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Abstract. In this paper, the structural vibration control of short-period systems by a sliding
model of a Tuned Liquid Column Damper (herein referred to as STLCD) is investigated from
both theoretical and experimental points of view. The proposed STLCD is essentially composed
of a U-tube container with liquid inside, which can slide on a linear guide rail and is connected
to the structure by a spring-dashpot system. Unlike traditional fixed TLCDs, this type of
arrangement allows the proposed STLCD to be tuned to short-period structural systems since the
spring can be used for tuning while the dashpot provides additional damping. Details on the
selection of the optimal design parameters of the STLCD are provided and the validity of the
introduced mathematical model is verified both in time and frequency domains through
experimental tests conducted at the Laboratory of Experimental Dynamics at the University of
Palermo, Italy. For the experimental tests, a scale model of an STLCD-controlled structure is
considered, focusing on the reduction of the roof accelerations. Finally, for comparison purposes,
the control performance of the proposed control strategy for the vibration suppression of stiff
structures is evaluated by analyzing its structural responses in contrast to the corresponding
uncontrolled structure under harmonic excitations.

Keywords: vibration control; sliding tuned liquid column damper; experimental study; small-scale experiments.
1 Introduction

In the field of structural control, Tuned Liquid Column Dampers (TLCDs) have received considerable attention
as prominent passive control mechanisms for mitigating vibrations induced by dynamic excitations such as wind
and earthquakes [1,2]. TLCDs are basically U-shaped containers, filled with liquid to a proper level and attached
to the system to be controlled. Structural vibration suppression is achieved by the movement of the liquid and the
hydrodynamic head losses that occur as the liquid moves within the TLCD [3]. Additionally, for increased
dissipation requirements, openings or embossments can be inserted in the channels of the TLCD [4,5]. In this
regard, the influence of different inner orifice opening ratios and TLCD dimensions on the control efficacy has
been experimentally investigated in [6,7].

Due to the inherent long-period nature of TLCDs, early investigations focused mainly on the application of
these devices in flexible structures such as tall and slender structures, which are characterized by high natural
periods and are highly prone to wind-induced vibrations [8,9]. In these studies, TLCDs were found to be attractive
devices because of some of their particular characteristics, such as low cost, easy installation, lack of required
maintenance, and no need to add solid mass to the main structure. Therefore, subsequent analyses started to
consider the use of TLCDs for vibration control of structures subjected to seismic forces [10]. From the previous
investigations, it can be seen that the efficiency of a TLCD depends on the precise tuning and the correct choice
of damping. Thus, the optimal design of the TLCD is crucial for reducing the structural response. Generally, the
optimal design of this device is approached through numerical procedures in order to accurately account for the



real characteristics of the primary system. In [11], optimal design parameters of the TLCD for mitigating the wind-
induced response of a 76-story benchmark building were obtained numerically. However, the structural damping
and nonlinear behavior that characterizes the TLCD make it difficult to perform numerical analyses and evaluate
the optimal parameters. In particular, numerical procedures are not suitable for the preliminary design stage, which
requires a quick estimation of the TLCD parameters. To address this challenge, many studies have proposed
simplified approaches [12]. For instance, explicit design formulas for TLCD parameters have been derived by
assuming undamped primary structures under harmonic vibrations [13]. Similarly, in [14], useful design formulas
for TLCD were obtained in closed form for undamped primary structures under broad-band white noise excitation
of either wind or earthquake-type loads.

In this context, direct approaches could be developed by resorting to the use of equivalent linearization
techniques. In this way, the analytical formulas for evaluating the TLCD parameters and for predicting the behavior
of a damped main system under random loads were provided [15,16]. Moreover, the successful application of
direct approaches and the significant control performance of the TLCD for reducing the structural responses of
flexible structures led to extend its use to base-isolated structures, which are also characterized by elongated
periods as well [17]. In this context, the straightforward procedure proposed previously in [15] for the optimal
design of the TLCD for the vibration control of fixed-base structures has been extended to the case of base-isolated
structures in order to mitigate the displacements at the isolation floor [18]. Furthermore, experimental tests
conducted on small-scale models of a single-degree-of-freedom (SDOF) base-isolated structure subjected to a base
excitation proved the TLCD efficacy [19,20]. From the majority of the previous studies, it can be seen that most
of the existing research on TLCDs as seismic vibration control devices has predominantly focused on flexible
structures.

However, seismic excitations encompass a broader frequency bandwidth, rich in high-frequency content
compared to wind-induced vibrations, which can be potentially hazardous to both flexible and stiff structures.
Tuning the TLCD to match the shorter periods of such structures presents challenges in achieving feasible lengths
of the TLCD column tube. The need to tune the TLCD frequency to match the frequency of the structure further
limits its application to stiffer structural configurations.

Consequently, efforts have been made to extend their utility to short-period structures, leading to the
conceptualization of a translational spring-connected model of TLCD, herein referred to as Sliding TLCD
(STLCD). As can be seen in Fig. 1, the STLCD essentially consists of a conventional TLCD that can slide along
a linear guide rail and is connected to the structure via a spring-dashpot system. This flexible mounting mechanism
expands the range of structural systems to which the STLCD can be tailored. [21]. However, it should be
emphasized that the optimal design of the STLCD presents difficulties analogous to those of the TLCD since this
device is also governed by nonlinear equations of motion. In previous studies, characteristic parameters of the
STLCD were only numerically optimized with the aim of minimizing the displacement response of the structure.
It should be emphasized that these procedures can be computationally demanding in a design phase, resulting in
parameters that are not easily applicable in real design processes. Moreover, the existing literature has mainly
studied this configuration from a theoretical point of view.
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Fig.1 Schematic structure of (a) TLCD device; (b) STLCD device

