA with insert type I11.

The discrepancy between the measured and the calculated interaction force based
on the numerical panel method varies from about 4% to 7% for LCVA with insert type II,
while the discrepancy between the measured and the calculated interaction force based on
the numerical panel method varies from about 12% to 15% for LCVVA with insert type I11.
This is considered only in the range about 5 — 10 cm of initial liquid displacement.

Instead of using natural frequency of the LCVA with insert type Il1 obtained from
the numerical panel method, the natural frequency from the experimental results are used
to compute the peak interaction force. After adjusting the natural frequency from the
experiment, the yellow line is obtained by using Eq. (2.5), then the agreement becomes
very good similar to the case of LCVA with insert type 11. The discrepancy between the
measured and the calculated interaction force based on the numerical panel method is
reduced to about 4% to 7% for LCVA with insert type IIl (same to LCVA with insert
type I1). This implies the trustworthiness of the experiment. For the cases of the initial
liquid displacement of 12.5 and 15 cm, since the .initial liquid- displacement cannot be
measured due to the limitation of a Keyence laser displacement sensor, the data for those
cases is manually approximated from meter shown by the dotted red line and blue line for

LCVA inserts types Il and 111, respectively.
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LCVA with Insert Type Il (Initial Liguid Displacement 15 cm)
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Fig. 5.13 Initial liquid displacement 15 cm for LCVA with insert type 11 (extended in axis of time)

Fig. 5.13-is.the.same plot of Fig. 5.9 but the time axis is zoomed in for the first
few cycle of fluid flow after opening the solenoid valves. As obviously observed from
Eqg. (2.5), the liguid acceleration is at the maximum. immediately after the liquid is
released since the initial velocity of the liquid ‘and the external base excitation
acceleration is at zero. Thus, from analytical model the interaction force which is
coincident to the liquid acceleration will be at the maximum value at the time when the
liquid inside LCVA is released. However, it can be observed from Fig. 5.13 that there is
the delay between the peak interaction force from analytical result and the peak

interaction from experimental result in which the peak interaction force from
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experimental result becomes slower. The delay is observed to be about 0.12 sec for the
case shown in Fig. 5.12 while the delay for other initial condition tests varies from about
0.1 — 0.15 second. This delay is from the effect of the analog low pass filter used during
experiment which imposes the delay to the acquired signals about 0.1 sec and the delay of
the response time of the solenoid valves (see Fig. 5.3), which are about 0.03 sec. This
delay is believed to be vanished, if the digital filter is used instead of the analog low pass

filter and the solenoid valves with higher speed are replaced.

5.4 Numerical Examples of LCVA with the Initial Liquid

Displacement

Numerical examples are given to illustrate applications of the LCVA equipped
with a flow-triggering device. The first set of examples is a numerical simulation that
evaluates the performance of the LCVA equipped with a flow-triggering device installed
on the top of the structure subjected to impulse load and harmonic load. The second set of
examples is for the structure subjected to seismic ground motions, where ground motion
records from historical earthquakes have been used to obtain statistical descriptions of the
system performance. Fig. 5.14 shows the properties of the structure and LCVA. For
convenience, the structure is modeled using SDOF system. The SDOF system with the
LCVA equipped with a flow-triggering device is numerically simulated. The equation of
motion governing the vibration of the SDOF-LCVA system is solved by the sub-system
concept as described in Chapter 2.

A SDOF system has natural period T = 2 s, and damping ratio £,=0.02. LCVA is
attached on the top of the SDOF system. The mass ratio # is assumed to be 0.04. The
tuning ratio ¥ and the damping ratio of LCVA g, are obtained from Table 2.1 as y =

0.976 and ¢’ = 0.032, respectively. As observed from Fig. 5.6, this optimum damping

ratio is much lower than the damping ratio obtained from the experiment. The tuning

ratio is used to compute the effective length Lo = 2.086 m. To get this effective length,
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the horizontal width B and vertical column height H of the LCVA is determined from the

numerical panel method as B =0.70 m and H = 0.607 m.
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: ). 020m //
LCVA Properties | | /
24 %
Ho= 004 %
£, = 0.032
¥ o= 0976
B = 0.70m
H = 0.607Tm
o= 1.5
L, = 2086 m B - e

