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Abstract: Fluid viscous dampers (FVDs) have shown their efficiency as energy-dissipating systems,
reducing the effects induced on structures by dynamic loading conditions like earthquakes and
winds. In this paper, the evolution of this technology is reviewed, with a focus on the current trends
in development from passive to semi-active and adaptive systems and an emphasis on their ad-
vances in adaptability and control efficacy. The paper examines the implementation of semi-active
FVDs such as electrorheological, magnetorheological, variable stiffness, and variable damping
dampers. These devices have a high potential to mitigate the vibrations caused by earthquakes of
different intensities. In addition, adaptive FVDs are presented. As semi-active devices, the adaptive
ones can adjust their behavior according to the dynamic excitations’” intensity; however, they are
able to do that autonomously without the use of any external equipment.

Keywords: passive damper; semi-active damper; adaptive damper; fluid viscous damper;
electrorheological damper; magnetorheological damper; energy dissipation

1. Introduction

Earthquake protective systems can be divided into two main categories, namely base
isolation and energy dissipation systems [1]. Base isolation systems reduce the input en-
ergy by separating the movement of the building from that of the ground, thereby provid-
ing a substantial decrease in internal forces and deformations in the structure. These sys-
tems have been primarily adopted in high seismicity regions [2] and have been proven to
be effective for those constructions where the target performance is to protect highly tech-
nological contents or to permit continuous operation during a seismic event and in the
aftermath of an earthquake, such as hospitals or other structures of strategic importance
[3-5].

However, these technologies are not suitable for high-rise buildings [6,7] or for struc-
tures built on soft soils [8-11]. For these structures, the use of energy dissipation systems,
whose aim is to absorb and dissipate much of the seismic input energy, is a viable solu-
tion. Nonetheless, energy dissipation systems have also been used in many applications
in combination with base isolation systems to increase damping and reduce displace-
ments. These devices are classified based on their operating principles [12-14] and, ac-
cording to the European standard on anti-seismic devices EN15129 [15], they can be di-
vided into two main categories: displacement-dependent devices (DDDs) and velocity-
dependent devices (VDDs) [1]. DDDs are energy-dissipating systems whose constitutive
law mainly depends on the imposed displacement rather than on velocity [16]. These sys-
tems dissipate energy through their hysteretic behavior, and they can be distinguished
into hysteretic steel dampers, friction dampers, elastomeric dampers, and metal extrusion
dampers, just to name the most common types [17,18]. During the earthquake, the defor-
mation of the structure in which the damper is inserted triggers the damper, which
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dissipates energy and reduces the seismic forces in the building [19]. However, it must be
noted that since the response is dependent on the displacements, the forces generated by
DDDs are in phase with the forces generated by the earthquake [1]. These devices have been
largely adopted to protect ordinary structures, such as residential, industrial, and school
buildings [20-25], thanks to their cost-effectiveness and ease of manufacturing [18,26,27].

VDDs dissipate energy through the lamination of a viscous fluid forced by a piston
to pass through an orifice or a valving system, and their behavior depends on the rate of
deformation of the structure [1,18,28]. The forces generated by these devices are out of
phase with the seismic forces [29,30]; therefore, the maximum force generated by the
damper is not simultaneous with the maximum internal force in the structure due to the
seismic action effects [31]. Moreover, VDDs can dissipate the seismic energy without sig-
nificantly affecting the inherent stiffness of the structure [30] and, therefore, without alter-
ing its fundamental period. Indeed, as shown in Figure 1b, the VDDs reduce accelerations
and displacements of the structure without changing its period. On the contrary, DDDs
introduce an additional stiffness in the structural system, shortening the fundamental pe-
riod of the structure [25] (Figure 1a).
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Figure 1. Effect of energy-dissipating devices on the Acceleration—Displacement Response Spec-
trum: (a) DDDs; (b) VDDs.

VDDs are very versatile and have been employed in several applications [32-34];
however, they are particularly indicated for flexible structures, such as high-rise buildings
and long-span bridges [33,35]. Strategic buildings, such as hospitals, are particularly sen-
sitive to the effects of earthquakes, given the presence of medical equipment and other
technological content (e.g., surgery rooms, gas pipes, etc.) highly susceptible to accelera-
tions or deformations caused by earthquakes [36]. VDDs are also largely employed in
bridges to accommodate uncontrolled slow motions (like thermal motions) and guarantee
protection from seismic and wind loads [37,38].

Based on their reaction to seismic input, energy dissipation devices are further clas-
sified into three categories [39—41], namely active, passive, and semi-active seismic control
systems. Active control systems are capable of actively counterbalancing seismic actions
by adjusting their characteristics. They employ sensors and computerized control to mon-
itor and respond to the structural excitations in each time instant. These systems require
a large external power supply to operate [42]. On the contrary, passive control systems do
not require any external power supply or equipment to operate. They are activated di-
rectly by the deformation of the buildings, and the force-velocity characteristic curve is
fixed. Therefore, passive FVDs certainly improve the response of a structure, but the
damping coefficient is a constant that limits the output of the damper within a certain
range. Owing to the randomness and uncertainty of external loads, such as earthquakes
and strong winds, the damper cannot adjust its working performance under different
working conditions and different structural displacements to achieve reasonable energy
dissipation and protect the structure. Consequently, classical FVDs cannot adapt to
changes in the structural damping requirements. On the other hand, semi-active control
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systems combine the properties of the other two categories. Indeed, they use the motion
of the structure, as passive devices, to trigger the control forces, but they can adjust the
intensity of their response as active devices through a small external power source. The
control of the developed forces is achieved thanks to a sensing system that measures the
structural response [14]. However, the presence of external equipment increases the com-
plexity of the damper [43], which explains why these systems are still not employed in
construction projects. To address this issue, adaptive FVDs have been recently developed.
These devices do not require any external equipment to operate but can automatically
adapt their behavior to external excitation through a mechanical system. This behavior
requires a more complex design of the adaptive device with respect to the others, and their
development is currently ongoing.

The state of the art of seismic protective systems based on energy dissipation has
been the subject of several reviews [13,14,40,44-46]. Hu et al. [44] conducted a review on
passive Metallic Yielding Dampers and Fluid Viscous Dampers (FVDs); Spencer and Na-
garajaiah [40], Symans and Constantinou [14], and Xu et al. [46] focused their research on
semi-active devices only, while Soong and Spencer [45] presented a study on active, semi-
active, and hybrid devices. An updated review of the technological development of FVDs,
with a particular focus on semi-active dampers with adaptive behavior, is the subject of
the present paper. The main types of FVDs proposed and studied in the past 30 years have
been highlighted, showing their working principles and design characteristics, and then
attention is focused on the most recent research in the development of semi-active and
adaptive devices. The present state of the art is not intended to be comprehensive due to
the continuous development of new devices and technologies.

The paper is divided into three sections. Section 2 deals with passive FVDs by pre-
senting their main components and the constitutive behavior. Then, a description of mod-
eling techniques of FVDs and a historical review of their evolution is provided. Section 3
introduces semi-active FVDs by describing the constitutive law of electrorheological, mag-
netorheological, and variable stiffness/damping devices. Finally, Section 4 is focused on
adaptive FVDs.

