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Abstract: The use of tuned liquid dampers (TLDs) as an alternative to reduce the response of flexible
structures with a low amount of structural damping is a viable option. The correct characterization
of the dynamic properties of the TLD plays an important role in the performance of the TLD-main
structure system. This work presents the results of an experimental study to evaluate the dynamic
properties of a scaled rectangular TLD using high-speed videos. For the experimental investigation, a
scaled rectangular TLD is subjected to lateral displacement of the sinusoidal type with amplitudes
that range from 5 to 40 mm and frequency equal to 0.625 Hz. The dynamic properties of the TLD
system are identified with the use of high-speed videos with a duration of 28.96 s and recorded
at 500 frames per second (fps). The recorded videos are analyzed with the software Tracker to
extract time histories of wave elevation at predefined locations. The frequency and damping of the
TLD system are identified from the time histories of wave elevation through Fourier analysis and
free-vibration decay. The findings of this study revealed that the identified dynamic properties of the
TLD by using high-speed videos presented small differences with respect to the target values, with
errors that range from 0.93 to 2.9% for frequency and from 1.6 to 8.8% for damping, indicating that the
use of high-speed videos can be an alternative to evaluate the dynamic properties of TLD systems.

Keywords: tuned liquid damper; damping; modal frequency; experimental testing; high-speed video

1. Introduction

The use of energy dissipation devices to reduce the structural response under wind
or seismic forces has been investigated by different authors [1–3], and their performance
for wind and earthquake-induced responses are considered to be satisfactory. One of the
passive energy dissipation systems is the tuned liquid damper (TLD). The use of TLDs as
vibration reduction devices in civil structures started around the 1970s in offshore structures,
by showing the effects of installing storage tanks and observing how the variation of the
water flow directly influences both the water frequency and its damping [4]. In the 1980s, a
study of the influence of appendages applied as an equivalent mechanical model attached
to a system of multiple degrees of freedom was carried out, such a study showed that
the response of the primary system was reduced when one of the sloshing modes of the
appendages is tuned to the fundamental mode of the primary structure [5]. The application
of TLDs in tall structures began in Japan with the installation of TLDs in two control towers,
an observatory tower, and finally a high-rise building. In these structures, the behavior of
the system without and with the TLD was measured, and the results were quite good to be
able to observe the reduction of their responses with the use of the TLDs [6].

More recently, methodologies for modeling and design of the TLD system have been
developed [3]. Other investigations have studied the non-linear component of the liquid
breaking against interior dissipative elements (e.g., screens), and some variants of a TLD
system have been developed as well [7–10]. Another proposal is to use hybrid systems in
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conjunction with base isolators, which initially brings the structure to a higher period, and
in turn translates into lower frequencies at which the TLD device is effectively activated,
resulting in improved building performance [11].

A traditional TLD device consists of a partially filled container, usually of rectangular
shape with length (L), width (b), and quiescent fluid depth (h). The TLD is rigidly connected
to the main structure. The sloshing frequency of the TLD device is tuned near to the modal
frequency of the structure. The optimal properties of the TLD are usually obtained by
parametric analysis [12]; the parametric analysis considers adjustments in L, b, and h.

The TLD is an attractive technology due to its low cost, easy installation, and mainte-
nance, as well as its ability to absorb energy since the device dissipates structural energy
through the sloshing of the liquid as it breaks against the walls of the TLD [13]. Inherent
damping can be increased by installing dissipative devices, such as screens, nets, floating
bases, baffles, and other elements [14–18].

The main parameters that characterize the design of a TLD system can be defined as the
mass ratio, µ, frequency ratio, Ω, and damping ratio, Φ. For a given structure, the optimal
TLD system is often defined as the one that generates the minimum structural response.
It is noted that a practical methodology to calculate the optimal parameters of the TLDs,
based on equivalent TLD properties, has been proposed by [12]. This methodology has also
been used by [19] to develop a preliminary design method for TLDs conforming to space
restrictions. More recently, a practical performance-based design approach was developed
by [20] which is based on the work by [12]. In this study, the methodology proposed by [12]
is adopted to calculate the optimal parameters of the TLDs. The successful implementation
of an auxiliary damping device, such as the TLD, includes a correct characterization of its
dynamic properties.

