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Optimal placement and design of 
M-STLCDs in n-story buildings: a 
comparative study with M-TMDs 
and M-TLCDs

Chiara Masnata*, Salvatore Dario Di Trapani, Salvatore Russotto 
and Antonina Pirrotta

Department of Engineering, University of Palermo, Palermo, Italy

This study proposes a novel optimization procedure for the seismic vibration 
control of multi-degree-of-freedom systems incorporating Multiple Sliding 
Tuned Liquid Column Dampers (M-STLCDs). Unlike conventional compliant 
liquid-based devices, the proposed system consists of multiple translating U-
shaped liquid containers, each independently tuned to a specific structural 
mode, enabling multi-modal control, particularly suited for stiff structures and 
not previously explored in the literature. The procedure can optimize and install 
one device at a time while accounting for the modifications introduced by prior 
installations, ensuring a progressive adaptation of the control system to the 
dynamic characteristics of the structure. For each single STLCD, the procedure 
considers both the optimal location in the building and the fundamental mode 
to be controlled. More specifically, for each STLCD, the procedure detects the 
optimal floor where the device should be placed and optimizes the damping 
and the natural frequency of the spring-dashpot unit, the head-loss coefficient 
and the natural frequency characterizing the liquid. To prove the effectiveness of 
the optimal placement of the devices, the optimization procedure was applied 
on two different types of shear-type structures, i.e., on a three-story and a six-
story structure, subjected to a broadband and zero-mean white noise process. 
Moreover, the control performance of the device was evaluated both in the time 
and the frequency domain and under recorded seismic events, in comparison 
with optimized configurations of traditional devices, such as Multiple Tuned Mass 
Dampers (M-TMDs) and Multiple Tuned Liquid Column Dampers (M-TLCDs).
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sequential optimization algorithm, passive control device, liquid-based absorbers, 
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 1 Introduction

In structural engineering, passive vibration control devices are widely used to enhance 
the capacity of structures to withstand dynamic events such as earthquakes and winds. 
Among these devices, the Tuned Mass Damper (TMD) was the first to be introduced and 
extensively studied (Den Hartog, 1956). A TMD consists of a secondary mass attached 
to a structure via a spring-damper system, designed to oscillate out of phase with 
the primary structure, dissipating vibrational energy and reducing structural response. 
Initially, research on TMDs primarily focused on the use of a single TMD device for
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mitigating vibrations (Ayorinde and Warburton, 1980; Randall et al., 
1981; Warburton, 1982; Argenziano et al., 2022; Faiella et al., 2022). 
In this respect, the literature and real-world applications proved 
the effectiveness of TMDs in controlling both long-period, slender 
structures and short-period, stiff structures under several types 
of dynamic excitations. Given its efficacy, researchers started to 
examine the potential benefits of several TMDs installed within the 
same structure, exploring multi-unit configurations in both single-
degree-of-freedom (SDOF) and multi-degree-of-freedom (MDOF) 
structures. One of the first approaches pursued in the development 
of multiple TMD configurations involved installing several TMD 
units on the same floor, all optimally tuned to the same frequency, 
typically corresponding to the fundamental mode of the target 
structure (Yamaguchi and Harnpornchai, 1993; Xu and Igusa, 
1992; Abé and Fujino, 1994; Kareem and Kline, 1995; Joshi and 
Jangid, 1997; Jangid, 1999; Bakre and Jangid, 2004; Park and 
Reed, 2001; Li, 2000; Li, 2002; Shetty et al., 2017; Kim and 
Lee, 2018). This strategy presents both performance-related and 
practical advantages. From a control standpoint, its slight frequency 
spacing among the TMD units enhances the robustness of the 
system, reducing sensitivity to detuning effects and improving 
the overall vibration mitigation efficiency. Additionally, from an 
installation and maintenance perspective, dividing the overall TMD 
system into multiple, smaller units simplifies handling, placement, 
and upkeep, making it a more feasible solution in real-world 
applications. However, despite the benefits of improved robustness 
and practical implementation, this configuration, like the single 
TMD, primarily targeted the fundamental mode, consequently 
limiting its effectiveness in mitigating the influence of higher 
modes on the structural response. To address this limitation, two 
approaches were mainly explored in the literature. One approach 
maintained the concept of multiple TMDs installed on the same 
level while extending their functionality to target different modes 
of the MDOF structure (Mohebbi et al., 2013; Zak et al., 2024). 
This improvement, achieved through optimization algorithms of the 
TMDs’ parameters, enabled broader modal control and effectively 
enhanced the capabilities of the configuration beyond its initial 
limitation to the fundamental mode. As a result, these multiple TMD 
configurations achieved more effective vibration mitigation across a 
broader frequency range, making them suitable for controlling the 
complex dynamics of MDOF structures.

Meanwhile, other researchers focused on a second approach, 
implying the distribution of the devices across multiple levels 
(Clark, 1988), laying the groundwork for further advancements. 
In this manner, this approach retained practical advantages by 
dividing the system into smaller units, simplifying installation and 
maintenance. Additionally, distributing devices across multiple 
floors reduced spatial constraints at any single level, avoiding 
excessive concentration of mass and minimizing floor space 
requirements. Building on this concept, in (Chen, 1996), a Multi-
Stage Tuned Mass Damper (MSTMD) strategy was introduced, 
specifically designed to reduce coupling effects that can arise 
in MDOF structures controlled by TMDs. The configuration 
consisted of multiple TMDs, each tuned to the first fundamental 
mode and each one installed on a separate floor, effectively 
minimizing coupling effects and leading to a reduction in structural 
accelerations. Then, further advances in this field were achieved in 
(Chen and Wu, 2001) where authors introduced the Multi-Tuned 

Mass Damper (M-TMD), a configuration aimed at enhancing the 
mitigation of higher mode contributions and improving the overall 
effectiveness of vibration control systems. Extending the previous 
concept of distributing TMDs across multiple floors, the M-TMD 
configuration further enhanced multi-modal control by allowing 
each TMD to be tuned to different vibration modes. As part of their 
work (Chen and Wu, 2001), the authors developed a numerical 
sequential optimization procedure that expanded the range of 
optimal tuning solutions for each device while simultaneously 
identifying the most effective floor for the installation. This 
advancement led to notable reductions in structural response, 
demonstrating both its effectiveness and adaptability across different 
seismic excitations and site-specific installation requirements. The 
concept of the M-TMD was further explored in the literature 
from multiple perspectives, including optimization strategies, 
structural uncertainties, and mass distribution effects, to enhance 
its effectiveness in multi-modal vibration control, particularly 
under seismic excitations (Lewandowski and Grzymisławska, 
2009; Elias et al., 2016; Elias et al., 2019; Fadel Miguel et al., 
2016; Suresh and Mini, 2019; Vellar et al., 2019; Zhang et al., 
2022), also considering different types of structures. Another 
prominent example of passive control systems is the Tuned Liquid 
Column Damper (TLCD), which gained widespread recognition 
for its effectiveness and advantageous features in attenuating 
structural vibrations (Sakai et al., 1989; Gao et al., 1997; Ziegler, 
2007; Di Matteo et al., 2016; Fei et al., 2019). The TLCD consists 
of a container, which can be U-shaped or V-shaped, partially 
filled with fluid, and fixed to the main structure. Clearly, the 
TLCD offers a more environmentally friendly solution, as the 
majority of its required mass is composed of the contained liquid, 
leading to lower construction and maintenance costs. Additionally, 
the contained liquid, typically water, can serve as a reservoir 
for several purposes, enhancing the overall practicality of the 
system. Further numerical and experimental investigations into 
the TLCD explored its potential to meet diverse structural demands 
through the exploration of advanced configurations and the use 
of innovative materials (Adam et al., 2017; Di Matteo et al., 2018; 
Di Matteo et al., 2019; Furtmüller et al., 2019; Konar and Ghosh, 
2023). For instance, the use of different liquids can optimize the 
device’s performance by tailoring its dynamic properties to the 
specific needs of the structure (Ocak et al., 2022). Additionally, 
sealed TLCDs, incorporating gas chambers, can improve control 
efficiency and extend the range of tunability (Hochrainer and 
Ziegler, 2006). Multi-cell TLCDs, though conceptually distinct 
from multiple control solutions, offer some adaptability through 
internal tuning to specific dynamic characteristics (Kim et al., 
2012). TLCDs have been implemented in various real-world 
structures to address specific performance requirements (Konar 
and Ghosh, 2023). Similarly to the TMD, with the aim of obtaining 
an enhanced structural control solution, many studies investigated a 
control solution consisting of several TLCDs having closely spaced 
natural frequencies. For instance (Sadek et al., 1998; Gao et al., 
1999), investigated the characteristics of closely spaced TLCDs in 
suppressing structural vibrations, showing enhanced performance 
when tuned to a single mode. As demonstrated both theoretically 
and experimentally, configurations involving multiple TLCDs can 
also be employed to reduce the dynamic response of structures 
subjected to torsional vibrations (Shum and Xu, 2002; Xu and 
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Shum, 2003), or to mitigate lateral displacements in wind-prone 
high-rise buildings (Min et al., 2005). In (Mohebbi et al., 2015) the 
design of multiple TLCDs was optimized for seismic applications 
in MDOF structures, demonstrating their effectiveness in reducing 
seismic responses. Similarly, in (Zhu et al., 2017) real-time hybrid 
simulations were employed to assess the performance of full-scale 
multiple TLCDs in controlling higher-order modal responses, 
underlining their adaptability in mitigating vibrations across 
multiple modes. In contrast to TMDs, TLCDs have demonstrated 
effectiveness primarily in long-period structures (Adam et al., 2017; 
Di Matteo et al., 2018; Di Matteo et al., 2019; Furtmüller et al., 
2019; Hochrainer and Ziegler, 2006; Kim et al., 2012; Min et al., 
2005; Mohebbi et al., 2015; Balendra et al., 1995) since optimizing 
the TLCD for short-period structures results in parameter values 
that are challenging to achieve in real applications. In fact, as 
determining the optimal TLCD frequency depends on the total 
length of the liquid column contained in the reservoir, geometrical 
and structural constraints arise. In this regard, to extend the use 
of the TLCD to different structural categories, another liquid-
based device, the Sliding Tuned Liquid Column Damper (STLCD), 
has lately gained relevant attention. Such a device is a variant of 
the TLCD in which the container is not directly attached to the 
structure to be controlled, but it is free to translate on a sliding 
support and connected to the structure through a system of springs 
and dampers (Ghosh and Basu, 2004). By making it possible to 
adjust the damping and the stiffness parameters in a more flexible 
manner due to the presence of the spring-dashpot unit, the STLCD 
device extends the use of liquid devices to short-period structures, 
while maintaining both comparable performance to the TMD 
and the eco-sustainability features inherent in the TLCD, such 
as reduced fabrication costs and the possible reuse of the water. 
It is worth noting that compared to previous studied compliant 
liquid devices (Pandey et al., 2019), which typically omit the vertical 
column, the present model retains the classical TLCD column-
based configuration, preserving the gravity-driven restoring force 
while enhancing tunability through added compliance. Further 
numerical and experimental investigations on the potential of 
the device examined its use as a hybrid solution in combination 
with base isolation and by streamlining the design process by 
means of statistical linearization techniques (Masnata and Pirrotta, 
2024; Masnata et al., 2024a; Masnata et al., 2024b). However, to 
the best of the authors’ knowledge, although some studies have 
investigated the use of a single STLCD for the control of MDOF 
structures (Masnata and Pirrotta, 2024; Masnata et al., 2024a; 
Masnata et al., 2024b), also referred to as Tuned Liquid Column 
Mass Dampers (TLCMDs) (Wei and Zhao, 2020), no research has 
yet explored structural vibration control using a multiple-control 
system composed of several STLCD units. In particular, there are no 
studies addressing the coordinated operation and the optimization 
of these devices while maintaining their nonlinear behavior for 
multi-modal control. Such an investigation could contribute to a 
deeper comprehension of the effectiveness of these devices when 
interacting with real-world structures, which are generally n-
story structures. Moreover, it would allow for an assessment of 
their performance in protecting both flexible and rigid systems 
from dynamic events. Based on these considerations, this study 
introduces a novel control configuration, comprising multiple 
sliding liquid column containers installed on different floors and 