2. Passive Fluid Viscous Damper

Conventional FVDs with passive behavior are typically composed of a hollow cylin-
der filled with silicon oil (or a similar type of fluid) and a piston rod with a head provided
with orifices [47], which divides the cylinder’s inner volume into two chambers, as shown
in Figure 2 [31,48]. When an external action excites the device, the piston moves, and the
fluid is forced to pass from one chamber to the other through the orifices of the piston
head. Once the fluid expands into full volume in the second chamber, it slows down and
loses its kinetic energy into turbulence [48]. The different pressure between the two cham-
bers produces the damping force [48,49], while the friction forces triggered in the orifices
of the piston head dissipate energy in the form of heat. If the damper is subjected to long-
duration or large-amplitude motions, the internal temperature rise can be relevant [50,51]
and may cause damage to the damper. Moreover, the temperature rise reduces the viscos-
ity of the fluid, affecting the effectiveness of the device [52].
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Figure 2. Scheme of a classical passive FVD [47].

The piston rod is made of polished stainless steel and is sufficiently rigid to avoid
buckling and bending under cyclic loading. The cylinder is normally a seamless steel tube
designed to withstand the pressure generated by the internal fluid. Fluid conforming with
the European standard EN15129 [15] must be fire-resistant, nontoxic, thermally stable,
and not degrading with age. Moreover, it must be non-flammable and non-combustible.
The silicone fluids normally employed in FVDs are thermally stable, completely nontoxic,
and characterized by a flash point over 340 °C. Other fluids are allowed only if the re-
quirements of EN15129 [15] are respected. Seals are used in order to avoid leakage of fluid
from the damper. Since dampers may remain idle for long times, these seals must be free
of long-term sticking and fluid seepage; for this reason, they are made of a high-strength
structural polymer, such as Teflon, stabilized nylon, or acetyl resin family members. The
accumulator, shown in Figure 2, accommodates changes in volume caused by the thermal
expansion of the fluid and the volumetric displacements induced by the piston rod. The
accumulator has the additional function of preventing undesirable restoring forces com-
ing from the reduction in the volume of the fluid due to the piston rod movement [53].
The orifices control the flow of fluid across the piston head and, consequently, the level of
energy dissipated by the damper.

FVDs generally provide an equivalent viscous damping almost equal to 25% [48].
Indeed, as an example, a reinforced concrete structure equipped with FVDs is able to reach
a total damping of 30%, where approximately 25% is the damping directly introduced by
the dampers, while the remaining 5% corresponds to the structural damping. It must be
recalled that FVDs do not affect the fundamental period of the structure thanks to their
out-of-phase behavior with respect to the structural forces and displacements [48].

The behavior of passive FVDs is generally described by using Equation (1) [54],
which shows that the force of the damper F,(t) is proportional to the relative axial ve-
locity x(t) between the piston and the cylinder:

Fp() = Cp - [£(0)|* - sgn[x(0)] D

where Cp, is the damping coefficient, @ is the damping exponent, x(t) is the axial ve-
locity of the damper, and sgn[-] is the signum function. The values of C; and a de-
pend upon the hydraulic circuit used in the device [55,56].

FVDs are classified based on the value of the damping exponent a: (i) linear FVDs
are characterized by a = 1; therefore, the corresponding damping force is directly pro-
portional to the axial velocity; (ii) non-linear FVDs are described by Equation (1) with a <
1; (iii) ultra-linear FVDs are defined by a > 1 [30].

Figure 3a shows the influence of the exponent a on the shape of the force-displace-
ment diagram of an FVD, while Figure 3b depicts the force-velocity curves considering
different values of @ and a constant damping coefficient. As a decreases, the area of the
force—displacement hysteresis loop gets larger, with a consequent increase in the dissi-
pated energy [55]; indeed, the shape corresponding to an FVD characterized by a =1 (lin-
ear FVD) is close to an ellipse, while it gets closer to a rectangle as a tends to zero. The
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ultra-linear FVDs (with values of a up to 1.8-2), as well as linear FVDs, are normally em-
ployed in applications where the structure is primarily excited by wind forces since these
systems behave as shock-transmitting or lock-up devices that tend to develop large forces
at high velocities [1,54], as shown in Figure 3b. Non-linear FVDs are preferred for the
protection of structures from earthquakes since they are able to dissipate a great amount
of seismic energy, larger than that of linear and ultra-linear FVDs [57], over a large number
of frequencies (Figure 3a). As a drawback, the high energy dissipation releases a huge
amount of heat, causing a temperature increment in the device; this may be an issue in the
case of long-term excitation, like in the case of wind excitation [34].

.

Normalized reaction force (F/ Fp)

Normalized reaction force ( F/ Fy)

Rt
Normalized displacement ( X/ Xg) Normalized velocity { V/ Vy)

(a) (b)

Figure 3. Force-displacement curves (a) and force—velocity curves (b) for passive FVDs with differ-
ent a exponents [57].

2.1. Design Methods for FVDs in Buildings

FVDs can be adopted in both new and existing structures to provide supplementary
dissipation of seismic energy. In framed structures, these devices are usually incorporated
within steel braces, where the most popular configurations of damped braces are the di-
agonal, chevron, scissor jack, and toggle ones [58].

Several procedures are reported in the literature for the design of FVDs. Normally,
the design is performed in order to guarantee the protection of buildings from earth-
quakes of high intensity corresponding to the ultimate limit state [59-61]. These methods
aim at determining the FVDs’ fundamental properties, namely the damping coefficient
Cp and the damping exponent a. It is possible to categorize current design methods into
three families determined by the input parameters. The first group, named Damping-
Based Design method, consists of evaluating the damping coefficients of the added vis-
cous dampers by selecting, as a first step, a damping ratio ¢, of the structure based on a
chosen target level of structural performances. The properties of the single FVD are then
distributed at each floor, depending upon the specific structural characteristics of the case-
study structure, such as the floor masses and the inter-story lateral stiffnesses [1,62,63]. In
the second group, called Displacement-Based Design method, a target displacement de-
mand (e.g., inter-story drift, roof displacement, etc.) is defined, and the FVDs are designed
in order to guarantee the selected structural performance under the design earthquake.
Based on that target-displaced configuration, a “substitute” single degree of freedom
(SDOF) model is evaluated and used to replace the multi-degree of freedom (MDOF)
structure. The substitute SDOF model consists of an equivalent linear system character-
ized by an effective (secant) stiffness and an effective energy dissipated, represented
through an equivalent damping ratio. Once the properties of the SDOF FVD are deter-
mined, the distribution of the properties of the dampers at each story of the structure is
performed depending on the displacement or the story shear [64-66]. The Energy-Based
Design methods belong to the third group, where the properties of the FVDs to be inserted
at each floor of the analyzed structure are selected based on the amount of seismic energy
to be dissipated [67-69].
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2.2. Modeling of Passive Fluid Viscous Dampers

The mechanical behavior of an FVD can be ideally described through the rheological
model of a viscous dashpot element [70,71], as shown in Figure 4.

X, X
—_—
’ FD
?I I o —>
Cp

Figure 4. Model of a viscous dashpot (adapted from [71]).

