Journal of Structural Engineering & Applied Mechanics

N0/ golden light
2021 Volume 4 Issue 3 Pages 163-183 " publishin“gﬂ
https://doi.org/10.31462/jseam.2021.03163183

www.goldenlightpublish.com

RESEARCH ARTICLE

Experimental study on annular cylindrical tuned liquid dampers for
vibration control under different excitation angles

Ahmet Can Altumsik™*, Volkan Kahya'™, Ali Yetisken

Karadeniz Technical University, Faculty of Engineering, Department of Civil Engineering, 61080 Trabzon,
Turkey

Abstract

This work aims to experimentally show the effectiveness of annular cylindrical tuned liquid dampers
(ACTLDs) on the classical tuned liquid column dampers (TLCDs) under the effect of inclined ground
motion. For experimental measurements, a single-story model structure constituted by two plates at the top
and bottom connected by four columns was constructed. Since the water length within the tuned liquid
dampers (TLDs) is a very important parameter that affects the performance of the absorber, ACTLD and
TLCD devices were designed such that their total water lengths be equal for comparison purposes. The modal
characteristics of the model structure were determined by ambient vibration tests. The resonant frequency,
head-loss coefficient, damping ratio, and water height-frequency diagram of ACTLD and TLCD devices
were obtained experimentally through the shaking table tests. Then, the shaking table tests on the model
structure with and without the absorbers under consideration were performed to obtain the acceleration and
displacement time-histories and the damping ratio for the coupled system. In experimental tests, different
excitation directions from 0° to 90 ° were considered. Results of the study show that ACTLDs are better than
TLCDs at suppressing vibrations caused by ground motions acting on the structure at oblique angles.
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1. Introduction methods, Tuned Liquid Damper (TLD), which is
water confined in a container that uses the sloshing
energy of the water to reduce the dynamic response
of the structure during excitation.

As aspecial case of TLD, Tuned Liquid Column
Dampers (TLCDs) having a U-shaped tube
containing a liquid that is usually water has been
developed. The TLCD can reduce the structural
vibrations through the motion of liquid residing in
the container which counteracts the action of the
external excitations [14]. The damping effect of the

Vibration control is essential when designing
buildings especially if they are tall, which are
subjected to substantial vibration due to wind and
earthquakes, and may be exposed to resonant
vibrations with low-frequency content. To reduce
the harmful effects of the resonant vibrations on the
structures, mass dampers [1-5], liquid dampers [6—
9], base isolators [10-12], and other supplemental
damping systems [13] are among the various
alternatives. This paper focuses on one of these
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TLCD is produced by the head loss of hydraulic
pressure of the liquid due to the orifice installed
inside of the container and the viscous action in the
boundary layers. The application of TLCDs on civil
engineering structures was first proposed by Sakai
and Takeda [15]. Balendra et al. [16] studied the
effectiveness of TLCD for vibration control of
towers. Chang and Hsu [17] investigated the control
performance of TLCDs for buildings. Gao et al. [6]
developed a numerical method including the
nonlinearity of governing equation to show the
effectiveness of TLCD in controlling structural
vibrations. Hitchcock et al. [18] investigated the
characteristics of liquid column absorbers (LCVAS)
and found that they are dependent on the
geometrical configuration of LCVA. They also
investigated the bidirectional configuration
LCVAs. They studied the performance of various
configurations of the bidirectional LCVA
experimentally to understand the parameters which
allow optimization [19]. Yalla and Kareem [20]
performed an experimental study to examine the
performance of a prototype semi-active TLCD. Wu
et al. [21] proposed a practical guideline for TLCD
design in damped single-degree-of-freedom
structures under wind excitations. Wu et al. [22]
presented the optimal design parameters of TLCDs
with non-uniform cross-sections for application to
an SDOF structure in horizontal motion.
Chaiviriyawong et al. [23] simulated TLCDs using
an elliptical flow path estimation method. A
modified version of TLCD is proposed by Al-Saif
et al. [24] as a passive vibration control device at
low-frequencies. Mousavi et al. [25] carried out a
detailed investigation on the optimum geometry of
tuned liquid column-gas damper for vibrations of an
offshore jacket platform under seismic excitations.
Sarkar et al. [26] proposed a passive hybrid damper
derived from a pendulum-type tuned mass damper
(TMD) and a TLCD. Mensah and Duefias-Osorio
[27] improved a dynamic model of the wind turbine
to accommodate single/multiple TLCD in
controlling excessive vibrations. Bigdeli and Kim
[28] compared three passive vibration absorbers
such as TMD, TLD, and TLCD experimentally. Di
Matteao et al. [29] developed a formulation for the

