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Abstract The performance and effectiveness of the liquid
column vibration absorber (LCVA) in controlling the
vibration of structures have been investigated in this paper.
To evaluate the performance of LCVA system in mitigat-
ing the structural response under dynamic loading (i.e.
harmonic excitation), a set of experiments are conducted
on a scaled model of steel structure-LCVA system. LCVA
have non-uniform cross-sectional dimensions of the hori-
zontal and vertical columns whereas Tuned Liquid Column
Damper (TLCD) carries same cross-sectional dimensions.
For conducting a comparative study, same experiments
were performed for TLCD also. Several excitation fre-
quency ratios (0.5-2.0) and various mass ratios (5-7.5%)
are considered in this study. The parameter, tuning ratio
considered for all of the experiments is 1.0. The effec-
tiveness of the LCVA and TLCD is measured based on the
response reduction of the structure. From the experimental
results, it is observed that LCVA has better performance in
controlling the structural response.
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Introduction

In this modern age of life, as a result of the shortage in land
space accessibility especially within the urban areas and
due to the implementation of modern construction tech-
niques have caused an increased presence of skyscraper
structures. These skyscrapers structures are flexible, com-
paratively light-in-weight and gently damped, usually
leading to very little structural damping and low natural
frequencies. They can easily sustain the transverse loads,
but whenever they subjected to structural vibrations caused
due to the dynamic loads (e.g. wind or earthquake); they
undergo vital vibrations which can become unaccept-
able from the perspective of serviceability and safety. In
last few decades, world has experienced several devastat-
ing earthquakes, leading to increased loss of human life
due to collapse of buildings and severe structural damages.
Therefore, to avoid the structural and non-structural dam-
ages, structural engineers are operating to work out dif-
ferent kinds of structural systems that are robust and can
withstand strong motions. The installation of some kinds of
vibration absorber systems can also be implemented into
those tall buildings to mitigate the damaging effects of such
dynamic forces, which can work by absorbing or reflecting
a portion of the input energy that might rather be trans-
mitted to the structure itself. The vibration control systems
are classified as Passive, Active, Semi-active and Hybrid.
In this present paper, the study is focused basically on
dynamic response control of structures using passive
vibration control devices named liquid column vibration
absorber (LCVA) and tuned liquid column damper
(TLCD). The tuned liquid column dampers are a special
type of tuned liquid damper (TLD) used for controlling
vibration of structure under various dynamic loading
composed of two vertical columns of liquid connected by a
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horizontal crossover duct of the same width, enclosed in a
custom U-shaped container. It basically dissipates the
structural vibration energy by combined action of the
movement of the liquid mass present in the U-shaped
container, the restoring force on that liquid due to the
gravity and also due to the damping effect due to orifice. A
particular type of TLCD is called LCVA, whose horizontal
cross-sectional area is different than that of the vertical
section. Advantages of TLCD and LCVA are greater
compared to other passive vibration control devices like
tuned mass dampers (TMD), Fluid viscous dampers, Vis-
coelastic dampers, Friction dampers, etc. because of their
lower cost, easy installation in the existing structure, easier
handling and few maintenance requirements. Since water is
used as the liquid in the TLCD and LCVA, as a result they
may be used for water supply and as well as for fire
fighting.