tuned to distinct modes, which is defined herein as the Multi-
Sliding Tuned Liquid Column Damper (M-STLCD). Hence, as a 
first contribution of this study, a numerical optimization procedure 
is proposed for the determination of the optimal parameters of 
the M-STLCD, aiming at reducing structural responses in MDOF 
structures subjected to different base excitations. In particular, the 
proposed procedure is iterative as it can install and optimize one 
STLCD unit per iteration while accounting for the modifications 
introduced by prior installations. More specifically, for each STLCD 
unit, the procedure targets the optimal values of the spring-
dashpot unit, in terms of damping and natural frequency, and 
the optimal values of the liquid inside the container, in terms 
of head-loss coefficient and natural frequency. In addition, the 
procedure identifies the optimal floor for the installation of each 
unit, ensuring that the overall structural response is effectively 
minimized. In contrast to widely used metaheuristic methods, 
such as Genetic Algorithms (GA) (Goldberg and Holland, 1988), 
Particle Swarm Optimization (PSO) (Perez and Behdinan, 2007), 
Artificial Bee Colony (ABC), Simulated Annealing (SA) (Chen et al., 
2012), Mouth Brooding Fish (MBF) (Roozbahan et al., 2025), and 
multi-objective approaches like NSGA-II (Ma et al., 2023), known 
for addressing complex optimization tasks with global solutions, 
the proposed algorithm operates in a discrete search space using 
a sequential strategy. In this manner, this approach addresses 
some of limitations of metaheuristics (Almufti et al., 2023; Vié, 
2020; Aote et al., 2013), especially in engineering contexts where 
parameter transparency, solution reproducibility, and alignment 
with practical implementation constraints are essential. The 
algorithm’s reliability is demonstrated through numerical analyses 
and comparison with global PSO on two planar shear-type stiff 
structures (as defined in (American Society of Civil Engineers, 
2022)), in contrast to the long-period structures typically considered 
in TLCD-related literature. The first model is a three-story frame, 
purposely constructed to explore the effectiveness of the proposed 
control strategy. The second is a well-established six-story frame, 
previously analyzed in (Chen and Wu, 2001), serving as a reference 
case in the field of seismic vibration control. In addition, to the best 
of the Authors’ knowledge, the existing literature does not provide 
sequential methodologies that address both the strategic placement 
of multiple TLCD units within n-story structures and their 
optimization for higher-mode control. Therefore, given the lack of 
similar studies using TLCDs, and for a comprehensive comparison 
on the performance of the M-STLCD, the implementation of the 
same optimization procedure for the control solution composed 
of multiple TLCDs distributed across different floors, here referred 
to as the Multi-Tuned Liquid Column Damper (M-TLCD), and 
the Multi-Tuned Mass Damper (M-TMD) is presented. Numerical 
comparisons among the response reduction achievable by these 
three control strategies were performed in both the time and 
frequency domains, using the uncontrolled structure as a reference, 
under different base accelerations.

The structure of the paper is organized as follows. Section 2 
introduces the mathematical modeling for M-STLCD-controlled 
n-story structures. Section 3 describes the excitation model used 
for numerical simulations throughout the paper. In Section 4, 
some preliminary analyses are presented to investigate the 
effects of a single STLCD placed on an MDOF structure 
with respect to the different modes of the structure. The 
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FIGURE 1
M-STLCD-controlled n-story structure.

proposed sequential optimization procedure for M-STLCD-
controlled n-story structures follows in Section 5. The results 
of the optimization in terms of device parameters for each 
iteration as well as the evaluation of the control performance 
in comparison with common control strategies (M-TMD and 
M-TLCD), are discussed in Sections 6, 7, focusing on the 
frequency and time domains, respectively. Finally, conclusions 
are drawn in Section 8. 

2 Mathematical modeling

Let us consider the system shown in Figure 1, subjected to the 
ground acceleration ẍg(t). The main structure is a shear-type planar 
frame with n stories. Hence, the main structure has n dynamic DOF, 
represented by the ground-relative displacements of the n story 
masses Mj (j = 1, …, n), which are collected in the n × 1 array xs(t) =
[x1(t);x2(t);…;xn(t)]. Aiming at reducing the structural responses, 
an M-STLCD control system, composed of n STLCD units (with 
n ≤ n) is introduced. Each unit is a translational U-shaped column 
container, filled with liquid and connected to the floor by a spring-
dashpot system (Figure 1).

In the close up of the generic jth (with j = 1,…n) STLCD unit 
in Figure 1, installed at the jth floor, Lv,j and Lh,j represent the 
height of the liquid in a single column at rest and the length of 
the horizontal segment of the container, respectively, with the total 
length of the jth liquid column expressed as Lj = 2Lv,j + Lh,j. The 
horizontal and vertical cross-sectional areas of the jth container 
are denoted as Ah,j and Av,j, respectively, and the area ratio is 
defined as rj = Ah,j/Av,j. The jth unit has a total mass Mt,j which 
is composed of both the container mass, mc,j and the liquid mass,

ml,j = 2ρAh,jLv,j + ρAv,jLh,j, with ρ representing the density of the 
liquid, which is assumed the same for all the devices. Dissipative 
phenomena experienced by the liquid mass during the motion are 
accounted for through the head-loss coefficient ξj. The damping 
and the stiffness parameters of the spring-dashpot unit are denoted 
by cc,j and kc,j, respectively. The horizontal displacement of the jth 
STLCD unit relative to the floor on which the unit is installed is 
described by yj(t),while uj(t), represents the vertical displacements 
of the liquid inside the jth container relative to its equilibrium 
position at rest. In the final configuration, when all the devices 
are placed in the structure, the displacements of all the STLCD 
units are collected in the n × 1 vectors y(t) = [y1(t);y2(t); ...;yn(t)]
and u(t) = [u1(t);u2(t); ...;un(t)], respectively. Hence, the M-STLCD 
has 2n DOF, n regarding the vertical motion of the liquid and n
regarding the translational motion of each unit. The equations of 
motion for the M-STLCD-controlled n-story structure, obtained 
using the Euler-Lagrange approach (Pandey et al., 2019), are given 
in a compact form as follows:

Mẍ(t) +Cẋ(t) +Kx(t) = −M̃ẍg(t) (1)

where x(t) = [xs(t)[nx1]; y(t)[nx1]; u(t)[nx1]] is the 3n × 1 vector 
that collects the structural and device responses, while M, C
and K defined in Equations 2–4 represent the 3n × 3n mass, 
the damping and the stiffness matrices of the entire M-STLCD-
controlled MDOF system, respectively. Each of these matrices 
is organized into submatrices that group terms associated with 
the main structure separately from those related to the M-
STLCD device, following a subdivision based on recurring 
patterns observed in the elements describing the system’s
dynamics as follows:
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M[3nx3n] =
[[[[

[

Ms[nxn] 0[nxn] 0[nxn]

Mc[nxn] Mc[nxn] Mc,l[nxn]

Mc,l[nxn] Mc,l[nxn] Ml[nxn]

]]]]

]

(2)

C[3nx3n] =
[[[[

[

Cs[nxn] −Cc[nxn] 0[nxn]

0[nxn] Cc[nxn] 0[nxn]

0[nxn] 0[nxn] Cl[nxn]

]]]]

]

(3)

K[3nx3n] =
[[[[

[

Ks[nxn] −Kc[nxn] 0[nxn]

0[nxn] Kc[nxn] 0[nxn]

0[nxn] 0[nxn] Kl[nxn]

]]]]

]

(4)

Finally, M̃ is a 3n × 1 vector that accounts for the inertial 
contributions due to the ground acceleration, which can be 
expressed as follows in Equation 5:

M̃[3nx1] =
[[[[

[

Ms[nxn]τ[nx1]

Mc[nxn]τ[nx1]

Mc,l[nxn]τ[nx1]

]]]]

]

(5)

In this regard, Ms, Cs and Ks are, respectively, the mass, damping 
and stiffness matrices associated with the main structure, considered 
as a classically damped system and 0 is a matrix of zeros. It is worth 
noting that, in the present study, the main structure is assumed 
to behave linearly. The M-STLCD-related submatrices are denoted 
as Mc,l, Mc and Ml, while τ = [1;1; ...;1] is a n × 1 vector of ones. 
Specifically, Mc,l, Mc and Ml are diagonal submatrices expressed 
below in Equation 6:

Mc,l[nxn] = ⌈ρAh,j ⁢Lh,j ⁢⌋;

Mc[nxn] = ⌈ρAh,j ⁢ (2Lv,j +
1
rj
⁢Lh,j)+mc,j ⁢⌋

Ml[nxn] = ⌈ρAh,j ⁢ (2Lv,j + rj ⁢Lh,j) ⁢⌋ (6)

Cc and Cl, contained in the damping matrix C, are the diagonal 
damping matrices related to the M-STLCD. In particular, Cc
contains the damping terms of each STLCD unit, while Cl contains 
the damping terms of the liquid as expressed in Equation 7:

Cc[nxn] = ⌈cc,j⌋; Cl[nxn] = ⌈
1
2

ρAh,jrjξj|u̇j(t)|⌋ (7)

The liquid behavior is herein considered as nonlinear, as can be 
seen from the dependence of the jth damping term on the absolute 
value of the liquid’s vertical velocity |u̇j(t)|. Similarly, Kc and Kl
comprise the stiffness properties related to each STLCD unit as 
follows in Equation 8:

Kc[nxn] = ⌈kc,j⌋; Kl[nxn] = ⌈2ρAh,jg⌋ (8)

where g indicates the gravitational acceleration. It should be 
emphasized that, although the nonlinearity in the present 
formulation arises exclusively from the liquid dynamics, via the 
velocity-dependent head-loss term, the coupled interaction between 
structure and fluid renders the entire system nonlinear. Importantly, 
this localized nonlinearity does not compromise the generalizability 
of the formulation, which remains valid and applicable regardless of 
the source or distribution of nonlinear effects within the system.