response of structural systems controlled by TLCD
devices based on the mathematical tool of fractional
calculus. Behbarani et al. [30] showed the effect of
TLCD with maneuverable flaps on vibration
control of structures by carrying out shaking table
tests on a prototype structure with and without the
absorber.

Earthquake-induced ground motions propagate
in longitudinal, transversal, and vertical directions.
Many design codes suggest the simultaneous effect
of two lateral components is considered to be
parallel to the sides of the structure. Dynamic
absorbers are also installed on the structure as being
parallel to its sides. However, structures may not be
always excited by ground motions orthogonal to
their sides, i.e., in x- and y-directions, due to their
positions in the plan on the ground. For this reason,
in dynamic analyses, it should be considered that
the structure can be excited by the ground motions
with different directions in the plan. The above-
given literature is on vibration control of a structure
by TLDs under one-directional base excitation, and
there is no literature, to the best of authors, that
exists on this topic. Recently, Altunisik et al. [8]
performed the experimental evaluation of TLCDs
installed on a single-story structure exposed to the
ground motions with different directions. They also
studied experimentally the performance of annular
cylindrical liquid column dampers (ACTLDs) for
vibration suppression of structures exposed to
ground motion with different directions [31].

This study compares the vibration control
effectiveness of ACTLDs and TLCDs installed to
structures subjected to inclined ground motions. A
series of experiments were performed on a single-
story structure constituted by two plates at the top
and bottom connected by four columns. Since the
water length within the tuned liquid dampers
(TLDs) is a very important parameter that affects
the performance of the absorber, ACTLD and
TLCD devices were designed such that their total
water lengths be equal for comparison purposes.
The modal characteristics of the model structure
were determined by ambient vibration tests. The
resonant frequency, head-loss coefficient, damping
ratio, and water height-frequency diagram of
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ACTLD and TLCD devices were obtained
experimentally through the shaking table tests.
Then, the shaking table tests on the model structure
with and without the absorbers under consideration
were performed to obtain the acceleration and
displacement time-histories and the damping ratio
for the coupled system. In experimental tests,
different excitation directions between 0° and 90°
were considered. For numerical evaluation, finite
element (FE) analyses were also performed via
ANSYS® [32]. In FE modeling, the absorbers were
assumed to be added mass. Comparisons are made
to investigate the control performances of TLCD
and ACTLD devices due to inclined ground motion
effects.

2. Theoretical background for TLCDs

For comparison of TLCD and ACTLD absorbers,
here, we gave a brief theoretical formulation for the
design of TLCD. Fig. 1 shows a schematical
representation of TLCD. Using the energy principle
associated with Lagrange’s equations, liquid
surface motion in a TLCD can be given by [6].

O+ 0lJ0] YO + 0fy(® = 2%, &

e

where X, (t) is the acceleration practiced to TLCD,

y(t), y(t) and y(t) are the acceleration, velocity,
and displacement of liquid inside TLCD,
respectively, o is the cross-sectional ratio (AJ/An)
in which A, and Ay are the vertical and horizontal
cross-sectional areas of TLCD, respectively, o, is
the natural frequency of absorber, and Le is the total
length of liquid, e.g., water, in TLCD, which can be
calculated by

L, =2h+ub @)

where h and b are the vertical and horizontal lengths
of liquid columns. The natural frequency of TLCD
can be determined by

— ®

y(t)

h

Fig. 1. Configuration of a TLCD absorber

where g is the acceleration of gravity. Eq. (3) shows
that the total water length directly affects the natural
frequency of TLCD.