Therefore, in the present paper, this innovative STLCD configuration is theoretically and experimentally
investigated to provide a closed-form formula of the optimal STLCD parameters for the vibration control of short-
period structures. As a first novel contribution of this study, the proposed STLCD optimization procedure, unlike
the optimization techniques developed in [21], seeks those parameters that minimize the seismic response of the
SDOF structure in terms of top-story accelerations. Moreover, approximate closed-form formulas of the STLCD
parameters are obtained by taking into account a statistical linearization technique and by assuming a white noise



88
89
90
91
92
93
94
95

96

98

99
100
101

102
103

104

105
106

107
108
109

110
111
112

113
114
115

116

process as base excitations, without resorting to unwieldy numerical algorithms. Finally, the reliability of the
proposed formulation and the dynamic behavior of the STLCD are explored for the first time in both time and
frequency domains through experimental studies. Shake table tests have been performed at the Laboratory of
Experimental Dynamics, University of Palermo, Italy, employing a small-scale model of the STLCD-controlled
structure. Furthermore, for comparison, the efficiency of the proposed control strategy in suppressing vibrations
in stiff structures was assessed by analyzing the structural responses in contrast to the uncontrolled counterpart,
under harmonic excitations, with particular emphasis on the reduction of roof accelerations.

2 Mathematical formulation

Consider the planar model of the STLCD-controlled structure (Fig.2), subjected to the base acceleration X, (t) .

Let x, (t) denote the horizontal displacement of the main system relative to the ground and M, C and K| its

mass, damping, and stiffness coefficients, respectively. As depicted in Fig.2, the STLCD device comprises a U-
shaped container, partially filled with liquid, linked to the primary system via a spring with stiffness &, and a

damper with damper coefficient c,. The vertical displacement of the liquid and the lateral movement of the
container are denoted as u (t) and y (t ) , respectively. The container has a mass equal to M, and a constant cross-

sectional area A . Additionally, L, and L, represent the liquid height in one of the two vertical columns in static

conditions and the horizontal length of the device, respectively, thus, the total length of the liquid can be expressed
as L=L, +2L . The liquid mass is m, = pAL, where p stands for the liquid density, commonly water. As

mentioned above, orifices can be installed in the container to increase the damping effect due to the head losses
caused by the fluid passing through them. In this study, the simple configuration without orifices is considered.

N

-

X (1)
Fig.2 Proposed STLCD-controlled structure

The governing equations of motion of the STLCD-controlled structure, excited at the base, are [21]:

M5 (t)+Cx, () + K x, (t)-c,0(t) - kyy(t) = -M %, (1) (1)
(PAL+M,)% (t)+(pAL+M, )y (t)+ pAL,ii(1)+c,y(t)+k,y(t)=—(pAL+M, )%, (t)

PALK (t)+ pAL,3(t) +pALii(t)+p7A§|u (t)|a (t)+2pAgu(t)=-pALX, (t)

where g is the acceleration of gravity and ¢ is the head loss coefficient, introduced to model the hydrodynamic
head losses experienced as the liquid moves inside the vessel [4,15]. Using the substitution
—,y(t)—kyy(t)=(pAL+M, )X (t)+(pAL+M,)3(1)+ pAL,ii(t)+(pAL+M )X, (1) in the first equation, and

normalizing with respectto M , pAL+M_, pAL, Eq. (1) can be written in a more convenient form as
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(1 2050+ 50+ cgi(0)+ 26,05 ()0, (1) (14 )5, 0 ®
¥ (t)+j}(t)+a,u,"( ) m, +2§za)2j/( )+ o, y(1) =%, (1)
ak (t)+ay(t)+ +§|u )| /(2L)+ o u(t) = -ak, (1)

InEq.(2), @ =L, / L denotes the length ratio and g, = 4 + & is the total mass ratio of the STLCD, which includes
both the liquid mass ratio g, = pAL/M_ and the container mass ratio & = M, / M . Furthermore, @, = \/2g/L

is the natural frequency of the liquid, while o, = \Jk, /(pAL+M_) and ¢, :cz/[Za)2 (pAL +MC)] are the

natural frequency and the damping ratio of the STLCD container, respectively. Note that by preventing the STLCD
from moving ( y(t) =0), the system of equations governing the response of the main structure excited at its base

and equipped with a standard TLCD is retrieved.

Similar to TLCDs, as shown in Egs. (1)-(2), the STLCD also exhibits slightly nonlinear behavior, and
equivalent mechanical models may be employed to streamline the analyses required for the optimal design of the
device [15,16]. In the following sections, the reliability of adopting an equivalent linear model is discussed through
numerical and experimental investigations.

