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A B S T R A C T

Tuned Liquid Dampers (TLDs) dissipate energy through the out-of-phase fluid motion inside a 
container relative to a structure. This study experimentally and numerically analyses the two 
main TLD configurations: Tuned Sloshing Dampers (TSDs) and Liquid Column Vibration Ab
sorbers (LCVAs).

Shake table tests are used to evaluate the Frequency Response Function of a four-story scaled 
frame with and without TSDs and LCVAs, comparing the effect of water and two commercially 
available non-organic fluids of diverse viscosities under different horizontal harmonic base 
excitation amplitudes.

A numerical analysis supports the interpretation of the influence of key parameters – mass, 
damping and frequency of the device – and evaluates the precision of existing formulations found 
in the literature and codes. For TSDs, the experimentally measured and numerically defined mass 
and frequency agree with the literature. For LCVAs the existing mass participation prediction does 
not align with the results: only 25 % of the total fluid mass, corresponding to the fluid inside the 
columns, is effective. Additionally, a new LCVA frequency formulation is proposed, reducing 
prediction error from 15 to 2 %. The amplitude and viscosity-dependence of the damping ratio 
lead to defining different optimal fluid selections depending on the container: high viscosity fluids 
improve surface control and vibration suppression for TSDs, reducing both the response at 
resonance (99.5 %) and the maximum response (84 %). For LCVAs, higher viscosity causes excess 
damping and non-optimum performance. In this case water yields the best resonance reduction 
(98 %). These findings are aimed at refining the practical application of TLDs and improving their 
numerical definition.
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1. Introduction

Structural control methods have been developed over the years to mitigate vibration in structures, they hold particular significance 
in the management of the response of structures to dynamic loads, which can be produced by everyday phenomena such as wind, 
traffic and even pedestrian loading but can also be due to extraordinary events such as earthquakes or explosions. In the first scenario, 
the aim of structural control lies in maintaining serviceability limits, regulating the possible discomfort caused to the users and 
reducing the risk of structural fatigue, while in the second one close attention is paid to ensuring safety within ultimate limits and 
preventing structural failure.

Dynamic Vibration Absorbers (DVAs) are mass-damper-spring systems that can be used to protect structures from inadequate 
vibration levels. The well-known Tuned Mass Dampers (TMDs), together with their fluid counterparts, Tuned Liquid Dampers (TLDs), 
fall into this passive structural control category. TLDs have attracted great interest since they were first applied in civil structures in the 
1980s [1,2] since they rely entirely on the out-of-phase movement of a liquid, typically water, inside a container with no need of 
external mechanisms, thus resulting in low cost in installation and maintenance of these devices which can be temporarily or 
permanently applied in already existing structures. Further advantages result from their inherent characteristics: they are not limited 
to unidirectional vibration absorption, and they can be easily tuned just varying the fluid depth.

Based on the shape of the container, TLDs can be categorised into Tuned Sloshing Dampers (TSDs) and Tuned Liquid Column 
Dampers (TLCDs). TSDs are generally rectangular or cylindrical containers that rely on the sloshing motion of the liquid in the di
rection of the movement. TLCDs are U-shaped containers in which the fluid oscillates between interconnected columns. Generally, an 
orifice is located on the horizontal section to account for damping derived from the fluid passage. Over the years, a vast number of 
proposals have been made to passively improve the effectiveness of TLDs. These include variations in the containers’ shape and 
arrangement. Liquid Column Vibration Absorbers (LCVAs) are a TLCD variation in which the cross-sectional area of the columns is 
different from that of the horizontal section, allowing for greater versatility and adaptability. Another form of enhancement is 
considering using fluids other than water. Although water is an accessible resource, it presents a low inherent density and damping. 
Using denser and more viscous fluids can improve the performance of TLDs while preserving their distinctive characteristics that make 
them particularly advantageous. Recent extensive reviews with emphasis on the different enhancement possibilities, configurations, 
numerical evaluation, materials used, and limitations can be found in Refs. [3,4]. Some of the most recent investigations experi
mentally evaluate different enhancement possibilities of all types of TLDs (TSDs [5], TLCDs [6] and LCVAs [7]) while establishing a 
mathematical definition for their characterisation.

The first numerical models used to describe the behaviour of TSDs use nonlinear shallow water wave theory, date back to the 
1980–90s [8–13] and were validated for water as the sloshing fluid for free and harmonic oscillations for continuous free surface, 
which is the case in which breaking of waves does not occur. Although TSDs generally contain water, the use of other fluids has also 
been studied for SDOF structures for various viscosities up to 30 times more viscous than water [14], including non-Newtonian fluids 
[15] and custom-prepared magnetorheological fluids [16], and in MDOF systems with varying fluid density of a water-sugar solution 
[17] and viscosities ranging from a third to twice as water’s viscosity and fluids less dense than water (acetone and propanol) and more 
dense than water (chloroform and mercury) [18], as well as with a density-variable sand-water mixture [19]. It was concluded that 
there is an amplitude-dependency of the response and that both viscosity and density can improve the controlled frame response up to 
certain values that, when exceeded, lead to poorer effectiveness of the DVA.

The first studies regarding TLCDs date of the late 1980s [20] and further parameter optimization approaches were developed in the 
next decade for SDOF [21–23] and MDOF models [24,25]. The development of LCVAs occurred concurrently and followed the bases 
presented in TLCD theory [23,26–29]. In these types of devices, close attention has been paid to numerically [30,31] and experi
mentally [32–34] studying how different parameters, such as the mass ratio of the damper to the structure, length ratio of the hori
zontal section with respect to the total fluid length, or orifice opening ratio of the area of the orifice to the area of the horizontal section, 
affect water-based TLCDs and LCVAs. The use of fluids different from water has been reported in SDOF structures for water-denatured 
alcohol solutions [27], water-glycol solutions and a passive configuration of magnetorheological fluid [35], with 1.4, 18 and 51 times 
the dynamic viscosity of water, respectively. The use of viscous lubricants has also been studied experimentally on a MDOF structure 
[36]. Fluids denser than water have been reported to lead to better performance [37] also in MDOF systems [38] due to an increment in 
the fluid mass for the same volume. It was concluded that viscosity has a direct impact in increasing the damping coefficient and in 
controlling the fluid motion, and that it is amplitude dependent. Therefore, excessively high viscosity values can suppress the fluid 
movement, thus resulting in poorer DVA performance. Generally, the denser the fluid, the smaller the displacement of the structure 
equipped with DVAs.

While the literature offers studies of TLDs that consider the aforementioned aspects separately, a lack of comprehensive in
vestigations specifically examining the effectiveness of Tuned Sloshing together with Column Liquid Dampers in MDOF structures is 
detected. In this context, recent studies compare the performance of TSDs [39] and TLCDs [40] with that of TMDs. Two main con
clusions can be derived from these studies: first, that TLDs exhibit a better performance if spatial stroke limitations exist, which is 
particularly relevant in buildings where loss of useable area is a concern; second, it is remarked that some of the key parameters that 
define TLDs such as mass and damping need to be optimised when water is used as the working fluid in order to fully improve their 
performance compared to their mass-based counterparts. Kebeli et al. [41] have recently carried out an experimental comparison of 
the performance of TSDs and TLCDs in a MDOF frame, highlighting the effect of different fluid heights. Earlier studies [42–44] 
examined the performance of each device separately, also considering their placement on different floors of the frame. In this regard, 
the exploration of alternative liquids beyond water, with non-degradable inorganic fluids for different amplitudes of motion remains at 
a shallow level of study.
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To address this, the present study compares the response of a four-story scaled steel frame under varying horizontal harmonic 
excitations before and after the separate inclusion of the main TLD geometries adopted in practical engineering: TSDs and LCVAs, with 
and without orifices. The comparative study includes water as a benchmark and also identifies and explores the behaviour of two 
commercially available non-organic fluids. This comparative study facilitates the identification of the most suitable fluid depending on 
the selected geometry.

Parallelly, a numerical analysis is carried out to corroborate the experimental investigation and to evaluate the precision of the 
existing formulation found in the literature and codes used to model these devices, which has been found to have insufficient consensus 
in the bibliography, more evidently in LCVAs. In this regard, the numerical analysis considers three key parameters -effective mass, 
damping and natural frequency of the device- and a model updating process retrieves their optimised values in accordance with the 
experimentally observed behaviour. It evidences and addresses the inconsistencies detected in the literature, proposing new formu
lations for the definition of the effective mass and natural frequency for the LCVA studied, together with values of damping for all the 
fluids considered.

This analysis is crucial for the proper analysis, definition and characterisation of TSDs and LCVAs for their practical application to 
building and civil engineering.

In this paper, first, the TLD working principle is presented based on TMDs due to their similarities, followed by an overview of the 
existing formulation of TSDs and LCVAs, setting the stage for subsequent discussions. Next, the experimental setup is expounded. 
Firstly, the frame characteristics are described. Then, the studied fluids and TLDs characterisation are provided, in which the issues 
regarding the tuning are addressed. Then, an overview of the experimental campaign is presented. The experimental and numerical 
results are examined and discussed in subsequent sections. In the final section of this work, the conclusions derived from the exper
imental and numerical investigations are drawn.

2. TLD working principle

TLDs are passive control systems in which a fluid inside a recipient is used to dissipate energy through an out-of-phase movement 
with respect to the main structure. TLDs follow the same basic principles as Tuned Mass Dampers, which can be defined, in their 
simplest form, as systems comprising a mass, a dashpot and a spring. Because of their similarities, a brief formulation of TMDs and how 
each component affects the structural response is first presented, followed by a more precise TLD and LCVA formulation.

2.1. TMD formulation

TMDs were originally described by Frahm in the 1900s [45] as means to reduce the vibration of a SDOF structure through the 
attachment of a secondary mass. Their working principle relies on the idea that, when the primary mass or mass of the structure (ms) 
experiences periodic vibrations near its natural frequency, resonance initiates increasing amplitudes of motion. These can be mitigated 
with the inclusion of a tuned secondary mass, the damper mass (md), into the system. The simplest mass absorber scheme considers 
zero damping and is depicted in Fig. 1. The equations of motion of the primary and secondary systems are defined in Equations (1) and 
(2) and their solution is expressed in Equations (3) and (4) respectively. 

msüs + ksus + kd(us − ud)= F(t)= F0 sin (ωt) (1) 

mdüd + kd(ud − us)=0 (2) 

us(t)=A1 sin (ωt) (3) 

Fig. 1. Mass absorber scheme: (a) Frahm model, (b) Tuned Mass Damper.
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ud(t)=A2 sin (ωt) (4) 

In the equations of motion, the subscripts s and d refer to the structure and the damper, respectively. Therefore, the mass of the 
structure is ms, its stiffness is ks and the variable us represents the displacement of the main system. Consequently, md, kd and ud are used 
to refer to the damper mass, stiffness and displacement respectively. The frequency of excitation is referred to as ω.

Through derivation and substitution, it is obtained that when the frequency of the applied force coincides with both the primary 
system and the secondary system natural frequencies (ω = ωs = ωd), the values of A1 and A2 are A1 = 0, A2 = -F0/kd. Here arises the 
effectiveness of mass vibration absorbers: the response amplitude of the main system (A1) becomes zero since the spring in the sec
ondary system exerts a force -F0 that counterbalances the external force on the primary system F(t).

