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Abstract
Tuned Liquid Dampers (TLDs) are dissipative devices whose distinguished features like low cost in installation and maintenance 
or their multidirectional and multifrequency application to new and already existing structures make them an attractive damping 
option. Their working principle is similar to that of a Tuned Mass Damper but in this case the relative movement comes from 
a fluid that provides with mass, damping and stiffness. Moreover, TLDs can mitigate both horizontal and vertical vibrations. 
All these make TLDs worth deeply studying. TLD utilization in civil vibration control arose in the 1980s. From early years, 
different improvements have been implemented to achieve a better performance. Some of these modifications include passive 
variations in the geometry or the fluid. The use of smart materials applied on TLDs has also been of great interest since the 
1990s and comprehends different configurations in which magnetic fields are used to passively or semi-actively improve the 
TLD performance. A lack of review is detected in this field. For this reason, a state-of-the-art review is presented in this paper. 
Its aim is to help researchers find a thorough, up-to-date classification of the different possibilities, configurations, numerical 
evaluation, materials used and also found limitations and future development in the application of magnetic fields on TLDs.
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1  Introduction

The reduction of vibrations in structures is a central topic in 
civil engineering. Vibration may arise either during excep-
tional events, i.e. earthquakes, explosions etc., or in service 
conditions, i.e. pedestrian loads on footbridges, vehicles 

loads on bridges, etc. Depending on the source of vibration 
different mitigation techniques are to be used, because they 
have different objectives.

For instance, the main objective in case of earthquakes 
is to ensure life safety during these rare events that induce 
a limited number of large-amplitude vibration cycles, 
therefore solutions based on hysteretic damping and on the 
exploitation of ductility can be implemented [1, 2], even 
if they produce structural damage. Vibrations associated to 
operational conditions require different solutions since they 
are associated to a very high number of cycles and must 
produce no damage.

The well-known failure of the Tacoma Narrows Bridge 
(Washington) in 1940 [3] or the closure right after the inau-
guration of the Millennium Bridge (London) in the year 
2000 [4] are examples that highlight the importance of vibra-
tion control, since vibration complications can even appear 
during construction and if detected afterwards may result 
in significant changes in the structure and in high costs, not 
only in materials but also due to loss in usable area.

Passive structural control systems present an alterna-
tive to conventional methods by dissipating the energy 
produced by a dynamic loading or isolating the main 
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structure, and therefore modifying the amount of energy 
that finds its way into the system, resulting in a reduc-
tion of the internal forces the structure is subjected to [2]. 
Among the dissipative devices fall Tuned Mass Dampers 
(TMDs) and Tuned Liquid Dampers (TLDs) [5]. These are 
secondary systems that add one degree of freedom when 
attached to a primary structure. Consequently, the natural 
frequencies of the structure are modified, and its behav-
ior can be controlled within the elastic range in periodic 
actions for an everyday response mitigation.

TMDs rely on the out-of-phase movement of a mass 
with respect to the main structure, hence the energy 
exchange between the main structure and the device. The 
TLDs working principle is similar to that of TMDs. In 
this case, the relative movement is provided by a fluid in a 
container which provides a secondary mass, damping and 
stiffness on its own with no need for external supplemen-
tal devices, which make TLDs an attractive dissipative 
mechanism alternative.

TLDs were first employed in marine vessels in the begin-
ning of the 20th century [6] and their applications were 
expanded to space satellites in 1960s [7, 8] and to offshore 
platforms in the 1970s [9]. It was during 1980s that they 
were used efficiently on civil structures such as towers and 
bridges [10, 11]. Bauer [11] introduced a vibration absorber 
that consists of a rigid container filled to the top with two 
immiscible liquids whose densities differ and thus shift the 
natural frequency of the device in order to allow tuning to 
that of the system. Its mathematical and mechanical model 
was developed, showing that the movement occurs in the 
interfacial surface, while the relative velocity of layers next 
to the walls equals zero. Therefore, the model could be rep-
resented by sloshing masses of the n-th mode connected to 
the side walls by springs at a certain height above the bottom 
of the container and non-moving masses located at the top 
and bottom. These are commonly referred to as Tuned Slosh-
ing Dampers (TSDs) since their behavior is characterized by 
the sloshing of a fluid inside a tank, generally in rectangular, 
circular, or annular shape, although other geometries that fit 
the available space have also been considered [12].

Another variation of TLDs are Tuned Liquid Column 
Dampers (TLCDs), that were developed in the 1990s [13, 
14]. These damping mechanisms have also been investigated 
for wind turbines [15] and offshore platforms [16, 17].Tra-
ditionally, these consist of a U-shaped tube filled with water 
that mitigates the structure vibration through the gravita-
tional restoring force that acts on the displaced fluid. Damp-
ing is obtained through viscous interaction between the fluid 
and the container and head loss due to flow through orifices 
on the device.

Successful implementations of TLDs in different configu-
rations all over the world include among others: bridges, like 
the Toda Park Bridge [18, 19] or the Ikuchi Bridge (Japan) 

[20]; towers, such as the Nagasaki Airport Tower, Yoko-
hama Marine Tower, Shin-Yokohama Prince Hotel, Tokyo 
International Airport Tower in Japan [21], the Sky Tower 
in Auckland (New Zealand) [22], Brighton i360 Viewing 
Tower in the United Kingdom [23], One King West Tower 
in Toronto [24] and One Wall Center in Vancouver (Can-
ada) [25], One Rincon Hill Tower in San Francisco [26] and 
Comcast Center Tower in Philadelphia (United States) [27]; 
and also smaller scale implementations on facades like Notre 
Dame de Pentecôte in Paris (France) [28] or even sculptures, 
such as “My World and Your World” in London (United 
Kingdom) [29].

TLDs present several advantages over other types of 
damping devices, such as: low cost in installation and main-
tenance since they have no moving parts, applicability in 
both permanent and temporal installations in either new or 
already existing buildings, no-limitation to unidirectional 
vibration suppression, easiness to tune by varying the geom-
etry of the container or the depth of the liquid and effective-
ness for small-amplitude applications.

They do however present some disadvantages that need 
to be taken into consideration. In the case of shallow TSDs, 
only a fraction of the total fluid mass takes part in reducing 
the structure’s motion. This fact, together with water’s low 
density means the space required to be installed is larger 
when compared to a TMD. Moreover, water presents a low 
inherent damping that is not enough to reach the desired 
optimum value and nonlinear sloshing behavior makes it 
difficult to predict specially if wave breaking occurs.

Different approaches to overcome these difficulties and 
to enhance TLDs behavior have been developed from early 
years. Passive modifications remain aligned with the proper-
ties that make TLDs remarkable, and include variations in 
the fluid used, in the container shape or in their arrangement. 
The use of smart materials applied on TLDs has also been 
of great interest since the 1990s and comprehends different 
configurations in which magnetic fields are used to passively 
or semi-actively improve the TLD performance. A lack of 
review is detected in this field of study. For this reason, a 
state-of-the-art review is presented in this paper to help 
researchers find an up-to-date classification of the different 
possibilities, configurations, materials used and also found 
limitations in order to facilitate further research in this field.

