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In this paper, the use of hybrid passive control strategies to mitigate the seismic

response of a base-isolated structure is examined. The control performance of three

different types of devices used for reducing base displacements of isolated buildings is

investigated. Specifically, the Tuned Mass Damper (TMD), the New Tuned Mass Damper

(New TMD) and the Tuned Liquid Column Damper (TLCD), each one associated to

a Base Isolated structure (BI), have been considered. The seismic induced vibration

control of base-isolated structures equipped with the TMD, New TMD or the TLCD is

examined and compared with that of the base-isolated system without devices, using

real recorded seismic signals as external input. Data show that the New TMD is the

most effective in controlling the response of base-isolated structures so that it can be

considered as a practical and appealing means to mitigate the dynamic response of

base-isolated structures.

Keywords: hybrid structural control, base isolation, optimal design, tuned mass damper, inerter

INTRODUCTION

In the context of passive vibration control, the base isolation (BI) is recognized as a valid strategy in
preserving buildings from damage and collapse due to earthquakes, especially for those structures
located in high hazard seismic areas and with strategic importance.

Undoubtedly, one of the advantages deriving from the installation of seismic isolators is
the considerable reduction of the inter-story drift which leads to a quasi-rigid motion of
the superstructure.

The effectiveness of the base isolation technique motivated many researchers to focus on its
optimization limiting its detrimental features. Specifically, particular attention should be paid
in a design phase to the displacements which elastomeric bearings can be subjected to. In this
regard, these devices can undergo considerable deformations because of their low lateral stiffness;
accordingly, some issues could arise: large displacements could cause adjacent buildings to collide;
further, the need to adapt utilities and connection systems at the interface between the super-
structure and the sub-structure should be considered; and finally, irreversible damage could occur
in the isolators that lose their functionality.

Among several alternatives analyzed in literature for improving BI system performance, one
is related to the addition of some linear viscous dampers to the BI system, or to the increase
of its damping (Kelly, 1990, 1999). However, although it has been demonstrated that higher
values of damping in the BI system lead to smaller deformations at the base, other drawbacks,
such as the increase of both inter-story drifts and floor accelerations of the main structure, may
arise (Kelly, 1999).
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The idea to combine the BI system with other types of
passive control systems, generally used individually in a unique
control system, was proposed in Yang et al. (1991), where
a structure isolated by rubber bearings and equipped with a
Tuned Mass Damper placed on the base has been considered.
Further, the effectiveness of such hybrid strategy has been
demonstrated on the basis of numerical analysis carried out on
a 20-DOFs building.

Notably, this idea arose by observing essentially
two phenomena:

- through the installation of the isolation system, the frequency
of total structure drops and the structure is dominated mainly
by only one mode shape.

- the Tuned Mass Dampers (TMDs) reliability on suppressing
structural vibrations and preventing resonance behavior in
structures characterized by a prevalent vibration mode (Den
Hartog, 1956).

In this regard, the coupling between the base isolation and the
Tuned Mass Damper (BI+TMD) was also analyzed in Palazzo
and Petti (1994, 1999), where the validity of this system in
limiting the deformations at the base has been proved.

The factors influencing the performance of the TMD on
the structural response of base isolated structures, such as the
input frequency, the choice of the optimum tuning frequency
and the damping ratio of the TMD, have been investigated in
Tsai (1995). Specifically, it has been demonstrated that TMDs
increase the damping of the total structure and consequently the
response after the first seconds of the seismic input. In order
to attenuate the structural response during the first phase of
excitation, the concept of a possible efficient accelerated TMDhas
been proposed, but it remained only a mathematical suggestion,
hardly to be realized.

As far as the position of the TMD is concerned, the effect of
varying the placement of the TMD on different floor levels has
been studied in Stanikzai et al. (2019) and it has been found
that for low-rise buildings, the placement of TMD mass has no
significant role in reducing the response of the buildings.

The need to consider larger masses to improve the efficiency
of the TMD has led to consider the possibility to place multiple
TMDs (MTMDs) or distributed MTMDs (d-MTMDs) along the
height of buildings (Stanikzai et al., 2018). The use of multiple
TMDs can represent a more robust solution also when variation
of soil parameters is taken into account in the soil-structure
interaction. Indeed, as demonstrated in Elias and Matsagar
(2017) for the case of the combination of the TMDs with base
isolated bridges, the soil type can affects the performance of the
TMD, and the installation ofmultiple TMDs compared to a single
TMD, are more effective in controlling the structural response.

Furthermore, as demonstrated in Stanikzai et al. (2018), the
use of MTMDs or d-MTMDs represents an effective solution to
tune the devices to higher modal frequencies too, and in order to
avoid detuning effects of a single TMD with the main frequency
of the structure.

However, in real cases, it could result more convenient to
attach the TMD in correspondence of the level of the isolation
system as detailed in Melkumyan (2012).

A practical implementation of the seismic base isolation in
conjunction with a TMD, placed at the basement, to a real
case study, has been examined in De Domenico and Ricciardi
(2018a,b). Aiming at improving the seismic performance of a
reinforced concrete building, it has been proposed to insert a
TMD at the center of the basement of the building, built as a box
filled with aggregate concrete, attached below the isolation floor.
In this case, the role of the TMD damper and spring is supposed
to be played by additional isolators which connect the TMD to
the base, while the TMD is disconnected from the ground by
means of sliding elements.