Ground
Muation

Fig. 5.14 SDOF system with LCVA

5.4.1 Impulse load and harmonic load

In this section, the performances of typical LCVA and LCVA equipped with a
flow-triggering device have been reported. For this simulation, the performance of SDOF
system installed a typical LCVA or LCVA equipped with a flow-triggering device (as
shown in Fig. 5.14) are compared under impulse load for initial velocity = 0.2 m/s and
harmonic load for peak ground acceleration (PGA) = 0.02g. The initial liquid
displacement of 0.50 m, which is the possible maximum value for the LCVA equipped

with a flow-triggering device, is considered.
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For the impulse load case, the structural impulse conditions are specified by zero
initial displacement and initial velocity of 0.2 m/s. Immediately after the impulse, the
liquid inside LCVA is released. Thus the initial conditions for the LCVA are initial liquid
displacement of 0.5 m and initial liquid velocity of 0 m/s.

For the harmonic load case, the SDOF system shown in Fig. 5.14 is subjected to
the 0.5 Hz harmonic base excitation with PGA = 0.02g. This excitation has the same
exciting frequency to the natural frequency of the structure. The iteration to release the
initial liquid displacement for every time steps is used to observe the structure response.

Fig. 5.15 shows the displacement history of the SDOF structure subjected to
impulse load for uncontrolled SDOF system, SDOF system with typical LCVA, SDOF
system with LCVA equipped with a flow-triggering device and SDOF system with
LCVA equipped with a flow-triggering device using damping ratio from the experiment
(Fig. 5.6). The case using damping ratio from the experiment is investigated to show the
consequences of excessive damping ratio as observed from test set up. The damping ratio
from experiment, which is much higher than the optimum value, causes to deteriorate the
performance of LCVA equipped with a flow-triggering device as observed from the
dotted in Fig 5.15. The peak displacement response is a little bit higher than the case of
SDOF system with LCVA equipped with a flow-triggering device using optimum
damping ratio, while the root mean square (rms, which is considered for 20 cycles since
the start of event) is much higher. The test set up that can keep the initial liquid
displacement without generated excessive damping ratio is the interesting topic in the
future study.

Table 5.1 summarizes the simulation results, where X and A are the values of the
relative displacements and absolute accelerations of the structure, respectively. As shown
in Table 5.1 the response of the SDOF system equipped with the typical LCVA is worse
than the case of uncontrolled  SDOF system for the peak displacement, while the
improvement of 5.19% reduction in the peak displacement and 35.98% reduction in the
rms of the displacement is obtained for the SDOF system with LCVA equipped with a
flow-triggering device in case of impulse load. However, no improvement can be
obtained in case of harmonic load when compared to the typical LCVA, because the
steady state response is the same as the case of the typical LCVA. After releasing the
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initial liquid displacement in case of harmonic load in every time steps, the structure

response takes time about 1-2 cycle to go to the same displacement level as in the typical

LCVA case. The improvement for harmonic load case can be effectively obtained by

using the semi-active LCVA with damping adjustable in real time (Yalla et al. 2001).

TABLE 5.1 Summary of simulation results in case of impulse load and harmonic load

Excitation

Impact-induced transient vibration

Harmonic (PGA=0.02g)

Type of control Xmax Amax Xrms Arms Xmax Amax Xrms Arms
Uncontrolled 0.0617 0.6097 0.0164 0.1619 0.4961 4.8962 0.3068 3.0276
LCVA 0.0631 0.5987 0.0136 0.129 0.3015 3.1597 0.2101 2.0652
% of reduction -2.27 1.80 17.07 20.32 39.23 35.47 31.52 31.79
LCVA (with ini cond) 0.0585 0.5481 0.0105 0.0996 0.3015 3.1597 0.2101 2.0652
% of reduction 5.19 10.10 35.98 38.48 39.23 35.47 31.52 31.79
structure displecement subjected to impulse load (initial velocity of the structure = 0.2 mv/s)
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Fig. 5.15 Displacement response under impulse load type (initial velocity = 0.2 m/s)
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5.4.2 Earthquake ground motions