As guidance to fully understand the impact of each 
approach improvement, the basic TMD and TLD formula-
tions are first studied due to their similarities. Next, a thor-
ough classification of the different passive enhancement 
mechanisms of TLDs is presented, followed by a detailed 
review of the existing literature and working-type classifi-
cation for the utilization of smart fluids subjected to mag-
netic fields on TLDs. Lastly, the key aspects of TLDs with 
magnetic fields, their limitations and future development are 
discussed.
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2 � TMD Working Principle

As guidance to better understand TLDs behavior and 
enhancement possibilities, TMD formulation is presented 
due to their similarities. TMDs are well known passive 
vibration control devices largely used to protect civil struc-
tures against external dynamic events. In their simplest form, 
they consist of a mass-spring-dashpot system attached to a 
structure as depicted in Fig.  1.

Mass vibration absorbers were first proposed by Frahm 
in the early 20th century by means of a supplemental mass 
attached to a single degree of freedom structure through a 
spring [30]. When the main mass is subjected to periodic 
vibrations with a frequency equal or close to the natural fre-
quency of said system, increased amplitude vibrations occur 
due to resonance. These vibrations can be suppressed upon 
the application of a secondary mass that is tuned to the natu-
ral frequency of the main structure due to an out-of-phase 
movement of the secondary mass with respect to the primary 
mass. TMDs take damping into account, which allows to 
delimitate the amplitude response to finite values [31].

Frahm mass vibration absorber helps understand the 
effect of the inclusion of a secondary mass. The equations 
of motion of both the main and secondary systems (as 
depicted in Fig.  2) are defined in Eqs.  (1) and (2) respec-
tively when an external sinusoidal dynamic force F(t) is 
applied to the structure.

Solving these equations, the responses of the main and sec-
ondary systems are (Eqs. 3 and 4):

Obtaining the derivatives of Eqs. (3) and (4) and considering 
that the natural frequency can be defined as �2

n
= kn∕mn , for 

an external vibration frequency equal to the natural frequen-
cies of the main and secondary systems, � = �1 = �2 , we 
obtain that A1 = 0 and A2 = −F0∕k2 , meaning that the main 
system amplitude is nullified since the secondary spring is 
applying a force −F0 that cancels F(t) on the main system, 
as seen in Fig.  2a. The inclusion of a secondary mass on 
a structure adds one degree of freedom to the system, and 
therefore generates two new natural frequencies centered on 
the original one.

Another interesting parameter that arises from these 
calculations is the mass ratio, defined as the ratio of the 
secondary mass to the primary mass, � = m2∕m1 . From 
Fig.  3 it can be seen that larger mass ratios enlarge the fre-
quency band in which TMDs are effective. Typical values 
are considered to be around � = 1-5% [32, 33], although 
higher values can also be considered [34] setting the opti-
mum maximum on around � =10% [35].

Proceeding similarly when damping is accounted for, 
the equations of motion can be expressed as in Eqs. (5) 
and (6) and it can be seen in Fig.  3b that the amplitude of 
vibration of the main system is diminished around reso-
nance and it is reduced to finite values on the new frequen-
cies. The typical damping ratio, � = c∕(2m�) , of a TMD 
system is approximately � =3.5% [36, 37].

(1)
m1ü1 + k1u1 + k2(u1 − u2) = F0sin(𝜔t)

= F(t)
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Tuned Mass Damper model
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3 � TLD Working Principle

TLDs working principle is similar to that of TMDs. In this 
case, the relative movement is provided by a fluid in a con-
tainer which provides with a secondary mass, damping and 
stiffness on its own with no need for external supplemental 
devices. Its working principle can be seen in Fig.  4.

In the following subsections a summary of TSD and 
TLCD formulation is presented to facilitate understanding 

(5)
m1ü1 + c1u̇1 + k1u1 + c2(u̇1 − u̇2)

+ k2(u1 − u2) = F0sin(𝜔t) = F(t)

(6)m2ü2 + c2(u̇2 − u̇1) + k2(u2 − u1) = 0

the modelling of TLDs and the impact of their enhancement 
possibilities.

3.1 � TSD Formulation

The schematic of a TSD can be seen in Fig.  5 representing 
rectangular and cylindrical containers respectively. Fig.  6 
depicts the two main design models developed by Housner 
and Yu et al. and a more recent combination of both of them 
[38–41].

Further theoretical developments of mathematical mod-
els to describe the liquid motion of TSDs, that were experi-
mentally validated for free oscillations and harmonic driving 
forces, were carried out in the 1980-90s [42–46]. Nonlinear 
shallow water wave theory was shown to be effective for small 
amplitudes and for continuous free surface, this means, when 
no weave breaking occurs. Small amplitudes are those below 
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1% of the TSD length L. Amplitudes over 2% of the TSD 
length are considered large [47].

Shallow water is referred to as relations between the length 
of the tank in the direction of motion L (L=2R in the case of 
circular base) and the fluid depth h, h∕L < 0.15 . In shallow 
containers the response wave height is similar to the depth 
of the fluid and therefore nonlinearities need to be taken into 
consideration [48]. On the contrary, in deep water containers 
( h∕L > 0.15 ) the response wave height is small compared to 
the fluid depth, and thus nonlinear terms can be ignored.

Although more easily nonlinear, shallow TSDs reach 
smaller frequencies, are activated even for small amplitudes 
and most of the fluid mass participates in the sloshing. On 
deep containers the frequency range is augmented, and their 
behavior can remain linear for a larger range of amplitudes 
[49], but there is a larger fraction of the mass that does not 
participate in the sloshing, adding unusable damping weight 
to the main structure.

TSD behavior can be explained by the hydrodynamic fluid 
pressures developed under horizontal accelerations. The total 
mass can be divided into an impulsive (non-effective) mass 
whose pressures are related to the forces of inertia on the walls, 
and a convective (effective) mass, that occurs due to slosh-
ing [39]. The impulsive mass ( m0 ) is considered to be rigidly 
attached to the container and moves alongside with it. The 
convective masses ( m1,n ) can be represented by masses for 
different modes connected to the container through a spring, 
as depicted in Fig.  6. The spring has a stiffness K that can be 
calculated for each mode from Eq. (7) [50] and depends on 
the mode mass and frequency. For most cases, the sum of the 
impulsive mass and the first convective mass represents over 
95% of the total mass ( mtot).

The formulation of the equivalent masses was developed 
in the 1950s [39] and is adopted in various design codes 
[50–52]. The impulsive mass m0 and the first convective 
mass m1 are defined in Eqs. (8) and (9) for rectangular and 
cylindrical containers.

(7)ki = mi(2�fi,TSD)

where � takes the values �0R and �0C for the impulsive mass 
and the values �11R , �12R , �11C and �12C for the first convec-
tive mass of rectangular and cylindrical containers respec-
tively (see Table 1).