The use of nonintrusive methodologies to evaluate the properties of dynamic systems
has gained much attention in recent years. For example [21] employed image-recognition
techniques to monitor the dynamic response of small-scale structures, [22] used a flow
visualization technique and a high-speed camera to estimate air concentration profiles for
a series of hydraulic jumps. Other examples of the use of nonintrusive methodologies
that include the use of videos recorded with high-speed cameras are those presented by
Gardarsson [23]. In Gardarsson’s study, laser imaging to measure the sloshing behavior of a
water tank using shaking table tests was used. Lobovský et al. [24] carried out investigations
of the behavior of dynamic pressures during dam failure using a high-speed video camera.
Min et al. [25] developed a fast vision detection system based on the binary pixel count of
the image portion in a pseudo-dynamic test of a Tuned Liquid Column Damper (TLCD).
Poguluri and Cho [26] used high-speed videos to compare the sloshing behavior of a
rectangular tank with the results obtained from numerical analysis based on computational
fluid dynamics (CFD). More recently, experimental investigations have been developed
in which the performance of structures equipped with TLDs has been measured using
high-definition videos to verify the response of both the main system and the auxiliary
device [27,28]. The previous studies provided a forward step towards the understanding of
the use of high-speed cameras to study dynamic systems; however, the use of high-speed
videos to identify dynamic properties of TLDs in dynamic tests has not been reported in
the literature.

The main objective of this study is to evaluate the dynamic properties (i.e., frequency
and damping ratio) of a scaled rectangular TLD using high-speed videos. For the experi-
mental setup, the TLD model is subjected to lateral displacement demands with amplitudes
that range from 5 to 40 mm. A dynamic actuator is used to apply the lateral displacement.
High-speed videos of water elevation at selected points are recorded with a high-speed
camera attached to the experimental device. The software Tracker Version 6.1.3 is employed
to extract time histories of wave elevation at predefined locations. Fourier analysis and
free-vibration decay of the wave elevation records are carried out to identify the dynamic
properties of the TLD.
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2. Experimental Setup
2.1. General

The design of the TLD requires the definition of µ, Ω, and Φ. To evaluate such
parameters, the dynamic properties of a previously studied tall building [29] were used.
The building properties that were taken as the basis for the TLD design were a modal mass
value associated with the first mode of vibration equal to 7.673 × 106 (kg), a structural
damping ratio equal to 1%, and a modal frequency equal to 0.199 Hz [29]. To calculate the
model parameters, the scaling factors shown in Table 1 were employed. The building was
equipped with a TLD device located at the top. The conceptual design of the TLD is based
on research on an equivalent linear mechanical model proposed by [12], where potential
flow theory is used to describe the behavior of a TLD equipped with damping screens.
By applying the aforementioned methodology, the optimal dimensions of the tank were
obtained and are equal to L = 10 m, b = 10 m, and h = 1.75 m. To verify that the calculated
properties of the TLD device are consistent with the performance of the physical model, a
series of experimental tests were carried out.

Table 1. Similarity scales for the TLD model.

Scales Definitions Target Values Values

Length λL = Lm/Lp 1/10 0.10
Density λρ = ρm/ρp 1/1 1

Time λT = (λL)
1/2 (1/10)½ 0.316

Frequency λf = 1/λT 1/(1/10)½ 3.16
Acceleration λa= λL (λ T)

−2 1 1
Damping ξL = ξm/ξp 1/1 1

Mass λM = λL
3 (1/10)3 0.001

Force λF = λL
3 (1/10)3 0.001

The experimental test specimen, developed at the laboratory of structures and materi-
als of the Institute of Engineering of the National Autonomous University of México,
consists of a scaled model of the TLD capable of replicating the dynamic properties
of the full-scale prototype. The TLD is mounted on a steel frame that is excited by an
MTS 244.22 actuator (MTS Systems, Eden Prairie, MN, USA) in an uni-directional manner.
Figure 1 shows the general setup of the experimental test.

Buildings 2024, 14, x FOR PEER REVIEW 4 of 15 
 

  
(a) (b) 

Figure 1. Experimental setup: (a) Preparation for the test; (b) lighting equipment and test execution. 