In recent past, several studies have been undertaken for
the purpose of controlling vibrations. Among them, Sakai
et al. (1989) were the first to propose tuned liquid column
damper (TLCD), which is used to reduce wind-induced
horizontal loads of tall structures. Later on, Balendra et al.
(1995) studied the effectiveness of TLCDs in controlling
the wind-induced vibration of towers. Gao et al. (1997)
studied the effectiveness of U-shaped as well as V-shaped
tuned liquid column damper (TLCD) in controlling struc-
tural vibration under dynamic loading. Also, Gao et al.
(1999) conducted the parametric study on multiple tuned
liquid column dampers (MTLCDs) to determine the char-
acteristics of the MTLCD in suppressing structural vibra-
tion. Sadek et al. (1998) presented the design parameters
for single and multiple tuned liquid column dampers for
reducing the response of structures to seismic excitations,
whereas Balendra et al. (1999) investigated the effective-
ness of the TLCD in reducing the along-wind response of
tall buildings. The optimisation of TLCD and LCVA
parameters to minimise the vibration effect of structure
under random earthquake load considering uncertain but
bounded (UBB) type and uncertain random system
parameters was proposed by Debbarma et al. (2010) and
Chakraborty and Debbarma (2011). Chakraborty and
Debbarma (2015) obtained optimum parameter of TLCD
considering system parameters as bounded type under
earthquake load by Robust Design Optimisation (RDO)
method. Chang and Hsu (1998) derived an unsteady and
non-uniform flow equation while studying the performance
and effectiveness of an LCVA in controlling the wind-
induced vibration of a building. Hitchock et al. (1997a, b)
at first investigated the effects of the geometric configu-
ration of LCVAs without orifices and later by performing
experiments observed the characteristics of rectangular-
based bidirectional LCVAs (without orifices). Bhattachar-
jee et al. (2013) investigated the performance of
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unidirectional single TLD to change the dynamic charac-
teristics of the structure, while Saha and Debbarma (2015)
performed an experimental investigation on a TLCD scale
model attached to a steel structure which is subjected to
harmonic excitation.

The objective of this present study is to mitigate the
response of the structure by means of installing LCVA
model to the steel structure model subjected to sinusoidal
external motion as well as to evaluate the effect of different
parameters such as excitation frequency ratio, mass ratio,
etc., on the performance of the damper system and to
conduct a comparative study with TLCD model.

Equation of motion

The equation of motion of the liquid column vibration
absorber proposed by Chakraborty and Debbarma (2011) is

.1 i .
PALLcY +§pAhc|y|y +2pgAny = — pAnBn(X + %) (1)

where y is the displacement of the liquid due to the hori-
zontal motion x of the tube, 7, is the base acceleration of
the structure-damper system due to earthquake motion, ¢ is
the coefficient of head loss controlled by the opening ratio
of the orifice typically placed at the centre of the horizontal
portion of the damper, L. is the length of the liquid mea-
sured along the centreline of the tube, Ay is the cross-
sectional area of the tube, By, is the horizontal width of the
tube, p is the density of the liquid and g is the acceleration
due to gravity. This equation is non-linear in nature due to
the presence of the liquid damping. In the present study, the
equivalent linearization technique has been used and
Eq. (1) is approximated as:

pARLeY + 2pAnCoy + 2pAngy = — pAnBu(¥ +Z)  (2)
in which C, represents the equivalent linearization damp-

ing coefficient and can be expressed as C, = ‘\7/2% where oy

is the standard deviation of the liquid velocity. The natural

frequency of the damper is given by wg = 1/2g/Le and the

natural period T4 = % where g is the gravitational accel-

eration in m/sz, L. is the effective length of LCVA in m,
which is expressed as L. = L[1 — p(r — 1)], where p is the
length ratio and r is the area ratio. L = By, + 2h, where h is
vertical height of the liquid in the damper system.

The excitation frequency ratio (w/wy) is the ratio of the
excitation frequency to the structural natural frequency
(ws) which is controlled by varying external frequencies.
The mass ratio (u) is the ratio of the mass of the damper
(mq) to the mass of the structure (mg). The length ratio
(p) of liquid column damper is the ratio of the width of the
horizontal portion (B) to the effective length of the damper
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(Le). The tuning ratio (y) is the ratio of the natural fre-

quency of the damper (wq) to the natural frequency of the

structure (wg). The area ratio (r) is the ratio of the vertical

(A,) to the horizontal column (A},) cross-sectional areas, i.e.
Ay

V:A—h.

Experimental setup

The arrangement of the steel structure model over the
shake table along with the LCVA model is shown in Fig. 1.
The shake table, which is unidirectional in nature, will
impose horizontal motion to the structure.