One of the first publications regarding the damping con-
tribution of surface waves in containers [53] suggests that 
viscous damping occurs not only near the rigid walls of the 
container, both bottom and side walls, but is also generated 
from the free surface layer contamination and capillary hys-
teresis on the contact between the previous parts.

Early studies state that shallower liquid in TSDs results 
in higher damping [43, 54]. This is further explained by 
Habenberger [55], who defines the proportion in which the 
viscosity of the fluid and the containers walls and base take 
part in the overall damping ratio. Damping in shallow tanks 
arises from bottom friction while damping in deep tanks 
occurs mainly due to the fluid motion on the side walls.

The damping coefficient of fluid sloshing based on linear 
wave theory for a rectangular tank is defined in Eq. (10) [43, 
56, 57]. It is affected by the wave surface elevation � , the 
fluid depth h and tank width B, the convective mass m1 , the 
fluid kinematic viscosity � , its angular frequency �TSD and 
a surface contamination factor S that takes the value S=1 for 
a fully contaminated surface [40, 43].
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h
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Table 1   Values for k 

Impulsive mass m0 Convective mass m1

k0R k0C k11R k12R k11C k12C

1.7L/2 1.7 R 0.26 L L/3.2 0.33 R R/1.8
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It can be deduced from Eq. (10) that the damping ratio 
�TSD decreases for higher values of fluid depth h, meaning 
that shallow containers should give higher damping ratios. 
Wave breaking is another cause of damping [54] that is not 
accounted for in  Eq. (10).

It has been proven experimentally that both the stiffness and 
damping are not linear but increase with the amplitude of the 
excitation and a model was proposed by Yu et al. [38]. This is 
due to the fact that the effective damping ratio is proportional 
to the horizontal velocity of the particles [44].

TMDs damping ratio typically takes values of �=3.5% [36, 
37]. TSDs can be modelled as equivalent TMD systems, and 
their optimum damping ratio is considered to be around 5-6% 
[47, 54, 58, 59] depending on the mass ratio � , which repre-
sents the effective mass of the TLD to generalized mass of 
the structure in the mode of vibration considered. Taking this 
into consideration, it must be noted that the damping ratio for 
water and other fluids is considered to be � = 0.5% [60], which 
is rather low. Therefore, damping is a key factor that needs to 
be accounted for.

The value for the optimum damping ratio of vibration 
absorbers is defined as a function of the mass ratio � and can 
be deduced from  Eqs. (11), (12) and (13) for optimum dis-
placement, velocity, and acceleration control respectively [35, 
61]. It is worth noting that the maximum damping possible 
does not necessarily correspond to its optimum value. For 
instance, over increasing the damping on TSDs by means of an 
exceedingly viscous fluid would eventually make the sloshing 
mass become clamped together with the main structure mass, 
thus eliminating any relative movement between the secondary 
mass (TSD convective mass) and the main mass (structure).

Being the frequency tuning ratio ( Ω = fTSD∕fstructure ) a key 
parameter in the proper functioning of TLDs, the frequency 
of sloshing of TLDs must be defined. The optimal Ω is 
in the range 0.95−1.04 [48] and comes from  Eqs. (14), 
(15) and (16) for optimum displacement, velocity, and accel-
eration control respectively [35, 61].

(10)cTSD =
m1

√

2(� + h)

√

��TSD(1 +
2h

B
+ S)

(11)�opt,x =

√

3�

8(1 + �)3

(12)𝜉opt,ẋ =

√

√

√

√

√

√

3𝜇(1 + 𝜇 +
5𝜇2

24
)

8(1 + 𝜇)
(

1 +
𝜇

2

)2

(13)𝜉opt,ẍ =

√

3𝜇

8(1 +
𝜇

2
)

According to linear wave theory [43, 54], the frequency of 
sloshing in rectangular and cylindrical containers are defined 
in  Eqs. (17) and (18) respectively. It depends only on the 
geometrical characteristics of the tanks, their length L or 
radius R, the height of fluid h and the gravitational accelera-
tion g and variables that define the modes.

The parameters �n and �n are set for the different modes. 
The variable �n used for rectangular containers is defined as 
�n = �(2n − 1) ; �1 = � , �2 = 3�,�3 = 5� , �4 = 7�… and the 
variable �n used for cylindrical containers is obtained from 
the zeros of the of the first derivative of the Bessel func-
tion of the first kind of order 1; �1 = 1.8412 , �2 = 5.3314 , 
�3 = 8.5363 , �4 = 11.7060… [50, 62]. It must be noted 
that although higher frequencies can be reached in higher 
modes, the liquid mass that participates in the higher modes 
of sloshing in a TSD is low as compared to that of the fun-
damental mode [63].

3.2 � TLCD Formulation

The schematic of a TLCD is depicted in Fig.  7. TLCDs 
exploit the movement of the liquid as it oscillates between 
the two columns. For its modelling it is considered that 
sloshing does not occur on the columns and that the fluid is 
incompressible [64].

The first interesting difference from TDSs is that on 
TLCDs the total mass participates in the dissipative device, 
thus all the mass can be considered effective ( Eq. (19)).

Considering a unit change in the water level, the restoring 
force produced by gravity can be computed as ( Eq. (20)):

(14)Ωopt,x =
1

1 + �

(15)Ωopt,ẋ =

√

1 +
𝜇
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1 + 𝜇

(16)Ωopt,ẍ =
1

√

1 + 𝜇
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=

1

2�

√

�ng

L
tanh

(

�nh

L

)

(18)fC−TSD =
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(19)mTLCD = �AL
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which can be interpreted as the stiffness of the system. 
Therefore, the natural frequency of the system is (Eq. (21)) 
[65, 66]:

where g indicates the gravity constant and L is the total fluid 
length as seen in Fig.  7.

TLCDs are generally U-shaped, although other geom-
etries, such as V-shape have also been studied [67].

The damping coefficient c can be defined as ( Eq. (22)) 
[68–70]:

It depends on the fluid mass m, the length L, the overall head 
loss coefficient � , and the standard deviation � of the fluid 
velocity ẋ on the flow channel, this is, the measurement of 
the dispersion of the fluid velocity values along the tube.

The head loss coefficient � represents the amount of 
energy that is lost on a fluid flowing through a pipe due to 
its velocity, the dimensions of the pipe and a friction factor 
that depends on the roughness of the tube and the Reynolds 
number [71].