3. Experimental setup and implementation

In the experimental measurements, a steel single-
story structure consisting of two plates and four
columns was constructed. Fig. 2 shows some
laboratory views and physical properties of the
model structure. Dimensions of the top and bottom
plates are 6006005 mm and 300x300%10 mm,
respectively. Four columns with 1000x50%5 mm
dimensions were welded to the top and bottom
plates. Bolt holes with a diameter of 10 mm were
drilled in the bottom plate to simulate exposure to
inclined ground motion as shown in Fig. 2.

Two different types of dynamic absorbers,
TLCD and ACTLD, were designed for the
measurements. Fig. 3 and Fig. 4 show the physical
dimensions of these two absorbers, respectively.
TLCD absorber was made of glass material and has
130.75N weight. In the design of ACTLD, the total
water length was assumed to be equal to that of the
TLCD since each longitudinal section of ACTLD
represents a U-shape as in TLCD (see Fig. 4). To
give a cylindrical form to ACTLD, steel molds were
used. Four half-cylinder glasses with 360 mm inner
and 540 mm outer diameter were processed and
glued to each other. Twelve wooden elements, each
has 10x10 mm rectangular cross-section, were used
to connect the inner and outer cylinders. To
facilitate the montage, the base glass was made of a
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600x600 mm rectangular section. The weight of the
ACLTD is 279.4 N. Rulers were placed on the
surface of both absorbers to measure the water level

(a) Some

during experiments. Fig. 5 shows some views of

TLCD and ACTLD absorbers designed.

<

laboratory views of the model structure installed on the shaking table
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(b) Dimensions of the model structure and details of the bottom plate (units in mm)
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Fig. 2. Laboratory views and physical dimensions of the model structure
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Fig. 3. Geometrical properties of the TLCD (units in mm)
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Fig. 4. Geometrical properties of the ACTLD (units in mm)

(b) ACTLD absorber
Fig. 5. Some views of TLCD and ACTLD absorbers designed

The experimental analysis was performed in
three steps: In the first step, via the operational
modal analysis (OMA), the natural frequencies and
damping ratios of the model structure were
obtained. In the measurements, B&K3560 data
acquisition system with 17 channels and B&K8340
type uni-axial accelerometer were employed. The
signals were collected in the data acquisition system
and transferred into PULSE software [33] for signal
processing. Then, with OMA software [34], the
dynamic characteristics of the structure were
determined by Enhanced Frequency Domain
Decomposition Method (EFDD) in the frequency

domain and Stochastic Subspace Identification
Method (SSI) in the time domain. In Fig. 6, the
singular values of spectral density matrices
(SVDSM) of the data set and the average of auto
spectral densities (AASD) from EFDD, and the
stabilization diagram of the estimated state of space
model from SSI are given. Based on these graphs,
the first three experimental natural frequencies of
the structure are 2.596 Hz, 6.916 Hz, 8.440 Hz
according to EFDD, and 2.613 Hz, 6.901 Hz, 8.390
Hz according to SSI. As seen, both methods give
similar results.
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Fig. 6. EFDD and SSI results for experimental tests on the model structure

In the second step, the resonant frequency,
head-loss coefficient, damping ratio, and water
height-frequency diagram for TLCD and ACTLD
absorbers were determined. To this aim, both
absorbers were installed on the shaking table with
the aid of four clamps. The shaking table has
dimensions of 500x500 mm, 500 N weight and
1000 N shaking capacity up to 1g acceleration. The
amplitude of excitation in harmonic tests was
limited to ensure that the water surface neither falls
below the horizontal portion of the devices nor does
water pour out of the system.

For TLCD, the shaking table tests were
performed using 16.4 cm initial water height (h)
within 0.60-1.10 Hz frequency range for 4 mm and
8 mm excitation amplitudes, respectively. Table 1
shows the change of maximum water heights with
the frequencies of TLCD. As seen, the maximum

water height was observed to be 19.8 cm for 4 mm
excitation amplitude and 21.4 cm for 8 mm
excitation amplitude. These values correspond to
the frequency of the absorber of 0.86 Hz. Thus, the
resonant frequency of TLCD was determined to be
0.86 Hz. Using Eq. (3), the resonant frequency of
TLCD was calculated to be 0.8 Hz analytically,
which validates the measurements.