To normalize and generalize the analyses, a set of dimensionless 
parameters that describe the system dynamic characteristics crucial 
for achieving optimal control performance are introduced. One 
of the most relevant is the tuning ratio of the jth STLCD unit, 
defined as νc,j = ωc,j/ωj where ωc,j = √kc,j/Mt,j represents the natural 
frequency of the jth device and ωj is the jth fundamental frequency 
of the structure. Moreover, the damping ratio of the jth STLCD 
unit is ζc,j = cc,j/2Mt,jωc,j. Similarly, the influence of the ground’s 
dynamic properties can be described through the ground tuning 
ratio νg,j = ωg/ωj where ωg is the fundamental frequency of the 
ground. Moreover, the geometric and mass-related properties of 
the system also play a crucial role in defining its response. In this 
respect, αj = Lh,j/Lj defines the length ratio, while the liquid column 
length directly influences the natural frequency of the liquid column 
ωl,j through the relation ωl,j = √2g/Lj. Additionally, the mass of 
the jth STLCD is divided into the liquid and the container mass 
contributions, both of which are expressed as ratios relative to the 
total structural mass: μl,j =ml,j/Mtot and μc,j =mc,j/Mtot, being Mtot =
∑n

j=1Mj. Hence, the mass ratio of the jth STLCD unit relative to the 
total structural mass can be defined as μt,j = μl,j + μc,j or, equivalently, 
as μt,j =Mt,j/Mtot. 

3 Base excitation generation and 
response descriptors

In order to effectively design and optimize the vibration control 
system, it is essential to accurately characterize the seismic excitation 
acting on the structure. This section describes the generation of the 
ground acceleration used as input at the base of the structure and 
establishes the main response descriptors, which will serve as the 
basis for the successive sections focusing on both the preliminary 
analyses on a single STLCD and the subsequent optimization of 
multiple STLCD devices. In this respect, seismic ground motions are 
often modeled as stochastic processes to account for their inherently 
random nature. One of the most widely used representations 
for characterizing the frequency content of earthquake-induced 
ground accelerations is the Kanai-Tajimi power spectral density 
(PSD) function (Chen and Wu, 2001). This widely used formulation 
accounts for the filtering effects of local soil conditions on seismic 
waves and is expressed as:

Sẍg
(ω) = S0

ωg
4 + 4ζg

2ωg
2ω2

(ωg
2 −ω2)2 + 4ζg

2ωg
2ω2

(9)

In Equation 9, ωg and ζg denote the natural frequency and 
damping ratio of the ground, respectively, while S0 represents the 
peak amplitude of the PSD. Starting from Equation 9, to generate 
a time-domain representation of the seismic excitation, a single 
deterministic realization of the ground acceleration ẍg(t) can be 
obtained using Shinozuka’s method (Chen and Wu, 2001). This is 
achieved by summing a series of harmonic waves with the generic 
pth wave corresponding to a precise frequency interval having 
spacing equal to Δω and central frequency ωp = pΔω. In particular, 
ẍg(t) is given by:

ẍg(t) =
Nω

∑
p=1
√2Sẍg
(ωp)Δω sin((ωp + δωp)t+ θp) (10)
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In this equation, Nω = ωmax/Δω is defined as the ratio between 
the maximum angular frequency ωmax and the frequency step Δω, 
and represents the total number of discrete frequency components 
used in the summation. Additionally, δωp and θp represent the 
generic random variations in frequency and phase associated with 
the pth wave, respectively, and 2Sẍg

(ωp) denotes the amplitude, 
at the pth frequency interval, of the two-sided PSD of the 
stochastic process.

Given the PSD of the input, the structural response can 
be described by the displacement variance σ2

x,j and the absolute 
acceleration variance σ2

ẍa,j
 at the jth floor, respectively expressed as 

follows in Equations 11a, 11b:

σ2
x,j =
∞

∫
0

|Hx,j(ω)|
2Sẍg
(ω)dω (11a)

σ2
ẍa,j
=
∞

∫
0

|Hẍa,j(ω)|
2Sẍg
(ω)dω (11b)

where Hx,j(ω) and Hẍa,j(ω) correspond to the Frequency Response 
Functions (FRFs) of the displacement and absolute acceleration 
ẍa,j(t) = ẍj(t) + ẍg(t) at the jth floor. These response descriptors 
serve as fundamental criteria for evaluating the effectiveness of 
the STLCD placement and optimization strategies in controlling 
structural vibrations. However, it is worth noting that the calculation 
of FRFs in this case involves an n-story structure and nonlinear 
terms, particularly related to the liquid behavior, making a closed-
form solution difficult to obtain (Bilello et al., 2002). Therefore, a 
numerical approach is considered by computing the FRFs in terms 
of displacement and total acceleration as Hx,j(ω) = I[xj(t)]/I[ẍg(t)]
and Hẍa,j(ω) = I[ẍa,j(t)]/I[ẍg(t)], being I the Fourier Transform. 
As usual in the literature (Pandey et al., 2019), two performance 
indicators are introduced to quantify the effectiveness of each 
STLCD on the structural response:

ηẍa ,j
=

σ2
ẍa ,j

σ2
ẍa0 ,j

(12a)

ηx,j =
σ2

x,j

σ2
x0,j

(12b)

where σ2
ẍa ,j

 and σ2
x,j represent the variance of absolute acceleration 

and displacement at the jth floor, respectively. Each of these values 
is compared to the corresponding variance of the uncontrolled 
structure, which is distinguished by the subscript 0, i.e., σ2

ẍa0 ,j
 and 

σ2
x0,j

, respectively. These two indicators measure the reduction in 
the structural response achieved by adding the device at the jth 
floor, with values below one signifying effective vibration mitigation. 
Clearly, the mathematical formulation introduced in Equation 1 
holds even for a number of STLCD units n lower than the degrees-
of-freedom of the structural system (n < n). 

4 Preliminary analyses: effect of a 
single STLCD on n-story structures

This Section presents preliminary analyses on the effectiveness 
of a single STLCD (n = 1) installed at the top of an MDOF 

structure before extending the study on M-STLCD. The numerical 
analyses presented here focus on a parametric study, systematically 
varying key STLCD parameters to assess their individual influence 
on the structural response. By conducting these multi-parametric 
preliminary analyses on a benchmark structure, the parameters 
having the most significant impact on different modes are 
identified, providing insights into the overall effectiveness of this 
device. The three-story structure used for these analyses was 
deliberately defined to construct a representative testbed to assess 
the extended applicability of liquid-based damping solutions to 
structures typically considered outside the traditional TLCD target 
domain, rather than replicating a specific real-world structure. 
In particular, the model allows for the investigation of control 
effectiveness in short-period buildings, where geometric constraints 
limit the feasibility of TLCDs, and where modal contributions vary 
significantly due to non-uniform damping ratios across modes, 
as generally observed in real and experimental structures, where 
damping is rarely uniform across modes (Basili and Angelis, 2022). 
Specifically, the structure consists of three floors having different 
lumped masses M1 = 6.0 × 104 kg, M2 = 4.5 × 104 kg and M3
= 3.0 × 104 kg, respectively, while the interstory stiffness values 
are k1 = 4.0 × 107 N/m, k2 = 2.1 × 107 N/m and k3 = 2.0 × 
106 N/m. The damping ratios are equal to 5% for the 1st mode, 
2% for the 2nd mode, and 3% for the 3rd mode, and the natural 
frequencies are ωj = [7.50,17.23,35.23] rad/sec, denoting a relatively 
stiff system (according to (American Society of Civil Engineers, 
2022)). Although the natural periods of this structure do not fall into 
the extremely short range typical of most three-story buildings, they 
are still significantly lower than those of the more flexible structures 
where TLCDs are traditionally most effective. This makes the case 
particularly challenging and of interest for assessing M-TLCD and 
M-STLCD performance outside of conventional application ranges. 
As widely documented in the literature, the optimal placement 
of a single vibration control device is typically at the uppermost 
floors (Chen and Wu, 2001; Elias et al., 2016; Elias et al., 2019; 
Fadel Miguel et al., 2016; Suresh and Mini, 2019; Vellar et al., 2019), 
as the 1st mode, generally the most dominant, exhibits the largest 
displacements at these levels. Given the importance of the 1st mode, 
the tuning ratio of the single STLCD was selected with respect to 
the 1st mode as the primary variable to be varied in the parametric 
analyses, as it is typically the most influential factor in vibration 
mitigation. Since this section focuses on a single STLCD device all 
variables formerly denoted with the subscript j have been simplified 
by omitting the subscript. Accordingly, the tuning ratio is defined as 
νc = ωc/ω1. In each analysis, νc varied together with one additional 
STLCD parameter at a time: the liquid column length L, the head-
loss coefficient ξ and the container damping ratio ζc. One additional 
analysis specifically explores the influence of the ground tuning ratio 
with respect to the 1st fundamental mode, νg = ωg/ω1. Parameters 
such as the liquid and container mass ratios relative to the total 
structural mass, μl =ml/Mtot and μc =mc/Mtot are kept constant 
in this Section, as configurations with increased mass ratios are 
explored later in the study. Similarly, the horizontal-to-total length 
ratio α is fixed to a value consistent with previous studies on STLCD 
systems (Ghosh and Basu, 2004). To quantify the effectiveness of 
a single STLCD, the two dimensionless performance indicators in 
Equations 12a, b were computed as ηẍa ,3