Experimental investigations have been carried out to 
obtain the head loss coefficient and to evaluate the influ-
ence of the opening ratio of the orifice (measured as the ratio 
between the orifice gap and the horizontal section height) on 
the damping [68] and it is concluded that smaller opening 
ratios, especially for values below 0.5, increase the damp-
ing coefficient and that small orifice openings better control 
the fluid motion and thus prevent splashing outside of the 
container. It has been seen that the damping also increases 
with the amplitude of the movement of the water columns 
[68]. The amplitude-dependency of the damping ratio can 
be explained considering that at smaller amplitudes, viscous 
interaction between the fluid and the tank is the main mecha-
nism of energy dissipation. On the contrary, flow separa-
tion and turbulence induced at higher liquid velocities and 

(20)ki = m(2�fTLCD)
2 = 2�Ag

(21)fU−TLCD =
1

2�

√

2g

L

(22)c =

√

2

𝜋

m𝛿

L
𝜎ẋ

Reynolds number occur under larger amplitudes of vibration 
[72].

As for optimization, similar criterion to TSDs is followed 
[69].

4 � TLD Passive Improvements

Passive modifications remain aligned with the properties 
that make TLDs remarkable, and include variations in the 
fluid used, in the container shape or in their arrangement. 
A classification of the different approaches for TSDs and 
TLCDs if presented in the following subsections.

4.1 � TSD Enhancement

The necessity to increase the damping arose early in the 
development of TLDs since water presents a damping ratio 
coefficient �=0.5% [60], which is rather low compared to 
optimum values of around 5% [58]. Different approaches 
to overcome this drawback have been studied, and the first 
passive modifications include:

•	 Variations in the fluid
•	 Variations in the container
•	 Considering wave breaking

4.1.1 � Variations in the Fluid

TSDs usually contain water, which can also be used as a 
reservoir in case of undesired events such as fire. However, 
it has been shown that the use of other fluids con improve 
performance of TSDs against vibration suppression.

Different fluid viscosities, varying from water to fluids 
presenting 30 times the viscosity of water, were first experi-
mentally discussed in the late 1980s by Sun et al. [73]. 
Experiments showed the previous nonlinear shallow water 
wave theory could be effectively applied to high-viscosity 
fluids and that the more viscous the fluid, the smaller the 
wave height of the sloshing and thus evidencing viscosity 
can be used to prevent wave breaking [74]. It is also noted 
that viscosity increases the damping ratio and, if excessive, 
may result in poorer performance of the TSD [44, 48, 73]. 
High density and viscosity heavy mud has also been consid-
ered [58]. Its viscosity is velocity-dependent and has been 
successfully implemented on a reinforced concrete bridge 
pier to suppress wind vibration during construction.

The contribution on damping of density together with 
viscosity has been recently studied [75]. Different com-
mercially available fluids (e.g. water, acetone, chloroform, 
propanol, mercury… ) were considered and an Adaptative 
Harmony Search algorithm was used to optimize the funda-
mental period, damping, length and height of the container 
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Fig. 7   Schematic view of a TLCD
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for all the fluids so that the minimum displacement of the 
main structure was obtained for each case. It was concluded 
that the fluid choice is strongly related to the mass of the 
main structure: for single degree of freedom structures the 
best behavior was achieved with the smallest kinematic vis-
cosities followed by smallest density values; for a 40-storey 
structure, the smallest kinematic viscosity and highest den-
sity fluids reduced the movement the most.

4.1.2 � Variations in the Container

Varying the container base shape or height and including 
obstacles in the liquid flow such as screens, baffles, wedges 
or obstacles, as depicted in Fig.  8, are means to increase the 
damping and therefore the energy dissipation. One of the 
first publications in this field considers roughness of the bot-
tom of the container and suggested that the elements studied 
did now imply an increment in additional damping but did 
seem to vary the tuning frequency [45] as a result of a fluid 
depth modification.

Rough tank base in the form of symmetrical wedges at the 
bottom of the container has also been considered for vari-
ous wedge surface configurations [76] and it was concluded 
that when stepped or holed, better damping performance 
was achieved compared to plain wedges. In recent years 3D 
printed blocks have been used to modify the tank base shape 
[77, 78]. The frequency and damping ratio variations with 
respect to the water depth ratio (h/L) for different bottom 
container shapes have also been examined [77]. It becomes 
evident that the water depth ratio is a crucial parameter: 
higher frequencies can be reached for higher values of h/L 
while this results in smaller damping ratios. It is worth 

mentioning sloped bottoms were seen to provide a damping 
ratio twice as big as flat-bottomed containers.

Sloshing against the roof of the container is a way to 
dissipate energy. It has been reported how the limitation in 
height of the tank affects the effectiveness of TSDs [45, 79, 
80]. Very limited heights may reduce the effectiveness of 
TSDs, and it is generally advised to account for a freeboard 
height of 1 −1.5 times the fluid depth to avoid restraining 
the fluid motion [45] since additional damping derived from 
roof impact results in a poorer TSD performance [79]. In 
this field, floating roofs have also been reported [81, 82] not 
as means to increase the damping but to prevent water from 
breaking and to ensure more predictable TSDs with linear 
behavior and amplitude-independent parameters.

The passive practice of including obstacles was first stud-
ied in the 1990 s adding lattice screens in the middle section 
of the tank [83]. Both theory and experiments demonstrate 
the inclusion of the screens results in more linear behavior 
and internal damping augmentation of the TSD. Tait et al. 
[59] add a series of horizontal slats and define mass, damp-
ing and frequency as amplitude dependent parameters. Vari-
ous static elements such as poles and screens have been suc-
cessfully implemented on residential tower buildings [84, 
85].

4.1.3 � Considering Wave Breaking

Although highly nonlinear, weave breaking enhances the 
damping. In order to account for this behavior, two experi-
mental coefficients were introduced in the equation of 
motion by Sun et al. [56] modifying the damping and fre-
quency (see  Eqs. (23) and (24)). The frequency modifying 
coefficient is almost constant while the damping modifying 
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Fig. 8   Variations on the TSD container, a TSD with rough bottom, b TSD with wedges, c TSD with screens, d TSD with baffles, e TLCD with 
floating roof, f TLCD with poles
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coefficient depends on the frequency of sloshing f, the 
base amplitude A, the fluid height h and the density � and 
dynamic viscosity � of the fluid. It is worth mentioning that 
larger base amplitudes result in not only greater energy dis-
sipation but also occurs over a broader frequency band [46]. 
Further studies to predict free surface nonlinear behavior 
were carried out by Frandsen [86].

Recently, a novel way of inducing wave breaking and mobi-
lizing convective mass has been reported [87]. It consists of 
the inclusion of a submerged pendulum in deep containers 
and allows for a hybrid TMD-TSD system if tuned to differ-
ent frequencies.

4.2 � TLCD Enhancement

TLCDs properties can be further enhanced in different ways. 
Some approaches seek to increase their damping and other 
seek a better adaptability to space restrictions or aim to reach 
higher frequencies or to suppress vertical motion. Depend-
ing on the passive alterations imposed, variations can be 
classified as follows:

•	 Variations in the fluid
•	 Variations in the container shape
•	 Variations in the container arrangement
•	 Variations in the orifice
•	 Considering sealing

4.2.1 � Variations in the Fluid

Different fluids can provide with diverse upgrades. The 
use of anti-freezing liquids is of interest to ensure the fluid 
movement. A water-glycol fluid, similar in density to water 
but with a dynamic viscosity 18 times higher, performance 
has been studied [88] and it was seen that ever though the 

(23)Cfrequency ≈ 1.05

(24)Cdamping = 0.57

√

2�fA�2h2

L�

water-glycol fluid has higher viscous damping, the response 
reduction was similar to that of water.