The experimental measurements for ACTLD,
were performed using 16.4 cm initial water height
(h) within 0.70-1.60 Hz frequency range for 2 mm
and 4 mm excitation amplitudes, respectively.
Table 2 shows the change of maximum water
heights with the frequencies of ACTLD. Following
the similar way to the TLCD, it can be concluded
that the resonant frequency of ACTLD was
determined to be 1.10 Hz for which the maximum
water heights were measured. According to Eq. (3),
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the frequency of ACTLD can be determined as 0.8 i.e., difference is about 28%. Thus, the formula
Hz, which is far from the experimental frequency, given by Eq. (3) is not valid for ACTLD absorbers

Table 1. Change of the maximum water heights with the frequencies of TLCD

Frequency 4 mm-amplitude 8 mm-amplitude
(H2) Measured height (cm) Ah (cm) Measured height (cm) Ah (cm)
0.610 16.60 0.2 17.30 0.90
0.650 16.90 0.5 17.60 1.20
0.700 17.10 0.7 18.10 1.70
0.735 17.50 11 18.70 2.30
0.746 17.60 1.2 19.00 2.60
0.758 17.80 1.4 19.30 2.90
0.769 17.90 15 19.40 3.00
0.780 18.00 1.6 19.50 3.10
0.790 18.30 1.9 19.90 3.50
0.806 18.60 2.2 20.30 3.90
0.820 19.00 2.6 20.70 4.30
0.830 19.20 2.8 21.10 4.70
0.850 19.70 3.3 21.30 4.90
0.860 19.80 3.4 21.40 5.00
0.870 19.70 3.3 21.30 4.90
0.880 19.50 3.1 21.10 4.70
0.890 19.30 2.9 20.90 4.50
0.900 19.10 2.7 20.70 4.30
0.940 18.50 2.1 19.90 3.50
0.990 17.80 1.4 19.40 3.00
1.030 17.60 1.2 18.70 2.30
1.060 17.40 1.0 18.40 2.00
1.090 17.30 0.9 18.30 1.90
1.100 17.10 0.7 17.80 1.40

Table 2. Change of the maximum water heights with frequencies of ACTLD

Frequency 2 mm-amplitude 4 mm-amplitude
(H2) Measured height (cm) Ah (cm) Measured height (cm) Ah (cm)
0.70 16.80 0.4 17.20 0.80
0.80 16.90 0.5 17.50 1.10
0.90 17.10 0.7 18.40 2.00
0.95 17.60 1.2 19.00 2.60
1.00 18.20 18 20.60 4.20
1.05 19.90 35 23.50 7.10
1.10 21.90 55 24.10 7.70
1.15 19.70 3.3 22.10 5.70
1.20 18.60 2.2 20.10 3.70
1.30 17.20 0.8 18.70 2.30
1.40 17.10 0.7 17.90 1.50
1.50 16.90 0.5 17.60 1.20

1.60 16.65 0.3 17.20 0.80
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In the third step of the experimental analysis, the
absorbers were installed on the model structure,
separately (see Fig. 7), and the resulted coupled
system was experienced by a ground motion that
was simulated by the shaking table to obtain its
acceleration and displacement time histories and
damping ratio. Here, the aim is to compare the
control performances of both absorbers under the
inclined ground motion effect. In the shaking table
tests, the bottom plate of the model structure was
installed on the shaking table via five bolts, one is
in the middle and the others are at the edges as
shown in Fig. 2. Thus, the bottom plate can be
rotated on the shaking table about the direction
orthogonal to its plane to ensure the system be
exposed to ground motion in different directions. In
shaking table tests, harmonic sinus waves in the
resonant frequency with 1 mm and 2 mm
amplitudes were, respectively, applied during 20
cycles for different directions of ground motion
between 0° and 90° with an increment of 15°
Acceleration time histories were measured using
two sensitive accelerometers located on the top and
bottom plates of the structure. The collected records
were processed by SeismoSignal Software [35] to
obtain the velocity and displacement time histories.
Machine vibrations were filtrated by the
Butterworth-Bandpass technique. To calculate a
realistic damping ratio using the logarithmic
decrement method is difficult due to the existence
of beat phenomenon in the structure-absorber
coupled system. Thus, the damping ratio was
determined by the half-power bandwidth method
[36]. The selected structural characteristics lead to
a linear behavior during excitation, and they were
chosen with respect to the limitations imposed by
the shaking table in terms of applicable size and
tolerable mass. Five different measurements were
taken for each case, and the average of the
measurements was used to calculate the damping
ratio.