= σ2
ẍa ,3
/σ2

ẍa0 ,3
 and ηx,3 =

σ2
x,3/σ

2
x0,3

, where σ2
ẍa ,3

 and σ2
x,3 represent the variance of absolute 

Frontiers in Built Environment 06 frontiersin.org

https://doi.org/10.3389/fbuil.2025.1652972
https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org


Masnata et al. 10.3389/fbuil.2025.1652972

acceleration and displacement at the top floor, each compared to 
the corresponding variance in the uncontrolled structure, i.e., σ2

ẍa0 ,3
and σ2

x0,3
, respectively. These two indicators measure the reduction 

in the structural response achieved by adding one device on the 3rd

floor, with values below one signifying effective vibration mitigation. 
Each two-parameter analysis is summarized in Figure 2 through 
graphs illustrating the relationship between νc (reported in x-axis) 
and the selected performance indicator, ηẍa ,3

 or ηx,3 (reported in 
y-axis), while varying one additional parameter at a time (νg, L, 
ξ , ζc and μl) and keeping the remaining parameters fixed (with 
reference set L = 20m, μl = 0.5%, μc = 0.5%, ξ = 10, ζc = 0.05 and 
α = 0.85). In addition, νg = 3, S0 = 0.05 m2/s3 and ζg = 0.6 are used 
in Equation 9 to generate the broadband base excitation. As can 
be seen in Figure 2A, the STLCD unit allows for a reduction of 
the response for values of νc approaching 0.9. In addition, as νg
increases, a further reduction in response becomes evident when 
νc approaches the 2nd mode. This result highlights the importance 
of extending the optimization beyond the fundamental mode to 
higher structural modes, ensuring a more comprehensive mitigation 
across the diverse frequency contents of the input excitation. On 
the other hand, the curves in Figure 2B suggest that, in terms of 
displacements, the response reduction is mainly achieved for the 
1st mode, since the 2nd mode does not appear to benefit from 
the presence of the STLCD across the investigated values of νg. 
The same trend observed in Figures 2A,B can also be noted in 
Figures 2C–L, where different values of L, ξ, ζc , and μl are explored. 
As expected, Figures 2I–L show that increasing the mass ratio 
improves control efficiency, particularly for higher modes. However, 
as noted in both literature and practice, varying the mass ratio 
may require different container sizes, which is often impractical. 
Therefore, the mass ratio is typically kept constant across devices 
and floors to enhance practical feasibility and limit added structural 
weight. For this reason, while the following analyses assume a 
fixed mass for all devices, some scenarios with increased, but still 
uniform, mass ratios will also be considered in subsequent sections 
to explore scalability and performance trends. In general, as can be 
deduced from Figure 2, tuning the STLCD device to the 2nd mode 
provides a reduction in the acceleration response, improvement 
which is not appreciable in terms of displacement response. Hence, 
rather than targeting displacements, the subsequent studies will 
focus on optimizing the control strategy with the aim of reducing 
absolute accelerations, as this has a more direct impact even on 
occupant comfort.

5 Sequential optimization strategy for 
M-STLCD in n-story structures

This Section proposes an optimization procedure developed to 
design the M-STLCD in order to enhance the dynamic performance 
in n-story structures. Since the M-STLCD is composed of several 
STLCD units, the goal is to determine the optimal set of parameters 
and optimal positioning of each device within the structure to 
achieve an overall reduction in the structural response. Notably, the 
optimization follows a sequential approach, where STLCD units are 
installed progressively, one per iteration, ensuring that each unit 
adapts to the evolving dynamic characteristics of the structure. It is 
worth emphasizing that, to date, existing literature has not proposed 

any sequential optimization methodology for the coordinated 
design and placement of multiple nonlinear STLCD devices across 
multi-story structures. The proposed optimization strategy installs 
one STLCD at a time, excluding previously selected floors from 
subsequent consideration. However, analogously to (Chen and Wu, 
2001), a single optimized device can later be interpreted as a 
set of equivalent dampers distributed across multiple floors in a 
subsequent phase of the analysis. While the restriction of one 
device per floor may limit the exploration of more synergistic 
configurations, such as deploying multiple devices on the same floor, 
the framework is inherently flexible and can be adapted to support 
such scenarios if desired.

Unlike most metaheuristic algorithms that operate in a 
“global” optimization mode, seeking the best overall solution 
by considering all devices simultaneously, often under a static 
structural configuration, the proposed method integrates the 
evolving structural dynamics at each iteration. It accounts for 
the fact that installing a single damper modifies the dynamic 
properties of the structure, thereby influencing the optimal 
parameters of subsequent devices. Although the algorithm can 
be readily extended to perform global optimization if required, 
the present study deliberately focuses on understanding the effect 
of each installation step rather than pursuing a globally optimal 
configuration. This allows for the isolated evaluation of each 
damper’s influence, providing ease of interpreting intermediate 
outcomes and clearer insight into the physical mechanisms involved 
and the interdependencies between design variables. Additionally, 
given its sequential nature, the procedure allows earlier termination 
if satisfactory results are achieved, or based on specific practical 
criteria, significantly reducing potential implementation costs. 
This structured, step-by-step approach thus offers a flexible and 
practical framework, aligned with how design and installation 
often evolve in real engineering practice, guiding the selection of 
design variables to be optimized at each stage. In this respect, 
as is common in optimization procedures, certain parameters are 
generally optimized as they significantly influence the effectiveness 
of the control strategy, while others remain fixed due to structural 
constraints or geometric limitations. For instance, αj is typically 
predefined to ensure practical feasibility, while mass ratios μl,j
and μc,j are kept constant to prevent excessive loading on the 
structure. Moreover, Ah,j and Av,j are set equal in this study. 
However, since it is acknowledged that holding certain parameters 
constant may limit the generalizability of the findings, future 
studies could extend this work by systematically varying additional 
parameters, enabling a more comprehensive exploration of the 
system’s response. The algorithm is fully extendable to include 
any additional variables as needed. Such an approach would be 
particularly valuable in scenarios requiring precise calibration of 
the protective methodology to address site-specific conditions or 
unique structural configurations. Consequently, for the purpose of 
this study, for the generic jth STLCD unit, the natural frequency 
ωc,j and the damping coefficient ζc,j of the container, the natural 
frequency ωl,j (or equivalently the total liquid lengths Lj since ωl,j =
√2g/Lj) and the head-loss coefficient ξj of the liquid, are identified 
as the key design variables to be optimized within the control 
algorithm. Each parameter is selected from a predefined discrete 
search space, bounded by lower and upper limits and explored with 
a fixed step size. Unlike common implementations of metaheuristic 
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FIGURE 2
Effect of a single STLCD on the structural response at the top floor for various tuning ratios νc, expressed in terms of: (A,C,E,G,I) normalized 
acceleration variance ηẍa ,3

 and (B,D,F,H,J) normalized displacement variance ηx,3, each plotted against ground tuning ratio νg, liquid column length L, 
head loss coefficient ξ, damping ratio ζc, and liquid mass ratio μl, respectively.
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algorithms (Almufti et al., 2023), which operate in a “quasi-
continuous” domain and make it difficult to enforce strict step sizes 
on design variables, the proposed method provides complete control 
over the resolution of each decision parameter. By working within 
a fully discrete, user-defined search space, the procedure enhances 
both the traceability and interpretability of the optimization process. 
Moreover, this step-wise approach yields realistic and practically 
implementable solutions that align with construction constraints, 
where device parameters (e.g., column lengths in TLCD/STLCD 
systems) often correspond to standardized, pre-manufactured 
components (such as liquid containers) that cannot be adjusted 
with arbitrary precision. It is worth noting that the procedure is 
fully automated, sequential and transparent, requiring only basic 
structural and excitation data, pre-defined parameter bounds, and 
the choice of an Objective function (O f). It simplifies interpretation 
by directly associating results with physical parameters, facilitating 
controlled adjustments during simulations. This contrasts with 
metaheuristic algorithms, which typically involve multiple internal 
tuning parameters, not directly linked to the physical behavior of 
the structure (e.g., mutation and crossover rates in GA or inertia 
weights and social/cognitive coefficients in PSO), whose optimal 
settings are often unknown and must be selected arbitrarily or by 
trial-and-error (Vié, 2020; Aote et al., 2013). Such sensitivity of 
heuristic algorithms can lead to significant variability in the solution 
quality and often results in convergence to suboptimal or non-
reproducible configurations unless multiple runs, parameter studies 
and comparative assessments with several algorithms are conducted. 
Moreover, although the current implementation assumes linear 
behavior for the primary structure, the proposed optimization can 
be arranged for models incorporating other material or geometric 
nonlinearities. Indeed, since the procedure relies exclusively on 
the updated structural response at each iteration, regardless of 
whether the system behaves linearly or nonlinearly, it requires 
no modifications to the core algorithm. This makes the proposed 
method particularly attractive for practical applications involving 
different structural behaviors, without requiring fundamental 
changes to the optimization strategy.

Based on the insights gained from the preliminary analyses, the 
O f is formulated to capture the progressive reduction in absolute 
acceleration variance across all floors, as higher-mode peaks are 
predominantly evident in this context, as observed in Figure 2. 
Following established approaches in the literature (Chen and Wu, 
2001), the square root of the sum of absolute acceleration variances 
at each floor is chosen as O f since it is a representative quantity of the 
structural dynamic response. Clearly, at the initial stage (state 0), the 
variance σ2

ẍa0,j
 in terms of absolute accelerations of each floor of the 

uncontrolled structure is first computed, serving as a reference. As 
the optimization starts, the variance at each iteration is normalized 
relative to the corresponding value in the previous configuration. In 
detail, the O f is defined as in Equation 13.

O fi = √
n

∑
j=1

σ2
ẍai,j

σ2
ẍa(i−1),j

with i = 1,…,n (13)

where i is the ith iteration varying from one to the number of 
DOF. The optimal configuration at the ith iteration corresponds to 
the combination of the installation floor and the set of parameters 
that minimizes the O f. The optimization procedure, which can be 

implemented in any computational environment (e.g., MatLab), can 
be summarized in the following steps: 

1. Initialization: The algorithm generates the structural base 
acceleration input, defines the matrices of the uncontrolled 
structure, and evaluates the structural response of the 
nonlinear system in Equation 1 in terms of absolute 
acceleration variances σ2

ẍa0,j
 at each floor. At this stage, no 

STLCD units are attached. Then, the algorithm defines the 
system matrices and establishes the search vectors for the 
optimal parameters. The procedure accounts for system 
matrices, as defined in Equation 1, with their maximum 
possible dimension, i.e., 3n × 3n for M, C and K and 3n × 
1 for M̃, where all STLCD-related terms are initially set to zero. 
These matrices will serve as a restore-point configuration for 
the 1st iteration.