On this base, it can be clearly argued that the base
displacement demand of isolated structure can be reduced
through the use of a traditional TMD, depending on the TMD
mass itself. Specifically, bigger TMD masses could lead to a
greater reduction of the response of the seismic bearings.

On the other hand, the presence of a TMD on the basement
may also yield some drawbacks which need to be considered:
firstly, the big mass that should be added to the system; secondly,
the TMD’s stroke that should be taken into account in the design
of the spaces for its location.

To deal with these limitations, some variants of the classic
TMD have been studied; for instance, a TMD with non-
linear characteristics has been proposed in Nissen et al. (1985),
Natsiavas (1992), and Vakakis et al. (2003) and it has been
demonstrated to be effective in minimizing deformations of the
isolators despite the instability phenomena related to the non-
linearities.

Another type of TMD, referred to as New TMD or non-
traditional TMD, has been introduced by in Ren (2001), and in
Cheung and Wong (2011) and Xiang and Nishitani (2014) the
optimization of the New TMD combined with the base isolation
(BI+ New TMD) has been discussed.

Compared to the traditional TMD, the New TMD alters the
position of the dampers. Specifically, in the New TMD, a dashpot
is located between the TMDmass and the ground, rather than the
TMDmass and the base of the BI system, as in a traditional TMD.

Notably, from a theoretical point of view, the installation
of the New TMD involves higher dissipative forces and could
attenuate the TMD stroke, consequently, it needs less space for
its placing.

Among the strategies which couple passive control devices
with base isolation systems, the BI + TMD and its variants
are certainly the most investigated in the literature. In this
context, an enhanced version of the TMD has been explored in
De Domenico and Ricciardi (2018a,b) and references therein),
and in De Angelis et al. (2019), by endowing the TMD with a
mechanical device, called inerter, providing additional rotational
inertia to the device. However, recently other solutions have
been considered.

In this regard, Tuned Liquid Column Dampers (TLCDs) have
been proposed as possible alternative to the TMD also in the
field of hybrid control systems. Specifically, the TLCD, which
consists of a U-shaped vessel filled with a certain amount of
liquid, generally water, is placed on the base of the structure
and, unlike TMDs, does not need mechanical components.
Recently, some contributions regarding the TLCD optimization
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and experimentation have been presented in Di Matteo et al.
(2017a,b), where it has been shown that the effectiveness of the
TLCD, if carefully designed, could be comparable or slightly
lower than the TMD one. Moreover, compared to the TMD,
the use of TLCDs is often preferable because of its easier
installation. Further, it is cheaper and it could be employed as
a water reserve in case of fire, so it represents an appealing and
convenient solution.

Nevertheless, equations of motion of the TLCD may involve
computationally expensive calculations due to the presence of
non-linear terms and the identification of dynamic parameters
that characterize this device is not so immediate.

In order to overcome these drawbacks, a simpler equivalent
linear system has been introduced (Gao and Kwok, 1997;
Chang, 1999; Yalla and Kareem, 2000; Wu et al., 2009), and the
determination of the optimal design parameters has been studied
by employing statistical linearization techniques (SLT) (Sakai
et al., 1989; Di Matteo et al., 2017a,b).

Recently in Di Matteo et al. (2017a), a direct method
has been developed to optimize the dynamic parameters
of a TLCD attached to an isolated building, supposing
a Gaussian white noise process as external input. Results
derived from this approach show a good agreement with
those obtained by applying the classical statistical linearization
technique (SLT) which involves longer computational time
(Roberts and Spanos, 1990).

On the base of this conspectus, this paper aims at comparing
and investigating on the most promising strategy, among the
main passive control devices coupled with the BI system,
to minimize the base displacements of isolated buildings,
preserving the benefits of the BI system (small inter-story drifts
and accelerations).

Specifically, the analyzed hybrid systems (Figure 1A), are:

- BI+ TMD (shown in Figure 1B);
- BI+ New TMD (shown in Figure 1C);
- BI+ TLCD (shown in Figure 1D).

In this study, the mass of each considered device is intended to
be placed on the basement of isolated structure. To the best of the
authors’ knowledge, although several studies exist in the literature
about the different types of the aforementioned absorbers, few of
them consider the TLCD at the base of isolated structure and
the comparison of such a device with the New TMD has not
been analyzed.

In passing, it is noted that the term “New TMD” mentioned
throughout the paper refers to the device proposed in Xiang and
Nishitani (2014). Thus, no new device has been introduced in this
paper, and readers interested on some specific insights on this
control systems are referred to Xiang and Nishitani (2014) and
references therein.

PROBLEM FORMULATION

In this section the equations of motion of all the exanimated
systems (BI, BI + TMD, BI + New TMD, and BI + TLCD
systems) in the time domain are presented, and relations in

the frequency domain are also introduced. In particular, the
displacement transfer functions, relating the base displacement
of each system to the input force, have been determined for a full
understanding of the dynamic behavior of all the systems.