The purely viscous model is valid only under a certain cut-off frequency [17,54] and,
in particular, for frequencies lower than 4 Hz, for which no additional stiffness can be
included [1]. However, an accurate prediction of the structural response is obtained by a
more complex mathematical model that also considers the small stiffness generated by the
device under compression [71-73]. In many applications, FVDs are encased in bracing
systems, and a reliable mathematical model should also include the stiffness of the brace
[74,75]. To this scope, different models were developed [31,71,76,77], and the Kelvin—-Voigt
model [78] as well as the Maxwell model [44,79] are the ones most largely adopted and
implemented in the principal Finite Element Method (FEM) software programs, such as
MidasGen 2023 [80] and SAP2000 v25.0.0 [81]. Between them, the Maxwell model is more
common because it is more accurate when representing the viscous damping force
[74,78,82,83], as it is able to capture the relaxation time of FVDs [74,83,84]. On the other
side, the Kelvin—Voigt model is not able to exactly reproduce the dependency of the FVD’s
behavior upon the frequency of the external excitation, tending to underestimate the
FVD'’s force, especially at low frequencies [78].

In particular, the Maxwell model consists of a spring and a dashpot connected in
series (see Figure 5a). This model satisfies the kinematic conditions expressed in Equation
(2) and the force condition reported in Equation (3):

{x1 () +x,(t) = x(t) @)
%, (8) + %, () = x(t)
Fp(t) = Kx(t) = Cpx(t) ®)

where x3,x,, x and %;, X,, X are, respectively, the displacement and the velocity of the
dashpot (x;, %;), of the spring (x,, x,), and their combination (x, x) [44]. K in Equation
(3) is the stiffness of an equivalent spring that includes both the stiffness of the bracing
system and the inherent stiffness of the FVD [75].

x, X
—_—
5
|
Y Fp L
HHW—= 3 R
(a) (b)

Figure 5. (a) Maxwell model and (b) Kelvin—-Voigt model (adapted from [44]).
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2.3. Passive Fluid Viscous Damper: Critical Review of Past Studies

The evolution of FVDs began with the military and aerospace industry [17,31]; the
first device, similar to modern dampers, was introduced in the 1860s to reduce the recoil
of cannons. During World Wars I and 11, fluid dampers were largely used in large cannons,
guns, and aircraft but also in the automotive field. With the advent of the Cold War, these
devices were turned into various industrial applications, such as energy-absorbing buffers
in steel mills, canal lock buffers, and offshore oil leg suspension alongside shock and vi-
bration isolation [17,53,74]. From the last decades of the 20th century up to now, the tech-
nology of FVDs has been adapted to applications related to the protection of structures
from earthquakes and wind. One of the first studies that tackled the use of FVDs encased
in steel braces for the seismic protection of buildings was carried out by Constantinou and
Symans [85]. They proposed a device (Figure 2) characterized by a linear behavior and
able to operate over a wide temperature range (from —40 °C to +70 °C). A further step was
made by Seleemah and Constantinou [54], who developed four different configurations
of FVDs (Figure 6), characterized by a non-linear response and obtained by modifying the
geometry of the orifices. Through an experimental investigation, they demonstrated that
non-linear devices were able to produce a higher reduction in displacement response than
linear devices [54].
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Seal Tapered Metering "]

Accumulator =]

Metering Tube

Cylinder s
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Piston Rod Cylinder ——— L AT Piston Rod
Foot Valve Leaf
Spring & Ball Check

Seal Accumulator «=t

Figure 6. Four configurations of the passive FVDs of Seleemah and Constantinou [54].

Similar studies were conducted by the Taylor company [31], whose first device for
civil application was characterized by a huge size (Figure 7) [31]. In the following years,
the company produced smaller devices that could be installed in brace configurations as
well as components of base isolation systems in buildings [48].

Figure 7. A Taylor Company FVD [31].

FVDs are commonly used as velocity-dependent passive energy devices in dissipa-
tive bracing systems around the world due to their exceptional damping performance,
stable mechanical properties, simple installation procedures, and cost-effectiveness
[32,67,86]. For these reasons, the FVDs have been widely used in the last decades in new
reinforced concrete structures and steel ones, but also for retrofit intervention [87]. The
FVDs can be effectively used on buildings of different heights [76,88].
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In tall buildings, the FVDs, especially non-linear ones, are very useful because they
are able to dissipate high values of seismic force at high velocities [89]. A practical appli-
cation of these devices on high-rise buildings is the 181 Fremont skyscraper built in San
Francisco in 2017, which is a 56-story steel building (Figure 8a). The peculiarity of this
project is that the FVDs are placed inside the structure through a mega brace system that
is able to provide damping within the length of the braces spanning multiple floors [89].
Another example is the Allianz Tower, a 50-story concrete building built in Milano in 2015
(Figure 8b). Here, a set of eight localized external viscous dampers was installed, with the
primary goal of improving the service life behavior in terms of comfort under wind loads
and, additionally, of guaranteeing a proper structural response under seismic loads cor-
respondent to the Life Safety Limit State [34].

Figure 8. (a) 181 Fremont skyscraper, San Francisco; (b) Allianz Tower, Milano [34].

Thanks to the reduction in absolute acceleration and displacement, FVDs can be
placed in strategic buildings such as hospitals. Indeed, hospitals are particularly sensitive
to the effects of earthquakes, given the presence of medical equipment and other techno-
logical content (e.g., surgery rooms, gas pipes, etc.) that are highly susceptible to acceler-
ation or deformations caused by earthquakes [3]. Miyamoto et al. [90] and Mokhtari and
Nadarpour [75] showed that FVDs have a considerable impact in reducing both structural
and non-structural damage, hence improving the functionality and seismic resistance of
the upgraded structure.

FVDs have been widely adopted for the seismic protection of bridges. These devices
are appropriate for both retrofitting existing vulnerable bridges and designing new ones
[91,92]. Indeed, the viscous dampers efficiently dissipate energy and reduce the move-
ment of the bridge induced by braking, wind, and seismic loading. In addition to that,
FVDs do not provide any valuable restriction at slow velocities, accommodating service
slow motions like the ones induced by thermal movements [91].

Infanti et al. [92] studied the seismic retrofit of the Seohae Grand Bridge in Korea,
which is composed of three different types of bridges: a cable-stayed bridge (990 m), a free
cantilever method (FCM) bridge (500 m), and a precast span method (PSM) bridge (5820
m). The PSM bridge consists of a series of continuous spans that were not able to satisfy
the seismic safety requirement. Therefore, 54 viscous dampers were placed between the
superstructure and the pier to protect the structure against strong earthquakes. The
adopted devices were able to exert a force equal to 500 kN at a velocity of 240 mm/s. More-
over, these devices were operative over a wide range of temperatures, from -25 °C to 40
°C.

Another iconic application of FVDs on bridges is the retrofit performed on the London
Millenium Bridge built over the river Thames in London (United Kingdom). When the bridge
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was opened, it exhibited large lateral displacement induced by pedestrian motion. Thus, 37
FVDs were installed in three different configurations to prevent lateral, vertical, and torsional
modes. The additional devices prevented resonance of any mode and allowed the bridge to
produce an equivalent viscous damping of 20% instead of the original 0.5%.