2.1 Statistical linearization technique

The nonlinear formulation of the STLCD-controlled structure presented in Eq. (2) can be linearized by applying
techniques such as the Statistical Linearization Technique (SLT) [22]. In this context, the main system equipped
with an STLCD is assumed to be subjected to a random excitation modeled as a zero-mean Gaussian white noise
process. It follows that the dynamic responses of both the primary system and the device, as well as their
derivatives, are also stochastic processes (denoted by capital letters, as is customary) [15]. Therefore, by applying
the SLT, the original nonlinear system Eq. (2) can be replaced by an equivalent linear system as

(1) X, () + 1Y () + U (1) + 20,8 X, (1) + 0 X, (1) =—(1+p,) X, ()
X ()+Y () +auU(1)/ g, +20,8,Y (t)+ 0,7 (1) ==X, (1) (3)
aX, (t)+a¥ (1)+U(t)+204U(t)+o’U(t) =—aX, (1)

where the term §|U (t)|U @)/ (ZL) has been replaced by 2¢ ,a),U (¢) in the last equation and the equivalent

damping ratio &, has been introduced. The error between the nonlinear system in Eq. (2) and its corresponding
linear counterpart in Eq. (3) is

g’\U |U(r)-2050(1) @

Hence, the value of the equivalent damping ratio &, is given by minimizing the mean square of the error with
respect to &, [15]. Specifically, according to the analysis presented in [15], the expression for the equivalent
damping ratio is

__s |2
gl_ZLwl ﬂGU )

As can be seen from Eq. (5), ¢; depends on the response o, , which represents the standard deviation of the liquid
velocity. Consequently, an iterative approach is typically required to determine £, [15]. In particular, the process
starts by calculating &, with an arbitrary value of ¢, . Once o, is computed and substituted into Eq. (5), it yields

anew value of ¢, . This scheme is repeated iteratively until no significant differences in the calculation of &, arise

between successive iterations, resulting in a rather cumbersome procedure that complicates the optimal design of
the STLCD device for vibration control purposes. In light of these considerations, a simplified optimization
procedure for the STLCD device is proposed in the next section.
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3 Optimal design of the STLCD control device

Determining the characteristic parameters of the STLCD control device under investigation is critical to achieving
an optimal reduction in the response of the main system. As can be seen from Eq. (3), the response of the main
system equipped with the STLCD is influenced by various parameters of the device, including the two mass ratios
M, and &, the natural frequency @, and the equivalent damping ratio of the liquid ¢, the length ratio « , the

natural frequency @, and the damping ratio &, of the STLCD container. However, due to structural and
dimensional constraints, the values of z,, 6 and « are tentatively set as constant [23,24]. As a result, only ¢,
¢,, @ and @, (or equivalently the frequency ratios v, =@,/ @, and v, =,/ w,, respectively) need to be

appropriately optimized to effectively control the dynamic response. As usually done in the literature, these
parameters can be determined by minimizing a specific objective function that measures the dynamic response of
the structural system, such as the displacement or acceleration variance. In this regard, the total acceleration
variance of the main SDOF structure is employed as the objective of the optimization procedure [25]. In order to
find the optimal design parameters of the STLCD, Eq. (3) is written in compact matrix form as

MZ(1)+CZ(t)+KZ(1) =—rX (1) (6)

where the matrices and vectors entering Eq. (6) are defined as

l+u, u oy 2lo, 0 0 o’ 0 0 X, (1) I+ 4
M=| 1 1 ooy /p [;C=| 0 200, 0 [;K=|0 o° 0Z(t)=|Y(¢) ;r=| 1 [(D
a «a 1 0 0 240 0 0 o U (1) a

T
By omitting time dependence for sake of conciseness and introducing the state vector Q=[Z ZJ , the

governing equations of motion can be written into the first-order state-space form as

Q=D,Q+GX, (®)

where Dg and Gy are given as [26]

o 0 L )g [0
N ©)

and I, is a 3x3 identity matrix. The system response can be completely described by the covariance matrix
L, (1)=E [QQT } , where the symbol E[ ] denotes the expected value operator. Specifically, given that the input

is modelled as a zero-mean stationary Gaussian white noise process, the corresponding Lyapunov equation
describing the evolution of the covariance matrix can be written as [15,26]

2o (1) =Dy (1) + X4 (1) D) + GGG, (10)

where the covariance matrix in terms of the state vector X, (t ) contains the variances of each response in terms

of displacements and velocities on the principal diagonal and their covariances,
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Considering that only the steady-state variance must be calculated, ):Q (t ) can be set equal to zero and in this

manner, the solution of Eq. (10) yields all the response statistics of the system in Eq. (6).
Focusing on the optimization procedure in detail, the STLCD device is designed in such a way that the total

=X Lt X . 1s minimized [25]. Examining the first row

s, tot

acceleration variance of the structural SDOF, namely, U

in Eq. (1), the sought acceleration variance can be expressed as

o, = E[Ux,mxz] = E|:(_2;sa)st - a)sz.\' + /uta)zzY+ 2;2a)2/urY.)2:| (12)

U\ Jtot

By expanding the product in Eq. (12), the variance can be obtained as

2 _ 42 24 2 4 2 4 242,22 2 3
Oy, =00y =20y y MV, 0, + V0,0 + 40,05 17V o) _40-)(»\}'/4’2:”:‘/2(0: + (13)

2.3 3 2 2 2 2 3 2 3
+40,, OV, O +4o} ¢ o _8UX\Y§2§xﬂtV2a).\' +4o, ; C0; —40, SV 0;

which involves the covariance of both the displacement responses and the velocity responses. In this form, the
minimization of the variance is quite complex and must be calculated numerically using algorithms that might lead
to cumbersome and time-consuming computations during the design phase [15,16].