2. 1st iteration (placement of the 1st STLCD): The algorithm starts 
the 1st iteration. The 1st STLCD unit is tentatively placed on the 
lowest floor, removing the zero rows and columns associated 
with inactive STLCD degrees-of-freedom from the restore-
point matrices. The O f in Equation 13 is evaluated for every 
possible combination of parameters at that floor until there are 
no more combinations left to be assessed.

• The process is repeated for each successive floor up to the 
top floor, until all possible combinations of the single unit 
across different floors have been thoroughly explored.

• The combination of parameters, including the floor and 
the STLCD properties, that leads to the minimum of the 
O f1 is identified as the optimal configuration for the 1st

optimal STLCD unit, which is installed on the detected 
floor. This floor is then excluded from the installation of 
additional units in subsequent iterations.

• After installing the 1st optimal STLCD unit, the algorithm 
updates the full-size restore-point matrices accordingly 
and recalculates the nonlinear structural response for the 
new configuration. Both the updated mathematical model 
and the associated structural response then serve as the 
new baseline for the next iteration.

3. Subsequent iterations (placement of STLCD units on 
remaining floors): Once the 1st iteration has been completed, 
the algorithm proceeds to execute the subsequent iterations, 
similarly retracing the aforementioned steps (clearly excluding 
the initialization steps). The process continues until each 
single, optimally tuned STLCD unit has been placed on 
each floor.

An overview of the sequential optimization process is provided 
in the flowchart shown in Figure 3.

6 Sequential optimization outcomes

This section presents the results of the proposed optimization 
procedure applied to the M-STLCD system in multi-story 
structures, focusing on optimal parameters, placement, and 
the resulting reductions in structural response. To ensure a 
comprehensive analysis, two types of structures were examined: 
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FIGURE 3
Flowchart of the sequential optimization process.

one with three stories and the other with six stories, both modeled 
as shear-type planar frames. For both structures, the outcomes of 
the optimization procedure are analyzed in terms of the optimal 
parameters determined for each STLCD, in terms of the iterative 
variance reduction and FRF peak reductions at a specific floor, 
as well as the variance reduction achieved across all floors upon 

completion of the optimization procedure using a broadband base 
excitation generated as described in Section 3. Furthermore, to 
provide a comprehensive examination of the procedure, the M-
STLCD control strategy is compared with common strategies 
incorporating the M-TMD and the M-TLCD, optimized by adopting 
the same sequential optimization procedure as the M-STLCD. 
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TABLE 1  Parameter definitions and design constraints for the damping devices and excitation used in the multi-story optimization procedure.

Parameter Symbol Device Type Range/Value Step

Natural frequency
ωd,j M-TMD Optimized [0.64ωmin,1.36ωmax] 0.025

ωc,j M-STLCD Optimized [0.64ωmin,1.36ωmax] 0.025

Damping ratio
ζd,j M-TMD Optimized [0.005,0.11] 0.005

ζc,j M-STLCD Optimized [0.005,0.11] 0.005

Head-loss coefficient ξj M-TLCD Optimized [1,80] 10

Liquid length Lj M-TLCD/M-STLCD Optimized [3,50]m 2.5 m

Length ratio αj M-TLCD/M-STLCD Fixed 0.85 –

Device mass ratio μt,j All Fixed 1% –

Amplitude excitation S0 All Fixed 0.05 m2/s3 –

Natural frequency of the ground ωg All Fixed 7.62 rad/s –

Damping ratio of the ground ζg All Fixed 0.6 –

FIGURE 4
Broadband noise-based base excitation: (A) time history; (B) PSD.

Thus, in each iteration of these procedures, one optimal unit is 
determined along with its corresponding installation floor. For 
each TMD unit, the parameters to be determined through the 
optimization procedure are the natural frequency and the damping 
ratio denoted as ωd,j and ζd,j, respectively, while for each TLCD unit, 
the parameters to be optimized are the natural frequency ωl,j and 
the liquid head-loss coefficient ξj. It is worth noting that compared 
to previous studies on TLCDs and STLCDs (Pandey et al., 2019; 
Masnata and Pirrotta, 2024; Masnata et al., 2024a), which employ 
linearization techniques and optimize an equivalent damping ratio 
rather than the head loss coefficient, this optimization is conducted 
considering the nonlinearities characterizing the liquid behavior. 
Regarding the mass ratios, a mass equal to 1% of the total structural 
mass is assigned to each device for consistency across comparisons. 
Specifically, the solid mass of each TMD and the liquid mass of each 
TLCD unit are set to 1% of the structural mass. For consistency, 

each STLCD unit maintains the same total mass ratio of 1%, 
equally distributed between the sliding container (0.5%) and the 
liquid (0.5%), ensuring a fair comparison with the other devices. In 
this manner, the cumulative mass ratios attained at the end of the 
optimization for each strategy (≈3% for the three-story model and 
≈6% for the six-story model) remain well within the ranges reported 
in literature and adopted in full-scale installations of vibration 
control devices (Elias et al., 2017). For both the M-TLCD and M-
STLCD, αj = 0.85, which represents an intermediate value among 
those most adopted (Gao et al., 1997; Ziegler, 2007; Di Matteo et al., 
2016; Fei et al., 2019; Adam et al., 2017). More specifically, for the 
two investigated structures, the parameter constraints were defined 
based on practical considerations and established references and 
are summarized in Table 1 along with the corresponding value 
ranges, fixed values, optimized variables, and step sizes. Frequency-
related bounds were expressed as multiples of the lowest and highest 
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FIGURE 5
Installation floors for the M-STLCD-controlled three-story structure.

fundamental frequencies of the uncontrolled structure, denoted 
as ωmin and ωmax, respectively (Chen and Wu, 2001). Hence, for 
the M-STLCD control strategy ωc,j ∈ [0.64ωmin,1.36ωmax] and, 
similarly, for M-TMD ωd,j ∈ [0.64ωmin,1.36ωmax]. For both M-TMD 
and M-STLCD strategies, the damping ratios were constrained to 
values typical of underdamped systems (i.e., ζc,j < 1), generally 
slightly below 10%, in line with prior studies (Chen and Wu, 2001). 
Liquid column lengths for M-TLCDs and M-STLCDs were selected 
within a realistic range, reflecting standard room dimensions and 
ensuring that a sufficient quantity of liquid can be accommodated, 
typically between 1% and 5% of the total structural mass, to achieve 
meaningful vibration reductions. While shorter columns shift the 
device frequency upward, benefiting higher-mode control, the 
selected range reflects practically feasible scenarios, particularly 
when considering large-scale applications (Balendra et al., 1995). 
Unlike classical damping ratios, head-loss coefficients can reach 
much higher values, often exceeding unity; while some numerical 
studies report extremely high values (>1000) (Wang et al., 2020), 
experimental data typically remain below 80 (Gao et al., 1997; 
Di Matteo et al., 2016; Min et al., 2005; Wu et al., 2005), so 
the selected range was chosen to align more closely with actual 
applications. It is also worth noting that excessively high head-loss 
coefficients can significantly restrict fluid motion, causing STLCDs 
to resemble TMDs. Despite this convergence in behavior, as outlined 
in the Introduction, the fluid-based system retains some intrinsic 
advantages over solid-mass devices. Additionally, a comparison 
with M-TMD strategies is presented in the following section to 
illustrate the relative effectiveness of both approaches. During the 
optimization with an assigned unit mass of 1%, the broadband 
noise excitation was generated considering ωg = 7.62 rad/sec, 
S0 = 0.05 m2/s3 and ζg = 0.6 in Equation 9. The time history and 
corresponding PSD of the excitation are shown in Figure 4, with the 
PSD clearly indicating that the maximum spectral amplitude occurs 
near the structure’s natural frequency. At this exploratory stage, the 
excitation was chosen following the methodology in (Chen and Wu, 

2001) to provide a preliminary analysis basis and ensure consistency 
with previous studies. 

6.1 Case study 1: three-story structure

This Section reports the optimization results for the three-
story structure previously introduced in Section 4. In particular, the 
results are provided in terms of optimized parameters, installation 
floors, and the vibration modes targeted by the optimization 
procedure for the M-STLCD-controlled three-story structure. An 
intuitive representation of the optimal installation floors is provided 
in Figure 5, while detailed results are listed in Table 2, which shows 
the outcomes of each iteration of the proposed procedure. For each 
entry, a comparison with the global PSO algorithm, implemented 
using the default MATLAB package, is included by reporting, in 
round parentheses next to the proposed values, the corresponding 
PSO results in terms of both device parameters and normalized 
variances obtained for the M-STCLD strategy. It is important to note 
that, unlike the sequential nature of the proposed approach, PSO 
results refer to the final configuration obtained by optimizing all 
devices simultaneously, rather than iteratively. As can be observed, 
the 1st STLCD unit is tuned to the 2nd mode from the very 1st

iteration and placed on the 2nd floor. The tuning decision is likely 
influenced by the strong contribution of the 2nd mode, partly due 
to its low damping ratio, while the placement is driven by the 
largest component of the 2nd mode at the 2nd floor, making that 
level the most effective location for the 1st installations to achieve 
optimal control performance. At the 2nd iteration, the 2nd STLCD 
is installed on the 3rd floor and tuned to the 1st mode. In the 
3rd and final iteration, the last device is placed on the 1st floor 
and tuned to the 2nd mode. As can be deduced from Table 2, 
although the parameters obtained via PSO differ significantly from 
those identified by the proposed sequential algorithm, the resulting 
acceleration variances are practically equivalent. At the upper 
two floors, the PSO approach achieves slightly lower variances, 
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TABLE 2  Optimized parameters, installation floors, and tuned modes for the M-STLCD, M-TMD, M-TLCD controlled three-story structure.