Another example is the Rion-Antirion Bridge, which was designed to resist seismic
excitations with a return period of 2000 years and a PGA equal to 0.48 g through a seismic
protection system made by fuse restraints and FVDs [93]. This bridge, located in the Gulf
of Corinth in Greece, consists of a 2252 m long suspension bridge with four pylons and
two approach viaducts. The main bridge is protected by fuse restraints that work in par-
allel with the dampers. The first type of device protects the bridge from excitations in-
duced by the wind or by moderate earthquakes. Under excitations equal to or stronger
than the design earthquake, the fuse restraints are designed to fail so that the FVDs are
able to dissipate the input energy. Figure 9a shows the completed Rion-Antirion Bridge,
and Figure 9b shows the seismic protection system installed in each of the four pylons. The
approach viaducts are designed to withstand the same seismic event as the main bridge,
and their seismic protection systems are composed of elastomeric isolators and FVDs.

Figure 9. (a) The Rion-Antirion Bridge; (b) the seismic protection system of the suspended bridge [93].

3. Semi-Active Fluid Viscous Dampers

Passive FVDs described in Section 2 provide a fixed response curve, whatever the
intensity of the seismic action. They are typically designed with a focus on the ultimate
limit states, aiming to prevent structural collapse and ensure the safety of occupants dur-
ing a severe seismic event. The effects of earthquakes with lower intensities, which are
more frequent during the service life of a building, may not be totally mitigated by passive
FVDs, and this represents an important drawback of this technology. Indeed, weaker seis-
mic events may not pose a significant risk of structural failure but can compromise the
non-structural elements inside the building and adversely affect the overall serviceability
and functionality of the structure. To address this issue, semi-active and adaptive FVDs
have been actively investigated in the last few decades. These damping systems are de-
signed to provide variable damping characteristics, allowing them to respond more effec-
tively to a broader range of seismic intensities. By adapting their response according to the
specific seismic excitation, these FVDs can enhance the protection of non-structural elements
and improve the overall performance of the building during serviceability limit states.

Semi-active energy-dissipating systems are generally based on the same working
principle as passive FVDs, but they are provided with a sensing and a control system [14].
The sensing system detects either external excitations or structural response information
and transmits them to the control system. Sensors can be placed inside the device or di-
rectly on the structure. However, sensors are a critical component, as their signal may be
affected by external factors, such as magnetic or electric fields, as well as environmental
noise [94]. Originally, the sensing system was placed on the structure [13,95], but this con-
figuration increased the complexity and the cost of the system [96,97]. For this reason, in
the last decades, devices equipped with self-sensing components able to detect
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accelerations, forces, and displacements have been studied [94,98]. The signal from the
sensing system is analyzed by the control system and feeds into a control law that allows
efficient control forces to be developed. The control laws can be divided into two catego-
ries [99]: the first one comprises conventional control algorithms such as the optimal con-
trol algorithms [100], Lyapunov stability theory [101], skyhook, and continuous sliding
mode [102]; the second category comprises the fuzzy control method [103,104], neural
network [105], and genetic algorithms [46]. The first category of control algorithms are
model-based algorithms, and their efficiency relies on the accuracy of the model. The al-
gorithms belonging to the second category are based on the measured response of the
structure. The semi-active systems are indeed capable of adjusting their behavior under
different conditions and different structural responses to achieve the amount of energy
dissipation necessary to protect the structure [45,46,95,106]; for this reason, they are also
called “controllable passive devices” [14]. They operate with a small external energy sup-
ply (e.g., a battery) with a power of the order of tens of watts [107].

The semi-active energy-dissipating systems developed in the last decades include
magnetorheological (MR) dampers, electrorheological (ER) dampers, and variable orifice
dampers [108].

3.1. Rheological Fluid Viscous Dampers

Rheological fluids are those fluids that change their viscosity in the presence of a
magnetic field (MR fluids) or an electric field (ER fluids). This process is completely re-
versible, and the fluids return to their original viscosity as soon as the magnetic or electric
field is removed. The specific behavior of MR and ER fluids is detailed in Section 3.1.1 and
Section 3.1.2, respectively.

The increment in the viscosity is caused by the structure of the fluids’ particles, which
are polarized under the electrostatic or magnetic field and form columns following the
direction of the applied field, as shown in Figure 10. The formation of the column structure
allows sustaining shear forces that are applied perpendicularly to the electric field,
thereby increasing the viscosity of the fluid [109,110]. Whenever the column structure is
activated, the fluid particles require a minimum amount of force to be moved. The force
over which the particles start moving is called yield strength. The higher the applied elec-
tric/magnetic field, the higher the force required to move the fluids” particles.

= | e ox

Figure 10. Behavior of ER and MR fluids (adapted from [46]).

A common feature of both types of devices is the presence of two surfaces, which are
electrodes in ER dampers and poles in MR dampers. They are used to generate either an
electric (ER dampers) or a magnetic (MR dampers) field. ER dampers are divided into
three typologies depending on how the rheological fluid operates. MR dampers, on the
other hand, are divided into four types, with three of them being the same as those for ER
dampers, while the fourth one is unique to MR devices [46]. The first typology operates
in flow mode (Figure 11a), which is characterized by two stationary surfaces, and the flow
rate of the fluid is modified by varying the intensity of the electric or magnetic field. The
second typology is based on the shear mode of operation (Figure 11b), which is based on
the application of a relative motion between the surfaces perpendicular to the direction of
the electric or magnetic field; this motion produces a shear force on the ER or MR fluid
that triggers the flow. The intensity of the applied shear force can be modified through the
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intensity of the electric or magnetic field. The third mode of operation is the squeeze-flow
mode (Figure 11c), which consists of the relative movement of the surfaces in the direction
parallel to the electric or magnetic field. The movement of the electrodes induces an alter-
nate tension/compression state of stress in the fluid [46]. Figure 11d shows the magnetic
gradient pinch mode, which is a mechanism distinctive to MR devices. This mode works
with magnetic poles placed along the flow path of the fluid and separated by a non-mag-
netic material. This arrangement creates an elliptical magnetic field near the wall of the
orifice, which allows the diameter of the orifice to be controlled by changing the intensity
of the magnetic field; the stronger the magnetic field, the higher the reduction in the ori-
fice’s diameter [111].

Electric/Magnetic Electric/Magnetic Electric/Magnetic
Field ' Stationary Plate Field ’ Movable Plate ~ F Field ’ Movable Plate
| —>
N S
MR
ER/MR ER/MR ER/MR Plate e Ve
Fluid Fluid Fluid Motion > rea
| | | -
I Stationary Plate I Stationary Plate I Stationary Plate
(a) (b) (c) (d)

Figure 11. ER and MR fluids” operating modes: (a) flow mode; (b) shear mode; (c) squeeze-flow
mode; (d) magnetic gradient pinch mode (adapted from [46]). N: north pole of the magnetic field, S:
south pole of the magnetic field, F: force.

Table 1 provides typical ranges of the properties associated with ER and MR fluids
in terms of yield strength, voltage power supply, maximum magnetic/electric field, vis-
cosity, density, and size of the particles. Both MRs and ERs provide response times in the
order of milliseconds. ER fluids can be easily produced in a laboratory and require a sim-
pler system to be excited by an electric field. On the other hand, MR fluids provide a
higher yield strength than ER fluids and require a lower voltage to be activated. Moreover,
MR fluids have great stability over a wider range of temperatures [112,113]. However, MR
fluids are heavier due to the presence of iron particles, and they are affected by sedimen-
tation and aggregation [114]. For this reason, sometimes additives are included in the flu-
ids in order to improve the strength between particles. The presence of additives is also
used to have a quick reversal process, which allows the fluid to return to its original vis-
cosity when the magnetic or electric field is removed [115]. An effective reversal process
is important to have a device always ready to adapt its behavior to new conditions.