Introducing damping, as illustrated in Fig. 1b, the equations of motion are Equations (5) and (6), where the structural (cs) and TMD 
(cd) damping are included. In this case the amplitude of vibration does not reach zero at resonance but is greatly reduced instead. 

msüs + csu̇s + cd(u̇s − u̇d)+ ksus + kd(us − ud)= F(t)= F0 sin (ωt) (5) 

mdüd + cd(u̇d − u̇d)+ kd(ud − us)=0 (6) 

In order to gain a better understanding of TMDs, it is also interesting to briefly mention how the relations that exist between the 
structure and the TMD mass and natural frequency and the device’s damping coefficient have different effect on the structure equipped 
with a TMD response. A selection of cases to exemplify these parameters is shown in Fig. 2.

The ratio of the TMD mass to the structure mass, named mass ratio (μ = md/ms), directly affects the frequency bandwidth within 
which the device is effective. Larger mass ratios increase the frequencies at which the response is controlled, spacing out the lower 
peaks, shifting them away from the primary structure’s natural frequency and reducing their response value. Typically, the mass ratio 
adopted in applications is in the order of μ = 1–5 % [46,47].

The damping ratio of the TMD, ξ=cd/(2md⋅ωd), controls the amplitude of the response around two invariant points. Larger damping 
tends to reduce the structural response. However, over a certain value the response is transformed into a single-peak curve, meaning 
that implementing high damping coefficients is a counter-productive measure. The typical damping ratio of TMDs is approximately ξ 
= 3.5 % [48,49].

Lastly, the tuning ratio relates the frequency of the TMD to the natural frequency of the primary structure, β = ωd/ωs. A mistuning 
increases the maximum response of the SDOF at either the first or second frequency of the system. For this reason, a proper calibration 
of the absorber is crucial.

2.2. TSD formulation

TSDs are based on the same working principle of TMDs but exploit the movement of a liquid in place of a secondary mass. The 
general dimensions of rectangular TSDs, considered in this paper, can be seen in Fig. 3, which defines the length of the recipient in the 
movement direction (L), width (W) and height (H), fluid depth (h) and wave surface elevation (η).

Similarly to TMDs, Tuned Sloshing Dampers can be modelled as mass-dashpot-spring systems. The advantage of TSDs is that the 

Fig. 2. Effect on the system response of: (a) mass ratio, (b), damping ratio, (c) tuning ratio.
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fluid that moves out of phase with respect to the main structure provides by itself with secondary mass, damping and stiffness without 
requiring any other external attachments.

The hydrodynamic fluid pressures that arise under horizontal excitations of the TSD can be used to explain the total fluid mass 
(mTOT) division into impulsive or non-effective mass (m0), in which the pressure is related to inertial forces on the walls, and convective 
or effective masses (mn) associated with the sloshing in the different modes of vibration [50–53]. It is important to note that the 
convective fluid mass that participates in higher modes of vibration is very small compared to the mass associated with the 1st mode 
(m1). Generally, the impulsive mass and the convective mass of the 1st mode represent over 95 % of the total fluid mass [51,54]. In this 
study, only the effective mass of mode 1 is considered.

Fig. 4 illustrates the models developed by Housner [50,55] and Yu et al. [56] from 1950s to 1990s to characterize TSDs, and a more 
recent combination of both of them [57], taken as reference in the present study since it allows us to consider both the division of the 
fluid into impulsive and first convective mass and the stiffness and damping associated with said effective mass. The impulsive mass is 
rigidly connected to the walls since it is considered to move together with the container. The convective mass represents the portion 
that participates in the out-of-phase sloshing movement and includes the spring and damper parameters.

One of the key parameters used to effectively apply TSDs is their frequency of sloshing (fTSD), that depends solely on their 
geometrical configuration. It derives from linear wave theory [11,58] and it is defined in Equation (7) for the nth mode of vibration. 

fTSD,n =
1
2π

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
g
L

αn tanh
(

h
L

αn

)√

=
ωTSD,n

2π (7) 

The variable αn is set for the different modes (n) as αn = π⋅(2n-1), and g represents the gravitational acceleration.
For rectangular TSD tanks, m0 and m1 can be defined with respect to the total fluid mass according to Equations (8) and (9) [50–53]. 

m0 =
1

0.85
h
L

tanh
(

0.85
L
h

)

mTOT (8) 

m1 =0.26
L
h

tanh
(

3.2
h
L

)

mTOT (9) 

The spring has a stiffness (k1) that is described in Equation (10) [51]. 

k1 =m1ωTSD,1 (10) 

The damping coefficient (c1) can be calculated according to Equation (11) [11,59,60]. It is influenced by the wave surface elevation 
(η), fluid depth (h), container width (W), first convective mass (m1), kinematic viscosity of the fluid (ν), angular frequency (ωTSD,1) and 
surface contamination factor (S) that takes a unity value for a fully contaminated surface [11,55]. The damping can also be expressed 

Fig. 3. Rectangular Tuned Sloshing Damper dimensions.

Fig. 4. TSD models: (a) Housner, (b) Yu et al., (c) Combined model.
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in terms of the damping ratio (ξ) since ξ = c1/2m1ω1. Eurocode 8 [61] suggests taking ξ = 0.5 % for water and other fluids. 

c1 =
m1

(h + η)
̅̅̅
2

√
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅νωTSD,1

√
(

1+
2h
W

+ S
)

(11) 

Therefore, Equations (5) and (6) can be reformulated as Equations (12) and (13): 

(ms +m0) üs + csu̇s + c1(u̇s − u̇d)+ ksus + k1(us − ud)= F(t)= F0 sin (ωt) (12) 

m1üd + c1(u̇d − u̇d)+ k1(ud − us)=0 (13) 

2.3. LCVA formulation

The global dimensions of LCVAs are annotated in Fig. 5. The cross-sectional area of the vertical and horizontal parts is defined by AV 
and AH respectively and can be obtained from the tank width (W) and column length (a) and horizontal height (b). The area ratio (r) is 
set as r = AV/AH. The length of the horizontal section between the columns is represented by LH, and LV is used to determine the vertical 
column height. Finally, the fluid displacement inside the columns is represented by u.

The frequency of the LCVA, as expressed in Equation (14), is essential to effectively apply these devices and can be derived from the 
frequency of their predecessors, the TLDs [62]. It depends only on the gravitational acceleration (g) and the effective length (Leff) of the 
device. 

fLCVA =
1
2π

̅̅̅̅̅̅̅̅̅
2g
Leff

√

=
ωLCVA

2π (14) 

It must be noted that there is no common consensus on the definition of Leff and various approaches are found in the literature, as 
depicted in Fig. 6. Hitchcock et al. [26,27] were the first authors to study LCVAs and proposed their numerical formulation and studied 
how different geometrical combinations of uniform fluid flow in the vertical and horizontal sections, supported by experimental 
measurements, have an influence on the results. Their definition for Leff is found in Equation (15). Shortly after, Chang and Hsu [28] 
compared different LCVAs designs and proposed a slightly different formulation that has been widely used [31–34] which involves 
how LH and LV are measured. They considered this modification to be insignificant if the size of transition zones between the vertical 
and horizontal parts is small. They did refer to the fact that turbulences and vortices generated near the transition regions and a 
non-homogeneous velocity of the fluid might affect the actual fluid motion. Following these considerations, Chaiviriyawong et al. [63,
64] proposed an elliptical flow path numerical method that considers a variation in the fluid velocity in the transition zones and 
referred to an improvement in the model accuracy sustained by experimental tests on a shake table. Their definition of Leff can be found 
in Equation (16). 

Leff =
AV

AH
LH + 2 LV (15) 

Leff =
AV

AH
LH + 2 LV +

πa
2

(16) 

A mass-dashpot-spring system can be used to model LCVAs. The total mass of the fluid is expressed in Equation (17). The fluid 
density is denoted by ρ. 

mTOT =2ρW(aLV + bLH /2+ ab) (17) 

Different effective mass (meff) definitions are found in the literature. Some authors propose that the mass that participates in the 
movement equals the total mass [23,65], although other investigations suggest that only a fraction of the mass participates: the meff is 
sometimes considered to equal the mass inside the columns [24,34] while it is also referred to as the mass of fluid in the horizontal 
section that plays an important role since it generates the inertia force to control the vibration of the main structure [30,31].

Fig. 5. Liquid Column Vibration Absorber dimensions.
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The stiffness definition can be derived from the consideration of a unit change in the fluid level and computing the restoring force 
produced by gravity, as seen in Equation (18) [30]. 

kLCVA =meff ω2
LCVA = 2ρAVg (18) 

The equivalent damping of LCVAs is defined by Chang and Hsu [28] as follows (Equation (19)), where σV refers to the standard 
deviation of the vertical fluid velocity and δ is the head loss coefficient, that occurs due to the cross-sectional area changes between the 
vertical and horizontal portions. The authors refer to δ as being determined experimentally for a specific LCVA geometry. 

cLCVA =

̅̅̅
2
π

√

ρAVrδσV (19) 

TMD Equations (5) and (6) can be rewritten as Equations (20) and (21) for LCVAs: 
(
ms +mTOT − meff

)
üs + csu̇s + cLCVA(u̇s − u̇d)+ ksus + kLCVA(us − ud)= F(t)= F0 sin (ωt) (20) 

meff üd + cLCVA(u̇d − u̇d)+ kLCVA(ud − us)=0 (21) 

3. Experimental investigation

Dynamic experiments are conducted on a four-storey small scale steel frame mounted on a horizontally vibrating shake table. The 
vibration control of the structure is achieved through TSDs and LCVAs, and the use of different fluids under various base-amplitude 
conditions is studied for each type of container.

Fig. 6. LCVA approaches to define Leff: (a) Hitchcock et al., (b) Chang and Hsu, (c) Chaiviriyawong et al.

Fig. 7. Frame: main axes and dimensions (mm).
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The shake table employed is self-built, has a size of 1.0 m × 1.0 m and is moved by an electromagnetic actuator from LinMot with a 
maximum horizontal payload of 1.0 kN, controlled with a PID algorithm by the LinMot Talk software. It imposes a unidirectional 
horizontal movement at the base of the frame. The excitation applied is harmonic and it can be controlled in terms of an amplitude 
scale for the displacement of the shake table and a time scale related to the frequency. The response of the frame is measured in terms of 
acceleration.

For acceleration data recording, Dytran Instruments series 3191 piezoelectric single axis accelerometers with a 10 V/g sensitivity 
are used. They can be applied for frequencies ranging from 0.08 Hz to 1,000 Hz, so they are suitable for the low frequencies studied. All 
the acceleration recordings are sampled at 200 Hz. The data acquisition platform used is CompactDAQ from National Instruments. The 
modules that measure the signal from the accelerometers are NI 9232, mounted on a cDAQ-9185 chassis. The NI 9232 modules are 
suitable for frequencies not lower than 1.0 Hz.

In the following sections, the properties of the frame are described, alongside with its experimental and numerical definition. 
Subsequently, the design of the TLDs is detailed through the fluids employed and the TSDs and LCVAs characteristics. Finally, an 
overview of the experimental campaign is presented.

3.1. Frame characteristics

For the experimental study, a four-storey small scale steel frame is used, as shown in Fig. 7. It has a constant storey-height of 300 
mm, and it is 300 mm long and 400 mm wide (centre-to-centre). Floors are solid plates with dimensions 297 mm × 430 mm x 20 mm, 
and the columns are 3 mm × 30 mm rectangular sections, fixed to the upper and lower floors by 40 mm × 40 mm angle profiles. The 
mass of each floor can be adjusted with the incorporation of perforated 260 mm × 260 mm x 20 mm square steel plates that weight 10 
kg each.