Optimization 
procedure steps

Initial condition 1st
Iteration

2nd
Iteration

3rd
Iteration

M-STLCD

Optimal floor for 
the ith device

- 2nd 3rd 1st

Optimal parameters for the ith device

ωc [rad/sec] - 13.80 (14.19) 7.20 (7.19) 12.70 (13.07)

ζc - 0.01 (0.0063) 0.005 (0.0052) 0.015 (0.0049)

ωl [rad/sec] - 1.14 (1.44) 1.98 (1.98) 1.06 (0.84)

L [m] - 15.00 (9.45) 5.00 (4.98) 17.50 (27.96)

ξ - 80.00 (78.84) 80.00 (80) 50.00 (50.93)

σ2
ẍa ,3

 [m2/s4] 4.75 2.99 2.98 2.86 (2.83)

σ2
ẍa ,2

 [m2/s4] 14.30 6.98 6.85 6.38 (6.26)

σ2
ẍa ,1

 [m2/s4] 16.47 15.86 8.68 8.66 (8.68)

M-TMD

Optimal floor for the
ith device

- 2nd 3rd 1st

Optimal parameters for the ith device

ωd [rad/sec] - 16.72 7.50 15.34

ζd - 0.08 0.10 0.05

M-TLCD

Optimal floor for the
ith device

- 3rd 2nd 1st

Optimal parameters for the ith device

ωl [rad/sec] - 1.98 2.37 2.37

L [m] - 5.00 3.50 3.50

ξ - 80.0 80.0 70.0

whereas at the 1st floor, the proposed method provides a marginally 
better reduction, highlighting how PSO’s effectiveness depends on 
careful tuning of internal parameters. Despite its simplicity, the 
proposed method delivers competitive, and sometimes superior, 
results without requiring extensive calibration. In any case, the 
maximum discrepancy is limited to 1.92% at the 2nd floor. This 
close agreement in performance confirms the effectiveness of 
the proposed sequential strategy, despite its simpler and more 
interpretable optimization process. The results for the other M-
TMD and M-TLCD control strategies are also listed in Table 2. 
The M-TMD follows a similar trend to the M-STLCD. The M-
TLCD, however, does not exhibit the same clear pattern of mode 
and floor selection, suggesting that its physically realizable lengths 

were insufficient to properly target the 2nd mode. This deviation, 
compared to the other devices, stems from constraints on the liquid 
length, imposed to ensure the practical feasibility of the M-TLCD, 
which shifts the liquid frequency either too far above or too far 
below the structural frequency. The effectiveness of these three 
strategies is compared in Figure 6, where the normalized variances 
of absolute acceleration and displacement are shown, respectively. 
Figure 6 illustrates the evolution of the normalized acceleration 
variance at each floor of the three-story structure throughout 
the optimization process. A clear trend of progressive variance 
reduction is observed for the M-STLCD, showing performance 
closely aligned with the M-TMD across all iterations. In contrast, the 
M-TLCD exhibits higher variance levels throughout the procedure, 
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FIGURE 6
Normalized acceleration variance (top row) at the: (A) 3rd; (B) 2nd; (C) 1st floor, and normalized displacement variance (bottom row) at the: (D) 3rd; (E)
2nd; (F) 1st floor of the three-story structure for each iteration: M-STLCD vs. M-TMD and M-TLCD.

FIGURE 7
Normalized variance in the final configuration in terms of (A) acceleration ηẍa,j

; (B) displacement ηx,j for each floor of the three-story structure: 
M-STLCD (optimized through the proposed procedure or the PSO (pentagram markers)) vs. M-TMD and M-TLCD.

failing to match the effectiveness of the other strategies. Similarly, 
Figure 7 presents the evolution of the normalized displacement 
variance at each floor in the final configuration. For the M-STLCD, 
a comparison is included with results obtained via a global PSO 
to highlight the effect of simultaneous optimization across all 
devices through a metaheuristic approach. As shown in Figure 7A, 
in terms of acceleration variance, PSO exhibits essentially the 
same performance. On the other hand, regarding displacement 

response (Figure 7B), although it was not directly included in 
the objective function, the PSO algorithm yields slightly better 
results. This can be attributed to the global nature of the PSO 
strategy, which simultaneously adjusts all device parameters in a 
way that may indirectly favor improved displacement performance. 
Despite not being explicitly targeted, such outcomes suggest that 
the broader search space exploration characteristic of PSO may 
occasionally capture favorable trade-offs among multiple dynamic 
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FIGURE 8
FRFs in terms of absolute accelerations at the: (A) 3rd; (B) 2nd; (C) 1st floor, for each iteration of the optimization procedure for the M-STLCD-controlled 
three-story structure.

response quantities. Nonetheless, the proposed sequential discrete 
procedure yields comparable performance, especially in terms 
of acceleration reduction, as seen in Figure 7A, while offering 
significant advantages in terms of implementation simplicity and 
transparency of the optimization process. It is deterministic, 
less sensitive to algorithmic tuning, and requires substantially 
fewer resources. These characteristics make it particularly suitable 
for practical civil engineering applications, where robustness, 
reproducibility, feasibility, parameter traceability, step size control, 
and sequential installation might outweigh marginal performance 
gains. Again, the M-STLCD progressively reduces displacement 
variances at all floors with results comparable to the M-TMD. 
Figure 7 presents the final variance values across all floors in terms 
of normalized absolute accelerations (Figure 7A) and displacements 
(Figure 7B). In Figure 7A, the M-STLCD closely matches the M-
TMD at the 3rd floor, while the M-TMD achieves slightly lower 
variances at the 1st and 2nd floors. In contrast, Figure 7B shows that 
the M-STLCD attains slightly lower displacement variance at the 3rd

floor (∼0.57), and comparable performance across all levels. The M-
TLCD, on the other hand, remains the least effective solution in both 
acceleration and displacement responses.

Figure 8 illustrates the iterative evolution of the FRFs for the 
three-story structure, comparing the M-STLCD-controlled system 
with the uncontrolled case, in terms of absolute acceleration for 
the 1st, 2nd, and 3rd floors, shown in panels (A)-(C), respectively. 
As can be seen, the device sequentially targets the 2nd mode in 

the 1st iteration, then the 1st mode, and finally refines the 2nd

mode again. In particular, the influence of the first STLCD on the 
subsequent devices is evident from Figure 8A. The first STLCD is 
placed on the 2nd floor to target the 2nd vibration mode, which 
exhibits a dominant peak in the uncontrolled structure, particularly 
evident in Figure 8B. This device is effectively tuned to reduce 
the 2nd mode’s contribution, leading to a significant attenuation 
of the corresponding peak of 65.44%, 61.74%, and 62.14% at 
the 3rd, 2nd, and 1st floors, respectively. Once the 2nd mode is 
mitigated, the 1st mode becomes the most critical contributor to 
the structural response. Consequently, the second STLCD, selected 
in the following iteration, is tuned closer to the first natural 
frequency to suppress the now-dominant 1st mode, resulting in 
further attenuation of the lower-frequency peak by 55.48%, 27.64%, 
and 15.95% at the 3rd, 2nd, and 1st floors. In the 3rd iteration, 
the optimizer refines the response further by addressing residual 
contributions from the 2nd mode, achieving additional reductions 
of 67.50%, 64.26%, and 63.87%, respectively. This iterative pattern 
highlights how the optimization strategy adapts to the evolving 
modal content. The influence of each previously installed STLCD 
is inherently accounted for, as the system matrices are updated 
after each iteration. Although the process is sequential, inter-
device interactions are implicitly captured, and each new device 
responds to the residual dynamics left unaddressed by earlier 
ones. The consistent peak attenuation across all floors confirms the 
effectiveness of the M-STLCD approach. Finally, Figure 9 compares 
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FIGURE 9
FRFs in terms of absolute accelerations in the final configuration at the: (A) 3rd; (B) 2nd; (C) 1st floor, of the three-story structure: M-STLCD vs. M-TMD 
and M-TLCD.

FIGURE 10
Installation floors for the M-STLCD-controlled six-story structure.
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TABLE 3  Optimized parameters, installation floors, and tuned modes for the M-STLCD, M-TMD, M-TLCD-controlled six-story structure.

Optimization 
procedure steps

Initial 
condition

1st It 2nd It 3rd It 4th It 5th It 6th It

M-STLCD

Optimal floor for the
ith device

- 6th 5th 4th 3rd 2nd 1st

Optimal parameters for the ith device

ωc [rad/sec] - 7.32 (7.29) 7.13 (6.56) 7.13 (6.51) 5.41 (5.44) 18.17 (17.82) 6.37 (5.81)

ζc - 0.005 (0.0051) 0.005 (0.0059) 0.005 (0.005) 0.015 (0.0089) 0.025 (0.027) 0.005 (0.0049)

ωl [rad/sec] - 1.98 (1.98) 1.98 (1.98) 1.98 (1.98) 0.75 (0.67) 1.98 (1.96) 0.66 (0.68

L [m] - 5.00 (5.01) 5.00 (4.97) 5.00 (4.98) 35.00 (44.14) 5.00 (5.11) )45.00 (42.52)

ξ - 80.0 (80) 80.0 (78.80) 80.0 (80) 1.0 (5.58) 80.0 (78.95) 1.0 (5.05)

σ2
ẍa ,6

 [m2/s4] 25.36 13.98 11.29 10.07 9.47 9.14 9.01 (9.09)

σ2
ẍa 5

 [m2/s4] 21.94 11.86 9.47 8.39 7.86 7.78 7.66 (7.72)

σ2
ẍa ,4

 [m2/s4] 17.09 9.29 7.45 6.60 6.18 6.16 6.07 (6.12)

σ2
ẍa ,3

 [m2/s4] 11.82 6.75 5.55 5.00 4.71 4.46 4.41 (4.44)

σ2
ẍa ,2

 [m2/s4] 6.81 4.31 3.72 3.46 3.31 2.95 2.93 (2.94)

σ2
ẍa ,1

 [m2/s4] 2.84 2.17 2.02 1.95 1.90 1.75 1.74 (1.74)

M-TMD

Optimal floor for the
ith device

- 6th 5th 4th 3rd 2nd 1st

Optimal parameters for the ith device

ωd [rad/sec] - 7.55 7.78 6.78 8.31 21.75 19.96

ζd - 0.06 0.10 0.04 0.06 0.09 0.09

M-TLCD

Optimal floor for the
ith device

- 6th 5th 4th 3rd 2nd 1st

Optimal parameters for the ith device

ωl [rad/sec] - 1.98 2.37 2.37 1.98 2.37 1.02

L [m] - 5.00 3.50 3.50 5.00 3.50 18.50

ξ - 80.0 70.0 60.0 70.0 70.0 70.0

the FRFs in the final configuration (last iteration) among the M-
STLCD, M-TLCD and M-TMD strategies. From this comparison, it 
emerges that the M-TLCD consistently underperforms in mitigating 
the peak responses; by contrast, both the M-STLCD and the M-
TMD effectively suppress the 1st and 2nd modes. Specifically, the 
M-STLCD achieves a higher peak reduction of the 1st mode at the 
3rd floor (56.07% for M-STLCD vs. 54.51% M-TMD), and the M-
TMD provides higher peak attenuations of the 2nd mode at lower 

floors (64.26% M-STLCD vs. 72.37% M-TMD at the 2nd floor, and 
63.87% M-STLCD vs. 72.25% M-TMD at the 1st floor). 