Table 1. Comparison of ER and MR fluids” properties [112,116].

Property ER Fluid MR Fluid
Yield strength t 2-5 kPa 50-100 kPa
Voltage 2-10kV 2-25V
Max. field 3-5 kV/mm 150-250 kA/m
Viscosity (no field) p 0.2-0.3 Pas 0.2-0.3 Pas
Density 1-2 g/cm? 34 g/cm?
Particle size 10 nm-10 um Several um
Temperature -25°C to 125 °C -40 °C to 150 °C

3.1.1. Electrorheological Dampers

least a pair of electrodes that produce the electric field (Figure 12).

Electrorheological (ER) dampers are made of a cylinder, a piston, an ER fluid, and at
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Figure 12. Schematic example of ER damper [46].

The use of ER fluids was first introduced by Winslow [117], who exploited the varia-
tion in the rheological properties of the fluid given different electric fields to transform an
electrical impulse into mechanical force [118]. When an electrostatic field is applied, the
fluid viscosity changes and this permits a reversible transition from Newtonian fluid to a
solid-like material. Indeed, whenever the electric field is removed, the fluid rapidly
(within 10 milliseconds) returns to its original form [46].

Makris et al. [118] tested an ER fluid damper composed of a cylinder, a piston road, and
a piston head that pushes the ER fluid through an annular duct (Figure 13), where the electric
field is applied. This configuration allows the ER fluid to operate according to the flow mode,
where the level of the output force is controlled by the intensity of the electric field, whereas
the damper behaves as a classical FVD when the electric field is not activated.

ER Duct p Inner
ER Duct / / Rod
support of External Insulator
Inner Rod / Insulator

Piston Rod Seal Piston Head ER Fluid

Figure 13. ER fluid damper proposed by Makris et al. [118].

3.1.2. Magnetorheological Dampers

Magnetorheological (MR) dampers are semi-active devices made of MR fluids, char-
acterized by iron particles of 1-7 um diameter [119]. Whenever a magnetic field is applied,
the MR fluid passes in a few milliseconds [112] from a Newtonian behavior to a chain-like
structure along the direction of the magnetic flux (Figure 10), and the flow of the fluid
through the orifices of the damper is triggered only if a minimum amount of shear stresses
is generated by the motion of the shaft [46].

The commercial applications of MR dampers work with the flow and shear modes
(Figure 11a,b) [120], while the squeeze-flow and the magnetic gradient pinch modes are
not commonly used because of their complex circuit design [46].
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Figure 14 shows an example of an MR damper developed by the Lord Corporation
[46]. This device works according to the flow mode and is composed of two chambers and
a piston rod where the electromagnetic coils are placed. The MR fluid flows from one
chamber to the other through a gap between the piston and the wall inside the cylinder.
The damping force of this device is controlled by the intensity of the magnetic field that is
modulated depending on the excitation detected by the sensors [121].

= Eb‘g,'f,e,ﬁ;gnet Electromagnetic coil
P L A L,
= Gap (d) : / L;\ 3
! > Je— | |
pASIL LSS S s
Bearing & Seal Bobbin T \ e r
e e e et oo e s

Piston Rod

VTSI VIS SIS

77777/
‘;O/ Tubular flux return
e Electromagnetic coil Outer wall
(@) (b)

Figure 14. MR damper developed by Lord Corporation [46]: (a) section of the device; (b) fluid path
in the piston head and coil placement [121].

Accumulator

In the last decades, MR dampers working with the shear mode mechanism have also
been developed [106,122]. An example is the device proposed by Yi et al. [106] and
sketched in Figure 15. This system consists of two parallel steel plates, a moving plate
coated with a thin foam saturated with MR fluid, and a single coil placed at one end of the
device. The output force is generated by the sliding motion of the moving plate between
the two parallel plates. By increasing the strength of the magnetic field, the device is able
to produce a higher damping force and dissipate a larger amount of energy [123,124].

Direction of Motion

/NIRFIUIG
-~ Saturated
Foam

Front View Side View

Figure 15. MR damper proposed by Yi et al. [106].

MR dampers guarantee high output forces and stable hysteretic behavior within
large temperature fluctuations; specifically, the force varies less than 10% in the range of
temperatures between —40 °C and +150 °C [125].

3.1.3. Modeling of ER and MR Dampers

Popular models used to represent the behavior of MR and ER dampers are the Bing-
ham model [126-130] and the Bouc-Wen model [131-133], largely used in many studies.
However, other models suitable for reproducing the response of both MR and ER devices
are available in the literature, as reviewed by Xu et al. [46] and Lenggana et al. [134].

The Bingham model is characterized by a friction element in parallel with a viscous
damper (Figure 16a); the damping force is given by the expression of Equation (4):

F(t) = Cpx + fesgn(x) + fo (4)
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where f. is the frictional force related to the fluid yield stress and f, is the offset of the
force to account for the nonzero mean that can be observed in the measured force due to
the presence of an accumulator [129]. This model represents the force—velocity relation-
ship through a bilinear curve. Figure 16b shows that the Bingham model is not able to
perfectly describe the real behavior of the rheological damper, especially at low velocities
[129].

X
_x 5 1500 : ]
Analytical ;.
~ f;. E Model _\
\ d g sssasasiantin .
F g 0 Experimental
D o Behavior
—» W
Cp !
7 I 5%z ) 12
— Velocity (cm/s)
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Figure 16. (a) Bingham model (adapted from [46]); (b) force—velocity response of the Bingham model
(fe =670 N,Cp = 50Ns/cm, fo = =95 N) [129].

The Bouc—-Wen model [135,136] is frequently adopted for its versatility and capability
of representing the wide variety of hysteretic behaviors typical of both MR and ER damp-
ers; moreover, it allows control of the intensity of the device’s output force [134]. The
scheme of the Bouc-Wen model is shown in Figure 17a, where the output force of the
damper is described by Equation (5):

F(t) = Cpx + ko(x —x9) + az (5)

where k, is the stiffness induced by the accumulator, x, is the initial displacement of the
spring, and z is an evolutionary variable governed by the law reported in Equation (6):

z = —ylx|z|z|*! — Bx|z|" + Ax (6)

The parameters y, A, and § allow the shape of the hysteresis loop to be controlled,
while n controls the smoothness of the force—displacement curve; all these parameters can
be calibrated through experimental evidence [46]. By changing the parameters of Equation
(6), the Bouc—-Wen model is able to describe the linearity in the unloading phase and the
smoothness of the transition between the pre-yield and post-yield region [129]. Figure 17b
shows the comparison between the force—velocity loops of the Bouc—Wen model (the outer
curve) and the one derived from experimental evidence (the inner curve).