Furthermore, as far as the optimization of the equivalent damping ratio ¢, is concerned, an iterative approach

should be pursued. Indeed, as previously mentioned, o, remains unknown and implicitly depends on ¢, , making

the use of Eq. (5) for design purposes nontrivial [15,16]. Hence, to facilitate the estimation of the optimal STLCD
parameters, a direct analytical approach is proposed. In particular, to directly determine the optimal parameters of
the STLCD, it is essential to obtain an analytical expression of the total acceleration variance. For this purpose,
some reasonable approximations can be introduced, as is common in many optimization procedures for passive
vibration control systems [23,24]. Specifically, the SDOF main system is assumed to be undamped (¢, =0 ), and

considering that the damping effect of the liquid is typically small [27], the presence of the damping term is
neglected at this stage (4, = 0). It follows that the desired acceleration variance in Eq (13) can be simplified as

~ 4 > > > (14)
O?)m, =& 0_12( THV, O, (_2‘/26‘% Oxy + UV, @,0%, +4G, (é%vzoi _a%o_;gy))

where the covariances in Eq. (14) can be found in closed form as solution of the Lyapunov equation presented in
Eq.(10). Hence, after some algebra, the total acceleration variance can be derived in an analytical form as

2 - G, (15)
U.«./ur - 4Z
U\J{)’
in which
) (16)
ZU — Us tot

s tot

Z
Uy tot



203 is independent to both the intensity G, and the natural frequency of the main system @, , as it can be seen from
204 the numerator and denominator,

=y (@ p (<14 )

20,

205
D, =at (14 i (<1 vl )+ e (1 (<2 = g 4467 (1 ) v2 + (1 1 ) i ) (<107 )+
I (—2 2 (1 =230, )2 =2, (1 1 )i+ (242 (-2 p (24883 +(3+ 2y,)v§)))v,2)
206
207 To find the minimum of the total acceleration variance, the maximum of the function z, (¢,,v,,v,) canbe

208  sought by considering its relationship in Eq. (15). In this regard, a sample of the function z, (&,.v,,v,) is

ot

209  presented in Fig. 3. Specifically, the search for the optimal design parameter &, , v,, v, and the maximization
210 z; (&,.v,,v,) involves solving the following equations,

Oz, ($2v1:v2)10¢, =0
aZU\M (gzaVan)/ﬁvz =0
aZU.um (§2’V[’V2)/6V1 = O

(17a-c)

211
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Fig.3 (a) Sample of the function z, (¢,,v,,v,); (b) contour plot of z, (¢,,v,,v,) onthe &,-v,
plane (for « =0.6, § =0.01, L =12 m, @, =20.94 rad/s, x,=0.03, v,=0.061)
212
213 In detail, from Eqs. (17)a-(17)b an analytical expression of the optimal parameters V, (Vl) and ¢ 2.0pt (V, ) as

214 functions of v, can be found as

Vs opt (v,)=~4/B

with

(18a-c)
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217
218 In Figs. 4(a)-(b), the approximate solutions of the optimal parameters V, , (Vl) and ¢, . (v,) obtained by
219 Egs. (18)- (19), are shown for different values of g, .
220
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Fig.4 Approximated solutions of the STLCD optimal parameters for different values of g, (for a =0.6, &
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As illustrated in Figs. 4(a)-(b), v, (Vz) and £ 2,0pt (v,) show opposite behavior with increasing values of 4,
while both parameters maintain a nearly steady trend for each value of v, , suggesting that v, ,, (v/) and £ 2.0t (vl )

are largely unaffected by variation of v, within the practical range of interest. Finally, optimal values of V, ,, that

maximize the function z,;, (¢,,v,,v,) canbe similarly found by solving Eq. (17)c. However, due to the resulting

Jtot

complex expression, the analytical form of V,,, is omitted here for brevity and only the trend of

oz (¢,,v,,v,)/0v, is shown in Fig. 4(c). As evident, except for values near unity, where the derivative

exhibits a discontinuity and solutions in terms of v, ,, (V,) and ¢ 2.0t (v,) would assume imaginary values, a wide

range of v, values (v, = 2g/(La)S2) <0.6, a realistically achievable value for short-period structures with

practical liquid lengths) leads to values of 6z, (¢,,v,,v,)/0v, close to zero, implying that slight variations of

Jtot

V; in this range have minimal effect on reaching the maximum. Thus, once the value of V, ,, is determined based
on the specific frequency of the main structure @, and the total length L suitable for the available space, Egs.
(18)-(19) can be used for a straightforward determination of the optimal STLCD design parameters v, ,, (v,) and

4:2,0pt (Vl ) °

Regarding the determination of the optimal head loss coefficient, as previously elucidated, conventional
methods calculate the equivalent damping ratio £, by employing a time-consuming iterative process. Conversely,

this study proposes a quicker alternative for the approximate estimation of ¢, . Specifically, the optimal value of
¢, is evaluated based on the analysis developed in [24] considering the SDOF structure with a classical TLCD
subjected to white noise excitation. In this case, the total acceleration variance &; of an SDOF system controlled

Jto

by a TLCD device can be expressed as [15]

A2 G
U, s.tot 4ZU\.,ML ( O)
where
2, =N. /D. (21)

i
Uy tor ZUs tot ZUs ot

with the numerators and denominators given by

=(—1+(—1+a2),u,)(§,g:+§f(4§f+a2,u,)vl+2§,§S(—1+2§f+(—1+a2)y,+2§,2(1+/¢,))v12+

+¢; (azﬂz +4¢7 (1+,u1))‘/13 +4¢, (1+,u1)2 vi;

2
L‘A ot

D, =4 (1+4¢ +,u,)(—1+(—1+0(2),u,)1/,2 +a’l (—1—4;3 +(—1+a2),u,)v,3 +
4, (—1—4;3 —p i+ (1448 )(—1+(—1+a2),u,)v,2)+
+§l(—16§fvf +(—l+(—l+o¢2),u,)(1+(—2+(—2+0¢2)y])v,2 +(1+ ) v;‘)+

(e o (1 ) )
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At this point, the optimal value of the equivalent damping ratio ¢; can be obtained without resorting to iteration
by searching for the maximum of Z, in Eq. (21) as