The mass of the frame itself is 78.8 kg, and a total mass of 158.8 kg was achieved through the addition of two 10 kg-square steel 
plates on each floor, required in order to lower the structural natural frequency to a range in which the TLDs can be tuned with a 
reasonable size. This is common practice, as described in the experiments run by Zahrai et al. and Xie et al. [66,67]. Although the 
frequency reduction could have also been achieved with a non-uniform distribution of the additional masses, a constant disposition in 
all floors was selected to better represent a building structure, in which the weight difference between floors is generally not 
substantial.

The symmetric frame is mounted on the shake table so that the unidirectional horizontal movement is applied in the direction of the 
frame’s weaker inertia axis, as shown by Fig. 7. This setup can effectively retrieve information on the longitudinal modes of vibration 
of the frame, considering the longitudinal nature of the dissipative devices studied in this work.

The positioning of the accelerometers on the frame for the dynamic tests can also be seen in Fig. 7. A total of three accelerometers 
were mounted on the frame located in the centre of each floor along the direction of movement, because no torsional response is 
expected given the symmetric layout of the frame. Depending on the analysis performed, the accelerometers are placed at different 
heights. For the modal identification of the frame, the accelerometers were located on the 4th, 3rd and 2nd floors so that broader in
formation could be gathered from different floors considering the base as fixed. When the dynamic tests evaluate the response of 
different floors with respect to the input accelerations at the base, the accelerometers are distributed as follows: one on the top floor, 
one on the third floor and the last one at the base, in contact with the shake table so that the actual input accelerations could also be 
measured. This distribution enables the collection of the most significant data associated with the first mode of vibration.

3.1.1. Modal identification of the frame
The modal characteristics of the frame are obtained experimentally through free and ambient vibration testing. The results in terms 

of frequency are compiled in Table 1. Modal shapes were not identified from free vibration tests.
Free-vibration tests were carried out to retrieve the natural frequencies of the frame. In this case accelerometers were placed on the 

4th, 3rd and 2nd storeys; an initial displacement was imposed on the fourth storey which was then released to induce free vibrations. The 
signal recorded by the accelerometers is processed with Fast Fourier Transform (FFT) analysis, which transforms the time-domain 
information into the frequency-domain, thus obtaining the natural frequencies of the system from the peaks.

In addition to the free vibration tests, another methodology is employed to compare the frequency results and to extract the mode 
shapes; ambient vibration testing is used to identify the dynamic characteristics of the structure under ambient forces. To this purpose, 
a total of three accelerometers were placed on the 4th, 3rd and 2nd storeys. The class of modal identification methods based on the 
measurement of structural response to ambient vibration falls within the discipline of Operational Modal Analysis (OMA), the ambient 
vibrations being random and unknown. Although OMA is typically applied in different contexts — such as in-service monitoring of 
civil or mechanical systems — it was adopted in this study due to the availability of previously developed and validated algorithms by 

Table 1 
Frequencies obtained from experimental ambient and free vibration testing and average result.

.Mode No. Ambient vibration frequency (Hz) Free vibration frequency (Hz) Mean frequency (Hz)

Mode 1 2.012 2.018 2.015
Mode 2 6.046 6.032 6.039
Mode 3 9.450 9.443 9.447
Mode 4 11.480 11.558 11.519
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the research group. These algorithms, implemented during earlier research activities [68], allowed for efficient data processing and 
modal identification without the need for additional development efforts. OMA relies on studying how a structure responds 
dynamically to external forces that cannot be controlled or measured, such as wind, traffic, microtremors, and so on. With these 
methods, therefore, by measuring only the output, and making assumptions about the input to which the system is subjected, it is 
possible to derive modal characteristics. Assuming that a structure is excited by white noise, meaning the input spectrum remains 
consistent, all its modes receive equal excitation. Consequently, the resulting output spectrum provides comprehensive details about 
the structure’s characteristics. The previously mentioned forcings are rarely assimilated to white noise, so when observing the response 
of the structure, both input properties and modal parameters of the structure will be present. Despite this, it is possible to discern the 
structural modes from the excitation properties as the structural system possesses a narrowband response while the excitation system 
possesses a broadband response.

The technique used to extract modal parameters from the signals acquired by the frame is the Stochastic Subspace Identification 
method (SSI), which operates in the time domain [69]. Fig. 8 shows the results of the analysis carried out on 30 min of signal acquired 
at a sampling frequency of 200 Hz. It is possible to observe the stabilization diagram obtained by SSI analysis superimposed on the 
Power Spectral Density (PSD) of the signal acquired by the accelerometer placed on the 4th storey (accelerometer A1). The clustering 
algorithm proposed by Romanazzi et al. [68] was used in order to extract significant modal features, in particular the modal fre
quencies and shapes reported in Tables 1 and 2, respectively. The output of the clustering algorithm is illustrated in Fig. 9, where 
coloured circles indicate the stable poles of the stability diagram corresponding to the four modes of vibration identified. It is noted 
that the frequencies obtained by the two methods adopted are very consistent.

The mode shapes obtained from the ambient vibration data are summarized in Table 2.

3.2. Design of the TLDs

The characteristics of the fluids used in this study are described in the next section, followed by the presentation of the charac
teristics and design procedure of both the TSD and LCVA.

3.2.1. Fluid characteristics
Three different commercially available non-organic fluids with diverse viscosities and densities were used in the experimental 

campaign. The fluids are shown in Fig. 10.
The first fluid is water (hereinafter referred to as W), which allows for comparison of the response with other fluids. In this 

campaign, it has been dyed with black ink for better visualization. The second fluid (D in the following) selected is a water solution 
with modified acrylic polymers. Its density is 1.09 g/cm3 and it has a dynamic viscosity of 50.00 cP. The third fluid (referred to as M) is 
a mixture of oils with a density of 0.87 g/cm3 and a dynamic viscosity of 9.50 cP. A summary of the fluid characteristics can be found in 
Table 3. Both the dynamic (μ) and kinematic (ν) viscosities are listed.

3.2.2. TSDs characteristics
TSDs are rectangular-prism rigid containers. They are made of transparent plexiglass which allows seeing through to facilitate the 

visualization and evaluation of the fluid displacement. The dimensions of the TSD selected in this work have been optimised to procure 
the highest active mass (Eqn. (9)), considering that m1 represented over 60 % of mTOT, while at the same time refining the tuning of 
sloshing frequency (Eqn. (7)) to the first mode frequency of the structure. In this sense, the precision of the dimensions that define the 
frequency, that is, the container length (L) and the fluid height (h) was set to the millimetre. At the same time, maximum length 

Fig. 8. Stabilization diagram obtained as a result of SSI analysis superimposed on PSD curve.
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restrictions have been applied to ensure that one or several containers could be fitted inside the frame.
The selected TSD design is 144 mm long (L) and 430 mm wide (W) and the fluid depth (h) is 45 mm, as depicted in Fig. 11. This 

geometry allows the simultaneous installation of two containers per floor. The mass of each container is 1.10 kg. If fluid W is employed, 
the total fluid mass (mTOT) per container is 2.79 kg and the impulsive (m0) and convective (m1) masses result in 1.02 kg and 1.77 kg 
respectively (see Section 2.2). If fluid D is selected, mTOT is 3.04 kg, m0 is 1.11 kg and m1 is 1.92 kg. When fluid M is used, the total, 
impulsive and convective masses are 2.42 kg, 0.88 kg and 1.54 kg respectively. The mass ratio (μ) achieved is in the order of μ = 2.50 

Table 2 
Mode shapes derived from ambient vibration testing normalized for absolute maximum value = 1.

Φ Mode 1 Φ Mode 2 Φ Mode 3 Φ Mode 4

Floor 4 1.00 − 0.97 − 0.83 − 0.39
Floor 3 0.88 − 0.06 1.00 1.00
Floor 2 0.63 1.00 0.57 − 0.97
Floor 1 ND ND ND ND

Fig. 9. Clustering of the stabilization diagram superimposed on the PSD curve.

Fig. 10. Fluids: (a) W, (b) D, (c) M.

Table 3 
Fluid characteristics: name, density, dynamic viscosity and kinematic viscosity.

Fluid Density (kg/m3) μ (cP) ν (cSt)

W 1.00 1.00 1.00
D 1.09 50.00 45.87
M 0.87 9.50 10.92
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%, and has been calculated as the effective mass of the device to the effective modal mass of the frame of the first mode (M*
1), which has 

been calculated based on the FEM model described in section 5.1 (for reference, see Table 14). The mass ratio of two TSDs used 
simultaneously and tuned to the first natural frequency of the frame are 2.48 % for fluid W, 2.69 % for fluid D and 2.16 % for fluid M. 
Table 4 summarizes this data.

The frequency of the TSD was measured experimentally in order to validate the prediction given by Equation (7). To this purpose an 
impulse load is applied to initiate free vibration and its decay. The free surface movement is video recorded, and the maximum 
displacement is plotted against time using the open-source video analysis Tracker [70] and then analysed using FFT as means to obtain 
the frequency of sloshing. Table 5 displays the sloshing numerical, experimental and target frequencies. It shows that the frequency 
derived from Equation (7) and the frequency obtained from experiments differ by 0.45 %, which could be attributed to errors in the 
accuracy in the filling of the container with a margin of a reasonable range of ±0.5 mm, which directly affects the parameter of fluid 
height.

3.2.3. LCVAs characteristics
LCVAs are U-shaped transparent plexiglass containers. Three ribs that divide the container into four sections are included for 

support as seen in Fig. 12. Small holes are drilled near the bottom of each rib to ensure the fluid in all parts moves in unison by keeping 
the liquid height the same for all sections [71].

The geometry of the LCVAs is defined starting from the required effective length to achieve the target frequency, as defined 
previously in Section 2.3. Once Leff is set as 124 mm, different area ratios, horizontal and vertical lengths are evaluated, according to 
the formulation described in the literature. The length ratio, defined as the relation of the horizontal length to the effective length, is 
kept around 0.6–0.7 [31,32,34,65], and the vertical length ensures the fluid always remains within the columns and does not reach the 
horizontal section [30]. Another requirement was to keep the area ratio smaller than unity, so that more volume of fluid could be 
obtained for the same Leff. The initial dimensions follow the formulation suggested by Chang and Hsu [28] which has been adopted 
multiple times in the literature.

The LCVA container design is depicted in Fig. 12 and has a horizontal length of LH = 61 mm, a width of W = 461 mm, the column 
sections are a = 20 mm and the horizontal ones are b = 30 mm, making the area ratio 2/3. The selected geometry allows for the 
simultaneous placement of two LCVAs on each floor.

For the initially selected design, the vertical column height was LVi = 20 mm. Therefore, the total volume of each container is 
1765.63 cm3, which implies that the total mass for fluid W in one container is 1.77 kg, for fluid D it is 1.92 kg, and for fluid M it is 1.54 
kg. The mass of each container is 1.10 kg. The width of the container was set so that the total LCVA fluid mass was equal to the effective 
TSD mass for comparison purposes.

Fig. 11. TSDs used in the experimental tests, general dimensions.

Table 4 
Fluid characteristics: total mass, impulsive mass and convective mass (per container) and mass ratio if two tanks are used.