BI System
Consider a BI plane frame structure, with n+1 degrees of freedom,
excited by a horizontal earthquake ground acceleration ẍg (t)
(Figure 1A). Let mb, Kb, Cb denote mass, the stiffness and
damping coefficient of the base isolation story in the BI model,
assumed as a linear system. The displacement of massmb relative
to the ground is denoted as xb (t). The superstructure has n
degrees of freedom. The ith superstructural degree of freedom has
lumped massMi.

The corresponding displacement component xi (t) represents
the superstructural displacement relative to the base. The total
mass is:

Mtot = mb +
n

∑

i=1

Mi (1)

In the time domain, the response of the isolated structure is
governed by the following n+1 equations of motion:















Mtot ẍb (t) +
n
∑

i=1
Miẍi (t) + Cbẋb (t) + Kbxb (t) = −Mtot ẍg (t)

Miẍb (t) +Miẍi (t) +
n
∑

j=1
Ci,jẋj (t) +

n
∑

j=1
Ki,jxj (t) = −Miẍg (t)

(2)

(i = 1, . . . , n)
In which Ci,j and Ki,j are the entries of the damping and stiffness
matrices of the superstructure.

When dealing with a main structure having a Single Degree
Of Freedom (SDOF), i.e., n = 1, the equations of motion are
given by:

{

ẍb (t) + µbẍ1 (t) + 2ωbζbẋb (t) + ωb
2xb (t) = −ẍg (t)

ẍb (t) + ẍ1 (t) + 2ω1ζ1ẋ1 (t) + ω1
2x1 (t) = −ẍg (t)

(3)

Where µb = M1/Mtot represents the mass ratio; ωb =
√

kb/Mtot

and ζb = Cb/(2ωbMtot) are the natural frequency and damping
ratio of the base isolation system respectively;ω1 =

√
K1/M1 and

ζ1 = C1/(2ω1M1) are the natural frequency and damping ratio
of the SDOF main structure.

In the frequency domain, the Fourier transform of system (3)
leads to:

{

Xb (ω)
[

−ω2 + 2iωωbζb + ωb
2
]

= ω2µbX1 (ω) − Xg (ω)

X1 (ω)
[

−ω2 + 2iωω1ζ1 + ω1
2
]

= ω2Xb (ω) − Xg (ω)
(4)

The transfer function of the base displacement
(

Hb (ω) = Xb (ω)/Ẍg (ω)
)

can be written as:

Hb (ω) =
1+ ω2µb

a(ω)

−b (ω) + ω4µb
a(ω)

(5)
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FIGURE 1 | (A) BI; (B) BI+TMD ; (C) BI+ New TMD; (D) BI+TLCD.

The transfer function of the displacement at the top of the
superstructure

(

HX1 (ω) = X1 (ω)/Ẍg (ω)
)

is:

HX1 (ω) =
1

a (ω)

[

−1+ ω2Hb (ω)
]

(6)

where:

a (ω) = −ω2 + 2iωζ1ω1 + ω2
1 (7a)

b (ω) = −ω2 + 2iωζbωb + ω2
b (7b)

Aiming at reducing the displacement occurring within the BI
system, consider now the case of the above described base isolated
structure in which the BI system is connected to an additional
passive dissipation mechanism (such as the TMD, the TLCD or
the New TMD).

Hybrid Strategy 1—BI +TMD
The hybrid control strategy combining classical TMDdevice with
base isolation system (BI + TMD) is shown in Figure 1B. The
TMD is modeled as a SDOF linear system with massmd, stiffness
kd and damping cd. The displacement of the TMD relative to the
base is denoted as xd (t). The n+2 equations of motion of a base
isolated building equipped with a TMD can be written as:







































(Mtot +md) ẍb (t) +mdẍd (t) +
n
∑

i=1
Miẍi (t) + Cbẋb+

Kbxb (t) = − (Mtot +md) ẍg (t)
mdẍb (t) +mdẍd (t) + cdẋd + kdxd (t) = −mdẍg (t)

Miẍb (t) +Miẍi (t) +
n
∑

j=1
Ci,jẋj (t) +

n
∑

j=1
Ki,jxj (t) =

−Miẍg (t)

(8)

For a SDOF main structure (n = 1), equations of motion are
particularized as:















(1+ µd) ẍb (t) + µbẍ1 (t) + µdẍd (t) + 2ζbωbẋb (t)+
ω2

bxb (t) = − (1+ µd) ẍg (t)
ẍb (t) + ẍd (t) + 2ζdωdẋd (t) + ω2

dxd (t) = −ẍg (t)
ẍb (t) + ẍ1 (t) + 2ζ1ω1ẋ1 (t) + ω2

1x1 (t) = −ẍg (t)

(9)

where ωd =
√

kd/md and ζd = cd/(2ωdmd) are the natural
frequency and damping ratio of the TMD and the other symbols
have the same meaning of those defined in section BI System.