6.2 Case study 2: six-story structure

To demonstrate the generalization capability of the proposed 
optimization procedure across different structural configurations, 
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FIGURE 11
Normalized acceleration variance ηẍa,j

 at the: (A) 6th; (B) 5th; (C) 4th; (D) 3rd; (E) 2nd; (F) 1st floor of the six-story structure for each iteration: M-STLCD vs. 
M-TMD and M-TLCD.

this section presents the optimization results for the six-story 
reference structure, which has already been investigated in the 
literature for multi-modal control via TMDs (Chen and Wu, 2001). 
The reference structure consists of six floors having identical lumped 
masses Mj = 4.3 × 104 kg (j = 1, …,6) and uniform interstory stiffness 
values kj = 4.0 × 107 N/m (j = 1, …,6). A modal damping ratio of 
3% was assumed for all modes, and the natural frequencies are ωj =
[7.62,22.43,35.93,47.34,56.00,61.41] rad/sec.

Figure 10 depicts the results of the optimization procedure in 
terms of the installation floors for each iteration, while Table 3 
presents the details of the results of the optimization procedures for 
the M-STLCD-controlled six-story structure. Unlike the three-story 
structure, each STLCD here is installed sequentially from the top 
to the bottom floor, almost always targeting the 1st structural mode 
and switching its tuning to the 2nd mode only at the 5th iteration as 
a consequence of the primary influence of the fundamental mode 
in early iterations. In contrast to the 3-DOF case, the acceleration 
variances obtained through the PSO algorithm are unexpectedly 
higher than those achieved by the proposed sequential method 
highlighting the sensitivity of global optimization algorithms to the 
choice of their internal parameters (such as population size, inertia 
weight, and acceleration coefficients) which, if not properly tuned, 
may lead to suboptimal results. These findings further reinforce 
the fact that, despite its simplicity and lack of global coordination, 
the proposed algorithm is capable of delivering competitive, and in 
some cases superior, performance without the need for extensive 
parameter calibration. As shown in Table 3, which also includes 

results for the M-TMD and M-TLCD, similar trends are observed 
for the M-TMD. In contrast, detecting the target mode is challenging 
for the M-TLCD, as the identified frequencies often deviate from 
the fundamental ones of the uncontrolled structure, underscoring 
its inadequacy for this type of short-period structure. Figure 11 
illustrates the variation in normalized acceleration variance at each 
floor of the six-story structure over the course of the optimization 
process, comparing the performance of the M-STLCD, M-TLCD, 
and M-TMD. Overall, both the M-STLCD and the M-TMD 
achieve comparable reductions in variance, while the M-TLCD 
consistently underperforms. From the 6th down to the 3rd floor 
(Figures 11A–D), the M-STLCD and the M-TMD progressively 
reduce the structural response. A similar trend is observed at 
the lower levels (Figures 11E,F), where the steeper drop between 
the 4th and 5th iterations highlights the effectiveness of the 5th

unit, installed on the second floor and tuned to the 2nd mode, 
in mitigating local accelerations. A similar trend is observed in 
terms of normalized displacement variance at all floors over the 
course of the optimization process (Figure 12), with the M-STLCD 
and M-TMD demonstrating comparable effectiveness, while the 
M-TLCD continues to show limited effectiveness in mitigating 
displacements. Figure 13A illustrates the final normalized variance 
in terms of absolute accelerations across all floors for each 
control strategy in the final configuration. As can be seen in 
Figure 13A, and as already evident from Table 3, in terms of 
normalized acceleration variance, PSO exhibits essentially the same 
performance, albeit slightly lower. While the M-TLCD remains 
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FIGURE 12
Normalized displacement variance ηx,j at the: (A) 6th; (B) 5th; (C) 4th; (D) 3rd; (E) 2nd; (F) 1st floor of the six-story structure for each iteration: M-STLCD vs. 
M-TMD and M-TLCD.

FIGURE 13
Normalized variance in the final configuration in terms of: (A) acceleration ηẍa,j

; (B) displacement ηx,j for each floor of the six-story structure: M-STLCD 
(optimized through the proposed procedure or the PSO (pentagram markers)) vs. M-TMD and M-TLCD.

the least effective, the M-STLCD shows progressive improvement, 
ultimately approaching the performance of the M-TMD at the 
upper floors. Notably, the M-TMD matches or even exceeds the 
performance of the M-STLCD in terms of normalized displacement 
variance at all levels (Figure 13B), while the M-TLCD proves to be 
the least effective. Again, as in the case of the three-story structure, 
the PSO algorithm yields slightly better results.

Figure 14 illustrates the iterative evolution of FRFs in terms of 
absolute accelerations for the M-STLCD control strategy compared 
to the uncontrolled structure. The uncontrolled structure exhibits 
a dominant 1st mode, with progressively lower magnitudes from 
the 6th to the 1st floors. At the 2nd and 1st floors, however, the 
contribution of the 2nd mode becomes significant and, due to the 
reduced amplitude of the 1st mode at these levels, the two modes 
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FIGURE 14
FRFs in terms of absolute accelerations for each iteration at the: (A) 6th; (B) 5th; (C) 4th; (D) 3rd; (E) 2nd; (F) 1st floor for each iteration of the optimization 
procedure for the M-STLCD-controlled six-story structure.

exhibit comparable magnitudes. From the 1st iteration, the initial 
STLCD unit substantially reduces the 1st mode across all floors, 
achieving a peak reduction of 57.69% at the 6th floor. The attenuation 
continues in iterations 2 and 3, albeit with diminishing impact, 
while the 4th iteration further refines the 1st mode’s reduction, 
leading to 71.96% peak reduction. A significant shift occurs in the 

5th iteration, which specifically targets the 2nd mode, leading to 
a marked attenuation of the 2nd peak across all floors, reaching 
52.79% at the 6th floor. Finally, Figure 15 highlights the M-STLCD’s 
performance relative to alternative approaches, showing that the M-
STLCD and the M-TMD demonstrate comparable reductions in the 
1st mode (72.21% for M-STLCD vs. 76.07% for M-TMD at the 6th 

Frontiers in Built Environment 20 frontiersin.org

https://doi.org/10.3389/fbuil.2025.1652972
https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org


Masnata et al. 10.3389/fbuil.2025.1652972

FIGURE 15
FRFs in terms of absolute accelerations in the final configuration at the: (A) 6th; (B) 5th; (C) 4th; (D) 3rd; (E) 2nd; (F) 1st floor of the six-story structure: 
M-STLCD vs. M-TMD and M-TLCD.

floor), as well as in the 2nd mode (52.22% for M-STLCD vs. 54.22% 
for M-TMD at the 6th floor). In contrast, the M-TLCD achieves 
only modest reductions in both modes, confirming its limitations in 
addressing higher-mode contributions in short-period structures. 

7 Time-history analyses of final 
M-STLCD-optimized configurations

This Section evaluates the control performance of the optimized 
M-STLCD in n-story structures through numerical simulations in 
the time domain in comparison with the corresponding optimal M-
TLCD and M-TMD solutions. As in Section 6, results are presented 

separately for the three-story and six-story structures. First, time-
domain assessment has been carried out under the same broadband 
excitation described in Section 6. The broadband noise excitation 
adopted for the time-history analyses has been calibrated to match 
the amplitude range associated with severe seismic events in 
seismically active regions (Joshi et al., 2019). Generated numerically 
through Equations 9, 10, it features a predominant frequency ωg =
7.62 rad/sec that deliberately falls within the resonance bandwidth of 
the case-study structures. This configuration places both the three-
story and six-story structures in a resonant or near-resonant first-
mode condition, further amplifying the structural response and 
posing an even more demanding scenario for vibration control. 
Following the device design phase outlined in Section 6, each 
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FIGURE 16
Kocaeli earthquake: (A) time history; (B) PSD.

damper unit is initially assigned a mass equal to 1% of the 
total structural mass. To further explore the scalability of the 
sequential tuning procedure, a second set of simulations has been 
conducted with increased unit mass ratios for each M-STLCD, M-
TMD, and M-TLCD unit: 4% for the three-story structure and 
2% for the six-story structure. In both cases, the resulting total 
control mass amounts to 12%, which remains within the practical 
range typically recommended in the literature (Elias et al., 2017). 
Finally, further analyses have been performed by subjecting both 
structures to a real seismic event. In this respect, to evaluate the 
M-STLCD control strategy under realistic seismic conditions, the 
increased-mass configurations have been tested using the 1999 
Kocaeli earthquake in Turkey, characterized by a pronounced 
impulsive content, whose corresponding time history and PSD 
function are shown in Figure 16. Importantly, for both increased 
mass excitation scenarios, the broadband noise and the recorded 
earthquake, all sequential optimization procedures for the M-
STLCD, M-TLCD, and M-TMD were re-executed to ensure a 
consistent evaluation of each control strategy under specific input 
conditions and to confirm the adaptability of the optimization 
framework to site-specific structural demands. The results for three-
story and six-story structures are presented in dedicated subsections 
comparing the M-STLCD, M-TLCD, M-TMD, and the uncontrolled 
structure as the baseline. The results are presented in terms of peak 
values, as these are particularly important since peak accelerations 
can affect occupant comfort or damage sensitive equipment, while 
excessive interstory displacements are directly linked to increased 
demands on both structural and non-structural components. 
Additionally, time-history plots are provided to demonstrate the 
temporal evolution of structural accelerations and interstory drifts 
throughout the seismic events. 