This section, the numerical simulations are repeated for several earthquake
ground motion records. Fig. 5.16 shows 4 earthquake ground motion records, which are
used for response simulate in this section. The near field ground motions (1952 Taft Kern
County ground motion and 1989 Loma Prieta ground motion) are scaled to the value of
0.50 times the acceleration due to gravity (PGA = 0.5g). The far field ground motions
(1985 Mexico ground motion and 1995 Bangkok ground motion) are scaled to the value
of 0.10 times the acceleration due to gravity (PGA = 0.19).
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Fig. 5.16 Scale ground motion records: (a) 1952 Taft; (b) 1989 Loma Prieta; (c) 1985 Mexico city
(SCT); (d) 1995 Bangkok
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The SDOF system as shown in Fig. 5.14 is simulated by using 4 earthquake
ground motion records as shown in Fig. 5.16 for 3 cases of uncontrolled SDOF system,
SDOF system with typical LCVA and SDOF system with LCVA equipped with a flow-
triggering device. In case of the LCVA equipped with a flow-triggering device, the
computation process is repeated to release 2 initial liquid displacements (+0.5 m and —0.5
m) for every time step to find the maximum reduction of the structure displacement.

Fig. 5.17 shows the response of SDOF system subjected to 1952 Taft ground
motion for 3 cases of uncontrolled SDOF system, SDOF system with typical LCVA and
SDOF system with LCVA equipped with a flow-triggering device, respectively.
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Fig. 5.17 SDOF system response under 1952 Taft; (a) uncontrolled SDOF system; (b) typical
LCVA; (c) LCVA equipped with a flow-triggering device
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As shown in Fig. 5.17, the peak displacement response cannot be reduced much
by using typical LCVA. The improvement of only about 3.39% reduction in the peak
displacement is obtained for the SDOF system with typical LCVA, while the best
improvement of about 14.51% reduction in the peak displacement is obtained for the
SDOF system with LCVA equipped with a flow-triggering device. The peak
displacement of the uncontrolled SDOF system and SDOF system with LCVA is at about
5.8 sec as shown in the circle in Fig. 5.17. To reduce this peak displacement by LCVA
equipped with a flow-triggering device, 2 initial liquid displacements of +0.5m and —
0.5m are considered. The simulation by releasing those initial liquid displacements of the
LCVA in every time step before 5.8 sec is investigated. Fig. 5.18 shows the plot of peak
displacement from releasing initial liquid displacement of -0.5 m for each time step from
start of event. The minimum peak displacement of 0.1868 m is found at the releasing
initial liquid displacement of -0.5 m at the time 1.28 sec as shown in Fig. 5.18 (square
mark). After the time of 5.8 sec from start of event, the peak displacement is constantly at
about 0.2226 m because the peak displacement for this SDOF system subjected to 1952
Taft ground motion is occurred at the time of 5.8 sec. As observed from Fig. 5.18,
releasing initial liquid displacement at improper time can give the worse peak
displacement response when compared to both uncontrolled SDOF system and SDOF
system with typical LCVA. The peak displacement is given rise to about 0.24 m, if the
liquid inside LCVA is released to suppress the motion of SDOF system at the time 0.34
sec. So the time to release this initial liquid displacement is very important. The
oscillation frequency of the plot in Fig. 5.18 (before the time of 5.8 sec from start of
event) can be observed to be the natural frequency. of the SDOF system (0.5 Hz).
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Fig. 5.18 Find minimum peak displacement by releasing the flow in every time step from start of
event of 1952 Taft ground motion (Initial liquid displacement = -0.5 m)

Fig. 5.19 shows the responses of SDOF system subjected to 1989 Loma Prieta
ground motion and 1985 Mexico city ground motion, respectively. In these figures, the
cases of uncontrolled SDOF system, SDOF system with typical LCVA and SDOF system
with LCVA equipped with a flow-triggering device are considered.
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Shown in Table 5.2, are the peak displacement, peak acceleration, rms
displacement and rms acceleration of the SDOF system subjected to 4 different
earthquake ground motions. In case of peak response, the improvement of the control
performance about 3 - 8% is obtained from typical LCVA, while the improvement of the
control performance about 6 - 15% is obtained from LCVA equipped with a flow-
triggering device. For rms response, not much of the improvement of the control
performance is obtained from both types of LCVAs. The improvement for rms response
can be obtained by using the semi-active LCVA with damping adjustable in real time. As
seen in Table 5.2 for 4 cases of simulation, the performance of LCVA equipped with a
flow-triggering device is always better than the performance of typical LCVA. It should
be noted that the control performance of LCVA equipped with a flow-triggering device
shown in this table is the best possible cases because the values are the minimum of peak
response after trying to release the initial liquid displacement in every possible time step.
The practical algorithm for releasing the initial liquid displacement of LCVA is given in

the next section.