Fluid 1 container 2 containers

mTOT (kg) m0 (kg) m1 (kg) μ = m1/ M*
1

W 2.79 1.02 1.77 2.48 %
D 3.04 1.11 1.92 2.69 %
M 2.42 0.88 1.54 2.16 %
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Again, the experimental validation of the frequency is done for comparison with the theoretical one obtained from Equation (14). 
An impulse load is applied to initiate free vibration and its decay, and the free surface movement is video recorded and the maximum 
displacement is plotted against time using the open-source video analysis Tracker as means to obtain the frequency of the device. It was 
observed that the experimental frequency was 16 % higher than expected, at around 2.25 Hz. Since a larger effective length gives a 
lower frequency, the LCVA container was filled up systematically until the target frequency was reached. The final selection results in 
an increment of the vertical length of 14 mm, resulting in LVf = 34 mm. Therefore, for the given geometry, the volume that gives the 
target frequency is 2021.79 cm3. This increases the total fluid mass of a single container to 2.02 kg for fluid W, 2.21 kg for fluid D and 
1.76 kg for fluid M.

For the purpose of better estimating the frequency, a variation of the definition proposed by Chaiviriyawong et al. [63,64] is 
presented in this work. In fact, it is observed that more accurate results are obtained if the Kinetic Energy in the transition zones takes 
the velocity profile as half of the one considered by Chaiviriyawong et al. The proposed Leff described by the authors, presented in 
Equation (22), shows good agreement with the experimental results carried out in this campaign, where a is the semilength of the 
column, as seen in Fig. 13, which illustrates the dimension definition. 

Table 5 
Numerical, experimental and target TSD frequencies.

Frequency from Eqn. (7) (Hz) Experimental frequency (Hz) Target frequency (Hz)

2.021 2.012 2.015

Fig. 12. LCVAs used in the experimental tests, general dimensions.

Fig. 13. LCVA used in the experimental tests, specific dimensions.

A. Vázquez-Greciano et al.                                                                                                                                                                                          Journal of Building Engineering 114 (2025) 114268 

12 



Leff =
AV

AH
LH + 2 LV +

πa
2

(22) 

The frequencies obtained through the different numerical approaches are summarized in Table 6 and compared to the experimental 
and target values, for both the initial and final LCVA dimensions.

The addition of a plate with orifices in the middle section of the LCVA is also studied. These orifices are used to modify the head loss 
coefficient, and thus the damping. Different authors suggest opting for large blocking ratios to obtain bigger damping coefficient 
values, from 50 % up to a maximum of 80 % since a blocking area that is too large impairs the functioning of the device [22,33,34]. In 
this case, the container includes two ribs for support and two interchangeable blocking plates are employed. Holes of 15 mm in 
diameter are drilled in the plates. Two configurations are considered, a blocking ratio of 67 % is obtained with a total of 7 orifices, and 
a blocking ratio of 72 % is achieved with 6 holes. These configurations can be seen in Fig. 14.

3.3. Overview of the experimental campaign

In the present study, the MDOF steel frame with and without TLDs is studied under harmonic sine waves with control on amplitude 
and frequency. The frame is mounted on the shake table which induces a unidirectional horizontal motion in the direction of the 
frame’s weaker inertia axis. During these tests the information provided by two accelerometers was used: the accelerometer installed at 
the 4th floor, where the largest displacements occurred for the first mode of vibration of the structure and therefore the floor at which 
the TLDs are installed, and the accelerometer placed on the shaking table to measure the input acceleration for the model steel frame.

To evaluate the behaviour of the frame and the effectiveness of the various TLD configurations at different amplitudes of base 
excitation, two sine waves having two different constant amplitudes in acceleration were employed. These excitations cover a fre
quency range of ±15 % relative to the first mode of the vibration frequency of the frame, in steps of minimum 0.01 Hz and maximum 
0.05 Hz. For the un-equipped frame, the steps were kept at 0.01 Hz at frequencies ±2.5 % of its first natural frequency, and lowered to 
0.05 Hz for the rest of the frequency band considered. When the frame was equipped with the different TLDs, the steps were all kept at 
0.01 Hz.

The maximum amplitude configuration, “Amplitude = 100 %” (A100), was set to prevent frame yielding. The largest displacement 
of the top floor was limited to 13.5 mm, which derives from a constant amplitude in the acceleration wave of 0.0316 m/s2. For the same 
frequency range, the amplitude was reduced to “Amplitude 25 %” (A25). Accordingly, its constant amplitude was 0.0079 m/s2.

Each amplitude case and single frequency from the frequency bandwidth studied were evaluated individually. The duration of the 
forced vibration was set in order to achieve steady state behaviour based on the outcome of some preliminary tests. Adjusting the 
frequencies and amplitudes of the imposed displacement on the shake table is required to ensure constant amplitude across all fre
quencies in their corresponding acceleration waves.

Since the target frequency corresponds to the first natural frequency of the structure, two identical TLDs are located on the topmost 
floor of the frame (subjected to the largest displacement for the first mode of vibration) in all the amplitude, container-type, and 
selected-fluid conditions.

A summary of the experimental tests carried out in this work are presented in Table 7, together with the name code assigned to 
each. It must be noted that tests carried out with fluid M were only performed for the amplitude case A25 due to leakage over hours, 
making it not possible to contain the fluid for the A100 case. Tests of LCVAs with orifices were carried out for W fluid for comparison 
purposes of the effect of the blocking ratio.

4. Experimental results and discussion

The recorded accelerometer data has been processed using MATLAB. All the results are given for the Steady State response of the 4th 

floor expressed as a Frequency Response Function (FRF), which quantifies the response of a system to an external excitation, 
normalized by the magnitude of this excitation over a range of frequencies. In this study, the FRF is evaluated in terms of acceleration: 
the input corresponds to the measured acceleration induced by the shake table at base level, while the output corresponds to the 
acceleration recorded at the 4th floor. In the following sections, the results of the response for the un-controlled frame and the TSD and 
LCVA controlled frame are described in terms of modulus of the FRF.

Fig. 15 shows the experimental setups for the un-controlled frame and the TSD and LCVA controlled structure.

Table 6 
Comparison of the different numerical definitions, experimental and target LCVA frequencies.

LV (mm) Hitchcock et al. 
(Hz)

Chang and Hsu 
(Hz)

Chaiviriyawong et al. 
(Hz)

Eqn. (22)
(Hz)

Experimental frequency 
(Hz)

Target frequency 
(Hz)

20 1.88 2.00 2.11 2.27 2.25 2.00
25 1.82 1.93 2.02 2.16 2.19
30 1.76 1.86 1.94 2.07 2.07
34 1.72 1.81 1.88 2.00 2.01
35 1.71 1.80 1.87 1.98 2.01
40 1.66 1.74 1.81 1.91 1.94
50 1.57 1.64 1.70 1.78 1.82
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Fig. 14. LCVA with perforated barriers used in the experimental tests, specific dimensions.

Table 7 
Compilation of the experimental tests.

Un-controlled Controlled

FRAME Fluid TSD LCVA LCVA6 LCVA7

Amplitude 25 % FRAME-A25 W TSD-W-A25 LCVA-W-A25 LCVA6-W-A25 LCVA7-W-A25
D TSD-D-A25 LCVA -D-A25 – –
M TSD-M-A25 LCVA-M-A25 – –

Amplitude 100 % FRAME-A100 W TSD-W-A100 LCVA-W-A100 LCVA6-W-A100 LCVA7-W-A100
D TSD-D-A100 LCVA-D-A100 – –

Fig. 15. Experimental setups: (a) un-controlled frame, (b) TSD controlled frame, (c) LCVA controlled frame.
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4.1. Frame response

The setup of FRAME-A25 and FRAME-A100 tests is shown in Fig. 15a. The structure is mounted on the shake table that induces a 
horizontal base motion along the frame’s weaker inertia axis. The steady state Frequency Response Function (FRF) response in terms of 
acceleration of the 4th floor of the uncontrolled frame is depicted in Fig. 16 for both A25 and A100. The marks on the curves indicate 
actual experimental measurements.

The data reveals that the first natural frequency falls within the values 2.01 Hz and 2.02 Hz, as expected. It is also noticeable that 
the modulus of the FRF is larger in the A25 case, reaching a value of 1.99, compared to A100, which attains a value of 1.04. Table 8
provides a summary of these results. This difference in the FRF modulus values between amplitudes evidences that the empirical 
structural damping reflects an amplitude-dependency. Larger excitation amplitudes result in greater structural displacement which 
leads to a corresponding rise in the structural damping, thus the smaller FRF peak response. In this case, where no yielding occurs, 
larger energy dissipation may be due to the behaviour of the connections.

4.2. Frame response when equipped with TSDs

The analysis of the response of the TSD equipped frame is presented in this section. Its setup can be seen in Fig. 15b. The sloshing 
occurs in the containers’ shortest length to obtain the desired frequency tuning. The Steady State FRF response in terms of acceleration 
of the 4th floor of the frame controlled with TSDs is illustrated in Fig. 17, for both A25 and A100 cases. A detailed graph can be found in 
Fig. 18. The fluid used is also represented. An overview of the results can be found in Table 9.

For the case TSD-W-A25, the response magnitude of the 1st frequency (1.83 Hz) has a value of 0.63, while for the 2nd one (2.22 Hz) 
is 0.24. This means that when the studied frame is equipped with the TSDs and the fluid in use is fluid W, the overall maximum 
response is reduced by 68.43 %. At resonance it is minimized by 99.50 %.

The study case TSD-D-A25 presents an absolute FRF value of 0.32 at frequency 1.82 Hz and 0.09 at 2.22 Hz. Consequently, a 
reduction of 84.01 % of the maximum value is observed. Again, the largest reduction is found at resonance with a response diminished 
by 99.55 %.

TSD-M-A25 test results in a 0.44 absolute FRF peak at 1.82 Hz. A second peak is found at 2.16 Hz with a value of 0.20. In this case, 
the maximum FRF experiences a 77.83 % reduction. As in the previous cases, the best reduction value is located at resonance, with a 
response 99.55 % smaller than for an un-controlled frame.

Observing the data yielded by test TSD-W-A100, a maximum reduction of 50.34 % of the response is evident. The first resonant 
peak, positioned at 1.81 Hz, exhibits an FRF value of 0.53, whereas the second peak (2.19 Hz) registers an FRF value of 0.28. In this 
case, the best behaviour implies a 99.13 % reduction, and it is found at resonance, as expected.

Lastly, the first natural frequency in test TSD-D-A100 is identified at 1.81 Hz and displays an FRF value of 0.24, while the second 
can be found at 2.19 Hz and has a value of 0.08, which implies that the maximum response reduction is 77.66 %. In accordance with 
the theory, the reduction at resonance is the largest (99.04 %).

From the results, it is clear that the incorporation of TSDs drastically improves the frame performance against vibrations. 

Fig. 16. Steady State response of 4th floor of the un-controlled frame: FRF in acceleration - Excitation frequency, (a) Amplitude = 25 % (b) 
Amplitude = 100 %.
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Particularly, the application of the most viscous fluid (D), leads to the largest maximum response reduction in the two acceleration 
scenarios, followed by utilizing fluid M and lastly, fluid W, coinciding with the lowest inherent viscosity. It is also worth noting that the 
order of magnitude is similar fluid-to-fluid independently of the value of acceleration considered. This implies that the control per
formance of TSDs decreases if the input loading increases. These results align with the work described by Chang and Hsu [28].