7.1 Case study 1: three-story structure

The first set of results pertains to the peak responses of the three-
story structure under a broadband noise excitation. In this regard, 
the peak absolute accelerations at all floors ẍk,peak = max[ẍk(t)]
and interstory drifts Δxk,k−1,peak = max[xk(t) − xk,k−1(t)] (with k = 

1,2,…,ndof) are reported in Figures 17A,B, while Figures 17C,D 
illustrates the corresponding percentage reductions, denoted as 
εẍk,peak

 and εΔxk,k−1,peak
, achieved by each control strategy, M-STLCD, 

M-TMD, and M-TLCD, relative to the uncontrolled case in both 
acceleration and drift compared to the uncontrolled case. Results 
are presented for two damper mass ratios: 1% and 4% of the total 
structural mass. Importantly, the control strategies were not simply 
scaled in mass; rather, all sequential optimization procedures, for the 
M-STLCD, the M-TLCD, and the M-TMD, were re-executed under 
the structural input to reflect the updated design requirements. As 
can be seen from Figure 17C, M-STLCD and M-TMD outperform 
M-TLCD in both acceleration and drift reductions, particularly 
at higher mass ratios. At 4% mass ratio, the M-STLCD strategy 
achieves the highest peak acceleration reduction (46.66%) and 
significant drift reduction (25.41%), comparable to the M-TMD 
which provides the best drift reduction (29.21%) and strong 
acceleration mitigation (47.83%).

These trends are clearly illustrated in the time-history plots 
shown in Figure 18, which refers to the case with a 4% mass ratio. 
Specifically, Figures 18A,B display the time-history responses of the 
top floor acceleration and the interstory drift between the upper 
floors, respectively. In both cases, the M-STLCD demonstrates 
robust and consistent performance, effectively reducing the 
structural response throughout the event. The M-TMD shows 
comparable overall performance, though it occasionally exceeds 
the uncontrolled response in localized instances. In contrast, the 
M-TLCD performs the worst among the three strategies.

Finally, similar trends are observed in Figure 19, which 
illustrates the structural response to the real accelerogram recorded 
during the 1999 Kocaeli earthquake. At the 3rd floor, the M-TMD 
achieves the greatest peak acceleration reduction (Figure 19A), 
reaching 37%, while the M-STLCD remains highly competitive with 
a 26% reduction. In contrast, the M-TLCD consistently delivers 
lower effectiveness, showing limited reductions across all floors and 
highlighting its reduced suitability for impulsive seismic inputs. In 
terms of interstory drift (Figure 19B), the M-STLCD achieves a 
14% reduction between the 3rd and 2nd floors, while the M-TMD 
shows a more substantial reduction of 21%. Notably, the M-TLCD 
performs poorly, slightly exceeding the uncontrolled response at 
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FIGURE 17
(A) Peak floor accelerations; (B) interstory drifts; (C) acceleration reduction; (D) drift reduction in the three-story structure: M-STLCD vs. M-TMD and 
M-TLCD control strategies under broadband noise excitation.

this interstory level. Overall, the M-STLCD exhibits robust and 
consistent performance, maintaining effective response reduction 
even under the challenging, impulsive nature of real earthquake 
excitation. Its results remain competitive with the M-TMD and 
clearly superior to the M-TLCD strategy. Clearly, if the goal is to 
assess whether the system remains within linear limits under these 
severe earthquake scenarios, the proposed procedure can be applied 
using specific structural models, alongside standard structural 

codes. Indeed, the current procedure is based on mass, damping, 
and stiffness matrices with numerical values that are detached 
from specific material or geometric information, which is essential 
for directly verifying linearity. While this aspect can be effectively 
addressed in a subsequent design phase, involving experiments and 
tailored protection strategies, the present formulation offers a solid 
and flexible foundation upon which more detailed, application-
driven assessments can be systematically developed. Moreover, 
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FIGURE 18
Time-history response of the three-story structure equipped with M-STLCD, M-TMD, and M-TLCD, each having a mass equal to 4% of the total 
structural mass, subjected to broadband noise excitation: (A) top floor absolute accelerations; (B) interstory drift.

FIGURE 19
Time-history response of the three-story structure equipped with M-STLCD, M-TMD, and M-TLCD, each having a mass equal to 4% of the total 
structural mass, subjected to a real earthquake record (1999 Kocaeli): (A) top floor absolute accelerations; (B) interstory drifts.

only a sample of real earthquakes has been investigated, which 
is, of course, not exhaustive. Nonetheless, the same procedure 
can be extended to a wide range of excitation scenarios using 
comprehensive ground motion data tailored to specific locations and 
seismic code requirements. 

7.2 Case study 2: six-story structure

This subsection, dedicated to the six-story structure, presents 
the peak values of absolute accelerations and interstory drifts 
across all floors, along with time-history responses under both 
broadband noise and real earthquake base excitations. Specifically, 
Figure 20 summarizes peak structural responses and corresponding 
reductions for the six-story structure subjected to the broadband 
noise excitation, comparing damper units set at 1% and 2%. 

Concerning absolute accelerations (Figures 20A–C), the M-STLCD 
strategy effectively reduces the peak responses at all floors. At 
the top floor, where accelerations are highest, the M-STLCD 
achieves a 43% reduction in peak acceleration (with mass ratio 1%) 
comparable to the M-TMD, while the M-TLCD lags significantly 
with only a 9% reduction. A similar trend continues across the 
lower floors: both M-STLCD and M-TMD provide consistent 
reductions in acceleration, with nearly equivalent performance 
throughout. When increasing the damper mass ratio from 1% 
to 2%, the M-STLCD shows further improvement, achieving the 
highest peak acceleration (up to 49.8%) and drift reductions 
(up to 47.6%), outperforming its own results at lower mass 
and surpassing the M-TMD at all floors which reaches 43.2% 
acceleration and 43.6% drift reduction. M-TLCD remains the least 
effective, with maximum reductions around 25% (acceleration) 
and 22% (drift). Increasing the mass ratio yields only minor 
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FIGURE 20
(A) Peak floor accelerations; (B) interstory drifts; (C) acceleration reduction; (D) drift reduction in the six-story structure: M-STLCD vs. M-TMD and 
M-TLCD control strategies under broadband noise excitation.

changes for the M-STLCD, which maintains consistent drift 
reductions across all interstories. In contrast, the M-TMD exhibits 
a systematic performance decline at almost all levels compared 
to the 1% case, highlighting the advantage of the proposed M-
STLCD configuration.

The substantial reductions are evident in Figure 21, illustrating 
M-STLCD’s consistent and stable performance along the seismic 
event for both absolute accelerations and interstory drifts, when 
employing an increased unit mass ratio of 2%, performing on par 
with, or in some cases even surpassing, the M-TMD. Conversely, 
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FIGURE 21
Time-history response of the six-story structure equipped with M-STLCD, M-TMD, and M-TLCD, each having a mass equal to 2% of the total structural 
mass, subjected to broadband noise excitation: (A) top floor absolute accelerations; (B) interstory drifts.

FIGURE 22
Time-history response of the six-story structure equipped with M-STLCD, M-TMD, and M-TLCD, each having a mass equal to 2% of the total structural 
mass, subjected to a real earthquake record (1999 Kocaeli): (A) top floor absolute accelerations; (B) interstory drifts.

the M-TLCD exhibits limited improvement, barely reducing the 
structural response relative to the uncontrolled baseline.

Finally, Figure 22 illustrates the effectiveness of the M-
STLCD under the Kocaeli earthquake in reducing both absolute 
accelerations and interstory drifts throughout the time-domain 
response, when employing an increased unit mass ratio of 2%. 
The M-STLCD exhibits notably robust performance, especially 
considering the impulsive nature of the Kocaeli record, reducing 
peak acceleration at the top floor from 5.26 m/s2 (uncontrolled) to 
4.85 m/s2 (8% reduction), nearly identical to M-TMD’s performance 
(4.86 m/s2). In terms of interstory drifts (Figure 22B), both the M-
STLCD and M-TMD show slight increases in peak values compared 
to the uncontrolled case. This behavior aligns with the optimization 

objective, which prioritizes the reduction of absolute accelerations, 
often at the expense of drift performance, a well-known trade-
off in passive control systems. If the goal is to suppress the initial 
transient response, it is important to note that the first acceleration 
peak, often inadequately controlled by passive systems, can be more 
effectively mitigated using active or hybrid control strategies, which 
are commonly employed to address this inherent limitation of 
passive devices. Nevertheless, the M-STLCD proves highly effective 
in attenuating the structural response over time, delivering sustained 
and stable performance throughout the remainder of the event. 
Additionally, compared to the other devices, it offers additional 
advantages, such as reduced solid mass requirements and the 
potential use of readily available water resources for damping. 
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8 Conclusion

This study proposes a novel vibration control system composed 
of multiple Sliding Tuned Liquid Column Damper (STLCD) units, 
collectively referred to as the M-STLCD, for mitigating seismic-
induced vibrations in multi-story, stiff structures. Given its modular 
and distributed design, multiple STLCD units, consisting of mobile 
U-shaped liquid containers, can be easily integrated throughout the 
structural layout. Specifically, a sequential optimization procedure, 
structured in iterative steps, has been developed to progressively 
identify an optimal configuration tailored to the dynamic properties 
of the structure and the characteristics of the input seismic 
excitation. At each iteration, the procedure optimizes a single 
STLCD unit by determining the optimal parameters and installation 
floor for each damper unit. Based on preliminary analyses carried 
out on a three-story building, the proposed optimization focuses 
on minimizing absolute accelerations. To evaluate the response 
in terms of control performance, in addition to the three-
story structure, a six-story building has also been considered as 
a benchmark. For comparative purposes, analogous sequential 
optimization procedures have also been developed and applied to 
multiple Tuned Mass Damper (M-TMD) and multiple Tuned Liquid 
Column Damper (M-TLCD) systems. The proposed optimization 
framework has been initially assessed in the frequency domain 
by subjecting the two benchmark structures to a broadband 
noise excitation. Results demonstrate the M-STLCD’s ability to 
effectively target first vibration modes, consistently lowering 
response variances across all floors matching the performance of M-
TMD and outperforming M-TLCD, which exhibits clear limitations 
in tuning to stiff structures. Subsequently, the effectiveness of 
the M-STLCD control strategy is further assessed in the time 
domain, considering both structures equipped with optimal device 
configurations subjected to a broadband noise excitation and 
a real seismic event. An increased mass configuration is also 
explored to evaluate performance under varying control mass 
conditions. Results confirm the M-STLCD’s control capabilities 
across these diverse inputs, achieving peak acceleration reductions 
of up to 47% under the broadband noise excitation and up 
to 39% under the recorded seismic event. Notably, the M-
STLCD consistently exhibits performance comparable to M-TMD 
systems while offering additional advantages, such as reduced 
solid mass requirements and the potential use of available 
water resources for damping. Unlike M-TLCD systems, typically 
unsuitable for short-period structures, the M-STLCD effectively 
extends the applicability of liquid-based devices to stiff buildings 
characterized by shorter periods, thus presenting a robust, scalable, 
and promising solution for vibration mitigation in multi-story
structures.
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