At third step, the model structure without
absorber was first experienced by ground motion
with different directions. Then, the structure with
TLCD and ACTLD absorbers was, respectively,
subjected to the inclined ground motion. Tables 3-

5 present the maximum accelerations, velocities,
displacements, and damping ratios of the model
structure with and without absorbers for different
angles of excitation.

4. Results and discussion

4.1. Dynamic characteristics of model structure
and absorbers

First, experimental measurements for the model
structure were verified by a numerical model. To
this aim, finite element modal analysis of the model
structure was performed. The three-dimensional
finite element model of the structure was
constituted in ANSYS®. In the FE model, the
bottom plate of the structure was assumed to be
fixed. The modal analyses were performed under a
244 5N dead load, and natural frequencies and
mode shapes were obtained. Fig. 8 shows the
numerically obtained first three mode shapes of
vibration. They appeared as 1% bending mode, 1%
torsional mode, 2" bending mode of top plate.
Table 6 compares the first three numerical and
experimental natural frequencies of the model
structure. As seen, the results are in good agreement
for the first mode of vibration, which is of
importance for our study. According to Table 6, the
resonant frequency of the model structure is 2.61
Hz.

Based on the results given in Table 1 and 2,
Figs. 9 and 10 show the change in the water level
(Ah) with the excitation frequency for TLCD and
ACTLD absorbers, respectively. In these figures,
the maximum increases in the water level are shown
for each excitation amplitude assumed.
Corresponding damping ratios were calculated by
the half-power bandwidth method. After marking
Ah_ /2 points on the curve to determine the
corresponding frequencies (w1 and w;) on the
horizontal axis, as seen in Figs. 9 and 10, the
damping ratios ¢ for the considered excitation
amplitudes are calculated, respectively. In addition,
the head-loss coefficient 5 can be calculated by [16]

5:2L\/;[ 3 J 4)

Ah

max
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using the damping ratios calculated and the
maximum water heights, Ahmax. Tables 7 and 8 give
the damping ratios and the head-loss coefficients
for each absorber, respectively. As seen, the
resonant frequencies for TLCD and ACTLD
absorbers are, respectively, determined to be 0.86
Hz and 1.10 Hz. For both devices, increasing
excitation amplitude results in increasing damping.
When the excitation amplitude is doubled, damping
of TLCD increases 36.5% while that of ACTLD
increases 68.4%. This shows ACTLD provides
better damping property than TLCD.

4.2. Dynamic response of the model structure
with and without absorbers

According to Table 3, the accelerations, velocities
and displacements of the structure decrease with
increasing the excitation direction of ground
motion. This is exactly due to the increasing the
column stiffness of the model structure when it
rotates from 0° to 90°. However, there is no
significant change in the damping ratio except the
excitation direction of 90° for which the
displacements are very small, and the calculation of
the damping becomes very difficult.

1* mode shape

2" mode shape

3™ mode shape

Fig. 8. First three mode shapes of the model structure from FE analysis
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Table 3. Maximum dynamic response and damping ratios of the model structure without absorber for different angles
of excitation

1 mm amplitude 2 mm amplitude

Frequency ) . . - - .
(H2) Accel. | Velocity | Displacement Da_mplng Accel. | Velocity | Displacement Da_mplng
() (cm/sec) (mm) ratio (%) @) (cm/sec) (mm) ratio (%)

0 1.299 60.740 39.190 0.699 2.292 114.960 76.720 0.739

15 1.281 68.690 47.300 0.499 2.317 121.880 78.560 0.695

30 0.919 54.630 37.490 0.512 1.910 105.310 66.390 0.699

45 0.620 36.540 25.830 0.713 1.358 70.440 42.460 0.450

60 0.278 16.360 11.120 0.405 0.620 34.160 20.330 0.775

75 0.123 5.710 0.560 0.671 0.207 9.730 0.553 0.939

90 0.092 1.419 0.420 3.267 0.111 2.612 0.600 2.577
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Table 4. Maximum dynamic response and damping ratios of the structure with TLCD absorber for different excitation

directions
1 mm amplitude 2 mm amplitude

Frequency : : : = : =
(H2) Accel.  Velocity Displacement Dampmg Accel.  Velocity Displacement Da_mpmg
(9) (cm/sec) (mm) ratio (%) (9) (cm/sec) (mm) ratio (%)