B \/1—21/,2 —2uvi+a’uyv +v +2uv + v} (22)

gl,apt - 2 2
2\/‘/, + v,

Next, by setting this value in Eq. (5), the value of £ can be evaluated as

opt

&, =2LE, V1@ N7 (26,) (23)

where 612]- is the variance of the fluid velocity of the system with TLCD, which can be obtained in the form [15]

. 7G, (24)
Oy =7~ >
dvoz,
with
2,=N, /D, (25)
and

va = 44’134;(1‘*'/11)‘//2 +a’ Sy +4¢, (1+2(_1+2§3 +(_1+a2)ﬂ1)"12 +(1+/11)2 V14)+
+§lzvl(a2:u[ +4¢7 (1+(1+/u/)‘/12 )),
D. =’ (£, +4480v + & (14 v, +4S0) )

As will be demonstrated in the next section, this approach leads to almost identical outcomes in terms of total
acceleration variance compared to conventional iterative techniques without compromising the effectiveness of
the STLCD.

4 Numerical validation

In this section, the proposed optimization procedure is validated through numerical simulations. To
demonstrate its accuracy, the results in terms of total acceleration variance obtained by employing the proposed
optimal STLCD design parameters 7, ,, (V, ) , ¢ 2o (V1) and g .. » are compared with the optimal values obtained
through a numerical iterative approach. The optimal STLCD parameters were estimated taking into account the
characteristics of the SDOF structure and the STLCD device examined in [21] as a reference. Specifically, the
natural period of the structure 7, is 0.3 s (@, =20.94 rad/s) and a structural damping ¢ of 1% was considered.
Based on the analytical solutions provided in Egs. (18)-(19)-(23), the optimal STLCD design parameters have
been calculated assuming that the liquid is water ( p =997 kg/m3) and the total length is L =10m. A feasible value
of the liquid mass ratio x, = 0.05 has been assumed and the STLCD container mass is considered equal to the

liquid mass, thus, ¢ = 0.05. Moreover, the ratio of the horizontal length to the total length of the liquid column
tube, «, is assumed to be a commonly used value of 0.9. Additionally, to calculate the total acceleration variance
the Power Spectral Density (PSD) intensity is set equal to G, = 0.002 m%/s>.

With reference to the previously considered structural parameters, the optimal STLCD design
parameters determined through the proposed method have been used to compute the total acceleration variance
a; in Eq. (13). It is worth noting that the optimal STLCD parameters in Eqs. (18)-(19) do not depend on @, ,
¢,,G,, and ¢, and are therefore assumed to be constant as these parameters vary. Since these terms were

previously neglected to derive the proposed approximate expressions of the STLCD parameters, the reliability of
the proposed formulation may be compromised especially when they assume relatively high values. Furthermore,

as discussed earlier, the optimal frequency ratio of the liquid V, ,, can be varied over a wide range of values, which
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can differ significantly depending on the feasible lengths of the liquid tank L . Therefore, a parametric analysis
has been conducted to evaluate mainly the impact of v,,®,,¢{,,G,, &,, and the other parameterscr , o and 1,

on the variance estimation. Each one of them was varied within a plausible range of values greater than zero, since
they cannot take negative values. On the other hand, the numerical solution in terms of optimal STLCD parameters
that minimize the total acceleration variance in Eq. (13), can be obtained by a control algorithm. In this respect,
the particle-swarm optimization (PSO) method was employed [28,29].

Obviously, the implementation of this numerical minimization algorithm requires the imposition of
certain constraints on the optimal parameters sought for the STLCD. The numerical optimal values of v, ,,, and

4: 2.0p are sought in the range 0.01-1, while the limits for the head loss coefficient are chosen according to the
empirical data of [12] and the equivalent damping ratio is limited by the maximum value of &, =1 [16]. It should
be emphasized that each iteration of the numerical algorithm yields an optimal value of fopt , which requires an

iterative application of the SLT to evaluate the equivalent linear damping ratio ¢, and results in a cumbersome

numerical procedure. Next, the control performance of the STLCD-controlled structure is assessed by examining
the values assumed by a performance index 7 that quantifies the vibration reduction achieved by the structure
U

stot

controlled with STLCD compared to the same structure without the control device. This performance index is

=0 . 2 _ 7 _ 2 2 2 4 __2 :
calculated as 77% ijw / O'im where o, = E[U,,]=4{ 0 0, +o c; [25]represents the acceleration

tot

variance of the system without STLCD and qf_u and o-f_o are the variances in terms of relative velocity and

displacement, respectively. Note that lower values of 77 indicate higher control effectiveness of the STLCD.

The comparisons between the normalized acceleration variance obtained by the numerical procedure
(black solid line with square markers) and that one calculated using the proposed analytical solutions of the optimal
STLCD parameters (red dots with circular markers) are illustrated in Fig. 5 for various values of @, ,¢,,G,, ¢,
V,, @, 6 and 4. In all the graphs, it can be seen that the control performance index values 77 are always
lower than 1, confirming the efficacy of the STLCD device in mitigating the accelerations compared to the
uncontrolled system. It is worth highlighting that the absolute percentage calculated error as

oy
Us ot

7" —prer -100, where 2™ is the maximum acceleration variance derived from the numerical
procedure and 57 that obtained by the proposed analytical solutions for the optimal STLCD parameters,

remains below 2% over various values of ¢, and below 10 % for v, (Fig. 5 (a)-(b)). This suggests that the
recommendation to determine the optimal values of v, based on practical constraints related to the length of the
column liquid and the period of the structure, and to extract the equivalent damping ratio ¢, from the