In the frequency domain, the Fourier transform of system (9)
leads to:























Xb (ω)
[

−ω2 (1+ µd) + 2iω ζbωb + ω2
b

]

− ω2µdXd (ω)

−ω2µbX1 (ω) = − (1+ µd) Ẍg (ω)

−ω2Xb (ω) + Xd (ω)
[

−ω2 + 2iω ζdωd + ω2
d

]

=
−Ẍg (ω)

−ω2Xb (ω) + X1 (ω)
[

−ω2 + 2iω ζ1ω1 + ω2
1

]

= −Ẍg (ω)

(10)

Therefore, the base-isolation displacement transfer function
(

Hb (ω) = Xb (ω)/Ẍg (ω)
)

can be written as

Hb (ω) =
(1+ µd) + ω2µd

c(ω)
+ ω2µb

a(ω)

−b (ω) + ω4µd
c(ω)

+ ω4µb
a(ω)

(11)

while the main structure displacement transfer function
(

HX1 (ω) = X1 (ω)/Ẍg (ω)
)

and the TMD displacement transfer
function

(

Hd (ω) = Xd (ω) /Ẍg (ω)
)

respectively are:

HX1 (ω) =
1

a (ω)

[

−1+ ω2Hb (ω)
]

(12a)

Hd (ω) =
1

c (ω)

[

−1+ ω2Hb (ω)
]

(12b)
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in which

a (ω) = −ω2 + 2iωζ1ω1 + ω2
1 (13a)

b (ω) = −ω2 (1+ µd) + 2iωζbωb + ω2
b (13b)

c (ω) = −ω2 + 2iωζdωd + ω2
d (13c)

Hybrid Strategy 2—BI + New TMD
The hybrid control strategy coupling the so called New TMD or
non-traditional TMD with the base isolation system (BI + New
TMD) is shown in Figure 1C.

The New Tuned Mass Damper is modeled similarly to the
TMD but, unlike the TMD, the New TMD is directly connected
to the ground by a dashpot. From a theoretical point of view,
this condition leads to higher damping forces compared to the
traditional TMD.

The n+2 equations of motion of a base isolated building
equipped with a New TMD can be written as:















































Mtot ẍb (t) +
n
∑

i=1
Miẍi (t) + Cbẋb + Kbxb (t) − kdxd (t)

= −Mtot ẍg (t)
mdẍb (t) +mdẍd (t) + cdẋd + cdẋb + kdxd (t) = −md

ẍg (t)

Miẍb (t) +Miẍi (t) +
n
∑

j=1
Ci,jẋj (t) +

n
∑

j=1
Ki,jxj (t) = −Mi

ẍg (t)

(14)

As it can be seen in the second line of Equation (14), the particular
configuration of the New TMD, endowed with a dashpot directly
connected to the ground, leads to a dissipative force Fd = cdẋd +
cdẋb, which is larger than that related to the traditional TMD
(Fd = cdẋd, see Equation (8)] since it is proportional to both the
velocities of the device and the BI system.

For a SDOF main structure (n = 1), equations of motion are
particularized as:























ẍb (t) + µbẍ1 (t) + 2ζbωbẋb (t) + ω2
bxb (t) − µdω

2
dxd (t)

= −ẍg (t)
ẍb (t) + ẍd (t) + 2ζdωdẋd (t) + 2ζdωdẋb (t) + ω2

dxd (t)
= −ẍg (t)
ẍb (t) + ẍ1 (t) + 2ζ1ω1ẋ1 (t) + ω2

1x1 (t) = −ẍg (t)

(15)

Where the symbols have the known meaning of those
defined in the section Hybrid strategy 1—BI +TMD for the
traditional TMD.

Considering the system in the frequency domain, the Fourier
transform of system (15) leads to:































Xb (ω)

[

−ω2 + 2iω ζbωb + ω2
b

]

− ω2
d
µdXd (ω) − ω2µbX1 (ω)

= −Ẍg (ω)

−ω2Xb (ω) + 2iω ζdωdXb (ω) + Xd (ω)
[

−ω2 + 2iω ζdωd + ω2
d

]

= −Ẍg (ω)

−ω2Xb (ω) + X1 (ω)
[

−ω2 + 2iω ζ1ω1 + ω2
1

]

= −Ẍg (ω)

(16)

Therefore, the base-isolation displacement transfer function
(

Hb (ω) = Xb (ω)/Ẍg (ω)
)

can be written as

Hb (ω) =
1+ ω2µd

c(ω)
+ ω2µb

a(ω)

−b (ω) + ω4µd
c(ω)

+ ω4µb
a(ω)

+ 2iω3µdζdωd
c(ω)

(17)

while the main structure displacement transfer function
(

HX1 (ω) = X1 (ω)/Ẍg (ω)
)

and the New TMD displacement
transfer function

(

Hd (ω) = Xd (ω) /Ẍg (ω)
)

, respectively are:

HX1 (ω) =
1

a (ω)

[

−1+ ω2Hb (ω)
]

(18a)

Hd (ω) =
1

c (ω)

[

−1+ 2iωζdωdHb (ω) + ω2Hb (ω)
]

(18b)

in which

a (ω) = −ω2 + 2iωζ1ω1 + ω2
1 (19a)

b (ω) = −ω2 + 2iωζbωb + ω2
b (19b)

c (ω) = −ω2 + 2iωζdωd + ω2
d (19c)

Hybrid Strategy 3—BI+TLCD
Another means to control the seismic response of base isolated
structure consists of the use of TLCD located on the basement of
the main structure (BI+TLCD) (Figure 1D). Denoting with g the
gravitational acceleration, Lv and Lh the vertical and horizontal
liquid length, respectively, L = Lh + 2Lv the total length of the
liquid column inside the TLCD, the n+2 dimensional system of
equations can be expressed by:















