The analytical solution predicts the peaks near the lowest theoretical resonance fre-
quencies, which are obtained according to Equation (1) [30]. The natural frequencies, fTLD, 
for the nth sloshing modes in a rectangular tank can be calculated based on L and h. The 
parameter g is the universal constant of gravity equal to 9.81 m/s2. 

1 tanh
2TLD

n g n hf
L L
π π

π
 =  
 

 (1)

Considering the scaling relationships and Equation (1), the first 3 natural frequencies 
for the rectangular tank are equal to 0.625 Hz (1.60 s), 1.12 Hz (0.89 s), and 1.47 Hz (0.7 s). 
In the case of damping, equations have been presented in the literature that allow estimat-
ing the supplementary damping provided by a TLD system when dissipative screens are 
placed. In the present investigation, it is assumed that for sinusoidal excitation, Equation 
(2) can be used to determine the equivalent damping ratio depending on the amplitude of 
excitation [12]: 

2
2

16 tanh
3

r
eq I

xhC
L L

πζ
π

 = ΔΞ 
 

 (2)

where CI is a loss coefficient, ΔΞ is a parameter that relates the damping to the screen 
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Figure 1. Experimental setup: (a) Preparation for the test; (b) lighting equipment and test execution.

The analytical solution predicts the peaks near the lowest theoretical resonance fre-
quencies, which are obtained according to Equation (1) [30]. The natural frequencies, fTLD,
for the nth sloshing modes in a rectangular tank can be calculated based on L and h. The
parameter g is the universal constant of gravity equal to 9.81 m/s2.
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fTLD =
1

2π

√
nπg

L
tanh

(
nπh

L

)
(1)

Considering the scaling relationships and Equation (1), the first 3 natural frequencies
for the rectangular tank are equal to 0.625 Hz (1.60 s), 1.12 Hz (0.89 s), and 1.47 Hz (0.7 s). In
the case of damping, equations have been presented in the literature that allow estimating
the supplementary damping provided by a TLD system when dissipative screens are
placed. In the present investigation, it is assumed that for sinusoidal excitation, Equation (2)
can be used to determine the equivalent damping ratio depending on the amplitude of
excitation [12]:

ζeq = CI
16

3π2 tanh2
(

πh
L

)
∆Ξ

xr

L
(2)

where CI is a loss coefficient, ∆Ξ is a parameter that relates the damping to the screen
position in the tank for the fundamental sloshing mode, and xr is the distance between
the screens.

2.2. Tank

The rectangular tank was built with transparent acrylic to allow visual observation
of the liquid movement and wave elevation change at the interface of the tank walls. The
acrylic plates were glued and sealed with polyurethane silicone. The tank is 1000 mm
long, 500 mm high, and 1000 mm wide. The thickness of the acrylic is 9.5 mm. The tank
has 2 dissipative screens placed at 0.4L and 0.6L, which allow a solidity ratio of 0.42, the
dissipative screens are made of 1/2′′ × 1/8′′ thick aluminum sill, and at a vertical spacing
equidistant of 10 mm to complete the 500 mm height. Figure 2 shows the dimensions of the
tank and screen, as well as pictures of the tank and screens.
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2.3. Test Protocol

The dynamic response of a TLD depends directly on the arrangement of the dissipative
screens, as well as on the behavior of the liquid under lateral loading. The loading protocol
used for the evaluation of the dynamic properties of the TLD system (i.e., damping, ζTLD,
and frequency of the contained liquid, f w-exp) is based on that proposed by [31], which
considers sinusoidal excitation with different amplitudes and a frequency, f. For the
experimental tests, the parameter βw is defined as the ratio between the excitation frequency,
f, and the fundamental sloshing frequency, fw.

Based on the dynamic properties of the tall building considered, and the similarity
scales presented in Table 1, the frequency value of the input signal was set equal to 0.625 Hz.
Table 2 shows the values of the amplitudes used to characterize the sinusoidal excitation in
the experimental tests; it is worth mentioning that the variation of the amplitudes is due to
the fact that the aim was to verify that the behavior of the dynamic properties of the system
is maintained regardless the magnitude of the amplitude.

Table 2. Test parameters of the TLD model.