corresponding system controlled by a traditional TLCD, does not compromise the reliability of the predicted
response. Moreover, consistent results are observed for other parameters (discrepancies below 2% for different
valuesof o , G,, 1,,4% for & and w,, and 8% for ¢ ), with the most significant discrepancy occurring at very

high values of the frequency ratio v,. However, since these discrepancies are consistently kept below 10%, the

suggested optimization method can be considered as practically equivalent to the numerical approach in terms of
control performance. It is worth mentioning that the optimal STLCD parameters found by the numerical approach
are obtained by considering the original damped structure with the nonlinear dynamic behavior governed by Eq.
(2). Hence, the damping of the structure leads to increased computational times to minimize the variance.
Moreover, this numerical algorithm must be adapted to the new structural configuration for each potential variation
of each parameter and repeated accordingly. Conversely, the proposed approach provides a direct formula that can
be readily utilized for the STLCD design. Therefore, considering the substantial computational gain achieved by
the proposed approximate formulation, it can be concluded that the analytical expressions provided in Egs. (18)-
(19)-(23) can be used as a practical convenient tool for the optimal design of the STLCD.

The above proposed optimization procedure has been derived considering a white noise base excitation,
which leads to the simplified analytical expressions in Egs. (18)-(19)-(23) with minimal computational expense.
In light of this, in order to study the robustness of the optimized STLCD for vibration control of short-period
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structures and the validity of the proposed formulation, an experimental investigation

was conducted on small-
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328  scale models, as shown in the following.
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Fig.5 Normalized acceleration variance of the main system. Comparison between the numerical procedure
(black solid line with squared markers) and the proposed formulation (red dash-dotted line with dots) varying
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the system parameters. Reference set of parameters: G, =0.002 m?%/s*; L =10 m; § =0.05; g, =0.05; o, =20.94
rad/s; §,=0.01; a =0.9.

5 Experimental investigation
5.1 Description of the scale model and the experimental set-up

This section presents the experimental tests conducted on a small-scale model of an STLCD-controlled
structure to investigate the effectiveness of the proposed optimized STLCD device for vibration control of stiff
structures. First, two subsystems, namely, the benchmark SDOF structure (Fig. 6) and the STLCD device (Fig. 7),
were investigated and tested individually. The benchmark SDOF structure, illustrated in Fig. 6, is composed of a
single-story, single-bay frame structure. Two plexiglass plates, each 300 mm wide and 15%300 mm in section,
represent the base and the roof. Two pairs of aluminium elements with a height of 300 mm and a rectangular
section of 70x0.5 mm serve as vertical supports connecting the top plate to the base. For comparison purposes, a
200 mm long linear guide is attached to the top plate, which serves as a support for the STLCD control device to
be studied. In this manner, the mass of the linear guide is included in the total mass of the structure.

{ 7z 7 7 S i AW o m
\plexiglass plate 2 ——
30x30x1.5cm =

a Main structure

\_aluminum |
elements
30x7x0.05¢cm

—plexiglass plate
| 30x30x1.5cm

_—APS shaker

—»Accelerometer

Fig. 6 Small-scale model of the benchmark SDOF structure

From a practical point of view, the STLCD device (Fig. 7) was realized using a U-shaped acrylic glass container
with a constant rectangular cross-section. The container was filled with water, and a few drops of lubricant fluid
were added to the water to enhance the contrast and provide a reflecting surface that allows an optical laser to
analyze the reflected signal. The device support is free to move, and it is connected to the support plate through a
spring (length 50 mm, diameter 10 mm, stiffness 0.2 N/mm). The spring and the total mass of the device were
chosen according to the optimal tuning described in the previous sections. The dashpots depicted in the
mathematical models in Fig. 2 were not realized. Thus, the inherent damping was estimated based on the intrinsic
properties of the systems. By successively assembling the two subsystems, the benchmark SDOF structure (Fig.
6) and the STLCD device (Fig. 7), the whole STLCD-controlled structure as illustrated in Fig. 8 was realized and
analyzed in its entirety.
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Fig. 7 Small-scall model of the proposed STLCD device
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Fig. 8 Small-scale model of the STLCD-controlled structure

Laser sensor

In order to assess the validity of the proposed mathematical models, identification procedures are applied to
numerically evaluate the parameters of each one of the subsystems and of the complete STLCD-controlled
structure, so that the theoretical dynamic response of the scale model matches the experimental measurement data.
The parameters to be identified are mainly the fundamental frequencies and damping ratios, and they are found
separately for each subsystem, given the other known structural and geometrical properties, which are summarized

in Table 1.

Table 1. Reference parameters for the primary SDOF structure and STLCD device

SDOF structure

Total mass

M, =3.449kg

STLCD

Liquid mass ratio

H,=pAL/ M =0.034

Container mass ratio

§=M, /M, =0095

Total mass ratio

H=4+06=0.13

Length ratio

a=1,/L=048

The experimental tests were carried out at the Laboratory of Experimental Dynamics, University of Palermo
using the APS 113 ELECTRO-SEIS shaker providing the base excitation. During testing, the total lateral
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accelerations of the shake table, the roof, and the sliding STLC container were recorded by two types of piezo-
electric accelerometers, i.e., DeltaTron Accelerometers Briiel&Kjaer Type 4507-002B and PCB-Type 393B04,
respectively. The first type was used to acquire the accelerations of the device and roof of the structure, while the
second type was used to measure the acceleration of the shake table. Moreover, an optical laser sensor of type
optoNCDT 1420-500, manufactured by Micro-Epsilon Messtechnik GmbH, was attached to one column of the
STLCD to measure the vertical liquid displacement. The signal data originating from the accelerometers was
acquired by an NI PXIe-1082 DAQ device, equipped with a high-performance multi-channel NI PXIe-4497 board.
Finally, the entire system was controlled by ad-hoc developed signal processing software in the LabVIEW
environment.