(Mtot +m) ẍb (t) +mhÿ+
n
∑

i=1
Miẍi (t) + Cbẋb + Kbxb (t)

= − (Mtot +m) ẍg (t)
mhẍb (t) +mÿ (t) + m

2Lξ
∣

∣ẏ (t)
∣

∣ ẏ (t) + 2m
L gy (t) =

−mhẍg (t)

Miẍb (t) +Miẍi (t) +
n
∑

j=1
Ci,jẋj (t) +

n
∑

j=1
Ki,jxj (t) =

−Miẍg (t)

(20)

Here α = Lh/L is the so called length ratio and describes the
fraction of effectivelymoving liquid in horizontal direction mh =
αm, to the total liquid massm inside the tube, y (t) is the vertical
liquid displacement and ξ is a head loss factor dependent on the
type of flow and its interaction with container wall or on the
presence of orifice inside the TLCD. When n = 1 (SDOF main
structure), equations of motion can be written as:















(1+ µ2) ẍb (t) + αµ2ÿ (t) + µbẍ1 (t) + 2ζbωbẋb (t)
+ω2

bxb (t) = − (1+ µ2) ẍg (t)

αẍb (t) + ÿ (t) + 1
2Lξ

∣

∣ẏ (t)
∣

∣ ẏ (t) + ω2
ly (t) = −αẍg (t)

ẍb (t) + ẍ1 (t) + 2ζ1ω1ẋ1 (t) + ω2
1x1 (t) = −ẍg (t)

(21)

Where, µ2 = m/Mtot is the liquid mass ratio and ωl =
√

2g/L
is the frequency associated with the liquid inside the TLCD
(Hochrainer and Ziegler, 2006).
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It is worth noting that, unlike traditional TMDs, the TLCD
response is non-linear due to the presence of term 1

2Lξ
∣

∣ẏ (t)
∣

∣ ẏ (t)
in the second equation of the system (21) (Di Matteo et al., 2012,
2014a,b).

However, in order to avoid onerous calculus and complex
optimization procedure due to the presence of the non-linear
damping term, the original non-linear system (21) usually
is replaced by a linear equivalent one. Using the “Statistical
Linearization Technique” (SLT), the equations of the BI+ TLCD
system can be written in the following form:















(1+ µ2) ẍb (t) + αµ2ÿ+ µbẍ1 (t) + 2ζbωbẋb (t)
+ω2

b
xb (t) = − (1+ µ2) ẍg (t)

αẍb (t) + ÿ (t) + 2ζ2ω2ẏ (t) + ω2
2y (t) = −αẍg (t)

ẍb (t) + ẍ1 (t) + 2ζ1ω1ẋ1 (t) + ω2
1x1 (t) = −ẍg (t)

(22)

where ζ2 is the equivalent damping ratio, which can be calculated
through a direct optimization procedure of the TLCD design
parameters performed inDiMatteo et al. (2014a,b, 2015, 2017a,b)
and explained in the Appendix. Specifically, following the
analysis in Roberts and Spanos (1990), Di Matteo et al. (2014a),
the relationship between ζ2 and ξ is:

ζ2 =
ξ

2Lω2

√

2

π
σẎ (23)

where σẎ is the standard deviation of the velocity of the liquid
inside in the TLCD (see Appendix A for further details).

In the frequency domain, the Fourier transform of system
Equation (22) leads to:























Xb (ω)
[

−ω2 (1+ µ2) + 2iω ζbωb + ω2
b

]

− ω2αµ2Y (ω)

−ω2µbX1 (ω) = − (1+ µ2) Ẍg (ω)

−ω2αXb (ω) + Y (ω)
[

−ω2 + 2iω ζ2ω2 + ω2
2

]

=
−αẌg (ω)

−ω2Xb (ω) + X (ω)
[

−ω2 + 2iω ζ1ω1 + ω2
1

]

= −Ẍg (ω)

(24)

Therefore, the base-isolation displacement transfer function
(

Hb (ω) = Xb (ω)/Ẍg (ω)
)

can be written as

Hb (ω) =
(1+ µ2) + ω2α2µ2

c(ω)
+ ω2µb

a(ω)

−b (ω) + ω4α2µ2
c(ω)

+ ω2µb
a(ω)

(25)

while the main structure displacement transfer function
(

HX1 (ω) = X1 (ω)/Ẍg (ω)
)

and the fluid displacement transfer
function, respectively, are

HX1 (ω) =
1

a (ω)

[

−1+ ω2Hb (ω)
]

(26a)

HY (ω) =
α

c (ω)

[

−1+ ω2Hb (ω)
]

(26b)

In which

a (ω) = −ω2 + 2iωζ1ω1 + ω2
1 (27a)

b (ω) = −ω2 (1+ µ2) + 2iωζbωb + ω2
b (27b)

c (ω) = −ω2 + 2iωζ2ω2 + ω2
2 (27c)

The aforementioned closed form solutions to evaluate the
frequency response functions (FRFs) of the systems have been
directly considered to carry out the frequency analysis in
the following.