4.2.1. TSD surface tracking
Video tracking is carried out for frequency and wave surface elevation (η) control for the case A100. The fluid displacement in case 

A25 was too small to measure with video tracking, although it can be stated that continuous free surface condition was satisfied and no 
wave breaking occurred. The maximum TSD fluid displacement for three significant frequencies (1.80 Hz, 2.00 Hz and 2.20 Hz) is 
displayed in Figs. 19 and 20 and summarized in Table 10.

It was observed that for TSD-W-A100, free surface motion suffered from wave breaking on frequencies around 1.80 Hz, reaching a 
maximum η = 46.6 mm. In contrast, when fluid D was used, the wave breaking was suppressed for the whole frequency range 
considered and the maximum wave surface elevation was reached at 1.80 Hz and has a value of η = 23.6 mm, 49.4 % smaller. Near 
resonance, the wave surface elevation in both cases reaches very similar values of the same order of magnitude. At a frequency near the 
second response peak, f = 2.20 Hz, the maximum surface wave elevation was η = 10.9 mm for TSD-W-A100 and η = 6.3 mm for TSD-D- 
A100, 42.2 % smaller. These results are coherent with the literature: the wave amplitude decreases as the viscosity of the liquid in
creases [14].

This suggests that, together with the previous FRF results, the viscosity of the fluid not only achieves a better control of the structure 
but also allows for greater control over the fluid behavior.

4.3. Frame response when equipped with LCVAs

The use of LCVAs to mitigate the frame response is presented in this section. Fig. 15c is representative of its setup. Figs. 21 and 23

Table 8 
Frame experimental tests: natural frequency and 4th floor Steady State FRF 
response in acceleration.

Test name f1 (Hz) |FRF|

FRAME-A25 2.02 1.989
FRAME-A100 2.01 1.037

Fig. 17. Comparison of the Steady State response of 4th floor with an un-controlled and a TSD-controlled frame: FRF in acceleration - Excitation 
frequency, (a) Amplitude = 25 % (b) Amplitude = 100 %.
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depict the Steady State FRF response in terms of acceleration of the 4th floor of the frame controlled with LCVAs without orifices and 
with orifices respectively, utilizing different fluids and for both A25 and A100 cases. Detailed graphs can be found in Fig. 22 and 
Fig. 24. Table 11 gathers these results.

In the case of LCVA-W-A25, the 1st frequency is located at 1.89 Hz and its response magnitude has a value of 0.32. The 2nd fre
quency lies at 2.11 Hz and its response is 0.09. Therefore, the frame equipped with water based LCVAs observes a response reduction of 
83.71 %. The best reduction value is located at resonance, being the response 98.69 % smaller than for an un-controlled frame.

LCVA-D-A25 test presents a single FRF peak at 1.93 Hz with an FRF value of 0.16. In this case, the maximum FRF experiences a 

Fig. 18. Detail of comparison of the Steady State response of 4th floor with an un-controlled and a TSD-controlled frame: FRF in acceleration - 
Excitation frequency, (a) Amplitude = 25 % (b) Amplitude = 100 %.

Table 9 
TSD experimental tests: natural frequencies, corresponding 4th floor Steady State FRF response in acceleration and response reduction percentages.

Test name f1 (Hz) |FRF|1 f2 (Hz) |FRF|2 Maximum response reduction |FRF| at resonance Response reduction at resonance

TSD-W-A25 1.83 0.628 2.22 0.239 68.43 % 0.010 99.50 %
TSD-D-A25 1.82 0.318 2.22 0.085 84.01 % 0.009 99.55 %
TSD-M-A25 1.82 0.441 2.16 0.203 77.83 % 0.009 99.55 %
TSD-W-A100 1.81 0.516 2.19 0.276 50.34 % 0.009 99.13 %
TSD-D-A100 1.81 0.242 2.19 0.083 77.66 % 0.010 99.04 %

Fig. 19. TSD (fluid W) maximum wave surface elevation for different frequencies. Case Amplitude = 100 %.
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92.01 % reduction. At resonance it is minimized by 95.53 %.
The case study LCVA-M-A25 reveals its first frequency at 1.88 Hz with a 0.08 value, smaller than the 0.167 FRF obtained at the 2nd 

frequency (2.03 Hz). In this case, the maximum and resonance reduction are similar: 91.60 % and 91.65 % respectively.
Shifting to the largest amplitude, test LCVA-W-A100 has a maximum response of 0.14 at 1.88 Hz. The second frequency, of 2.05 Hz, 

presents an FRF response of 0.10. In this case, the maximum FRF diminishes by 86.31 % while at resonance is decreased by 92.00 %.
When fluid D is used in test LCVA-D-A100, a single peak is found at 1.94 Hz, which represents a percentual reduction of 83.80 %. At 

resonance, the response is 89.39 % smaller compared to the un-controlled structure.
The inclusion of holes in the middle section of the LCVAs reveals that, for case LCVA6-W-A25, two peaks are formed around 

resonance. They are located at 1.91 Hz and 2.13 Hz and present FRF values of 0.33 and 0.06 respectively, which indicates that the 

Fig. 20. TSD (fluid D) maximum wave surface elevation for different frequencies. Case Amplitude = 100 %.

Table 10 
TSD maximum wave surface elevation.

Test name f = 1.80 Hz f = 2.00 Hz f = 2.20 Hz

η (mm) TSD-W-A100 46.6 4.9 10.9
TSD-D-A100 23.6 5.0 6.3

Fig. 21. Comparison of the Steady State response of 4th floor with an un-controlled and a LCVA-controlled frame: FRF in acceleration - Excitation 
frequency, (a) Amplitude = 25 % (b) Amplitude = 100 %.
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maximum peak is diminished by 83.46 %. At resonance there is a 98.19 % decrement. The new frequencies derived from LCVA7-W- 
A25 test can be found at 1.91 Hz and 2.14 Hz and each has a FRF response of 0.26 and 0.06. The overall maximum and resonance 
response reductions are 86.73 % and 97.74 % of the un-controlled frame FRF.

Fig. 22. Detail of comparison of the Steady State response of 4th floor with an un-controlled and a LCVA-controlled frame: FRF in acceleration - 
Excitation frequency, (a) Amplitude = 25 % (b) Amplitude = 100 %.

Fig. 23. Comparison of the Steady State response of 4th floor with an un-controlled and a LCVA-controlled frame for different opening configu
rations: FRF in acceleration - Excitation frequency, (a) Amplitude = 25 % (b) Amplitude = 100 %.
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The results yielded for the largest of amplitudes reveal that LCVA6-W-A100 couples into a single peak of 0.17 at 1.93 Hz, reducing 
the maximum response by 83.51 %. At resonance, the FRF response is diminished by 89.30 %. In the LCVA7-W-A100 case, the fre
quency is located at 1.95 Hz and shows a response of magnitude 0.15, reducing the maximum by 85.82 %. In this case, a decrement of 
88.81 % is found at resonance.

The effectiveness of LCVAs is evident from these results. It must be pointed out that the inherent damping of LCVAs configuration, 
together with higher viscosity of fluids D and M, results in a single-peak response curve, coherent with damping over the optimum 
value [14] (see Section 2). This is evident in both A25 and A100 cases. Instead, when the liquid is water, a two-peak response curve is 
observed which also provides the maximum reduction at resonance.

In this case, the fluid-to fluid response does vary significantly with the base amplitude for LCVA-W tests, in which damping is seen 
to increase together with the amplitude, while LCVA-D tests, in which the most viscous fluid is applied, produce similar results despite 
the amplitude.

Focusing on the behaviour of water-based LCVAs with different orifice configurations, it can be seen that the inclusion of blocking 
in the horizontal section increases the damping. This is particularly clear observing the LCVA6-W and LCVA7-W in comparison to 
LCVA-W. Moreover, for this particular case, the smaller blocking ratio obtained in the LCVA7-W configuration yields a slightly smaller 
maximum FRF response, compared to LCVA6-W.

It is also worth noting that the same level of performance can be obtained either by utilizing fluid D LCVAs or fluid W LCVA6 and 
LCVA7 configurations in the case of amplitude A100. This implies that the damping can be similarly controlled by means of increasing 
the liquid viscosity or with the inclusion of perforated screens that modify the head loss parameter in the horizontal section.

Fig. 24. Detail of comparison of the Steady State response of 4th floor with an un-controlled and a LCVA-controlled frame for different opening 
configurations: FRF in acceleration - Excitation frequency, (a) Amplitude = 25 % (b) Amplitude = 100 %.

Table 11 
LCVA experimental tests: natural frequencies, corresponding 4th floor Steady State FRF response in acceleration and response reduction percentages.

Test name f1 (Hz) |FRF|1 f2 (Hz) |FRF|2 Maximum response reduction |FRF| at resonance Response reduction at resonance

LCVA-W-A25 1.89 0.324 2.11 0.092 83.71 % 0.026 98.69 %
LCVA-D-A25 1.93 0.160 – – 92.01 % 0.089 95.53 %
LCVA-M-A25 1.88 0.077 2.03 0.167 91.60 % 0.166 91.65 %
LCVA6-W-A25 1.91 0.329 2.13 0.062 83.46 % 0.036 98.19 %
LCVA7-W-A25 1.91 0.264 2.14 0.062 86.73 % 0.045 97.74 %
LCVA-W-A100 1.88 0.142 2.05 0.097 86.31 % 0.083 92.00 %
LCVA-D-A100 1.94 0.168 – – 83.80 % 0.110 89.39 %
LCVA6-W-A100 1.93 0.171 – – 83.51 % 0.111 89.30 %
LCVA7-W-A100 1.95 0.147 – – 85.82 % 0.116 88.81 %
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4.3.1. LCVA surface tracking
The maximum fluid column height is evaluated through surface video tracking for case A100 and is depicted in Figs. 25–27 and 28

for three characteristic LCVA frequencies (1.90 Hz, 2.00 Hz and 2.10 Hz). Again, the fluid displacement in case A25 was too small to 
measure with video tracking; however, it can be stated that the fluid movement satisfied the continuous free surface condition for the 
whole range considered.

In the amplitude A100 tests the largest fluid displacements occur at 1.90 Hz for all the tests evaluated. The effect of fluid viscosity 
can be seen by comparison between LCVA-W-A100 and LCVA-D-A100. In the first case, the maximum fluid displacement is 8.68 mm 
while in the second case it is reduced to 8.25 mm. The effect of the perforated screen inclusion can be derived from comparison 
between LCVA-W-A100, LCVA6-W-A100 and LCVA7-W-A100. It must be noted that in this case, only from visual inspection there is no 
significant control of the fluid motion when the screens are added.

4.4. Comparison of the TSD-LCVA response

All the case studies developed in this work are brought together in Fig. 29 for comparison.
In A25 tests, it is clear from the figure that the effective mass was larger in TSD tanks than in LCVA recipients, since the former 

results show response reduction for a wider frequency band. The increment in fluid viscosity shows an improvement in the behaviour 
for TSDs; the opposite occurs for the LCVAs considered in the present study. It is also worth noting that a similar level of FRF reduction 
can be obtained through TSD-D-A25 and LCVA-W-A25, with the main difference residing in the frequency bandwidth in which the 
devices are effective which is directly related to the amount of effective mass of the TLDs.

The influence of large amplitudes is clear from A100 tests, in which the best behaviour was obtained from TSD-D-A100, showing 
again an improvement of the response for high viscosity fluids when TSDs are employed. It is also worth mentioning that extremely 
similar results are obtained for LCVA-D-A100, LCVA6-W-A100 and LCVA7-W-A100, which means that both the fluid viscosity and the 
fluid passage through blocking screens can be used to increase the device’s damping.