Excitation Amplitude Frequency Ratio Number
TestsA, mm βw = f /fw

40 1 5
20 1 5
15 1 5
10 1 5
5 1 5

Since the frequency of the input signals had to comply with the required βw during the
experimental tests, it was decided to perform signal tuning, which consists of equalizing in
terms of amplitude and minimizing the deviation that occurs for each time step between
the input and output signals of the MTS 244.22 actuator. A comparison of the actuator
input signal versus the actuator motion signal is presented in Figure 3. It can be observed
in Figure 3 that the signal has a 10 s delay with respect to the start of the input signal since
a 10 s zero offset ramp was added to have better control of the measured data. Also, it
is observed that the signals practically overlap. During tuning, the percentage of error
between the displacement executed by the actuator and the displacement sensor (LVDT)
was about 0.02%.
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3. System Identification

System identification methodologies are applied to obtain the dynamic parameters of
the TLD tuned to the reference parameters of the building. These parameters are identified
for the system separately, as described in the following sections.

3.1. Data Acquisition with High-Speed Videos

The use of non-intrusive techniques in the characterization of the dynamic response of
mechanical systems has been advancing over the years. The use of high-speed videos is
a viable option for this purpose, as high-speed cameras have sampling rates in excess of
100 frames per second (fps). The use of high-speed video allows capturing the behavior of
highly-sampling rate-dependent systems such as TLD systems, or other types of systems
that operate at high speeds and that are normally difficult to perceive by the human eye.

During the experiments, a high-speed camera was used to record during the tests at
a rate of 500 fps, with a duration of 28.96 s, a lighting system was used to improve the
light in the videos. The evolution of the free surface and the impact of water with the
dissipative screens placed at 0.4L and 0.6L were recorded. Lateral views were considered
from 3 different positions of the camera, two at the ends to capture the evolution of the
flow in the control boxes, and one at the center of the tank to capture the behavior of the
flow when breaking against the screens. Figure 4a shows the control zones for tracking the
free surface, as well as the position points of the high-speed camera. Figure 4b shows a
picture of the evolution of the free surface under sinusoidal loading.
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The postprocessing of the high-speed videos was carried out with the program
Tracker [32], which is a free program built with Java Version 8 (Open-Source Physics)
for modeling and analysis. Tracker is based on the recognition of points in a 2D space,
by associating a mass or control node to be monitored, making it possible to obtain time
histories of wave elevation, velocities, or accelerations at predefined points.

The methodology used to extract time histories of wave elevation by using the program
Tracker included the following steps:

(1) To import the videos previously recorded with the high-speed camera in .mov format;
(2) To calibrate and add a rod in Tracker, which consists of assigning a standard measure-

ment in the working area (for the case of the experimental tests of the present work it
was taken as 175 mm, level of water in rest);
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(3) To declare the point of origin from which Tracker is going to generate the values of
the position of the control box;

(4) To create the mass point, which consists of creating a control frame that will be tracked
with the auto-tracker. For this point, if the previous steps were performed carefully, the
auto-tracker will generate data vectors that represent time histories of displacement
for the horizontal and vertical components at the selected point;

(5) To export the obtained time histories of wave elevation to an Excel file or .txt file for
further processing.

Figure 5 shows the Tracker interface with the selected point to be tracked in an XY
plane, in the right-hand side of the figure the time histories of vertical and horizontal
displacements are shown. For all the analyses, only the time histories of the vertical
displacement (wave elevation) were used.
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3.2. Dynamic Properties

To analyze the time histories of wave elevation obtained with the software Tracker,
and to obtain the experimental frequency of the TLD, the Fast Fourier Transform (FFT) and
Wavelet Transform were used. The inherent damping ratio of the TLD system was obtained
using the free-vibration decay methodology [33]. Figure 6 shows the flowchart employed
to identify the dynamic properties of the TLD system. It is observed in Figure 6 that the
flowchart starts with the recording of the high-speed video for subsequent processing with
the program Tracker to define the time histories of wave elevation.