Various specifications of the shake table:

Size of the shake table: 1 m x 1 m.

Weight of the shake table: 100 kg (approximately).
Range of maximum displacement: 100 mm.
Maximum operating frequency: 0-10 Hz.

Device required for applying operating frequency:
microprocessor-based three-phase precision AC drive.

Various specifications of the steel structure model:

e Description of the structure model: the steel structure
model has a mild steel plate of thickness 10 mm so that
it acts as a rigid slab of a structure. The load of the slab
is transferred first into the beams then into the columns.
There are four number of beams and columns of size
10 mm x 10 mm x 500 mm, i.e. there are four nos. of
beams used in this structure to carry the imposed load
from the steel plate which is then transferred to the base
by means of another four columns and the cross-
sectional area of these beams and columns are
10 mm x 10 mm, i.e. width 10 mm and thickness
10 mm while the length of both the beams and columns
are equals to 500 mm. The bars used for beams and
columns are solid square bars.

Fig. 1 LCVA-Structure Experimental setup

e The thickness of the steel plate used at top of the
structure is 10 mm.

e The columns are connected to beams and the base plate
while the beams are connected to the slab by welding.

e Natural frequency of the structure model: 7.7 rad/s (or,
1.237 Hz).

e Time period of the structure: 0.808 s.

Various specifications of the LCVA experiment:

e Description of the LCVA model: the LCVA consists of
one horizontal crossover duct along with two vertical
columns having different cross-section than the hori-
zontal one. It is made up of glass fibre sheet of
thickness 2 mm. The cross-section of the horizontal
tube is of 6 sq. cm, whereas for column it is
9 cm x 6 cm. The bottom width of the model is kept
equal to 29.2 cm.

e Area ratio (r): 1.5

e Instrument used in the experiments: Briiel and Kjer
Deltatron 4507-01 accelerometer placed at the top and
bottom of the structure.

Various specifications of the TLCD experiment:

e Description of the TLCD model: The TLCD model is
made up of glass fibre sheet of 2 mm thickness. It
consists of one horizontal tube along with two vertical
columns having same cross-section. Both the horizontal
tube and vertical columns have a cross-section of
6.44 cmz, while the bottom width of the model is
29.2 cm.

e Area ratio (r): 1.0

e Instrument used in the experiments: Accelerometer, which
measures the acceleration and linear variable differential
transformer (LVDT), which measures the displacement of
the structure positioned at the base and top.

The motion imposed on the structure is harmonic in
nature, with control over the frequency of the oscillations.
The measured response parameters are acceleration and
displacement of the structure along the line of action of the
force. In case of the TLCD-Structure system, the acceler-
ation and displacement response is measured by attaching
accelerometers and LVDTs at the base and top of the
structure. TRIMEX Acquire data acquisition system is used
to acquire and analyse the experimental data with the help
of accelerometer interface unit, dynamic LVDT signal
conditioner (Model: 2000-C-16) and Dynamic Strain
Measurement system (32 channels). While in case of the
LCVA-Structure system, those responses have been mea-
sured by attaching Briiel and Kjer Deltatron 4507-01
accelerometers (Briiel and Kjer Sound and Vibration
Measurement A/S, Naerum, Denmark) at the base and top
of the structure model. PULSE 3560B computerised data
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acquisition and multi-analyser system are used to acquire
and analyse the data obtained in the experiments. In each
set of the experiments, the Damper-Structure system is
subjected to harmonic sinusoidal base motions. This
external motion imposed to the structure by means of an
induction motor mounted on the shake table. To maintain
this external excitation amplitude constant, the displace-
ment of the shake table has been kept constant. The
direction of the imposed force (or acceleration) is the plane
parallel to the direction of the horizontal tube of the LCVA
and TLCD damping device. The damping devices are
connected rigidly with the structure by means of clamps
fitted with screws at the top of the structure and the dam-
pers are installed at the Centre of Gravity point of the plan
of the structure