5. Numerical simulation

This section describes the numerical model developed to represent the studied frame and TLDs and to support the interpretation of 
the experimental results. The widely used open-source software framework OpenSees has been used to create the numerical model and 
carry out the analyses. The following sections include the description of the Finite Element (FE) model of the frame, the model 
updating process performed to adjust some of its parameters based on the measurements obtained experimentally for calibration, 
together with the description of the FE model to include the TLDs studied in this work.

5.1. Description of the frame FE model

The frame is defined by means of a bi-dimensional FE model, depicted in Fig. 30. The node connections between elements are 
considered as rigid. The slabs and columns are defined with elastic beam-column elements. Different beam-column elements are used 
to model the end regions of the columns, where angle profiles are present to provide connection with the slabs. The stiffness of these 
elements is scaled by a different factor for each floor (kkAng0 … kkAng4), set by means of the model updating procedure described in 
the following section (Model updating). The nodes at the base are considered fixed. The masses corresponding to the structure plus the 
lumped masses have all been added, in the corresponding proportion, at the nodes that connect the beam slab with the columns. For 
this study, the mass of the accelerometers (1.20 kg per piece) on the 4th and 3rd floors is included. Damping of the frame is modelled 
using Rayleigh damping, considering modes 1 and 4.

5.1.1. Model updating
Model updating has been performed to adjust the parameters (kkAng0 … kkAng4) that define the stiffness of the end elements of 

each column, to represent the presence of the angular connectors. The procedure adopted is based on the optimization of a cost 

Fig. 25. LCVA (fluid W) maximum wave surface elevation for different frequencies. Case Amplitude = 100 %.
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function defined as the summation of two terms (Eqn. (23)). 

C=C1 + C2 (23) 

The first component of the cost function (C1) (Eqn. (24)) measures the discrepancy between the experimentally obtained fre
quencies and the ones resulting from the numerical modal analysis, denoted by fexp and fnum respectively. 

C1 =
∑4

i=1

(
fnum
i − f exp

i

f exp
i

)2

(24) 

where i indicates the number of the mode of vibration.
The second component of the cost function (C2) (Eqn. (25)) measures the difference between the experimental and numerical mode 

shapes (Φexp and Φnum respectively) by utilizing the Modal Assurance Criterion (MAC), which calculates the correlation between the 
two vibration shapes. 

C2 =
∑4

i=1

(
1 − MAC

(
Φnum

i ,Φexp
i

))
(25) 

Fig. 26. LCVA (fluid D) maximum wave surface elevation for different frequencies. Case Amplitude = 100 %.

Fig. 27. LCVA6 (fluid W) maximum wave surface elevation for different frequencies. Case Amplitude = 100 %.

Fig. 28. LCVA7 (fluid W) maximum wave surface elevation for different frequencies. Case Amplitude = 100 %.
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The optimization carried out considers various scenarios in which different weights are given to each natural frequency (WNF = [f1 
f2 f3 f4]) and mode number (WMN = [Φ1 Φ2 Φ3 Φ4]) so that each mode participation can be evaluated individually in the search of 
accurate results. Some examples that illustrate how the minimum values, represented with the darkest blue, of the cost functions C1 
and C2 vary are shown in Fig. 31 for combinations of kkAng1 … kkAng4 with equal assignments of the weights for all modes: WNF = [1 
1 1 1] and WMN = [1 1 1 1]. It can be seen that the values required to minimize C1 and C2 occur in different regions. For this reason, 
different weight combinations have been studied. The outcome of the model updating of three characteristic examples (tests PA, PB 
and PC) is displayed in Table 12 together with their corresponding natural frequencies. The values selected to define the FE model 
derive from test PA, which provides the best results in terms of frequencies, essential for the tuning of the TLDs. Table 13 provides a 
side-by-side comparison of the modal shapes obtained experimentally (Φexp

i ) and numerically (Φnum
i ) with the parameters extracted 

from test PA, while Fig. 32 graphically illustrates these results.
The effective modal masses (M*

i ) of the frame with the supplementary lumped mass on each storey are obtained from Equation (26)
[72,73]. They are dependent on the lumped masses (mi), mode shape (Φi) and modal participation factor (Γi) defined in Equation (27). 
The modal participation factors, the effective modal masses, and their percentage with respect to the total mass are displayed in 
Table 14. 

M*
i =Γi

∑
miΦi (26) 

Γi =

∑
miΦi

∑
miΦ2

i
(27) 

5.2. Description of the TLDs FE model

The bi-dimensional FE model of the frame was updated to include the modelling of two TLDs on the 4th floor, as depicted in Fig. 33. 
For each TLD, the node in height with the slab (S-4) includes the non-effective mass (m0) and the container mass (mcont). An auxiliary 
node (TLD-aux) is placed at a height h1, which represents the height at which the centre of the effective mass is located. The command 
equalDOF is used to construct a constraint between TLD-aux and S-4 for all 3 DOFs. The node named TLD is used to apply the effective 
mass (m1). It is positioned at the same location as TLD-aux with the use of zeroLength elements, that include the uniaxial elastic 

Fig. 29. Comparison of the Steady State response of 4th floor when equipped with TSDs or LCVAs: FRF in acceleration - Excitation frequency, (a) 
Amplitude = 25 % (b) Amplitude = 100 %.
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material for the spring with stiffness k1 and uniaxial viscous material to represent the damper with damping c1. The fix command is 
used to impose constraints on the vertical movement and rotation, ensuring the displacement occurs only in the horizontal direction.

5.3. Overview of the numerical analyses

The numerical time history analysis procedure has followed the experimental scheme: the same unidirectional constant-amplitude 
harmonic waves described in Section 3.3 have been applied at the base of the model for the evaluated frequency range, for both 
Amplitude = 25 % and Amplitude = 100 %. For reference, see Table 7.

For the definition of the parameters that characterize TLDs, four different numerical scenarios are considered for TSDs and LCVAs 
for comparison with the experimental results, refining the optimization on each step. On each of them, the influence on the response of 
the frame-absorber system of the mass ratio (μ), tuning ratio (β) and damping ratio (ξ) is clearly defined. The detailed explanation is 
provided below, while Table 15 gathers the summarized information.

For TSDs, the scenarios considered are as follows: 

• Case N1-TSD. The masses are determined based on Equations (8) and (9), the frequency is calculated according to Equation (7) and 
the damping is expressed in terms of the damping ratio (ξ) as c1 = 2ξm1ω1, and considers the value recommended by Eurocode 8 
[61], ξ = 0.5 %.

• Case N2-TSD. The damping considered is defined in Equation (11), while the rest of parameters are maintained from the previous 
case N1-TSD. It should be recalled that, for TSDs, wave surface elevation data could only be gathered in the amplitude A100 cases, 
thus making it not possible to determine the numerical value for damping in the A25 cases.

Fig. 30. FE model of the frame: (a) dimensions in mm, (b) elements: columns and kkAng0-4 column sections (c) mass assignments.
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• Case N3-TSD. A model updating has been performed to adjust the parameters of mass, frequency and damping for all amplitudes of 
excitation through the variables m1, f1 and ξ respectively. The variable for the effective mass (m1) represents a fraction of the total 
fluid mass (mTOT), which was obtained from the geometry of the recipient and density of the fluids and was verified experimentally. 
The frequency tuning is evaluated trough the frequency of sloshing of the fluid (f1) and can be used to evaluate the prediction 
derived from the theoretical frequency obtained from Equation (7) since slight mistuning can arise from geometry imprecisions in 
the container or in its filling. Finally, the value for the damping ratio (ξ) is determined. The optimization carried out aims to 

Fig. 31. Contour diagram of the minimization of the cost functions C1 and C2 for: (a) kkAng0-kkAng1, (b)kkAng1-kkAng2, (c) kkAng2-kkAng3 and 
(d) kkAng3-kkAng4.

Table 12 
Model updating results of kkAng0 … kkAng4 for tests PA, PB and PC and corresponding natural frequencies.

WNF WMN kk 
Ang0

kk 
Ang1

kk 
Ang2

kk 
Ang3

kk 
Ang4

f1 (Hz) f2 (Hz) f3 (Hz) f4 (Hz)

PA [1 1 0 0] [0 0 0 0] 2.00 4.05 3.00 8.99 6.40 2.015 6.039 9.202 11.333
PB [1 1 0 0] [1 1 0 0] 3.13 3.14 3.71 4.57 6.78 2.030 5.992 9.103 11.088
PC [1 0 0 0] [1 0 0 0] 2.00 4.97 3.68 2.49 7.37 2.015 5.723 8.949 10.795
Target frequency 2.015 6.039 9.447 11.519

Table 13 
Comparison of experimental and test PA numerical modal shapes, normalized for absolute maximum value = 1.

Φexp
1 Φnum

1 Φexp
2 Φnum

2 Φexp
3 Φnum

3 Φexp
4 Φnum

4

Floor 4 1.00 1.00 0.87 0.88 0.53 0.62 0.39 0.48
Floor 3 0.88 0.90 0.05 0.11 − 0.64 − 0.64 − 1.00 − 1.00
Floor 2 0.63 0.69 − 0.89 − 0.89 − 0.36 − 0.59 0.97 0.85
Floor 1 ND 0.36 ND − 1.00 ND 1.00 ND − 0.44
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minimize the cost function (CFRF), defined in Equation (28), which compares the experimentally obtained FRF values in acceler
ation for the Steady State response of the 4th floor (yexp) with the ones resulting from the numerical modal analysis (ynum) for all the 
frequencies studied (n), which range from 1.75 Hz to 2.35 Hz, every 0.01 Hz.

Fig. 32. Lumped mass system scheme and modal shapes (experimental and numerical results).

Fig. 33. Floor 4 FE model of the frame with nodes, elements and restrictions for TLDs.

Table 14 
Modal participation factor, effective modal mass and ratio of effective modal mass with respect to the total mass.

Γi M*
i M*

i /MTOT

Mode 1 1.222 142.73 kg 89.88 %
Mode 2 − 0.353 12.79 kg 8.06 %
Mode 3 0.181 2.78 kg 1.75 %
Mode 4 − 0.054 0.25 kg 0.16 %

Table 15 
Numerical scenarios for TSD and LCVA definition: natural frequencies, effective mass and damping ratio considerations.

Test name Frequency (f1) Effective mass (m1) Damping Ratio (ξ)

N1-TSD fTSD,1 from Equation (7) m1 from Equation (9) From EC-8 [61]
N2-TSD fTSD,1 from Equation (7) m1 from Equation (9) ξ = c1/2m1ω1 c1 from Equation (11)
N3-TSD Optimised Optimised Optimised (constant)
N4-TSD Optimised Optimised Optimised (linear)
N1-LCVA fLCVA from Equation (14)

Leff from Equation (22)
m1 = mTOT 

mTOT from Equation (17)
From EC-8 [61]

N2-LCVA fLCVA from Equation (14)
Leff from Equation (22)

m1 = mass inside the columns From EC-8 [61]

N3-LCVA Optimised Optimised Optimised (constant)
N4-LCVA Optimised Optimised Optimised (linear)
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• Case N4-TSD. The last approach further develops the definition of the damping ratio (ξ), which is set as a linear amplitude- 
dependent parameter defined by the equation of a straight line, y = mx + n. Both m1 and f1 are defined as in the previous case.