During the Fourier analysis process, the Fourier amplitude spectra of all the wave
elevation signals were calculated. Based on the actual Fourier amplitude spectra, some
low- and high-frequency noise were observed. To remove the noise from the original data,
a bandpass filter with corner frequencies equal to 0.59 and 0.65 Hz is applied. These corner
frequencies are close to the target frequency. The dominant frequency in the amplitude
spectra of the filtered signals is identified. Finally, a free-vibration decay methodology is
employed to obtain the damping properties.
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4. Results

Sine functions characterized by the amplitudes presented in Table 2 were used to
represent the lateral demand on the TLD system. In all cases, the frequency of the excitation
was fixed at 0.625 Hz. Figure 7a–e shows time histories (with and without bandpass filter)
of wave elevation at the surface point when the camera was located at position P-1. It is
noted that the selected filter affects the original signal, which is expected, as the bandpass
filter removes the energy content associated with low- and high-frequency noise, except in
the bandpass employed. It is worth mentioning that during the Fourier synthesis, only the
energy content within the bandpass was employed. Also in Figure 7f, the spectra of Fourier
amplitudes of the time histories of wave elevation are presented. The horizontal axis of
Figure 7f is presented in terms of the βw value. It is observed in Figure 7f that the peaks of
the spectra are located around βw = 1, which indicates that the identified frequency is very
similar to the target frequency (i.e., 0.625 Hz).

To further evaluate the identified frequency of the TLD system, Figure 8 shows the
wavelet scalogram of the original time histories of wave elevation (i.e., without band-pass
filter). It is observed in Figure 8 that the energy in the signals is concentrated very close
to the target frequency (0.625 Hz). In Figure 8, other frequencies can be observed with a
certain amount of energy that can be associated with higher frequencies of the TLD system.
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To evaluate the ability of the TLD system to dissipate energy, Figure 9 shows the decay
part of the filtered time histories of wave elevation for two different excitation amplitudes.
For a better presentation, only the decay part of the plots is shown. It is observed in
Figure 9 that the TLD model is able to dissipate energy for the amplitudes of the considered
excitation. Similar results were obtained for the rest of the amplitude excitations considered
and for that reason they are not shown.

Buildings 2024, 14, x FOR PEER REVIEW 12 of 15 
 

 

Figure 9. Time histories of free decay of the experimental wave height for different amplitudes: (a) 
20 mm amplitude sinusoidal excitation; (b) 40 mm amplitude sinusoidal excitation. Time has been 
restarted from 0 for a better presentation of the decay part. 

To identify the ratio of damping of the TLD (ζTLD), the traditional method of free-
vibration decay was used. The filtered time histories of wave elevation were employed, 
with a total of 12 selected peaks to calculate ζTLD. 

Table 3 shows the identified damping and frequency values for the 5 excitation am-
plitudes considered. The results presented in Table 3 correspond to the mean values of the 
5 tests carried out for each excitation amplitude (see Table 2). It is observed from Table 3 
that the mean values of the identified dynamic properties for the different amplitude val-
ues are very similar to the target values of 0.625 Hz, for the frequency, and 0.05 for damp-
ing. It is also observed from Table 3 that the error between the identified frequency and 
damping with respect to the target values ranges from 0.93 to 2.9%, and from 1.6 to 8.8%, 
respectively.  

Table 3. Identified dynamic properties of the TLD model. 

Excitation Amplitude Frequency Frequency Damping Damping 
A, mm fw-exp (Hz) Error (%) ζTLD Error (%) 

40 0.619 0.93 0.054 7.3 
20 0.617 1.21 0.049 1.6 
15 0.615 1.67 0.048 0.4 
10 0.611 2.26 0.046 8.8 
5 0.607 2.9 0.049 2.3 

The experimental investigation included 25 tests where different excitation ampli-
tudes were considered. Experimental tests with larger excitation amplitudes than those 
considered were not performed to avoid fluid spilling over the top of the tank. Excitation 
amplitudes of 15 mm and less cover the range of excitations that a TLD is expected to 
experience when placed over a structure subjected to wind excitation. Excitation ampli-
tudes greater than 15 mm correspond to loads associated with seismic-induced response 
[34]. Figure 10 shows a summary of the results of each of the tests subjected to the different 
lateral demand amplitudes. 
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To identify the ratio of damping of the TLD (ζTLD), the traditional method of free-
vibration decay was used. The filtered time histories of wave elevation were employed,
with a total of 12 selected peaks to calculate ζTLD.

Table 3 shows the identified damping and frequency values for the 5 excitation ampli-
tudes considered. The results presented in Table 3 correspond to the mean values of the
5 tests carried out for each excitation amplitude (see Table 2). It is observed from Table 3
that the mean values of the identified dynamic properties for the different amplitude values
are very similar to the target values of 0.625 Hz, for the frequency, and 0.05 for damping. It
is also observed from Table 3 that the error between the identified frequency and damping
with respect to the target values ranges from 0.93 to 2.9%, and from 1.6 to 8.8%, respectively.