TABLE 5.2 Summary of simulation results in case of earthquake ground motion records

Near field earthquake record

Type of Comrollzxutatlon Taft Kerncounty(PGA=0.59) Loma Prieta(PGA=0.5g
Xmax Amax Xrms Arms Xmax Amax Xrms Arms
Uncontrolled 0.2185 7.0173 0.0761 1.1602 0.7121] 10.3607 0.1775 1.9993
LCVA 0.2111 6.7247 0.0736 1.1184 0.6953 9.8937 0.1546 1.746
% of reduction 3.39 4.17 3.29 3.60 2.36 451 12.90 12.67
LCVA (with ini cond) 0.1868 6.5758 0.0708 1.1054 0.665 9.6576 0.1481 1.692
% of reduction 1451 6.29 6.96 4.72 6.61 6.79 16.56 15.37
Excitation Far field earthquake record
Type of control SCT-85 (PGA=0.1g) Bangkok (PGA=0.19g)
Xmax Amax Xrms Arms Xmax Amax Xrms Arms
Uncontrolled 0.9593 9.3211 0.2358 2.2899 0.4126 4.0835 0.1516 15141
LCVA 0.8961 8.584 0.209 1.9706 0.4115 3.876 0.1332 1.2709
% of reduction 6.59 7.91 11.37 13.94 0.27 5.08 12.14 16.06
LCVA (with ini cond) 0.8734 8.367 0.201 1.9098 0.3991 3.7568 0.1301 1.2417
% of reduction 8.95 10.24 14.76 16.60 3.27 8.00 14.18 17.99
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5.4.3 Algorithm for releasing the initial liquid displacement

The control performance of LCVA equipped with a flow-triggering device greatly
depends on the time for releasing the initial liquid displacement. Since, in practice, the
excitations such as wind and earthquake ground motion cannot be known a priori, the
criteria to determine the suitable time to release the initial liquid displacement need to be
established.

For impulse load case, Abe and Igusa (1996) proposed the algorithms to control
the impact-induced transient vibrations for tuned mass damper with initial displacement.
Closed form analytical results are derived to provide insight into the complex interaction
between the structure and damper. The structural impulse conditions are specified by
initial structure displacement = 0 and initial structure velocity = 0. Base on his study, the
liquid inside LCVA should be released immediately after the impulse. The closed form of
the optimal initial absorber displacement can be also determined in term of the initial
structure velocity, absorber damping, mass ratio and natural frequency of the structure.

For earthquake ground motion, releasing the initial liquid displacement at the time
when the structure displacement is O and the structure velocity is maximum is preferable
if the interaction force from LCVA has the opposite direction to the motion of the
structure. Together with the consideration of the term of total energy input to the
structure from the earthquake, the suitable time of releasing the initial liquid
displacement should be done also when the total energy input to the structure becomes
maximum. Therefore, the guideline criteria for releasing the initial liquid displacement

can be outlined as followings:

1. < The structure displacement is approximately to be zero.
2. The structure velocity approaches to maximum for that cycle of motion.
3. The trend of the total energy input to the structure from earthquake starts to

decrease.
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The various energy terms can be defined by integrating the equation of motion of
the primary structure, Eq. (2.6b), as follows:

Xs b . Xs . Xs
(f) (Ms+PA\/(?+2h))Xs(t)dXs + icsxs(t)dxs + g KsXg(t)dXg =

(5.1)
Xs b . p- .
=] (Mg+pA C+2m)ig (X5 — [ pABRE (X
The total energy input to the structure since the earthquake excitation began is
¥ b ,
E, (1) = (I) (Ms+pAy (C+20)ug (t)dX s (5.2)
The energy dissipated by LCVA is
Xs
Elen(l) = [ pPADX )dXs (5.3)

The first term on the left hand side of Eq. (5.1) is the kinetic energy of the system,
while the second term and the third term on the left hand side are the energy dissipated by
viscous damping and the recoverable strain energy of the structure, respectively.