ANALYSIS OF THE CONTROL
PERFORMANCE

In order to investigate on the efficacy of the proposed hybrid
strategies to reduce the base displacement and acceleration
without increasing other structural quantities (such as roof
displacements and accelerations), here a numerical example,
involving two different main systems, has been developed.

The first structural system is a SDOF base isolated structure
model, while the second one is a MDOF base isolated structure
model. Both structures have been analyzed equipped each time
with the aforementioned passive vibration control devices (TMD,
TLCD, and New TMD) and subjected to selected recorded
accelerograms, to take into account the influence of the non-
stationary nature of real earthquakes.

Specifically, the San Fernando and the Chi-Chi recorded
earthquakes have been used as input forces (Figures 2A,B), taken
by the FEMA P-695-FF (FEMA P-695, 2009), a collection of
ground motions with a magnitude between 6.5 and 7.6 recorded
on NEHRP site classes C (soft rock) and D (stiff soil).

Note that these two earthquakes records present quite
different characteristics since the first has high impulsive content
in the first instants of motion, which is known to be an
unfavorable condition for the efficiency of control devices.

The analysis has been carried out both in the time and in the
frequency domain.

In the following numerical simulations carried out on the
SDOF base isolated structure, controlled by a passive control
device, the FRFs have been found using the closed form
solutions reported in section Problem Formulation. For the
multi-degree of freedom (MDOF) superstructure, the FRFs have
been computed by means of the fft function in MatLab, which
computes the discrete Fourier transform of a signal using a Fast
Fourier Transform (FFT) algorithm (Frigo and Johnson, 1998).

Analysis of the Control Performance of a
SDOF Base-Isolated Structure
In this section the control performance of the BI system equipped
with the TMD, the New TMD and the TLCD is investigated in
terms of base displacement, acceleration, and roof displacement
time-histories. The analysis has been firstly carried out in the time
domain and then in the frequency domain.

The benchmark structure used for the numerical analysis is a
base-isolated SDOF building (n = 1) as reported in Xiang and
Nishitani (2014). The superstructure has a mass story M1 =
1 · 106 kg, an elastic story stiffness K1 = 3.94 · 104 kN/m, and
a damping coefficient C1 = 2.51 · 102 kNs/m (corresponding to a
damping ratio of ζ1 = 0.01).

As far as the base-isolation system is concerned, its mass is
Mb = 5 · 104 kg, while stiffness and damping coefficient are
assumed to be Kb = 2.59 · 103 kN/m (corresponding to a natural
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frequency ωb = 1.57 rad/s) and Cb = 1.64 · 102 kN s/m
(corresponding to a damping ratio ζb = 0.05), respectively.

As far as the passive control devices are concerned, the mass
ratio is supposed to be the same for all the considered systems.
Hence, the TLCD incorporated to the BI system has a mass ratio
µ2 = 5% equal to the TMD mass ratio µd = 5% and to the New
TMDmass ratio µd = 5%.

The specific dynamic parameters of the considered devices
coupled with the BI system have been chosen on the basis of some
optimization procedures reported in Appendix A.

The TLCD placed on the BI system has a length ratio α = 0.6,
and the frequency ratio νopt = 0.943 and the head loss coefficient

ξopt = 10.427 have been determined from the optimization
procedure proposed in Di Matteo et al. (2017a) and described
in Appendix A.

The TMD frequency ratio and damping coefficient are νopt =
0.94 and ζd,opt = 0.11 respectively, found using the TMD
optimization technique proposed in Di Matteo et al. (2019).

Finally, the New TMD parameters are: the frequency ratio
νopt = 4.47 and damping coefficient ζd,opt = 0.393, found using
the optimal New TMD parameters computed as described in
Xiang and Nishitani (2014).

For sake of simplicity, the main structure and the base-
isolation subsystem have been supposed to be linear systems.

FIGURE 2 | Earthquake records: (A) San Fernando earthquake; (B) Chi-Chi earthquake.

FIGURE 3 | Base isolation displacements relative to the ground: (A) Response to the San Fernando earthquake. (B) Response to the Chi-Chi earthquake. BI system,

black line; BI system with the TLCD, black dashed line; BI system with the TMD, black dotted line; BI system with the New TMD, red thick line.

FIGURE 4 | Total base accelerations: (A) Response to the San Fernando earthquake. (B) Response to the Chi-Chi earthquake; BI system, black line; BI system with

the TLCD, black dashed line; BI system with the TMD, black dotted line; BI system with the New TMD, red thick line.
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FIGURE 5 | Roof displacements relative to the ground: (A) Response to the San Fernando earthquake. (B) Response to the Chi-Chi earthquake; BI system, black

line; BI system with the TLCD, black dashed line; BI system with the TMD, black dotted line; BI system with the New TMD, red thick line.

FIGURE 6 | Stroke of the device: (A) Response to the San Fernando earthquake. (B) Response to the Chi-Chi earthquake; BI system with the TMD, black dotted line;

BI system with the New TMD, red thick line.

Clearly, many real base-isolation systemsmay show characteristic
non-linear features. In De Domenico et al. (2018), for instance,
an improved response spectrum analysis taking into account
a more realistic non-linear behavior of the BI system, has
been developed.

The corresponding response time histories of the base-isolated
reference structure with and without control devices are shown in
Figures 3–5, respectively.