0 0.207 21.25 19.69 3.95 0.368 31.95 30.15 4.85

15 0.208 20.36 19.30 4.92 0.415 31.65 28.75 6.34

30 0.166 15.64 14.40 3.83 0.241 23.23 22.39 4.70

45 0.139 12.69 12.18 3.64 0.225 17.64 17.70 5.48

60 0.055 3.80 4.46 3.34 0.105 7.46 7.37 3.59

75 0.050 2.02 1.50 2.70 0.077 3.84 2.89 3.68

90 0.050 1.63 0.77 3.19 0.110 3.37 1.40 2.67

Table 5. Maximum dynamic response and damping ratios of the structure with ACTLD absorber for different excitation

directions
1 mm amplitude 2 mm amplitude

Frequency - - - - : :
(H2) Accel.  Velocity Displacement Damplng Accel.  Velocity Displacement Damplng
(9) (cm/sec) (mm) ratio (%) (9) (cm/sec) (mm) ratio (%)

0 0.156 13.37 14.52 4.45 0.210 19.93 23.14 5.35

15 0.123 11.56 12.57 4.15 0.200 18.32 19.46 5.95

30 0.095 8.10 9.06 5.65 0.150 13.42 16.12 5.65

45 0.078 6.38 7.80 3.60 0.120 10.14 10.91 5.95

60 0.053 4.47 5.62 3.30 0.086 6.88 7.55 6.15

75 0.035 2.06 2.34 4.10 0.063 3.39 3.25 4.40

90 0.031 1.37 1.23 8.80 0.061 1.36 0.64 10.80

Tables 4 and 5 present the maximum dynamic
responses and damping ratios of the model structure
with TLCD and ACTLD absorbers for different
excitation directions, respectively. The change in
dynamic responses due to the absorber installation
to the structure is shown Figs. 11 and 12 for 2 mm
excitation amplitude. It is seen from the figures that
both TLCD and ACTLD absorbers reduce the
dynamic responses of the structure in a significant
extent for ground motions with angles up to 75°.

Fig. 13 shows the resonant response time
histories and maximum displacement-frequency
ratio diagram of the model structure with TLCD for
I mm excitation amplitude with the angle of 0°.
Table 9 summarizes the dynamic characteristics of
the coupled system for the considered case. As
seen, the experimentally measured resonant
frequency is 1.563 Hz. For FE modelling in
ANSYS®, TLCD was assumed to be an additional
mass on the model structure. In Table 10, the first
three vibration frequencies calculated by FEM are
given for the 0° direction of excitation. According

to FE modal analysis results, the numerical
calculated resonant frequency of the structure-
TLCD system is 1.547 Hz, and it agrees with that
of the experimental measurements. Thus, we
approximately verify our experimental
measurements. Then, the measurements were
performed for the other excitation directions of 15°,
30°, 45°, 60°, 75° and 90° in case of 1 mm and 2
mm amplitudes, respectively. Fig. 14 shows the
maximum displacement-frequency ratio diagram
for different excitation directions. According to
these results, the displacement responses of the
structure-TLCD coupled system decrease with
increasing the angle of excitation direction.
Installing TLCD on the structure reduces its
resonant frequency from 2.61 Hz to 1.563 Hz.
Damping ratios of the coupled system change in the
range of 2.70%-4.94% for 1 mm-amplitude and
2.67%-6.34% for 2 mm-amplitude, respectively,
considering different excitation angles (see Table
4).
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Table 6. Comparison of the numerical and experimental natural frequencies (Hz) of the model structure

EFDD SSI
b @ FEM Frequency Difference (%) Frequency Difference (%)
1 2.633 2.596 1.40 2.613 0.76
2 7.548 6.916 9.14 6.901 9.37
3 7.573 8.440 10.00 8.390 9.74