Fig. 5.20 shows the displacement, velocity and the input energy from earthquake
excitation of the SDOF system with LCVA when the liquid in LCVA is kept unreleasing
for all the time of excitation. The peak displacement from Fig. 5.20 is 0.70 m which is
different from uncontrolled SDOF system due to the change of the SDOF system’s
natural frequency from adding LCVA mass. As observed from Fig. 5.20, at the time of
about 4.8 sec since the earthquake excitation began, the trend of the input energy from
earthquake excitation starts to decrease. At this instance, the SDOF system velocity also
reaches to maximum, and the SDOF system displacement is closed to zero. This is more
practical to apply to real structure by using this guideline criteria because the input

energy from earthquake excitation, the primary structure velocity and displacement can
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be either calculated or measured in real time during the earthquake excitation. In this
particular case, thus, the initial liquid displacement is released at the time of 4.8 sec after
the earthquake began.

The resp-nnse of the SDOF system with LCVA mass (but not release) subjected to 1989 Loma Prieta
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Fig. 5.20 SDOF system with LCVVA mass response (but not released) subjected to 1989 Loma Prieta

Fig. 5.21 shows the response of the SDOF system subjected to 1989 Loma Prieta
ground motion for SDOF system with LCVA equipped with a flow-triggering device by
releasing at the time of 4.8 sec since the earthquake began. The maximum interaction
force is obtained immediately at the time when the initial liquid displacement is released.
The dissipated energy due to LCVA also starts to dissipate from the SDOF system
immediately after the initial liquid displacement is released. The peak displacement of the
SDOF system is 0.6875 m, which is lower than the case of typical LCVA as seen in
Table 5.2. This can be implied that by using these guideline criteria, the suitable time to
release the initial liquid displacement can be determined. However, it should be noted
that more suitable criteria for releasing initial liquid displacement might be obtained in
the future study so that the structure response can be better controlled.
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Fig. 5.17 SDOF system with LCVA equipped with a flow-triggering device response (releasing
time = 4.8 sec since the earthquake began) subjected to 1989 Loma Prieta
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5.5 Conclusions

The experimental and numerical results of LCVAs equipped with a flow-
triggering device under impulse and harmonic excitations are studied and compared. It is
found from Figs 5.8 — 5.11, that the analytical solutions based on the numerical panel
method agree very well with the experimental results for both amplitude and phase of the
interaction force and liquid displacement. The agreements are almost perfect for LCVA
with insert type Il, and acceptable for LCVA with insert type Ill. The discrepancy
between the measured and the calculated interaction force based on the numerical panel
method varies from about 4% to 7% for LCVA with insert type 11, while the discrepancy
between the measured and the calculated interaction force based on the numerical panel
method varies from about 12% to 15% for LCVA with insert type I1I.

For numerical investigations, the optimum damping ratio obtained from Table 2.1
is used. This is due to the excessive damping ratio as observed from test set up that can
cause to deteriorate the performance of LCVA equipped with a flow-triggering device.
The improvement of 5.19% reduction in the peak displacement and 35.98% reduction in
the root mean square of the displacement is obtained for the SDOF system with LCVA
equipped with a flow-triggering device in case of impulse load. For numerical
investigation by using 4 different records of earthquake ground motions, in case of peak
response, the improvement of the control performance about 3 - 8% is obtained in case of
typical LCVA, while the improvement of the control performance about 6 - 15% is
obtained in case of LCVA equipped with a flow-triggering device. For rms response, the
obtained improvement of the control performance is insignificant in case of LCVA
equipped with a flow-triggering device compared to typical LCVA. The improvement for
rms response can be obtained by using the semi-active LCVA with damping adjustable in
real time. As seen in Table 5.2 for 4 cases of simulation, the performance of LCVA
equipped with a flow-triggering device is always better than that of typical LCVA. The
guideline criteria to determine the suitable time to release the initial liquid displacement
of LCVA are also given. It should be noted that more suitable criteria for releasing initial
liquid displacement might be obtained in the future study for better control of the

structure response.