1500
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Figure 17. (a) Bouc-Wen model (adapted from [46]); (b) force-velocity response of the Bouc—Wen
model [129].
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Like the Bingham model, the Bouc-Wen model is also not suitable for describing the
behavior of devices in the regions at low velocities. To overcome this issue, Spencer et al.
[129] developed a refined model consisting of a Bouc—Wen model that works in parallel
with a spring and in series with a viscous dashpot, as represented in Figure 18a. The force
generated by the model is expressed by Equation (7):

Fp = az+ Cp(x —y) + ko(x —y) + k1 (x — xo) @)
where k; allows the stiffness at large velocity to be controlled and y is given by Equation (8):

V=g oz + Cox k(e =) ®)
where C; is the damping coefficient that controls the behavior of the device at low veloc-
ity. Figure 18b represents the predicted force-velocity loops and the experimental data
[129]. As can be seen, the two curves are almost overlapping, showing that the proposed
model is able to reproduce the behavior of the rheological damper quite well. However,
the model is rather complex to be implemented in commercial software programs and is

defined by a huge number of parameters that must be calibrated upon experimental tests.
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Figure 18. Model proposed by Spencer et al. [129]: (a) rheological model (adapted from [129]); (b)
force-velocity response.

3.1.4. Applications of ER and MR Dampers

MR devices have been used in several engineering fields, which range from the in-
dustrial area [137,138], where they are employed as vibration dampers in washing ma-
chines or seat dampers for commercial vehicles, to the automotive area [139-141], in which
they are used as semi-active suspensions for vehicles, and to the aerospace field [142-144],
where they are employed as landing gears or helicopter rotors. MR dampers were adopted in
the civil engineering field to protect structures from earthquakes and wind [145-147]. In
2001, Sodeyama et al. [147] studied and developed an MR damper able to provide a max-
imum damping force of 300 kN. Two devices were installed in the Tokyo National Mu-
seum of Emerging Science and Innovation between the third and fifth stories, as shown in
Figure 19a. MR dampers were also used for the protection of bridges from wind and seis-
mic excitations. Chen et al. [148] installed 312 MR dampers, produced by the Lord Corpo-
ration, on the 156 stay cables of the Dongting Lake cable-stayed bridge (Figure 19b) since
the structure was too sensitive to vibrations induced by rain and wind. Thanks to the in-
stallation of MR devices, the vibrations of the cables and the deck were consistently re-
duced.

On the other hand, ER devices did not find widespread commercialization because
of their weak yield stress, low suspensibility, and low stability [149].

In 2003, Wen et al. [150] presented an ER fluid characterized by a yield strength of
130 kPa [149,151], which was considerably higher compared to that of classic ER fluids,
ranging in the order of a few kPa (e.g., the ER device presented by Makris was
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characterized by a yield strength of 13 kPa [118]). Therefore, the new ER fluid was called
giant electrorheological (GER) fluid. Its behavior was similar to the other ER fluids, with
a viscosity that increased with the strength of the electric field. Devices filled with GER
fluid are able to produce a high damping force with a low stiffness effect. Moreover, these
devices can adapt their behavior by requiring a lower power consumption [152].

After the study of Wen et al. [150], other devices with GER fluid were presented
[153,154]. An example is the damper studied by Sun et al. [153], who exploited the shear
mode mechanism; experimental results showed the capacity of these systems to dissipate
vibrations up to 90%, with a limited stiffness effect. Pu et al. [154] proposed a device made
of GER fluid that works with the squeeze mode mechanism; however, this system is ad-
dressed for applications in the robotic and bionics fields; therefore, further research is nec-
essary to extend its use to the civil engineering area.

Figure 19. Application of MR dampers: (a) Tokyo National Museum of Emerging Science and Inno-
vation [147]; (b) Dongting Lake cable-stayed bridge [155].

3.2. Variable Orifices Fluid Viscous Dampers

In variable orifices FVDs, the adaptive behavior is gained by changing the fluid’s flow
through the application of external control valves. Two different typologies of control
valves were proposed, namely solenoid valve adopted for an on—off control and servo-
valve for a variable control [14].

3.2.1. FVDs with Solenoid Valves

Semi-active FVDs equipped with solenoid valves are made of a cylinder filled with
hydraulic oil, a piston attached to a piston rod, and a valve in a bypass pipe that connects
the two sides of the cylinder (see Figure 20a).

/ Control valve ﬂKeff

Fluid chamber ' K, X
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Figure 20. Variable stiffness damper: (a) section of the device [123]; (b) rheological model of the
system composed of the damper and the brace (adapted from [46]).
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These systems are also called variable stiffness FVDs since they are capable of varying
the natural frequency of the controlled structure by changing the additional stiffness in-
troduced by the damper, thus avoiding the resonant condition during earthquakes. The
solenoid valve has two stages, namely an “on phase” and an “off phase”. When the valve
is closed, the flow of the fluid between the two chambers within the cylinder is prevented,
and the device behaves as a rigid link that provides additional stiffness to the structure. If
the damper is encased in a brace, an equivalent effective stiffness (AK,fy) is transmitted to
the building, which is a combination of the stiffness of the damper (Kj) and the stiffness
of the brace (Kp), computed according to Equation (9):

KpKp

Merr = 10 + Ky

©)

On the contrary, when the valve is open, the fluid is free to flow between the two
chambers through the bypass pipe, and there is no stiffening effect. In this configuration,
the damper provides certain damping (Cp) [46], and the constitutive behavior corresponds
to the mathematical model of a single dashpot, as shown in Figure 4.

Kobori et al. [156] proposed a variable stiffness device (VSD) composed of a cylinder
with two chambers that are connected by a pipe in which the solenoid valve is inserted.
This system needs a low-power source to work (20 W); if the power is interrupted, the
valve automatically closes the pipe that connects the two chambers, guaranteeing the pro-
tection of the structure in every situation.

He et al. [157] focused on variable stiffness FVDs too, in order to reduce the vibrations
induced by earthquakes or by winds on cable-stayed bridges, demonstrating that these
systems were able to reduce the displacement of the deck and the shear and bending mo-
ment of the bridge’s towers. Kori and Jangid [123] studied a semi-active variable stiffness
damper to find the optimal stiffness ratio to be introduced into the structure. In particular,
they performed a parametric study on possible structural configurations by considering
different damper deployments. Their results showed that the floor displacements dimin-
ished by increasing the stiffness of the dampers and, thanks to the dissipated energy, the
inter-story drifts and the top floor’s acceleration were consistently reduced. Luca and Pas-
tia [158] studied the efficiency of an FVD with a solenoid valve applied in a single degree
of freedom (SDOF) structure by demonstrating that this system allows a reduction in the
displacement response greater than that obtained by a passive device.

3.2.2. FVDs with Servo-Valves

While devices equipped with solenoid valves can implement only two different be-
haviors due to the on—off property of the valve itself, devices equipped with servo-valves
are able to dynamically adapt their response depending on the intensity of the excitation.
They provide the structure with values of damping ranging between a maximum and a
minimum level [46], thanks to the servo-valve’s property of actively controlling its open-
ing. For this reason, they are also called variable damping dampers. The variable damping
damper works as a passive FVD and is characterized not only by orifices through the pis-
ton head but also by a secondary orifice in a bypass pipe that connects the two chambers.
The bypass pipe is equipped with a servo-valve that controls the flow of the fluid through
the secondary orifice (Figure 21). When the valve is closed, the viscous fluid flows from
one chamber to the other only through the orifices in the piston head, while if the valve is
open, the fluid flows both through the piston head and the bypass pipe. The flow of the
fluid through the bypass pipe varies depending on the opening of the servo-valve. There-
fore, the damping coefficient ranges from a maximum Cp sy when the valve is com-
pletely closed to a minimum Cp ,,;, when the valve is open.
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Figure 21. Semi-active FVD equipped with servo-valve [159,160].