The use of dense fluids to enhance the damping effect is 
stated as preferable [89]. How different fluid densities sup-
press the structure motion has been considered and experi-
mentally validated [90]. In the case of study, more dense 
fluids showed better behavior since, for the same volume, 
the mass ratio increases.

4.2.2 � Variations in the Container Shape

In the search of better adaptability, Liquid Column Vibration 
Absorbers (LCVAs), as depicted in Fig.  9a and 9b, were 
developed in the 1990s [67, 72, 91]. The tuning frequency 
of LCVAs is defined by an effective length that considers 
the differences in geometry of the horizontal and vertical 
sections (see  Eqs. (25) and (26)). This makes it possible 
to create smaller TLCDs that are suitable for long period 
structures.

Uni- [72, 92] and bi-directional [91] LCVAs have been 
studied and validated experimentally under free vibration 
tests that were used to define how the geometrical param-
eters affect the frequency and damping ratio. It was seen 
that bigger values for the area ratio ( AV∕AH ) yielded bigger 
damping ratios which are also amplitude dependent. The 
horizontal section length d is not a cause for variations of 
the damping ratio. The effect of viscosity is also studied 
utilizing fluids whose viscosity is up to 40 times greater than 
that of water. As expected, these did not affect the natural 
frequency. The damping ratio was seen to slightly increase 
for higher values of viscosity.

Further modifications of LCVAs have been studied [93] 
considering different cross-sectional areas of each column 
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Fig. 9   Variations on the TLCD container shape, a unidirectional LCVA, b bidirectional LCVA, c asymmetric LCVA, d S-shaped TLCD
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creating an asymmetry parameter that modifies the fre-
quency, as seen in Fig.  9c.

Another variation to increase the effective length is 
obtained through an S-shaped horizontal section [16] as 
depicted in Fig.  9d, which allows to increase the effective 
length without taking up long linear space.

The inner shape of TLCDs can also be modified includ-
ing roughness. The inclusion of embossments has been 
studied as means to increase the damping coefficient [94].

4.2.3 � Variations in the Container Arrangement

Traditional TLCDs are aimed at suppressing unidirec-
tional movements but can be rearranged to conform multi-
directional dissipative devices, as seen in Fig.  (10). In 
this regard, bidirectional TLCDs have been developed 
and studied experimentally [95, 96]. Their combination 
allows for smaller amount of fluid needed when compared 
to individual TLCDs. The model proposed by Min et al. 
[96] (Fig.  10b) behaves as a TLCD in one direction and 
as a TMD in the perpendicular direction because the fluid 
mass is accounted for in the direction in which its sloshing 
is restricted.

Multi-direction TLCDs have also been proposed in the 
shape of inter-connecting vertical columns [97] or toroidal 
containers that have been validated experimentally [98–100] 
(Fig. s 10c and 10d). It must be noted that while multi-direc-
tion control has the advantage of suppressing movements in 
any arbitrary direction, their reduction is not as effective as 
their traditional TLCD counterpart for the aimed unidirec-
tional movement.

Regarding frequency tuning, multiple TLCDs (MTL-
CDs) have been proposed as means to control the maximum 
displacements [101] and to prevent malfunctioning from 
mistuning [102]. MTLCDs are tuned to various frequen-
cies around the natural frequency of the structure so that 
the sensitivity of the system to the tuning ratio is reduced. 
When put together, as seen in Fig.  11, multi-column TLCDs 
(TLMCDs) can also be tuned to various frequencies and take 
up less space than MTLCDs [103–105].

4.2.4 � Variations in the Orifice

A rolling ball in the horizontal section of the TLCD acting 
as a moving orifice has also been considered [106, 107] 
and is shown in Fig.  12. In this case energy dissipation is 
enhanced since it is caused by resistance to flow, friction 
between the fluid and the ball and kinetic energy of the 
rolling ball. Increasing the ball diameter increases in turn 
the damping and a value of 0.8 with respect to the hori-
zontal section heigh is found as optimum [106]. Different 
ball densities have been taken into consideration and it was 
seen that denser materials improved the vibration reduc-
tion [90]. Furthermore, the ball motion can be controlled 
by a spring. This proposal enhances TLCD performance 
and prevents the ball from hitting the lateral walls [108] 
and has been developed numerically and validated experi-
mentally [109].

)d()c()b()a(

Fig. 10   Variations on the TLCD container arrangement, a bidirectional TLCD, b bidirectional TLD+TMD, c inter-connected multidirectional 
TLCD, d toroidal TLCD
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4.2.5 � Considering Sealing

Apart from horizontal vibrations, vertical vibrations can 
occur and cause discomfort, like the ones produced by 
pedestrians walking on a bridge. TLCDs have been studied 
to control vertical vibrations of this type [89, 110–112]. A 
gas spring model is developed for this purpose and applied 
to TLCDs, obtaining the so-called Tuned Liquid Column 
Gas dampers (TLCGDs) in which a section is sealed, and a 
gas pressure is imposed, as shown in Fig.  13.

The natural frequency of a TLCGD, defined in  Eq. (27), 
depends on the geometrical characteristics of the tank and 
on a modified stiffness provided by the pressurized gas, 
also known as air spring stiffness, which highly influences 
the restoring forces [113, 114]. The variable h0 denotes an 
equivalent atmospheric air column for equilibrium and n 
represents the polytropic index. It is worth mentioning that 
TLCGDs can reach higher frequencies (up to 5 Hz) [115].

Air spring chambers can also be used on to combine 
TLCGDs that can be used for multi-mode tuning to several 
frequencies [115] and can improve TLMCDs efficiency by 
applying different air pressure (50-100 bar) on different col-
umns [116].

5 � Magnetic Fields Applied on TLDs

Some of the passive modifications previously presented can 
also be achieved though magnetic fields. As stated before, 
since water has low viscosity and relatively low density, 
TLDs need to be larger to achieve the same level of perfor-
mance of TMDs and if unmodified do not reach the optimal 
damping value. One approach to enhance the performance 
of TLDs is to use smart materials that overcome these draw-
backs, thus creating a light damper with the addition of a 
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magnetic field. Smart materials are those that respond in a 
controllable and reversible way to external stimuli by alter-
ing some of their properties. Among this category fall field 
responsive fluids that can be further classified into magne-
torheological (MR), electrorheological (ER), and ferro-fluids 
[117–120].

Smart fluids have been used in the automotive, aerospace, 
and optical polishing industries and anti-shock devices [117, 
119, 121, 122] and their operating principle is similar to 
hydraulic dampers in which damping comes from the pres-
sure that is required to force a fluid through an orifice [123].