Selection of TLCD and LCVA parameters

The response of the steel structure model attached separately
with TLCD and LCVA and subjected to a base excitation will
mainly depend on the characteristics of the TLCD-structure
system and LCVA-structure system. A Damper (TLCD or
LCVA) may be considered as properly designed if it reduces
the structure’s motion for a particular base excitation for a
given set of values of excitation frequency ratios (w/wy),
several mass ratios (1), etc. of the liquid column. In both the
experimental cases of TLCD and LCVA, the liquid used
inside the devices is water (Tables 1, 2).

Results and discussion
Investigations are conducted to study the dynamic
behaviour of the structure with LCVA and with TLCD,

when it is subjected to harmonic base motion applied to
the shake table. The harmonic ground motion is defined

Table 1 Experimental cases

by its excitation frequency and amplitude ground
motion. In this present study, displacement and accel-
eration of the structure with and without the damping
system (TLCD/LCVA) are measured by attaching
LVDTs and accelerometers and data acquisition system,
considering different excitation frequency ratios and
mass ratios. The experimental data related to the TLCD
system are considered from Saha and Debbarma (2015).
The results obtained from this experimental study have
been discussed and compared thereafter.

Effect of various external frequencies on structural
response

The effect of various excitation frequency ratios on the
responses of structure for mass ratio ¢ = 5% and length
ratio p = 0.7 has been shown in Figs. 2 and 3, for dis-
placement and acceleration, respectively. Various external
excitation frequency ratios ranging from 0.5 to 2.0 are
considered in this experimental study and the correspond-
ing maximum structural response has been observed. It can
be easily observed that at the region of resonance (w/
ws = 1), the response amplitude reduces significantly due
to the attachment of the damper. Thus, the maximum
reduction of response is obtained when the structure is
subjected to resonant frequency. The obtained reduction is
41.066 and 41.509% for displacement and acceleration,
respectively, when TLCD was installed, whereas in case of
LCVA, these responses reduced to 55.709 and 52.439%.
Hence, from these observations, it is clear that the maxi-
mum reduction in response is obtained when the frequency
ratio becomes unity.

Variation of structural responses with time histories

Typical plots of the variation displacement and accelera-
tion time histories of the structure with and without

Model Mass ratio () Area ratio (r) Length ratio (p) External frequency (o) in Hz External frequency ratio (w/wy)
LCVA 5% 1.5 0.7 0.613, 0.919, 1.229, 1.532, 1.839, 2.146, 2.45 0.5, 0.75, 1.0, 1.25, 1.50, 1.75, 2.0
TLCD 5% 1.0 0.7 0.613, 0.919, 1.229, 1.532, 1.839, 2.146, 2.45 0.5, 0.75, 1.0, 1.25, 1.50, 1.75, 2.0

Table 2 Height of liquid inside

the column sections Mass ratio (1) (%)

Width of the horizontal tube (H) in cm

Height of liquid (h) in column in cm

TLCD LCVA
5 22.75 1.655 1.917
22.75 4.935 4.416
22.75 8.190 6.916
7.5 22.75 9.820 8.167
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Fig. 2 Variation of displacement of structure with various excitation
frequency ratios considering mass ratio 4 = 5% and length ratio
p=07
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Fig. 3 Variation of acceleration of the structure with various
excitation frequency ratio considering mass ratio 4 = 5% and length
ratio p = 0.7

dampers for excitation frequency ratio w/wg = 1, mass
ratio 4 = 5%, tuning ratio y = 1 and length ratio p = 0.7
have been shown in Figs. 4 and 5. In these cases, the
responses at the top of the structure have been observed.
From Fig. 4, it is seen that the maximum displacement of
the structure without any damper is as about 4.129 mm,
which is reduced to about 3.404 and 2.548 mm with the
installation of TLCD and LCVA, respectively. Similarly,
Fig. 5 shows the acceleration response reduction due to the
implementation of the respective damper system. There-
fore, it can be easily observed from these graphical rep-
resentations that with the implementation of LCVA, the
responses reduced more compared to the reduction effect
of TLCD.