5. 2 Dynamic identification of the benchmark SDOF structure and the STLCD device

This section first describes the dynamic identification technique used to determine the fundamental parameters of
the benchmark structure through shake table tests and validates the mathematical model. Subsequently, the
dynamic identification of the parameters of the STLCD device is performed and the mathematical models are
verified analogously through shake table tests.

The first phase of experimentation involved the dynamic identification of the SDOF scale model (Fig. 5 (a)). The
linear dynamic response of the system is described by using the following mathematical model [30],

¥ (t)+26,0.% (t)+ 0. x (1) = -, (1) (26)

The natural frequency and the damping ratio of the structure, @, and ¢, are the parameters to be identified. For
their identification, the experimental model was subjected to a broadband noise as ground acceleration )'c'g (t),

ranging from 0.1 to 15 Hz in 20 seconds, supplied by the APS Shake Table II. Ten tests were performed and the
ground acceleration (i.e., the shake table acceleration) and roof acceleration were recorded. The experimental
frequency response functions (FRF) of the roof accelerations were calculated using the tfestimate (Transfer

function estimate) built-in command in MatLab [31], taking the ground acceleration as the input signal. The

objective that the mean experimental FRF and analytical FRF H %, (a)) given by

& @7)

= 2 2 .
o, -0 +2i0d o,

H; (o)

match provides the parameters to be identified. This match was performed using the nonlinear least square curve
fitting method [32] (implemented with the Isqgcurvefit built-in command in MatLab), resulting in the following
frequency @,=19.13 rad/s (7,=0.33 s) and damping ratio £,=0.012. As can be seen from Fig. 9(a), the FRF

computed with Eq. (26) (i.e., analytical solution, shown by dash-dotted lines) based on these parameters is in
excellent agreement with the experimental one (dotted lines). For the sake of completeness, Fig. 9(b) also shows
a comparison of the time history response in terms of roof absolute acceleration, obtained numerically by solving
Eq. (25) with the ode45 built-in command in MatLab [33]. Full agreement between the numerical and recorded
acceleration is also observed in the time domain.

T
----- Experimental FRF
—Numerical FRF

r T
---Experimental acceleration
--~Numerical acceleration

H;
‘»\
/I
Roof total acceleration [m/sec”2]
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Fig. 9 Total acceleration response of the SDOF system in terms of (a) FRF; (b) time history

In order to reduce the accelerations of this structure, an STLCD control device was properly designed. In fact, it
should be noted that the use of a TLCD would not be possible in this case because the total length of the liquid

inside the container should be L =5 cm for optimal tuning (@, = /2g / L = @, ), which is difficult to achieve in
practice. On the other hand, considering the liquid mass ratio as g, = 0.034 , the total mass ratio x4, =0.13 and
the length ratio set as o = 0.48, the spring constant of the STLCD was set in such a way that w, = 0.8,

according to the optimal tuning procedure proposed in this paper. As mentioned above, in order to fully
characterize the STLCD device, the damping ratio ¢, , the frequency w, of the liquid in the container, the damping

ratio £, and the frequency w, of the STLCD container can be determined by studying the dynamic behavior of
the stand-alone STLCD using the following equivalent linear model

{j}(t)+a,u,ii(t) /1 +28,0,5 (1) + @,y (1) =i, (t) (28)
ap(t)+ii(t)+ 28,0 (1) + ou(t) = -ak, (1)

In the underlying tests, the STLCD is investigated through base excitation by the APS shaker as depicted in Fig.
6. In order to apply the SLT, the STLCD is subjected to a band-limited white noise base excitation with a frequency
range of 0.1-15 Hz. Specifically, ten samples of broadband noise with a duration of 20 s were generated and used
as ground acceleration. Low-amplitude dynamic tests were conducted to prevent water from spilling out of the
STLCD container. In this way, sloshing effects can be considered negligible since they are usually associated with
large amplitude excitations. For each sample, the ground acceleration, the container acceleration, and the free
water surface displacement were recorded by the accelerometers and the optical sensor, respectively. Based on
these data, the averaged experimental FRF was computed using the ground acceleration as the input signal and the
liquid column displacement or the STLCD acceleration as the output signal. The STLCD parameters are
determined with the nonlinear least square curve fitting method by imposing a match between the experimentally
FRFs of the acceleration of the STLCD container and the liquid displacement and their analytical counterparts,

b (o) oty -o’y, (—a)2 +2i0¢,w, + a)f) (29a-b)
P RN (—a)2 +2i0d, o, +a)22)<—a)2 +2iwd,0, +a),2)
2i + ! (29a-b)
H, (w) _ aﬂt( g, o, a’z)

oty —u, (—a)z +2iw¢, 0, +a)22)(—a)2 +2i0,w, + a)f)

The identified damping ratio and frequency of the liquid and of the STLCD container are &, =0.023, o,=11.74
rad/s, §,=0.079 and ®,=15.49 rad/s, respectively. Figs. 10 (a)-(b) and Figs. 10 (c)-(d) show the liquid response

and the acceleration of the STLCD container in frequency and time domain. As can be seen, the experimental and
numerical responses agree satisfactorily in both domains, confirming that the approximate linear behavior of the
fluid column is sufficiently accurate to model the STLCD response as well.