Regarding building and civil engineering, smart fluids 
are mainly used in hydraulic cylinders for seismic response 
mitigation [124] and have been experimentally studied 
[125]. This kind of application has been recently reviewed 
by Lenggana et al. [126]. Their first full-scale applications 
took place in the early 2000 s on the Nihon-Kagaku-Mirai-
kan Building in Tokyo and the Dongting Lake cable-stayed 
Bridge in China [127, 128]. Vertical motion suppression 
MR dampers of buildings under seismic activity have been 
reported by Cesmeci et al. [129].

With respect to TLDs, including both TSDs and TLCDs, 
different configurations including magnetic fields have been 
studied theoretically and experimentally since the 1990s to 
enhance their performance against undesired vibrations. A 
lack of review is detected in this field of study. For this rea-
son, a state-of-the-art review is presented in this paper to 
help researchers find an up-to-date classification of the dif-
ferent possibilities, configurations, materials used and also 
found limitations in order to facilitate further research in 
this field.

5.1 � Field Responsive Fluids

Field responsive fluids are briefly presented in this sec-
tion with the aim of introducing their main features and 
differences.

5.1.1 � Magnetorheological (MR) Fluids

MR fluids were first reported in the late 1940s by Rabinow 
[117, 119–121, 130]. They are composed of micron-sized 

Fig. 13   Tuned Liquid Column 
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magnetizable particles (1–10 μm) and additives dispersed 
in a base fluid.

Diverse metal and alloy compositions, like MnZn or NiZn 
ferrites or FeCo alloys, have been described as the magneti-
cally active phase. Nevertheless, high purity iron powder is 
the most frequently used magnetic material [117, 119]. The 
carrier fluid is generally aqueous or silicon, mineral or syn-
thetic oil based, and ought to be non-reactive against the 
particles as well as having a low temperature-independent 
viscosity. Additives are required to regulate suspension and 
include stabilizers and surfactants.

Some aspects of MR fluid rheology can be modified upon 
the application of an external magnetic field. During the 
off-state they flow freely, and the particles become polarized 
and rearrange into chain-like structures in the same direc-
tion as the applied magnetic field in the on-state [117, 119, 
120, 131–133] as shown in Fig.  14. This setting results in 
an increment of the viscosity (up to 105-106 times) in mil-
liseconds that can be reversed when the magnetic field is no 
longer present. MR fluids develop yield stresses with values 
around 100 kPa [118, 134].

5.1.2 � Electrorheological (ER) Fluids

ER fluids were developed in the 1940s by Winslow [119, 
121, 135] and are composed of dielectric micron-sized par-
ticles (1-100 �m ), such as titanate, silica, or zeolites, sus-
pended on non-conductive fluids like silicone oil. Under the 
influence of an electric field, the particles become polar-
ized and align into chain-like structure, rapidly and revers-
ibly increase the fluid viscosity [118, 119, 135]. ER fluids 
develop yield stresses of about 5-10 kPa [118, 134].

5.1.3 � Ferrofluids

Rosensweig [136] defines magnetic ferrofluids as stable 
synthetized colloids of ferrite particles in suspension in a 
non-reactive continuous medium. The nano-sized (2-10 nm) 
magnetic particles are covered with a dispersant layer that 
prevents agglomeration and settling and, unlike MR and ER 
fluids, ferrofluids do not develop yield stress and remain 
flowing under the influence of a magnetic field [118, 119, 

136, 137]. Their variations in viscosity due to the applied 
magnetic field are reviewed in Doganay et al. and Genc and 
Derin [138, 139].

5.1.4 � Other Types of Smart Fluids

Commercial smart fluids tend to be costly when compared to 
other industrially available fluids of various viscosities. For 
this reason, some authors have attempted at developing said 
fluids form commercially available materials [140]. Another 
type of low-cost smart fluids are photo-rheological fluids 
whose viscosity decreases in presence of UV light [141].

5.2 � Magnetic Field TLD Working Types

In the field of TLDs, the study of magnetic fluid sloshing 
arose during the development of space technology [142].

Wave dynamics and the effects of uniform and non-
uniform magnetic fields on ferrofluids are studied theoreti-
cal and experimentally by Zelazo and Melcher [143] who 
experimentally quantify the shift in resonance frequency 
of a ferrofluid sloshing in a rectangular container moving 
horizontally when a magnetic field is imposed normally and 
tangentially. They suggest a proportional relation between 
the natural sloshing frequency of the fluid and the magnetic 
field applied.

Sudo et al. [142] study the response of the water-based 
ferrocolloids when vibrated horizontally in a rectangular 
container under the application of a magnetic field tangen-
tial to the horizontal free surface of the fluid (both normal 
and parallel to the direction of vibration). It was seen that 
the amplitude of surface waves decreased with increasing 
intensity of magnetic field due to the formation or particle 
chains oriented along the direction of the applied field and 
that the resonant frequency was intensity dependent.

Sawada et al. [144] study the behavior of a magnetic fluid 
in a sinusoidally oscillating rectangular tank when a non-
uniform vertically oriented magnetic field is applied. The 
frequency of sloshing is determined by a modified gravity 
value that arises from the application of the magnetic field 
force. An increase of the magnetic field results in a reduction 
of the velocity profile of the fluid [145].

The different working types in which magnetic fields 
applied on TSDs and TLCDs to control structure vibration 
subjected to dynamic loads are identified. The following 
classification is proposed (fig. 15):

•	 TSD horizontal magnetic field: parallel, perpendicular, 
multidirectional

•	 TSD vertical magnetic field: bottom and alternating top 
and bottom

•	 TLCD horizontal section
•	 TLCD vertical section

)a( )b(
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Fig. 14   MR fluid behavior, a off-state, b on-state
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5.2.1 � TSD Horizontal Magnetic Field

To the best of found knowledge, the first study regard-
ing the application of magnetic fields on TSDs to miti-
gate vibrations of a building model was published by Abé 
et al. [146]. Horizontal magnetic field implementations 
vary from passive to active devices and can be classi-
fied depending on the orientation of the magnetic field 
with respect to the motion of the structure. This section 
first presents parallel to motion applications, followed by 
multi-directional and perpendicular implementations.

Magnetic fields applied parallel to the direction of 
motion seek an improvement of the vibration suppression 
of passive TSDs by means of a dynamic magnetic field. 
This type of application allows to enhance or suppress 
sloshing as required by means of an alternating magnetic 
field.

For electromagnets located at each side of a rectangular 
tank aligned with the direction of the displacement, there is 
a phase delay between the alternating applied magnetic field 
and the base shear force exerted by the TSD [146, 147], as 
depicted in Fig.  16.

The frequency of sloshing is calculated according to lin-
ear wave theory, as presented in section 3, and is not affected 
by the magnetic field.