Figures 3A,B show that for both the seismic ground motions,
the New TMD device incorporated to a BI system (red thick
line), is the most efficient strategy in terms of reducing of
peak base deformation (with a decrease of almost 37% for
the San Fernando record and 26% for the Chi-Chi record).
From Figures 4, 5 it emerges the New TMD can reduce base
acceleration (49% for the San Fernando record and 36% for
the Chi-Chi record) (Figures 4A,B) and top floor displacements
too (Figures 5A,B).

Finally, the stroke of the New TMD and TMD, defined as

xb (t) − xd (t), is plotted in Figure 6. Note that, the displacement

of the TLCD device is not shown since, being represented by the

vertical displacement of the liquid inside the device, as depicted
in Figure 1D, it is not directly comparable to the horizontal
displacement of the TMD and New TMD (Figures 1B,C).

As it can be seen, the New TMD design yields smaller
displacements compared to the traditional TMD for the two
considered inputs. This is due to the particular configuration

FIGURE 7 | Magnitudes of the base-isolation displacement transfer function of

the BI system (black line), BI system with the TLCD (black dashed line), BI

system with the TMD (black dotted line), and BI system with the New TMD (red

thick line).

of the dashpot in the device New TMD which leads to larger
dissipative forces compared to the TMD. This result is in
agreement with results described in Xiang and Nishitani (2014).

Notably, this aspect can be particularly advantageous in
practical cases where the space designed to host the device
is limited.

Once introduced the FRFs of each hybrid strategy, a frequency
analysis is developed in order to understand the dynamic
behavior of each system in the frequency domain.
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FIGURE 8 | Response profiles for hybrid controlled structure with TLCD (black solid line), with TMD (green solid line), with New TMD (blue solid line) and base-isolated

structure (red dashed line) subjected to the 44 FEMA P-695-FF records: circles, median; crosses, 16th percentile; squares, 84th percentiles. (A) In terms of peak floor

displacement relative to the ground. (B) In terms of peak floor displacement interstorey drift ratio.

The base-isolation displacement transfer function of the
simple BI system is compared to that of the base isolated
one equipped with the TMD, the New TMD and the TLCD,
respectively, as shown in Figure 7.

As it can be seen, the presence of a passive control device
reduces the amplitude of the frequency response of the BI system
(black line). Again, according to the frequency analysis, the
New TMD (red thick line), achieves the best control of the
structural response.

Analysis of the Control Performance of a
MDOF-Story Base-Isolated Structure
In this section the analysis of the control performance of the
BI system equipped with the TMD, New TMD or the TLCD is
extended to the case of a MDOF superstructure, both in the time
and in the frequency domain, to take into account also the case
of tall structures.

In order to investigate the influence of the non-stationary
nature of real ground motions, the control performances of

the base-isolated structure equipped with each device has been
examined in the time domain by using 44 different selected
recorded accelerograms extracted by data of the recorded far-field
ground motions of the FEMA P-695-FF set described in FEMA
P-695 (2009).

The superstructure used for the numerical analysis is a base-
isolated 20-story building (n = 20) (Yang et al., 1991).

The structural properties of each story unit are as follows:
story massMi = 3 · 105 kg, elastic story stiffness Ki = 106 kN/m,
damping coefficient Ci = 2261 kN s/m (corresponding to a
damping ratio of the first mode ζ1 = 0.005), and height of
each story hi = 3.0m. As far as the base-isolation system is
concerned, its mass is Mb = 4 · 105 kg, while stiffness and
damping coefficient are assumed to be Kb = 4 · 104 kN/m
(corresponding to a natural frequency ωb = 2.5 rad/s ) and
Cb = 320 kN s/m (corresponding to a damping ratio ζb =
0.01), respectively.

The TLCD incorporated to the BI system has a mass ratio
µ2 = 5% and length ratio α = 0.6, the frequency ratio is νopt =
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0.96 and the head loss coefficient is ξopt = 6.71, obtained on the
basis of Di Matteo et al. (2017a) and as described in Appendix A.

The TMD parameters are: mass ratio µd = 5%, the frequency
ratio νopt = 0.94 and damping coefficient ζd,opt = 0.11, found
using the TMD optimization procedure proposed in Di Matteo
et al. (2019).

Finally, the New TMD parameters are: mass ratio
µd = 5%, the frequency ratio νopt = 4.47 and
damping coefficient ζd,opt = 0.397, found using the New
TMD optimization procedure proposed in Xiang and
Nishitani (2014). Also in this case, the basic hypotheses

suppose the linearity of the main structure and of the
base-isolation subsystem.

For each of the FEMA P-695-FF 44 records, the displacement
relative to the ground (Figure 8A) and interstorey drift ratio
(Figure 8B) of the base-isolation subsystem and of the main
structure are determined for the base-isolated structure and the
base-isolated structure controlled by the TMD, TLCD and the
New TMD.

In this regard, Figure 8 show the profiles (median, 16 and
84th percentiles) of the peak response quantities of the base-
isolated structure without devices (red dashed line), with TLCD

FIGURE 9 | Base isolation displacements relative to the ground: (A) Response to the San Fernando earthquake. (B) Response to the Chi-Chi earthquake; BI system,

black line; BI system with the TLCD, black dashed line; BI system with the TMD—black dotted line; BI system with the New TMD, red thick line.