0.04
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Fig. 10 Response of the STLCD device in terms of (a) FRFs and (b) time history of the liquid displacement; (c)
FRFs and (d) time history of the total acceleration of the STLCD container

5.3 Performance evaluation of the STLCD-controlled structure

Finally, the dynamic behavior of the controlled system equipped with the STLCD is studied. In particular, since
the previous results have shown that the slightly nonlinear behavior of the STLCD device can be captured
sufficiently accurately by linear analytical models, the equivalent linear equations for the STLCD-controlled
structure were taken into account. The previously identified parameters of the various subsystems were
incorporated into the analytical model, and numerical accelerations were derived and compared with the
experimental data. Table 2 summarizes the results concerning of the identification procedures for each of the
analyzed subsystems.

Table 2. Identified parameters

System Frequency Damping ratio
Main system @, =19.13 rad/s ¢, =0.0102
STLCD ®, =15.49 rad/s ¢, =0.079

@, =11.74 rad/s ¢, =0.023

Fig. 11 shows the responses of each degree of freedom of the STLCD-controlled structure under resonant
conditions. Specifically, in Fig. 11 (a)-(b)-(c) the experimental STLCD acceleration, liquid displacement and roof
total acceleration are plotted against the numerical ones. As can be observed, the equivalent linear mathematical
model of the entire STLCD-controlled structure in Eq. (3), described by the parameters derived from the dynamic
identification of each subsystem, can be considered reliable for predicting the real behavior of the small-scale
model. This is evidenced by the close agreement between the experimental and numerical solutions. Interestingly,
in Fig. 11 (a) the numerical acceleration underestimates the acceleration of the experimental response during
positive acceleration peaks, while both responses are closely aligned at the negative peaks. In fact, the expected
symmetrical response predicted by the numerical procedure, is not fully realized by the experimental model. This
discrepancy may be attributed to a potential imperfection in the behavior of the spring connecting the STLCD
device to the roof plate, which exhibits differing characteristics under compression and tension, particularly in
conditions close to its resonance, possibly due to wear and tear associated with prolonged use.

In a final study, the performance control of the STLCD-controlled structure is experimentally evaluated against
the benchmark uncontrolled SDOF structure, the SDOF structure equipped with the corresponding fixed TLCD
(Fig. 12(b)), and the SDOF structure equipped with a traditional Tuned Mass Damper (TMD) (Fig.12c). The TMD
was realized by using a solid mass with the same mass as the STLCD and mounted on the same sliding guide
connected to the roof plate by the spring. Since the TLCD was not practically applicable to this type of structure,
comparisons were made with a TLCD with the same STLCD mass ratio. Specifically, the different control
strategies were tested under harmonic and sweep signal excitation.

The effect of the proposed control strategy on reducing the roof accelerations is depicted in Fig. 13 (a) under
resonance conditions. It can be seen that the accelerations can be significantly mitigated by up to 70% when the
STLCD is attached to the SDOF structure (red dash-dotted line). As expected, the untuned TLCD provides no
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benefit to the structure. On the other hand, it is shown that, the STLCD has a clearly superior performance
compared to the TLCD (blue dashed line) with the same mass while its performance is very similar to the TMD.
(green line). These results are confirmed by the tests conducted by exciting the aforementioned small-scale models
with a sweep signal and analyzing their response in the frequency domain. In this regard, Fig. 13(b) shows the
response of the uncontrolled structure, the TLCD-controlled structure, the TMD-controlled structure, and the
STLCD-controlled structure in terms of the FRF of the roof acceleration. As can be seen, the traditional TLCD
shifts the fundamental frequency of the system without significantly suppressing the peak response. On the
contrary, the STLCD results in a flatter FRF, suggesting that the STLCD device can be considered an attractive
device for effectively reducing the accelerations of SDOF systems due to the versatility of its tuning procedure.
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6 Conclusions

In this study, a sliding version of the Tuned Liquid Column Damper (STLCD) was introduced as an alternative to
the conventional TLCDs for mitigating seismic vibrations in short-period structures. Unlike TLCDs, the STLCD
has the potential for broader applicability due to its improved tunability. Owing to the inherent nonlinearities, a
complex numerical solution scheme is usually required to optimally design the device. Therefore, for design
purposes, the nonlinear governing equations of motion of the STLCD-controlled structure are linearized through
a statistical linearization technique and an optimization formulation for designing the STLCD, using explicit
closed-form solutions, has been proposed. This is achieved by considering a Gaussian white noise model as the
base excitation and minimizing the total acceleration variance of the equivalent linearized system. The validity of
the proposed expressions is verified by comparison with results obtained from a more computationally intensive
numerical iterative method. In addition, the efficiency of the optimized STLCD in reducing structural accelerations
is investigated through experimental tests on a shake table. Specifically, a small-scale model of the STLCD-
controlled structure was analyzed in comparison with the same structure controlled with traditional TLCD, Tuned
Mass Damper (TMD) and with the uncontrolled structure. The results demonstrated that the slightly nonlinear
behavior of the system can be accurately approximated by a linear analytical model. Moreover, the roof
accelerations were reduced by up to 70% under sinusoidal harmonic ground acceleration. The experimental tests
conducted on this scaled model highlight the effectiveness of the STLCD-based control strategy over the
conventional approach involving TLCD as a seismic protection measure and emphasize the adaptability of STLCD
devices to short-period structures in the field of structural control. Although the observed 70% reduction in roof
accelerations is promising, further studies under realistic seismic conditions are essential. To extend the scope of
this investigation, future research efforts will include testing different configurations of the STLCD device under
recorded ground motions to evaluate the device efficacy in scenarios that closely mimic real-world seismic
conditions.
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