Rule-based controlled active dynamic application of 
magnetic fields on TSDs attached to a model scale building 
is studied by Abé et al. [146, 148]. In this case, an 8 mT 
magnetic field is applied horizontally along the direction 
of motion. For a unity tuning ratio between the frequency 
of excitation and the frequency of sloshing, a 90-degree 
phase lag between the input signal and the base shear force 
response is observed. This property is similar to that of a sin-
gle degree of freedom linear oscillator subjected to harmonic 
excitation, implying that base shear force can be controlled 
by similar control laws [148] defined in  Eq. (28):

where x is the structure displacement, c is a control con-
stant and � depends on the structure and fluid displacement 
and velocity and the natural frequencies of the structure and 
TSD. Larger values of � suggest larger response of the TSD 
in comparison with the structure and vice versa. This com-
prehension allows to reduce the TSD response if excessive 
and to enhance it if insufficient.

Horie et al. [147] propose a model in which the sloshing 
mass of the TSD is divided into effective (or convective) and 
non-effective (or impulsive) masses, whose quantities vary 
depending on the intensity of the magnetic field applied. The 
non-effective mass is enlarged under the application of the 
magnetic field. This arises from the formation of chain-like 
structures that restrict the movement, transforming convec-
tive mass into impulsive mass that rigidly moves along with 

(28)u = −umaxsgn[x(1 − c�)]

)c()b()a(

)f()e()d(

Fig. 15   Classification of TLDs including magnetic fields, a TSD with horizontal magnetic field parallel to motion, b TSD with horizontal mag-
netic field perpendicular to motion, c TSD with vertical magnetic field, d TSD with multidirectional magnetic field, e TLCD with magnetic field 
on horizontal section, f TLCD with magnetic field on vertical section
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the structure, as shown in Fig.  17. This application makes it 
possible to adjust the mass ratio and thus providing with the 
capability to widen and narrow the effective frequency band.

Also, a reduction in the convective mass results in an 
enlargement of the damping ratio as seen in  Eq. (29):

Ohira et al. [149] apply multidirectional horizontal magnetic 
fields obtained from two pairs of electromagnets that are 
rotated with respect to the direction of motion of the struc-
ture to a cylindrical container filled with water-based mag-
netic fluid. They develop an analytical model to compute the 
behavior of the TSD using a TMD analogy and also divide 
the fluid mass into an effective and non-effective mass. The 
numerical model is validated experimentally. It is demon-
strated that different phase delays of ± 90◦ of the applied 
magnetic field with respect to the velocity of the main struc-
ture respectively imply decreases on the first and second 
resonance peaks. An actively switching magnetic field con-
dition near resonance improves the structural response since 
both peaks decrease in magnitude.

The distinct characteristic of solidifying when subjected 
to an electric or magnetic field of ER and MR fluids respec-
tively leads to another particular application on TSDs. By 
means of a horizontal, perpendicular to motion magnetic 
field, Sakamoto et al. [150] use an ER fluid and control the 
effective tank length Leff  with electrodes as shown in Fig.  
18.

This enables modifications of the frequency of sloshing 
(see  Eq. (30)) thus efficiently controlling the response of 
the experimental steel frame for more than one resonant 
frequency.

5.2.2 � TSD Vertical Magnetic Field

Magnetic fields can also be installed vertically for a hori-
zontally vibrating tank. The various applications of vertical 
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magnetic fields for a horizontally vibrating tank can be fur-
ther categorized based on the location of said field. This 
section first presents vertical magnetic fields applied at the 
bottom of the container followed by and alternating top-
bottom implementation.

Several authors [62, 144, 151, 152] examine the effect of 
a vertical magnetic field located at the bottom of laterally 
sloshing rectangular and cylindrical containers filled with 
various magnetic fluids. The equations that characterize the 
waves are similar to those that define the fluid motion of 
TSDs with the inclusion of an effective gravitational accel-
eration g* that is modified by the vertical magnetic field 
[62, 144, 151].

Therefore, the first natural horizontal frequency of a mag-
netic fluid sloshing in a rectangular tank resulting from the 
application of a vertically oriented magnetic field is defined 
in  Eq. (31),

taking �n = �1 = � and can be modified for a cylindri-
cal container substituting L for R and �n for �n and taking 
�n = �1 = 1.8412 [50, 62]. Vertical sloshing also occurs, and 
its natural frequency is obtained by substituting �n for �Vn 
and taking �V1 = 3.1387 [62] (see Fig.  19).

The effective gravity g∗ is defined in  Eq. (32) as a func-
tion of the gravitational acceleration g, the vacuum mag-
netic permeability �0 , an experimental constant � , the fluid 
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Fig. 17   Effective and non-effective mass of a TSD under a horizontal, 
parallel to motion magnetic field
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Fig. 19   Types of sloshing a Horizontal sloshing, b Vertical sloshing
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density � and magnetic susceptibility � , the height h and 
the magnetic field intensity at the lowest part of the tank H0.

From these equations and proven by experiments developed 
by several authors [144, 151] it can be seen that the natural 
frequency can increase in the presence of a vertical mag-
netic field. This implies that higher frequencies, normally 
unreachable for this kind of device [153], could be obtained 
with the help of stronger magnetic fields and lower fluid 
densities.

The inclusion of a vertical magnetic field also helps con-
trol the fluid surface displacement � , defined by  Eq. (33). 
X0 and � are the excitation amplitude and angular frequency. 
The maximum displacement of the free surface is seen to 
decrease upon the application of a vertical magnetic field 
[144].

In the case of coaxial cylindrical containers studied by Ohno 
et al. [152] and represented in Fig.  20, it becomes clear that 
when hollow, the maximum magnetic field is not applied to 
the liquid (but the gap) and so the change rate of the slosh-
ing frequency is smaller compared to a cylindrical container. 
This behavior can be improved if a Fe core is inserted in the 
hollow section to help spread the magnetic field.

Another source to dissipate maximum energy arises from 
wave breaking which helps keeping the magnetic particles 
dispersed. However, the fluid behavior becomes difficult to 
predict. In this field of study Frandsen [154] experimentally 
considers base harmonic excitations on steady vertically ori-
ented magnetic fields for square containers and considers 
Lenz’s law to explain the braking or drag force resulting 
from the conductor fluid moving perpendicularly to a steady 
magnetic field and thus creating a magnetic field opposing 
the applied one.

Horie et al. [147] experimentally studied the effect of ver-
tically placed electromagnets at the top and bottom of a con-
tainer used independently and it was seen that the individual 

(32)g∗ = g +
�0��H

2
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e−2�h

�
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�h
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)

�2
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use of the upper and lower electromagnets would be beneficial 
for frequency ratios below and above 1 respectively.

5.2.3 � TLCDs Horizontal Section

Higher vibration mitigation is sought on TLCDs by imple-
menting an external magnetic field. When located on the hori-
zontal section of the TLCD, the damping ratio can be con-
trolled. A mathematical model was first developed by Wang 
et al. [155] as well as several prototypes for a semi-active MR 
TLCD. The magnetic field is located at the bottom horizontal 
part of the TLCD filled with MR fluid, acting vertically as 
shown in Fig.  21.