Symans et al. [159] developed a variable damping FVD with a fail-safe property: if a
power loss occurs, the servo-valve automatically closes, allowing the device to operate as
a passive FVD with maximum damping characteristics. This device requires a small
power source to be operative (around 3.5 W, similar to a battery).

Kawashima et al. [161,162] and Patten et al. [163] studied analytically and experimen-
tally a device aimed to control the seismic response of bridges. They realized shake table
tests on a model of a simple-span girder bridge and demonstrated that the variable damp-
ing force provided by the servo-valve prevented small vibrations induced by traffic and
wind loads and was able to reduce by up to 44% the displacement at the peak acceleration.
Symans and Constantinou [160] focused on the application of the device in Figure 21 in-
side a laboratory test of a three-story steel structure. They performed shaking table tests
on that structure and noticed that the dampers were able to improve the structural re-
sponse by generating a large range of damping. They compared the performance of the
variable damping FVDs with that of an active tendon control system. The results demon-
strated that the tested semi-active system provided a damping larger than that of an active
tendon control system, with a consequent larger response reduction. In particular, the semi-
active FVDs were able to reduce the top-floor acceleration and the story drifts by 47% and 51%,
respectively, while the active systems produced corresponding reductions of 38% and 32%.

Niwa et al. [164] employed variable damping devices for the seismic protection of a
four-story steel office building in Shizuoka. Through dynamic tests, they verified that the
devices, even with a small amount of electric power (70 W), were able to control the struc-
tural response of the case-study building during strong earthquakes, providing a damp-
ing force of 1 or 2 MN.

Shmerling and Gerdts [165] adopted the damper proposed by Symans et al. [159,160]
to numerically verify the seismic protection of a 10-story rigid frame structure and studied
an optimum control strategy to adjust the opening of the servo-valve at each time step
during an earthquake. They demonstrated that these systems were able to effectively re-
duce the maximum shear force and total accelerations in the case-study building.

4. Adaptive Fluid Viscous Damper

A main drawback associated with semi-active devices is related to the complexity of
the sensor system and the control algorithm, which increases the product manufacturing
cost, making their use not affordable in construction projects [43].

Therefore, in the last two decades, a new typology of FVDs with an adaptive behavior
was developed; these systems are able to adjust their response to different external exci-
tations thanks to their self-sensing and self-controlling capabilities, gained by means of
special valves or specific geometric properties [166].

Eyres et al. [167,168] investigated an FVD provided with orifices in the piston head and
a bypass tube, which are opened by precompressed conical valves, as shown in Figure 22a.
This damper behaves as a passive FVD up to a certain force F.;, at which the relief valves
open to allow the fluid to flow freely through the tubes. Each valve is connected to the
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cylinder by a precompressed spring, which guarantees that the valve remains closed when
the fluid pressure is lower than the prestress of the spring. This FVD can be modeled ex-
actly as a passive FVD by considering that the geometry of the orifices changes; in partic-
ular, the area of the orifices passes from A,, when relief valves are closed, to A4, (4, »
A,), when the valves are open [167]. Therefore, this device is characterized by a linear
piecewise behavior (Figure 22b) [168], and its response can be tuned by selecting different
values of the precompression in the springs. Relief valves allow the maximum damping
force, which is transmitted to the structure, to be limited, whatever the velocity. A damper
similar to the one proposed by Eyres [167] was first applied to a helicopter’s rotorcraft
systems by Bauchau and Liu [169] and Cacciola et al. [170].
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Figure 22. Adaptive FVDs with relief valves: (a) geometry scheme [167]; (b) damper’s pressure-
velocity characteristic [168].

Sakakibara [171] and KYB Corporation [172] proposed a device with relief valves
(Figure 23), similar to the one of Eyres et al. [167,168], to be combined with a base isolation
system for the seismic protection of buildings. In such combined systems, a passive FVD
is normally designed considering earthquakes correspondent to the Life Safety Limit State
[15,59]; consequently, the earthquake protective systems would be too hard, and, in the
case of small seismic events, the property of reducing the induced accelerations into the
structure may be lost. Therefore, this new damper was designed in order to develop a
different response during earthquakes corresponding to either the serviceability limit
state or the ultimate limit state. In particular, the device is characterized by the H-shaped
force-displacement profile shown in Figure 23b, where a certain displacement threshold
is set, at which the relief valves open, increasing the damping capacity of the damper [171].
The performance of the device was verified with wave vibration tests, and it was certified
by the Japanese Minister as a seismic protection device [171]. However, the applications
of this FVD in real structures have not been reported yet.
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Figure 23. Adaptive FVDs with relief valves [171]: (a) device configuration; (b) force—displacement pro-
file.

All the passive, semi-active, or adaptive FVDs presented up to this point are charac-
terized by a hysteresis loop that acts in all four quadrants of the force—displacement plane
(Figure 24a), which determines an increase in the base shear demand due to the added
resistive force provided by the device [173]. To overcome this issue, Hazaveh et al.
[173,174] proposed a semi-active system, called semi-active direction- and displacement-
dependent (D3) FVD, characterized by two sets of orifices in the piston head, where the
inner set can be controlled according to three control laws, namely: (i) the 1-4 control law,
in which the orifices are closed in all quadrants and the device behaves as a passive FVD
(Figure 24a); (ii) the 1-3 control law, in which the orifices are closed only in quadrants 1
and 3, and the device exerts a resistive force only when the piston moves from its original
position toward the peak displacement, while no force acts when the piston moves back
to zero (Figure 24b); and (iii) the 2—4 control law, in which the orifices are closed in quad-
rants 2 and 4, and the resisting force applies only when the piston moves from peak dis-
placement back toward zero (Figure 24c). Figure 24 illustrates how a semi-active device,
governed by the three different control laws, affects the base shear force when installed
within the structure. Hazaveh et al. [173,174] demonstrated that only the 2—4 control law can
effectively reduce the structural response without increasing the base shear. Indeed, using the
2-4 control law, the retrofitted structure’s base shear (F}) is equal to that of the undamped
structure (F).

(a) Standard FVD (b) 1-3 D3 FVD (c) 2-4 D3 FVD

Figure 24. Schematic force—displacement hysteresis loop for (a) a standard FVD, (b) 1-3 D3 FVD,
and (c) 2-4 D3 FVD [173].

In order to avoid the complexity and the expenses typically associated with semi-
active dampers, Hazaveh et al. [175] implemented this behavior on a passive device called
passive D3, which is able to provide a damping force in single or multiple quadrants by
modifying the geometry of the system and specifically by combining the use of one-way
valves and different diameters of the internal cylinder. Figure 25 shows a single first-quad-
rant D3 device, which is composed of a piston head equipped with one-way valves and a
cylinder characterized by a larger inner diameter on its left part. One-way valves are
opened or closed by an annular plate that is linked through screws to the piston head.
When the piston head is in the right half of the cylinder moving toward the positive di-
rection, the annular plate closes the valves, and the device shows a resistive force in the
first quadrant of the force—displacement hysteresis loop (Figure 25). When the piston
moves in the opposite direction, the annular plate opens the orifices, and the device pro-
vides only a small amount of damping. The damping is even reduced when the piston is
in the left half of the cylinder since the same mass flow rate of fluid is free to pass through
the holes and the gap between the piston head and the cylinder.
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Figure 25. First-quadrant passive D3 FVDs [175].