CHAPTER VI
SUMMARY AND CONCLUSION

This research focuses on the development of liquid dampers to mitigate
adverse effects of building vibration due to earthquake excitations. The control
characteristics of TLCDs with various configurations and TLCDs equipped with a
flow-triggering device are studied numerically and experimentally. The control
performances of a SDOF system installed with TLCD and TLCD equipped with a
flow-triggering device subjected to various cases of external loadings are numerically
investigated.

The test results of the tuned liquid column dampers (TLCDs) on the shake
table are reported. Three TLCD models having the same natural period (based on the
existing analytical model) are investigated under free-vibration tests, spectral tests
and time history tests. From these test results, it is evident that the simplified effective
length approach in existing literature is not able to give an accurate estimation of the
responses of LCVA dampers with relatively large transition boundaries. Poor
agreements on frequency responses of the liquid motion are observed between the
existing analytical results based on the simplified effective length approach and the
experimental values in the case of LCVAs with large transition zones.

The numerical potential-flow method, known as the numerical panel method
developed to determine the hydrodynamic forces on rigid sections is used to simulate
the characteristics of various TLCD and LCVA configurations. The numerical results
are verified with those obtained from experimental results. Significant improvement is
achieved by using the numerical panel method with less than 3.4% of discrepancy
between the predicted natural frequencies and the experimental results, as compared
to about 7.5% discrepancy or more in the conventional analysis.

The LCVAs equipped with a flow-triggering device which have the initial
liquid displacements set to non-zero values and subsequently released under free-
vibration are investigated experimentally and numerically. It is found that the
analytical solutions based on the numerical panel method agree well with the
experimental results in both amplitude and phase of both the interaction force and
liquid motion. The agreement is almost perfect for LCVA with insert type Il, and

acceptable for LCVA with insert type Ill. The discrepancy between the measured and
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the calculated interaction force based on the numerical panel method varies from
about 4% to 7% for LCVA with insert type Il, while the discrepancy between the
measured and the calculated interaction force based on the numerical panel method
varies from about 12% to 15% for LCVA with insert type I11.

The potential of TLCDs and LCVAs as a vibration suppression device for
earthquake excitations has been examined by numerical investigations. The numerical
simulations are used to evaluate the control performance of the LCVA equipped with
the flow-triggering device under impulse load, harmonic load and earthquake load.
Based on numerical results, the improvement of 5.19% reduction in the peak
displacement and 35.98% reduction in the root mean square (rms) of the displacement
are obtained for the SDOF system with LCVA equipped with the flow-triggering
device for impulse load case. For the cases of earthquake loads, the improvement of
the control performance of approximately 3 to 8% is obtained for peak response in
case of typical LCVA, while the improvement of the control performance of
approximately 6 to 15% is obtained in case of LCVA equipped with a flow-triggering
device. For rms response, the control performance is not considerably improved in
case of LCVA equipped with a flow-triggering device compared to typical LCVA. It
should be noted that these performances of LCVA equipped with a flow-triggering
device are, however, obtained assuming the damping can be set to optimum value.
Since the damping ratio of the LCVA equipped with a flow-triggering device is much
higher as proposed in Chapter 5. This excessive damping ratio can deteriorate the
control performance of the damper. Then, the modification of LCVA configuration
that can keep the initial liquid displacement with lower damping ratio is required for

real application.

The following future studies in this area are recommended as follows:

1. Experiments concerning semi-active TLCDs are done in case of TLCDs which
have the initial liquid displacements set to non-zero values. Further experimental
studies in case of semi-active TLCDs which have both following capabilities: (a)
initial liquid displacements set to non-zero values and (b) damping adjustable in
real time are the recommended topics. Furthermore, a more elaborate experiment

of the shake table using a structure model attached with a semi-active TLCD



92

which have those capabilities is needed before the application of these dampers on
actual structural systems.

Numerical studies for structure installed with TLCD with two aforementioned
capabilities under various earthquake ground motion records are the interesting
topics for future studies for both the performances and design guideline criteria.
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APPENDIX A
Integral of Velocity Potential

From Eqg. (4.3), the induced potential at the field point is

¢:j1m 12 dx

52 | (x=X,) +Yi
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Therefore,
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Also noting that In[az} = 4In[\/§] , we can simplify this expression further. Thus,
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which simplifies to
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