TLCDs damping relies on the liquid flowing through an 
orifice with head loss characteristics and from viscous interac-
tion between the liquid in motion with a certain velocity and 
the container walls. Substituting the orifice by the concentrated 
magnetic field, the motion of the fluid flowing through the 
horizontal section affected can be described in turn by the par-
allel-plate theory, namely valve working mode (see Fig.  22).

The magnetic field is applied orthogonally to the flow and 
modifies the velocity profile [156]. The pressure drop ΔP is 
a sum of a viscous rheological and a MR (magnetic field-
dependent) component ( Eq. (34)).

This implies that the pressure drop depends on the dynamic 
viscosity � of the fluid, the flow rate Q, the length of the 

(34)
ΔP = ΔPVR + ΔPMR

=
12�QLM

H3W
+
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H

Fig. 20   Coaxial cylindrical 
container with vertical magnetic 
field applied at the bottom of 
the tank
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Fig. 21   Main dimensions of TLCD with magnetic field acting verti-
cally on the horizontal section
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Fig. 22   Valve mode
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magnetic field LM and the gap height H and width W of 
the flow channel, the variable yield stress �MR as a response 
to the magnetic field, and an empirical coefficient � which 
is a function of the flow velocity and takes values ranging 
from 2 to 3 [155, 157, 158]. It is to be noted that MR fluids 
should be used in this type of application since their damp-
ing enhancement relies on the developed yield stress.

Cheng et al. [159] take into consideration different vis-
cosities of the MR fluid with diverse iron-particles con-
centrations. Larger content fractions of magnetic particles 
are more significantly influenced by the magnetic field. It 
is worth mentioning that a certain concentration viscosity 
responded linearly to the applied magnetic field.

The optimization of the damping ratio should be taken 
into consideration, since a value far greater that the opti-
mum may result in poorer performance [73, 159]. An equiv-
alent damping ratio is adjustable with the yield stress and 
increases for bigger magnetic fields and is defined in  Eq. 
(35). It also depends on the overall head loss coefficient � , 
the standard deviation � of the fluid velocity ẋ , the fluid 
density � and previously described parameters and is further 
explained in Cheng et al. and Wang et al. [155, 159]:

In this case, the first natural frequency of the MF-TLCD 
applied on the horizontal section is not field-dependent ( 
Eq. (36)).

The experiments carried out by Cheng et al. [159] dem-
onstrate the application of MR fluids on TLCDs is useful 
specially for larger amplitudes of vibration since higher 
viscosities prevent heavy sloshing from happening and can 
mitigate the vibrations for wider bandwidths. Additionally, 
these devices require less mass compared to traditional 
TLCDs to achieve similar control efficiency [158].

The advantages regarding the controllable and increased 
damping from MR-TLCDs are combined with TLCGDs that 
provide higher frequency applications by Hokmabady et al. 
[160]. Moreover, the use of MR fluids becomes significant 
specially for controlling the undesired cavitation phenom-
enon by a limited velocity.

5.2.4 � TLCDs Vertical Section

TLCDs frequency can be controlled if magnetic fields are 
applied on the column section of the damper [161] as shown 
in Fig.  23 because upon the application of the magnetic 
field, the fluid is attracted to the electromagnet and the 

(35)𝜉eq =
1

2
√
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𝜏MRLM𝛾
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(36)fMF−TLCD,H =
1

2�

√

2g

L

position of the free surface can be varied. This introduces a 
new parameter hM the magnetic field intensity H(�) depends 
on that describes the distance from the free surface to the 
center of the magnetic field.

The variations in the natural frequency are studied for 
different positions and driving current intensities. From the 
linearized equation of motion of the surface elevation of the 
fluid ( Eq. (37)):

The equation that describes the frequency can be derived in 
the form ( Eq. (38)):

The magnetic field distribution H(�) is described in  Eq. 
(39), where N denotes the number of turns in the coil, I is the 
electric current intensity, w refers to the width and dM to the 
inner diameter of the coil, hM represents the displacement 
of the free surface from the coil center and � is the wave 
surface elevation.

The natural frequency increases with the magnetic field for 
negative values of hM . For positive values it decreases unless 
a strong magnetic field is induced.

6 � Final Remarks

TLDs are dissipative devices whose distinguished features 
make them an attractive damping option. Their working 
principle is similar to that of a TMD but in this case the 

(37)𝜂̈𝜌AL + 𝜂A(2𝜌g + 𝜇0𝜒H(0)Ḣ(0)) ≈ 0
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Fig. 23   Schematic of a TLCD with a magnetic field applied on one 
column
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relative movement comes from a fluid that serves as mass, 
damping and stiffness. Moreover, TLDs can be used not 
only to mitigate horizontal vibrations but also vertical 
ones. All these make TLDs worth deeply studying. From 
early years, different modifications have been implemented 
in the sought of a better performance.

While some of these improvements are passively devel-
oped through geometric or fluid modifications, the inclu-
sion of smart field responsive materials, controlled through 
magnetic fields, can be beneficial. Since a lack of review 
is detected in this field, a thorough classification has been 
proposed depending on the magnetic field configuration 
that is suitable for different applications depending on the 
desired effect on its behavior.

On TSDs, a parallel to motion application can be used 
to enhance or suppress sloshing as required by means of 
an alternating magnetic field. The same behavior can be 
obtained for horizontal applications with a certain rotation 
from the movement axis. It can also be used to modify the 
amount of sloshing mass, making it possible to adjust the 
mass ratio and thus providing with the capability to widen 
and narrow the effective frequency band.

A perpendicular magnetic field applied on TSDs is use-
ful if it is desired to modify the tuning frequency. The 
magnetic field can restrict the movement of a certain sec-
tion of the fluid, thus modifying the effective length of the 
container. This makes it possible to increase the frequency 
of sloshing or to use a single tank for various frequencies.

If the magnetic field is applied vertically on a TSD, a 
modified gravity is obtained which can be used to increase 
the frequency to reach higher values and to control surface 
motion.

As for TLCDs, if the magnetic field is located on their 
horizontal section its effect is used to increase the damp-
ing, a beneficial effect in which higher viscosities pre-
vent heavy sloshing from happening. When located on the 
vertical section, the surface elevation can be controlled 
together with the frequency.

Although TLDs whose working fluid is a smart field 
responsive fluid has proven to enhance TLDs performance 
both numerically and experimentally, no real-life imple-
mentations have been developed so far to the best of found 
knowledge. Some of the factors that are determinant are 
economic issues and the need to ensure power supply for 
their enhanced functioning. A key future work line con-
sists in selecting and developing appropriate magnetic 
fluids to be economically competitive while ensuring no 
sedimentation of the magnetic particles and the use of 
inorganic materials to prevent biological processes from 
happening. This can be considered an essential aspect to 
make magnetic field TLDs competitive with their passive 
counterparts.
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