Table 3. Identified dynamic properties of the TLD model.

Excitation Amplitude Frequency Frequency Damping Damping
A, mm f w-exp (Hz) Error (%) ζTLD Error (%)

40 0.619 0.93 0.054 7.3
20 0.617 1.21 0.049 1.6
15 0.615 1.67 0.048 0.4
10 0.611 2.26 0.046 8.8
5 0.607 2.9 0.049 2.3

The experimental investigation included 25 tests where different excitation ampli-
tudes were considered. Experimental tests with larger excitation amplitudes than those
considered were not performed to avoid fluid spilling over the top of the tank. Excitation
amplitudes of 15 mm and less cover the range of excitations that a TLD is expected to expe-
rience when placed over a structure subjected to wind excitation. Excitation amplitudes
greater than 15 mm correspond to loads associated with seismic-induced response [34].
Figure 10 shows a summary of the results of each of the tests subjected to the different
lateral demand amplitudes.
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In Figure 10, the boxplots present statistics of the 5 frequency and damping samples
calculated from the experimental data for different values of excitation amplitudes. For
each boxplot, the median of the samples is indicated by a red line, the lower and upper
limits of the box indicate the 25th and 75th percentiles, the most extreme data points not
considered outliers are represented by whiskers, and outliers are represented individually
using the cross symbol. It can be observed in Figure 10a that the dispersion of the identified
frequencies is, in general, very similar along the amplitude of the excitation considered. It
is also observed in Figure 10a an increasing trend of the identified frequencies along the
amplitude of the excitation, which indicates that the identified frequency is closer to the
target one for the greatest value of amplitude. It is also observed in Figure 10b, a greater
dispersion of the data with respect to Figure 10a, and that no tendency is evident in the
values of the damping ratio. Even though no clear tendency is observed in Figure 10b with
respect to the amplitude of the excitation, the identified ratio of damping that is closer to
the target one is associated with excitation amplitudes within 15 and 20 mm. The latter
indicates that the employ of different amplitudes of the excitation during the tests is needed
to improve the identification of parameters.

5. Conclusions

The experimental results to identify the dynamic properties of a TLD model using
high-speed videos were presented. The identified dynamic properties of the TLD showed a
good agreement with those employed for the design of the physical model, indicating that
the use of high-speed videos can be a good alternative to evaluate the dynamic properties
of TLD systems. The following specific conclusions are drawn:

(1) The use of the program Tracker as a tool for high-speed video processing is a good
option since its simple interface allows the user to generate time histories of displace-
ments or accelerations with an acceptable level of error.

(2) The use of bandpass filters to remove low- and high-frequency noise from the time his-
tories extracted from Tracker improves the identification of parameters. In this study,
a bandpass filter with corner frequencies equal to 0.95 fw and 1.05 fw was employed.

(3) The procedure employed to evaluate the dynamic properties of a TLD system provided
very good results. From the 25 experimental tests carried out, the identified dynamic
properties for the different amplitude values are very similar to the target values, with
errors between the identified frequency and damping with respect to the target values
that range from 0.93 to 2.9% and 1.6 to 8.8%, respectively.
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(4) An increasing trend of the identified frequencies along the amplitude of the excitation
was observed, indicating that the identified frequency is closer to the target one for
the greatest value of amplitude (i.e., 40 mm).

(5) No tendency is evident in the identified values of the damping ratio. Even though no
clear tendency is observed, the identified ratio of damping that is closer to the target
one is associated with excitation amplitudes within 15 and 20 mm.

(6) The employ of different excitation amplitudes during the tests is needed to improve
the identification of parameters.

It is worth mentioning that the experimental tests carried out in this work are not
exhaustive, and only unidirectional lateral displacement of the sinusoidal type with ampli-
tudes that range from 5 to 40 mm and frequency equal to 0.625 Hz were considered. Further
experimental analyses that consider random displacement, not only in one direction but
two, would be beneficial to evaluate the suitability of using high-speed videos to evaluate
the dynamic properties and to study the main structure and TLD system in the context of
hybrid simulation.
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