FIGURE 10 | Total base accelerations: (A) Response to the San Fernando earthquake. (B) Response to the Chi-Chi earthquake; BI system, black line; BI system with

the TLCD, black dashed line; BI system with the TMD, black dotted line; BI system with the New TMD, red thick line.

FIGURE 11 | Roof displacements relative to the ground: (A) Response to the San Fernando earthquake. (B) Response to the Chi-Chi earthquake; BI system, black

line; BI system with the TLCD, black dashed line; BI system with the TMD, black dotted line; BI system with the New TMD, red thick line.
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FIGURE 12 | Stroke of the device: (A) Response to the San Fernando earthquake. (B) Response to the Chi-Chi earthquake; BI system with the TMD, black dotted

line; BI system with the New TMD, red thick line.

FIGURE 13 | Magnitudes of the base displacement transfer function of the BI

system (black line), BI system with the TLCD (black dashed line), BI system

with the TMD (black dotted line), and BI system with the NEW TMD (red

thick line).

(black solid line), TMD (green solid line), and New TMD (blue
solid line).

As can be seen in Figure 8, the New TMD device in
combination with the base-isolation subsystem outperforms the
other devices in reducing the structural responses.

Specifically, results for the same recorded accelerograms (the
San Fernando and Chi-Chi earthquakes) of the section Analysis
of the control performance of a SDOF base-isolated structure as
the external inputs.

The corresponding response time histories of the base-isolated
reference structure with and without control devices are shown in
Figures 9–11, respectively.

It emerges that, for the San Fernando seismic action, the
New TMD device incorporated to a BI system (red thick
line), can reduce the base deformation (with a decrease of
the peak base deformation of almost 16 %) (Figure 9A), base
acceleration (20%) (Figure 11A) and top floor displacements
(58%) (Figure 11A).

Moreover, the New TMD can achieve greater reductions
for the Chi-Chi earthquake: the maximum peak of the base
displacement can be reduced of almost 80%, while of almost
60% with the BI + TMD system and 41% with the BI + TLCD
system (Figure 9B).

Furthermore, although TMDs, as well as the New TMDs
and TLCDs cannot mitigate the structural responses in the first
seconds of the excitation, since in this cases, the use of an
active system device or a sort of accelerated TMD could be
necessary (Tsai and Lin, 1993; Tsai, 1995; Yalla and Kareem, 2003;
Hochrainer and Ziegler, 2006), the overall effect of such a passive
control device on the BI system is a significant decrease of all the
response quantities, as shown in Figures 9–11.

Moreover, as it can be seen from Figure 12, the stroke length
of the New TMD is greatly reduced compared with the traditional
TMD for both the considered earthquakes. In this regard, the
New TMD may represent an advantageous solution in real cases
when the space designed to host the device is limited.

It emerges that the New TMD device, compared to the
traditional TMD and to the TLCD, yields a higher dissipation of
the structural vibrations.

As far as the analysis in the frequency domain is concerned,
the results of a frequency analysis on the 20-DOFs base isolated
structure equipped with an energy dissipation mechanism are
shown in the following considering the mean of the FRFs
obtained for each of the FEMA P-695-FF 44 records. Here
the FRFs have been obtained numerically by using MatLab
built-in function FFT—Fast Fourier Transform (Frigo and
Johnson, 1998). Specifically, in Figure 13 it can be observed
the New TMD (red thick line), similarly to the TMD (black
dotted line), is more effective in reducing the peak of the
frequency transfer function of the base displacement of the BI
system (black line).

CONCLUSION

In this study the dynamic behavior of base-isolated buildings
equipped with several types of passive control systems is
investigated. In particular, strategies which combine the Base
Isolation with the Tuned Mass Damper, the New Tuned
Mass Damper and the Tuned Liquid Column Damper
have been examined. The effectiveness of each device in
reducing the dynamic response of base isolated structure is
stressed by comparison with the response of the simple base
isolated structure.
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Mathematical formulations of the all above described hybrid
strategies have been given in the time and in the frequency
domain. Moreover, the control performance of each device
connected to the base-isolated structure has been examined
considering firstly a SDOF base-isolated shear-type frame
structure subjected to two specific recorded accelerograms with
different features. Numerical simulations show that the New
TMD is particularly effective in controlling the base isolated
displacement demand (with a significantly reduction of the
maximum base displacement value of almost 80% in the case
of a MDOF isolated building under the Chi-Chi earthquake),
compared to the base-isolated structure without any passive
control device. Finally, results suggest that the New TMD can
further reduce relative base-isolation displacements and the other
response quantities, such as the base acceleration, the top floor
displacement, the stroke of the device, and the amplitude of the
base displacement frequency transfer function, even compared to
the most common devices such as the TMD and the TLCD.

Although results may be influenced by several parameters
such as the typology of the structure, the considered
accelerograms and soil type, the analyses, carried out on a
20-story base-isolated shear-type frame structure by using a set
of 44 different ground motions with different magnitudes and
taking into account several soil site classes (between soft and stiff
soil), confirm that the design of the New TMD parameters is
quite reliable for different types of earthquakes and that the New

TMD can represent an effective means to reduce the response of
base-isolated structures.
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