For LCVAs, the scenarios considered are as follows: 

• Case N1-LCVA. The mass is set according to Equation (17) and represents the total fluid mass as effective. The frequency of the 
LCVA is calculated according to Equation (14), in which the value for Leff is proposed by the authors in Equation (22), and the 
damping is expressed in terms of the damping ratio (ξ) as c1 = 2ξm1ω1, and considers the value recommended by Eurocode 8 [61], ξ 
= 0.5 %.

• Case N2-LCVA. The effective mass of the damper (m1) is considered herein as the mass residing inside the columns to match with 
the studies carried out by Xu el al [24]. and Abou et al. [34], while the rest of parameters remain the same as in case N1-LCVA.

• Case N3-LCVA. Similarly to case N3-TSD, a model updating has been carried out to determine the parameters of mass, frequency 
and damping through the variables m1, f1 and ξ respectively, where m1 is defined as a fraction of the total fluid mass which was 
derived from the recipient’s geometry and the fluids’ densities and was verified experimentally. Since minor mistuning can occur 
due to geometric inaccuracies in the containers or in their filling, the numerically optimised LCVA frequency (f1) is compared to the 
theoretical one obtained from Equation (14) in which the value for Leff is proposed by the authors as in Equation (22). Finally, the 
damping ratio (ξ) is also obtained. The optimization process minimizes the cost function (CFRF) defined in Equation (28), which 
compares the experimentally obtained FRF values in acceleration for the Steady State response of the 4th floor (yexp) with those 
from the numerical modal analysis (ynum) for all the frequency range (n), from 1.75 Hz to 2.35 Hz in 0.01 Hz increments.

• Case N4-LCVA. Similarly to case N4-TSD, the damping ratio (ξ) is established as a linear parameter dependent on the amplitude, 
defined by the equation of a straight line is y = mx + n, while m1 and f1 are set as in the previous case.

CFRF =
∑n=61

i=1

(
ynum

i − yexp
i

)2 (28) 

6. Numerical results and discussion

Following the approach outlined in Section 4 for the experimental analysis, the results are expressed in terms of the Steady State 
response of the 4th floor as the FRF evaluated in the acceleration of the top floor of the model relative to its base. The following sections 
include the results for the un-controlled frame, as well as for the frame controlled with TSDs and LCVAs.

6.1. Frame response

The numerical frame characteristics have been detailed in Section 5.1.1. A comparison of the steady state FRF response in terms of 

Fig. 34. Experimental and numerical FRF in acceleration of the 4th floor of frame, (a) Amplitude 25 %, (b) Amplitude 100 %.
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acceleration of the 4th floor of the uncontrolled frame between the experimental results, FRAME-A25 and FRAME A-100, and the 
numerical analyses can be found in Fig. 34, for both A25 and A100. The damping coefficient of the model that best represents the 
experimental behaviour is set to ξ = 0.18 % for the A25 case and ξ = 0.30 % for the A100 scenario, which mirrors the amplitude- 
dependency.

6.2. Frame response equipped with TSDs

The numerically obtained response of TSDs for the four cases considered is presented in this section. A summary of the data related 
to frequency of sloshing (f1), effective mass (m1) and damping coefficient of the fluid (ξ) used for the modelling for all the simulations 
studied crossed with the numerical scenarios is presented in Table 16, along with the value obtained from the minimization of the cost 
function (CFRF). It can be observed from the data that the values obtained from the cost function decrease in every step of the opti
mization, reaching their minimum for the N4 cases, which implies that the greatest accuracy was obtained when slight mistuning was 
accounted for, the effective mass reached values about 5 % smaller than expected and the damping was set as linearly dependent on the 
amplitude of the acceleration.

The comparison between all numerical scenarios and experimental results for the frame equipped with TSD-W response can be seen 
in Fig. 35. From Fig. 35a it is clear that the response prediction provided by N1 is affected by the 2.5 % over-tuning observed in the 
experiments, which results in discrepancies of the response peaks from 0.02 to 0.03 Hz. The optimised parameters suggest that the 
mass that participates in the sloshing seems to be smaller than that proposed by the literature by 2.5 %–5.0 %. Regarding the damping, 
the N3 numerical damping is around 50 % greater than the theoretical damping coefficient, meaning that, in this case, the recom
mendation available in the literature would slightly overestimate the response. The best accuracy is obtained for the linear damping 
scenario, N4, which takes values of 0.94 % and 0.43 % for the first and second peaks respectively, showing great agreement with the 
experimental campaign.

Fig. 35b demonstrates that the predictions derived from the literature are in good agreement with the experimental results. In this 
case, the mistuning was minimum, and the main difference lies in the consideration of the damping ratio. In this case, the value 
suggested by the Eurocodes is in accordance with the optimised results, which double the numerically calculated value in N2. The best 
approach is to consider the amplitude-dependent damping from case N4, in which the first and second peaks retrieve 0.62 % and 0.33 
% damping ratios respectively. Again, the optimization procedure suggests that the effective mass is slightly smaller than the one 
provided in the literature.

The application of the most viscous fluid on TSDs evinces how it affects the damping coefficient. Fig. 36a highlights the over
estimation of the system response if the recommended damping value in the codes is not modified. In this particular case, a damping 
coefficient value almost 5 times higher than expected is required for the optimised solution N3, while the linearly variable damping 
from N4 results in damping coefficients equal to 2.56 % and 1.71 % for the first and second response peaks respectively. The response is 
seen to be additionally influenced by the 1.02 % overturning, as evidenced by numerical analyses N3 and N4. The optimised solutions 
N3 and N4 also suggest that the effective mass is respectively from 5 % to 6 % smaller than the one defined in the literature (see 
Fig. 37).

It can be seen in Fig. 36b that no mistuning was detected in the large amplitude case. The prediction of the damping derived from 
analysis N2 is of the same order of magnitude as that returned by the optimization process N3, with both being about 5 times higher 
than the one suggested in the Eurocode. The best fit is however achieved by analysis N4, which results in damping coefficients of 2.72 
% for the first response peak and 2.09 % for the second one. The results derived from the optimised analyses N3 and N4 suggest that the 
effective mass is 5 % smaller than expected.

The use of the medium-viscosity fluids is seen to have also great effect on the damping of the TSD. From Fig. 37 a minor under- 

Table 16 
TSD numerical analysis data.

Test name TSD-W-A25 TSD-D-A25 TSD-M-A25 TSD-W-A100 TSD-D-A100

N1 f1 2.02 Hz 2.02 Hz 2.02 Hz 2.02 Hz 2.02 Hz
m1 3.54 kg 3.84 kg 3.08 kg 3.54 kg 3.84 kg
ξ 0.50 % 0.50 % 0.50 % 0.50 % 0.50 %
CFRF 0.8282 0.5660 0.2090 0.1101 0.2763

N2 f1 – – – 2.02 Hz 2.02 Hz
m1 – – – 3.54 kg 3.84 kg
ξ – – – 0.26 % 2.15 %
CFRF – – – 0.1465 0.0089

N3 f1 2.07 Hz 2.05 Hz 2.01 Hz 2.03 Hz 2.02 Hz
m1 3.40 kg 3.50 kg 2.80 kg 3.27 kg 3.53 kg
ξ 0.71 % 2.35 % 1.16 % 0.45 % 2.50 %
CFRF 0.0440 0.0027 0.0120 0.0397 0.0015

N4 f1 2.07 Hz 2.06 Hz 2.01 Hz 2.03 Hz 2.02 Hz
m1 3.39 kg 3.57 kg 2.81 kg 3.28 kg 3.57 kg
m (ξ) 0.01096 0.03390 0.01342 0.01160 0.03672
n (ξ) 0.00170 0.01440 0.00691 1.165 e− 6 0.01799
CFRF 0.0246 0.0012 0.0092 0.0250 0.0008
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Fig. 35. Experimental and numerical FRF in acceleration of the 4th floor of frame equipped with TSD-W, (a) Amplitude 25 %, (b) Amplitude 100 %.

Fig. 36. Experimental and numerical FRF in acceleration of the 4th floor of frame equipped with TSD-D, (a) Amplitude 25 %, (b) Amplitude 100 %.
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tuning is detected, while doubling the damping coefficient provided by N1 is required to meet the optimization results. These show the 
greatest match for the amplitude-dependent damping ratio form case N4, which takes values of 1.28 % and 0.96 % for the first and 
second peaks respectively. Once again, the optimization carried out for both N3 and N4 analyses retrieves an effective mass 5 % smaller 
than expected.

6.3. Fame response equipped with LCVAs

The numerical analysis results of LCVAs for the four cases considered is presented in this section. A summary of the data related to 
frequency of sloshing (f1), effective mass (m1) and damping coefficient of the fluid (ξ) used for the modelling for all the simulations 
studied crossed with the numerical scenarios is presented in Table 17, along with the value obtained from the minimization of the cost 
function (CFRF). It is clear that the minimization of the cost function reaches its minimum for the N4 approach, which suggests that the 
greatest accuracy can be obtained considering slight mistuning, an effective mass of about 20 % of the total fluid mass and fluid 
damping as a linear dependence of the amplitude of the acceleration variable.

The comparison of the experimental and numerical analyses of the application of LCVA-W on the studied frame can be seen in 
Fig. 38. Fig. 38a emphasizes that, in this case, following the recommendations proposed in N1 and N2 would lead to imprecise response 
predictions, when compared to the experimental results. To start with, it is clear from N1 that only a fraction of the total mass 

Fig. 37. Experimental and numerical FRF in acceleration of the 4th floor of frame equipped with TSD-M-A25.

Table 17 
LCVA numerical analysis data.

Test name LCVA-W-A25 LCVA-D-A25 LCVA-M-A25 LCVA-W-A100 LCVA-D-A100

N1 f1 2.00 Hz 2.00 Hz 2.00 Hz 2.00 Hz 2.00 Hz
m1 4.04 kg 4.42 kg 3.52 kg 4.04 kg 4.42 kg
ξ 0.50 % 0.50 % 0.50 % 0.50 % 0.50 %
CFRF 1.2395 1.1945 1.1384 .97337 0.9432

N2 f1 2.00 Hz 2.00 Hz 2.00 Hz 2.00 Hz 2.00 Hz
m1 1.25 kg 1.36 kg 1.09 kg 1.25 kg 1.36 kg
ξ 0.50 % 0.50 % 0.50 % 0.50 % 0.50 %
CFRF 0.5232 0.9311 0.9098 0.4437 0.6776

N3 f1 2.03 Hz 1.96 Hz 1.89 Hz 1.96 Hz 1.94 Hz
m1 1.01 kg 1.19 kg 1.06 kg 0.91 kg 0.76 kg
ξ 2.52 % 11.82 % 4.53 % 4.20 % 8.67 %
CFRF 0.0034 0.0002 0.0073 0.0014 0.0002

N4 f1 2.03 Hz 1.96 Hz 1.87 Hz 1.96 Hz 1.94 Hz
m1 1.01 kg 1.19 kg 1.32 kg 0.89 kg 0.86 kg
m (ξ) 0.03359 0.03854 0.00002 0.07903 0.06906
n (ξ) 0.01642 0.11294 0.05262 0.03487 0.08835
CFRF 0.0021 0.0002 0.0055 0.0012 0.0004
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participates in the mitigation of vibrations. The results derived from N3 and N4 for the optimised effective mass retrieve values 
corresponding to 25 % of the total mass, a figure slightly below the mass residing inside the columns which represents 30.84 % of mTOT. 
Moreover, the model updating retrieves an over-tuning of 1.5 % that shifts the response 0.2 Hz to the right in both N3 and N4 scenarios 
and suggests that the damping coefficient achieved by LCVA-W-A25 is 5 times higher than that proposed in the literature if considered 
constant, as in N3, and reaches values of 2.75 % and 1.94 % for the first and second peaks respectively in the linearly variable N4 
approach.