Figure 26 shows the 2—4 quadrant D3 FVD developed by Hazaveh et al. [175]. Indeed,
passive devices characterized by the 2—4 control law [173,174] were designed by combin-
ing two pistons provided by one-way valves and a shared shaft in a single cylinder char-
acterized by two stepped portions with different inner diameters, as shown in Figure 26.
In this configuration, the movement toward the positive direction closes the valves of Pis-
ton 1 and opens the valves of Piston 2, while the opening and closing of the pistons is
inversed in the negative direction (Figure 26). Even if these devices are promising, they
were investigated only in laboratory tests [176], and, to the Authors” knowledge, neither
numerical tests on actual structures nor applications on real structures have been re-
ported.
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Figure 26. The 2—4 passive D3 FVD [175].

Hormozabad and Zahrai [166] proposed the adaptive viscous damper (AVD) de-
picted in Figure 27. The device is composed of an external cylinder filled with viscous
fluid, a piston rod, and a piston head made of two movable pieces. In particular, the piston
rod is linked to a twin cone, which is connected through eight springs to a ring (Figure
27b). When the damper is at rest, the ring is aligned with the narrowest part of the cone;
as soon as the piston starts moving, the drag force of the fluid compresses and stretches
the springs, and the ring changes its position, reducing the passing area. Since the springs
have a minimum length of 6 mm, the passage of the fluid is always guaranteed. The damp-
ing force of the AVD becomes bigger as the passing area gets smaller, and the damping
coefficient C), ranges between an original value Cp 4, when the piston head is in the rest
position, up to 8.05 Cj , at the maximum elongation of the springs. The performance of
the AVD was numerically compared with that of a passive FVD with a constant damping
coefficientequal to Cp, installed in a two-story building, demonstrating a more than 50%
reduction in displacement, 60% reduction in acceleration, and 40% reduction in base
shear; moreover, the AVD was capable of dissipating more than 90% of the seismic energy
than the passive FVD [166].
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Figure 27. AVD proposed by Hormozabad and Zahrai [166]: (a) layout of the AVD; (b) detail of the
piston head.

Xu et al. [43] proposed a device in which the adaptive behavior is gained by varying
the annular gap along the piston stroke instead of from the geometric properties of the
piston head. In particular, this device, called variable-damping-coefficient viscous fluid
damper (VCVFD), is characterized by two different diameters of the internal cylinder (Fig-
ure 28) that determine a multi-stage energy dissipation under different seismic levels, de-
scribed by the dotted blue curve in Figure 29. There are three stages of variation of the
damping force, depending upon the annular gap height between the piston head and the
internal cylinder. In the first stage, the piston head is included in the area with an annular
gap equal to h; (Figure 28a), and the output force is almost constant, as shown in the
force—displacement loop of Figure 29. As the piston approaches the area with the annular
gap equal to h,, the second stage starts (Figure 28b), and the output force increases. In the
third stage, the piston head moves exclusively in the area corresponding to the annular
gap of h, (Figure 28¢c), and there is a decrease in the output force.

(b)

Figure 28. Three stages of the VCVFD presented by Xu et al. [43]: (a) 1st stage, (b) 2nd stage, and (c)
third stage.
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Figure 29. Force-displacement loops of a VCVFD and a passive FVD (adapted from [43]).
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Xu et al. [43] performed an experimental campaign on several prototypes of the
VCVEFDs characterized by different fluids and different dimensions of the internal gap.
Moreover, they directly compared the performance of passive FVDs characterized by the
same geometry as the VCVFDs. The results showed that the VCVFDs could develop larger
damping forces than the passive FVDs (from 3.5 up to 6 times greater) and could dissipate
more energy (around 2.9 times more). This is particularly evident by looking at Figure 29,
where a direct comparison between the force—displacement loops of the VCVFD (dotted
blue curve) and the passive FVD (black line) is reported. Xu et al. [43] studied the VCVFDs
on a two-story full-scale frame. All the VCVFD prototypes were tested on the same steel
frame that always remained in the elastic field, showing the great properties of the tested
device. Indeed, the devices were able to protect the steel frame from experiencing plastic
deformation.

Both the AVD and the VCVED are still at the prototype stage and have not been em-
ployed in real structures yet. Indeed, according to Hormozabad and Zahrai [166], the AVD
requires additional experimental research to demonstrate the reliability and robustness of
its constitutive behavior because of its peculiar piston head configuration. Based on [43],
the VCVFD needs a deeper study aimed at optimizing its structural parameters and nu-
merical analyses performed on real structures.

5. Conclusions

Many FVDs are currently available, and their number is constantly growing. For this
reason, this paper does not present a complete state-of-the-art on the topic, but it aims to
provide an overview of the current trends in the field of FVDs used as energy dissipation
systems for the seismic protection of structures. The various types of FVDs and their dif-
ferent configurations have been briefly investigated, starting from the simplest ones—the
passive FVDs—to the more complex semi-active and adaptive FVDs.

FVDs are velocity-dependent devices, providing a force that is out of phase with re-
spect to the structure’s internal forces and displacements caused by seismic excitation.
Therefore, these devices can dissipate energy without overloading the structure. The first pas-
sive FVDs to be developed were derived from the devices used as shock absorbers in the mil-
itary and aerospace fields. Starting from the 1990s, FVDs were largely adopted for the protec-
tion of structures and infrastructures against earthquake and/or wind excitations.

Passive FVDs provide a fixed response curve, whatever the intensity of the seismic
action. Moreover, they are usually designed considering the seismic action effects at the
ultimate limit states, where the target is to avoid the collapse of the structure and protect
human life. But, on the other hand, FVDs tailored for the design earthquake may provide
an insufficient response to earthquakes of lower intensity, typical of service limit states,
which may not damage the structure but can jeopardize non-structural elements and re-
duce the serviceability of the building. For this reason, many semi-active and adaptive
FVDs have been studied in the last decades.

Semi-active and adaptive FVDs can change their properties depending on the input
excitation, providing an optimal amount of energy dissipation during both strong and
low-intensity earthquakes. The most popular semi-active dampers are the ER and MR
ones, which are characterized by a fluid that, depending on the intensity of an applied
electric or magnetic field, changes its rheological properties. Besides the ER and MR de-
vices, there are variable stiffness and variable damping dampers equipped with special
valves that permit changes in the fluid flow cross-section. All these devices require sen-
sors, a control system, and a small energy source, like a battery. Therefore, even if these
FVDs are largely studied in the research field, their application is still limited in construc-
tion projects because of the complexity of the sensing and controlling equipment, which
makes these systems particularly expensive and difficult to manufacture.

Adaptive FVDs represent a promising technology since they are able to provide per-
formance comparable to semi-active FVDs without any special external equipment. New
devices like direction- and displacement-dependent FVDs, variable-damping-coefficient
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viscous fluid dampers, and other devices have been demonstrated in theoretical and la-
boratory studies to provide superior performance compared to conventional FVDs over a
wide range of practical situations. However, they are characterized by either a particular
geometry or special valves that increase the complexity of the manufacturing process. As
for semi-active FVDs, the application of adaptive FVDs is also limited, but the growing
research contributions and the increasing body of literature suggest a promising evolution
of such technologies, overcoming their limitations.
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