Table 7. Damping ratio ¢ and head-loss coefficient 8 of the designed TLCD

A'T(‘ﬁ]'r;t]‘;de Ahimac (cm) w1 (H2) w2 (H2) wr (H2) ¢ (%) 5
4 34 0.81 0.92 0.86 6.39 5.20
8 5.0 0.79 0.94 0.86 8.72 4.81

Table 8. Damping ratio ¢ and head-loss coefficient 8 of the designed ACTLD

A”(‘rﬁ’q'r';;‘de Ahmac (cm) 1 (H2) w2 (H2) or (H2) £ (%) 5
4 3.4 0.81 0.92 0.86 6.39 5.20
8 5.0 0.79 0.94 0.86 8.72 481
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Fig. 13. Acceleration and displacement time histories and maximum amplitude-frequency ratio diagram of the model
structure with TLCD for the resonant frequency (1 mm amplitude with the angle of 0°)
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Table 9. Dynamic characteristics of the model structure-TLCD coupled system for the resonant frequency (1 mm

excitation amplitude with the angle 0°)

Damping Acceleration Velocity Displacement fF::SSre]ﬁzt
w1 (Hz) w2 (Hz) or (Hz) ¢ (%) @) (cmisec) (mm) ?HZ) Y
0.974 1.053 1.0 3.95 0.207 21.25 19.69 1.563

Table 10. Modal characteristics of the model structure with TLCD calculated by FEM

Mode Period (s) Frequency (Hz) Mass Participation ratio (%)
1 0.646 1.547 87.6
2 0.108 9.276 94.0
3 0.069 14.533 98.0
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Fig. 14. Maximum displacement-frequency ratio diagram of the model structure with TLCD for different excitation
angles

Fig. 15 shows the resonant response time
histories and maximum displacement-frequency
ratio diagram of the model structure with ACTLD
for 1 mm excitation amplitude with the angle of 0°.
Table 11 summarizes the dynamic characteristics of
the model structure-ACTLD coupled system in the
resonant frequency for 1 mm excitation amplitude

with the angle of 0°. As seen, the experimentally
identified resonant frequency is 1.50 Hz. Again,
considering the ACTLD is an additional mass on
the structure, the FE modal analyses were
performed in ANSYS®. In Table 12, the first three
vibration frequencies calculated by FEM are
presented for the coupled system. As seen, the
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calculated resonant frequency of the coupled
system is 1.55 Hz, and it shows a good agreement
with that of measurements. Then, the measurements
were repeated for other angles of 15°, 30°, 45°, 60°,
75° and 90° angles with 1 mm and 2 mm excitation
amplitudes, respectively. In Fig. 16, the maximum
displacement-frequency ratio diagrams are plotted
for 1 mm and 2 mm excitation amplitudes,
respectively. According to these graphs, the
displacement responses significantly decrease with

installation of ACTLD when the angle of motion
changes from 0° to 90°. Installing ACTLD on the
model structure causes to reduce its resonant
frequency 2.61 Hz to 1.50 Hz, which is slightly
better than installing TLCD. Damping ratios of the
coupled system change in the range of 3.30%-
8.80% for 1 mm-amplitude and 4.40%-10.80% for
2 mm-amplitude, respectively considering different
excitation angles (see Table 5).
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Fig. 15. Acceleration and displacement time histories and maximum amplitude-frequency ratio diagram of the model
structure with ACTLD for the resonant frequency (1 mm excitation amplitude with the angle 0°)
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Table 11. Dynamic characteristics of the model structure-ACTLD coupled system for the resonant frequency (1 mm
excitation amplitude with the angle of 0°)

Dampliig Acceleration Velocity Displacement fF::SSre]ﬁzt
w1 (Hz) w2 (Hz) or (Hz) ¢ (%) @) (cmisec) (mm) ?HZ) Y
0.963 1.052 1.0 4.45 0.156 13.37 14.52 1.50
Table 12. Modal characteristics of the model structure with ACTLD calculated by FEM
Mode Period (s) Frequency (Hz) Mass Participation ratio (%)
1 0.645 1.55 87.6
2 0.111 9.03 94.0
3 0.071 14.15 98.0
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Fig. 16. Maximum displacement-frequency ratio diagram of the model structure with ACTLD for different excitation
angles