By looking at Fig. 38b, similar deductions can be made. In this particular case, the optimised damping coefficient value of LCVA-W- 
A100 increases up to 4.30 % if considered constant, as in the N3 approach, which can be further refined by using the linearly amplitude 
dependent damping coefficient reflected in analysis N4, which retrieves 4.59 % and 4.25 % fluid damping for the first and second 
response peaks. The effective mass can be considered of the same order of magnitude as in the previous case. However, it must be noted 
that said parameter is smaller when compared to the previously exposed case amplitude A25, representing 22 % of mTOT, which could 
be attributed to the effect of larger damping partially invalidating mass movement.

The use of the most viscous fluid on LCVAs can be seen in Fig. 39 for A25 and A100 cases. It is shown that the increment in the 
viscosity leads, together with the type of container, to high values of damping coefficient. Following the N3 constant damping 
approach, its value is around 12 times bigger than that proposed in the literature in the case of LCVA-D-A25 (ξ = 11.82 %) and about 17 
(ξ = 8.67 %) times in the case of LCVA-D-A100. If considered linearly variable, as in scenario N4, the value obtained at the peak is 
11.90 % for the case amplitude A25 and 10.00 % for A100. Regarding the frequency tuning, optimizations N3 and N4 show that in both 
amplitude cases the frequency achieved by the LCVA was 2 % smaller than the simulated value. As for the effective mass, a behaviour 
similar to that of LCVA-W is obtained: the effective mass derived from the optimisations N3 and N4 aligns in order of magnitude with 
the mass of fluid inside the columns, although in both cases it has been found to be slightly smaller. The percentage that participates in 
the mitigation of vibrations is smaller for large amplitude values from A100, representing 17.2 % and 19.5 % of the total fluid for 
analysis N3 and N4, while the smaller amplitude tests A25 result in 26.9 % for both N3 and N4 approaches.

The results obtained from the use of the medium-viscosity fluids in LCVAs can be seen in Fig. 40. In this case, an under-tuning is 
detected to meet the experimental analysis, resulting in 5.4 % and 6.4 % for N3 and N4 approaches respectively. As for the effective 
mass, the best fit with the experimental results is obtained considering 37.6 % of the total mass, a value that does not align with the 
previously studied cases LCVA-W and LCVA-D. The influence of fluid viscosity on this kind of containers is manifested: damping ratios 
of 4.5 % and 5.3 % are obtained for optimizations N3 and at the peak on N4, respectively.

How the inclusion of a perforated screen in the middle horizontal section of LCVAs affects the numerical definition of LCVAs is 
detailed below. The numerical analysis results of LCVAs for the four cases considered is presented in this section, and Table 18 provides 

Fig. 38. Experimental and numerical FRF in acceleration of the 4th floor of frame equipped with LCVA-W, (a) Amplitude 25 %, (b) Amplitude 
100 %.
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an overview of the data related to the sloshing frequency (f1), effective mass (m1), and fluid damping coefficient (ξ) used in the nu
merical analyses, along with the values obtained from minimizing the cost function (CFRF) for all numerical scenarios.

The FRF outcome of LCVA6-W is plotted in Fig. 41. The numerical results concur with the previously stated observations regarding 

Fig. 39. Experimental and numerical FRF in acceleration of the 4th floor of frame equipped with LCVA-W, (a) Amplitude 25 %, (b) Amplitude 
100 %.

Fig. 40. Experimental and numerical FRF in acceleration of the 4th floor of frame equipped with LCVA-M-A25.
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the effective mass of LCVAs: both LCVA6-W-A25 and LCVA6-W-A100 cases retrieve a more accurate solution if the effective mass 
considered is about 20 % of mTOT, as evidenced from analyses N3 and N4. Focusing on the frequency tuning, it is clear from Fig. 41a 
that better precision is obtained when the numerical LCVA frequency is over-tuned to 2.07 Hz which could have been derived from 
millimetrically infra-filling the tanks.

By contrast, Fig. 41b reveals that the frequency value that minimizes the cost function in both N3 and N4 study cases is 1.92 Hz, 
which instead could have been caused by a millimetric over-filling of the containers. Regarding the fluid damping, considering either 
constant or linearly variable damping, from N3 and N4 criteria, retrieve more accurate values of a higher and different order of 
magnitude when compared to the basis of N1 or N2. The greatest precision is obtained when variable damping with the amplitude is 
considered. Particularly, N4-LCVA6-W-A25 exemplifies the difference in damping for different motions of amplitude, since the first 
peak, which corresponds to the largest displacement, is obtained for 10.6 % damping ratio, while the second peak is adjusted with ξ =

Table 18 
LCVA6 and LCVA7 numerical analysis data.

Test name LCVA6-W-A25 LCVA6-W-A100 LCVA7-W-A25 LCVA7-W-A100

N1 f1 2.00 Hz 2.00 Hz 2.00 Hz 2.00 Hz
m1 4.04 kg 4.04 kg 4.04 kg 4.04 kg
ξ 0.50 % 0.50 % 0.50 % 0.50 %
CFRF 1.4192 0.9510 1.3422 0.9170

N2 f1 2.00 Hz 2.00 Hz 2.00 Hz 2.00 Hz
m1 1.25 kg 1.25 kg 1.25 kg 1.25 kg
ξ 0.50 % 0.50 % 0.50 % 0.50 %
CFRF 1.0369 0.7274 1.1123 0.7115

N3 f1 2.07 Hz 1.92 Hz 2.08 Hz 1.91 Hz
m1 0.84 kg 0.76 kg 0.96 kg 0.83 kg
ξ 4.38 % 8.54 % 7.10 % 7.56 %
CFRF 0.0427 0.0025 0.0390 0.0041

N4 f1 2.07 Hz 1.91 Hz 2.05 Hz 1.90 Hz
m1 0.77 kg 0.82 kg 1.47 kg 0.93 kg
m (ξ) 0.31279 0.31047 0.87852 0.54598
n (ξ) 0.00559 0.04235 0.01732 0.01123
CFRF 0.0035 0.0014 0.0137 0.0027

Fig. 41. Experimental and numerical FRF in acceleration of the 4th floor of frame equipped with LCVA6-W, (a) Amplitude 25 %, (b) Amplitude 
100 %.
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2.50 %. The damping coefficient obtained for the largest amplitude A100 is similar to the one retrieved from A25.
Fig. 42 represents these results for the LCVA7 cases. Regarding the frequency of the device, similar patterns to LCVA6 are obtained: 

slight over and under tuning for the A25 and A100 cases respectively. Similarly, the effective mass is around 20 % of the total fluid 
mass. As for the numerical damping ratio, LCVA7-W-A100 shows slightly smaller damping coefficients than LCVA6-W-A100, since the 
blocked area was smaller. It must be noted that, as an exception, N4-LCVA7-W-A25 optimization results do not align with the trend 
observed in this work for all remaining LCVAs, since the mass involved in the fluid motion is set to 36.6 % of mTOT, and the resulting 
damping ratio is 24.57 % for the first peak, values which almost double the expected results.

7. Conclusions

The present study investigates the horizontal vibration control of a multi degree of freedom frame equipped with TLDs through an 
experimental campaign supported by a comprehensive literature review on the numerical definition of these absorbers. A numerical 
analysis has been subsequently developed to interpret the experimentally obtained results and to address critical inconsistencies found 
in existing formulations. In particular, this work clarifies the influence of three key parameters -mass, damping and frequency of the 
TLD-on their design and performance, proposing new formulations that improve the prediction accuracy and practical applicability of 
these devices.

The experimental tests and the numerical models compare the efficacy of water and two other commercially available fluids with 
different viscosities and densities in mitigating the frame response subjected to harmonic base excitation of varying amplitudes using a 
shaking table. The two main TLD geometrical configurations, that is, TSDs and LCVAs, are considered highlighting how the fluid 
selection influences their performance. The main findings are:

Regarding TSDs. 

• The structural response in terms of roof acceleration was significantly reduced around the resonant frequency for all the fluids 
considered (by over 99 %).

• The overall maximum response control is directly affected by the fluid viscosity: high viscosity fluid (D) reduced the maximum peak 
by 84 %, compared to 77 % for medium viscosity fluid (M) and a 68 % reduction achieved by water (W).

• The increment of viscosity leads to greater control of the free surface fluid motion since it supresses sloshing, meaning that, in this 
particular case, the most viscous fluid was the most suitable choice because it ensured a linear behaviour.

Fig. 42. Experimental and numerical FRF in acceleration of the 4th floor of frame equipped with LCVA7-W, (a) Amplitude 25 %, (b) Amplitude 
100 %.
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• Numerical analyses confirmed the great accuracy of literature models for the prediction of the percentage of the fluid that par
ticipates in the sloshing.

• The greatest inaccuracies derived from the definition of the damping of the fluid. It was clear that the general guidelines for water 
and other fluids provided by the Eurocodes are conservative.

• Although the best matching results are obtained if the damping of the device is considered to vary linearly with the amplitude of 
motion, great accuracy can be obtained if constant damping is assumed.

• The constant damping ratio values obtained are similar for all the amplitudes considered: 
o Fluid W, ξ ~ 0.5 %.
o Fluid D, ξ ~ 2.4 %.
o Fluid M, ξ ~ 1.2 %.

Regarding LCVAs. 

• Response reduction is clear, which was diminished by over 88 % around resonance, but the performance depends clearly on the 
fluid viscosity.

• Fluids more viscous than water showed a non-optimum response due to an excess in the damping of the device, represented by a 
single peaked curve response. Similarly, if a perforated screen is added in the middle of the horizontal section an excess in damping 
can result even when using water as the working fluid.

• For the LCVA proportions considered in this study, water was the most suitable choice.
• The assumption generally found in the literature in which the total fluid mass participates in the vibration mitigation is seen as 

inaccurate. The findings obtained from this work for the LCVA geometry considered suggest a new effective mass definition, which 
corresponds to the fraction of the fluid residing inside the columns.

• A novel natural frequency definition is proposed in this paper to accurately define this fundamental parameter. As a result, the 
prediction error is reduced from 15 % to below 2 %.

• The damping of the LCVAs was also influenced by the amplitude of motion and the fluid viscosity, together with the inclusion of 
perforated barriers, and the resulting optimised values are greater than those suggested by the literature, which are seen to be on 
the safe side.

• The constant damping ratio values obtained are greatly influenced by the amplitude of motion: 
o Fluid W, ξ ~ 2.5–4.2 %.
o Fluid D, ξ ~ 8.8–11.8 %.
o Fluid M, ξ ~ 4.5 %.

This work presents a thorough study that compares the most commonly used TLD geometrical versions considering the influence of 
different commercially available non-organic fluids for various input amplitudes on a MDOF scaled frame. The numerical analysis 
refines the definition of critical parameters -effective mass, damping and natural frequency of the device-addressing inconsistencies 
found in the literature and proposing improved formulations which might be useful for revising design guidelines. These findings are 
aimed at enhancing the practical application of TLDs and improving their modelling for their successful implementation on structural 
vibration control.
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