Effect of various mass ratios on structural response

Different mass ratios (u), varying from 5 to 7.5%, are
considered here to study the effect of various liquid
masses present in the TLCD and LCVA systems and
corresponding plots of displacement and acceleration
time histories of the steel structure model for resonance
condition, i.e. w/wg = 1 are shown in Figs. 6, 7, 8, 9.
With the help of the mentioned observations, it is clear
that the optimum control of peak responses for a par-
ticular frequency ratio is obtained with higher values of
mass ratios.

= without damper
e 1with TLCD
=with LCVA

Fig. 4 Variation of 45
displacement of structure with 35
time (with and without damper) = 25
for mass ratio 4 = 5%, g 15
excitation frequency ratio w/ < 05
ws = 1, tuning ratio y = 1 and g o5
length ratio p = 0.7 8
s -15
& 25
2 35
-4.5
0 2
Fig. 5 Variation of acceleration 0.15
of structure with time (with and
without damper) for mass ratio < 0.1
u = 5%, excitation frequency E 0.05
ratio w/wg = 1, tuning ratio H
y = 1 and length ratio p = 0.7 "g 0
D
B 005
<
-0.1
-0.15

Time (sec)

e without damper
e with TLCD
e with LCVA

Time (sec)
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Fig. 6 Variation of
displacement of structure
attached with TLCD with time
for various mass ratios
considering excitation
frequency ratio w/ws = 1

Fig. 7 Variation of
displacement of structure
attached with LCVA with time
for various mass ratios
considering excitation
frequency ratio w/w, = 1

Fig. 8 Variation of acceleration
of structure attached with TLCD
with time for various mass
ratios considering excitation
frequency ratio w/wg = 1

Fig. 9 Variation of acceleration
of LCVA-structure with time
for various mass ratios
considering excitation
frequency ratio w/ws = 1
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Effectiveness of the dampers

The effectiveness of the damper (TLCD or LCVA) is
calculated in terms of the reduction of structural dis-
placement or acceleration with damper compared to the
corresponding value without damper.

Effectiveness of the TLCD = <x5—xT X lOO) %
Xr

Effectiveness of the LCVA = ()% X 100) %
L

where x, is the peak response (displacement or accelera-
tion) values of structure without any damping system; xr
and x are the peak responses of structure attached with the
TLCD system and LCVA system, respectively. The
effectiveness of the TLCD found here is 41.066 and
41.509% in reducing the displacement and acceleration of
the structure system, whereas for the LCVA those
responses reduced up to 55.709 and 52.439%, respectively,
at the tuned condition as well as at the resonance region.

Conclusions

The performance of an LCVA has been investigated in this
present study for the mitigation of structural response. The
experimental results are compared with the results obtained
by installing a TLCD to evaluate the effectiveness of the
damper system. These damper systems were separately
mounted over the steel structure model and a set of
experiments were carried out for studying the behaviour of
them under harmonic loading condition. Several excitation
frequency ratios varying from 0.5 to 2.0 and various mass
ratios varying from 5 to 7.5% were considered. The effect
of resonance as well as tuned condition (wg/ws = 1) on the
structural response is also noticed. The responses of with
and without damping system are evaluated and presented in
the graphical form. It has been observed that maximum
reduction of the structural responses occurs at the region of
resonance. For the tuned condition at resonance frequency,
the effectiveness of TLCD has been found as 41.066% for
displacement and 41.509% for acceleration response.
LCVA also performed under the same conditions and
reduces the displacement about 55.709% and acceleration
about 52.439%. From this experimental study, it has been
found that LCVA and TLCD can successfully mitigate the
response of the structure. But it can be concluded that

LCVA has better efficiency in reducing the responses than
TLCD.
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