Figures 17-20 compare the changes in dynamic ACTLD represents the structure with ACTLD. The
responses and damping ratio for the structure- comparisons are made for 2 mm excitation
absorber coupled system. In the figures, Sw/ TLCD amplitude only. Fig. 17 shows the comparison of
represents the structure with TLCD, and S w/ the changes in acceleration responses of the
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structure when it is installed with TLCD and
ACTLD. As seen, ACTLD is better than TLCD for
all excitation angles of ground motion. Fig. 18
presents the comparison of the changes in velocity
responses of the structure with absorbers
considered. Again, we can see that ACTLD shows
better performance than TLCD. Here, we have an
exception for the angle of 90°. In Fig. 19, the
comparison of the changes in displacement
responses of the structure-absorber coupled system
are given. According to this graph, it is seen that
ACTLD is better than TLCD. Here, for the angles
75° and 90°, we have positive change percentage in
the displacements that means the systems’
displacement increases with respect to the structure
without absorber. Finally, Fig. 20 shows the
comparison of the changes in damping ratios for
both cases. As seen, ACTLD generally provides
better damping performance than TLCD when the

system is subjected to inclined ground motion.
Especially for the angles greater than 45°, the
effectiveness of ACTLD in providing damping
drastically increases.

Vibration absorbers are, in general, designed
such that they have the equal or close frequency
value to the resonant frequency of the main
structure to be controlled. In this study, both
absorbers were designed to have different
frequencies from the resonant frequency of the
model structure to test their robustness. According
to the results of the study, even in such case, both
devices show good control performance in
vibration reduction. Since ACTLD is better than
TLCD based on the discussion given the previous
paragraphs, we can say that ACTLD shows more
robust performance than TLCD.

O M T T
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2222 Sw/ACTID ||

40 +

Change (%)

=60 +

-80

-100 T T

.
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Fig. 17. Comparison of the changes in acceleration response of the model structure with TLCD and ACTLD for
ground motion with 2 mm excitation amplitude
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Fig. 18. Comparison of the changes in velocity response of the model structure with TLCD and ACTLD for ground
motion with 2 mm excitation amplitude
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Fig. 19. Comparison of the changes in displacement response of the model structure with TLCD and ACTLD for
ground motion with 2 mm excitation amplitude
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Fig. 20. Comparison of the damping ratios of the model structure with and without absorbers for ground motion with 2
mm excitation amplitude

5. Conclusion

In this study, the control performances of annular
cylindrical tuned liquid dampers (ACTLDs) and
tuned liquid column dampers (TLCDs) are
compared when the main structure is subject to a
ground motion with inclined direction. ACTLDs
are designed such that total water lengths in each
direction be equal to that of TLCD. Experimental
analyses are performed on a model structure with
and without absorbers. Ground motion is simulated
by a shaking table. The following conclusions can
be drawn from the study:

e Both TLCD and ACTLD absorbers reduce the
dynamic responses of the structure considerably
for ground motions with a certain value of
inclination angle, which depends on the
amplitude of the external excitation.

e The damping ratios increase in a great extent for
installation of absorbers to the structure for all
inclination angles. The general trend of change
in damping ratio is first increasing then
decreasing when the angle increases.

Resonant frequency of the structure-absorber
coupled system is slightly smaller in case of
ACTLD installation than that of TLCD.
ACTLD generally shows better performance in
reduction of dynamic responses of the structure
than TLCD for inclined ground motions effect.
ACTLD generally provides better damping
performance than TLCD when the system is
subject to inclined ground motion. Especially
for the inclination angles greater than 45°, the
effectiveness of ACTLD in providing damping
drastically increases.

ACTLD absorber always provides the
oscillation of water instead of the sloshing due
to its U-shaped form in each longitudinal
section. It is desirable behavior for liquid
column dampers for vibration control.

ACTLD shows more robust performance than
TLCD to the change of the excitation angles.
This study only performs an experimental
evaluation of using ACTLDs and TLCDs in
vibration control of a model structure under
inclined ground motions. Further analytical and
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numerical models should be developed and
experimentally validated to extend the results of
this study to real structures, which is still in
progress.
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