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Abstract: High-fidelity fluid—structure interaction (FSI) analysis is widely
recognized as one of the most accurate approaches for evaluating the seismic
performance of tuned liquid dampers (TLDs). However, coupling a three-
dimensional FSI model with a detailed finite-element model of a high-rise
building requires substantial computational resources, limiting its application in
routine engineering analysis and preliminary design. This study develops and
validates a computationally efficient reduced-order structural-FSI framework
that preserves the dominant structural dynamic characteristics while explicitly
modeling three-dimensional liquid sloshing. A 30-story reinforced-concrete
building is first modeled in ETABS to extract its modal properties. The detailed
structural model is subsequently transformed into an equivalent lumped mass—
spring—damper system implemented in ANSYS and coupled with three-
dimensional TLD fluid domains using FLUID80 elements. The reduced-order
structural model reproduces the fundamental natural frequency of the full
three-dimensional model with an error of less than 0.2%, demonstrating
excellent agreement in the dominant dynamic response. Nonlinear time-history
analyses are performed under the 1940 El Centro north—south earthquake
record to investigate two practical TLD layouts: six tanks installed at the roof
and a distributed configuration with three tanks at the roof and three at mid-
height. Both configurations reduce global structural displacement and
generally mitigate interstory drift and story shear, although local increases in
drift or shear can occur at some floors. The roof-mounted configuration
decreases the peak roof displacement from 0.389 m to 0.352 m (approximately
9.5%) and reduces the maximum base shear from 5.52 x 107 N to 5.22 x 107
N. Although the distributed configuration provides smaller global reductions, it
offers improved response mitigation at intermediate stories through enhanced
interaction with higher vibration modes. The proposed framework provides a
mechanically consistent and computationally practical methodology for
system-level seismic assessment and preliminary design of high-rise buildings
incorporating tuned liquid dampers.

Keywords: Tuned liquid damper (TLD), reduced-order modeling, fluid—
structure interaction, high-rise building, seismic assessment, nonlinear time-
history analysis.
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1. Introduction

The rapid development of high-rise buildings
in densely populated urban areas has significantly
increased the demand for reliable and efficient
seismic vibration-control technologies. Owing to
their slender structural configuration and relatively
low lateral stiffness, reinforced concrete (RC) high-
rise buildings generally possess long fundamental
vibration periods, typically ranging from 0.2 to 0.4
Hz for structures with 20—40 stories [1], [2]. This
frequency range often overlaps with the dominant
frequency content of strong earthquake ground
motions, making such structures particularly
vulnerable to resonance-induced amplification.
Consequently, excessive roof displacement, large
interstory drift, and increased inertial forces may
develop during seismic events, adversely affecting
both structural integrity and the serviceability of
nonstructural components.

To improve seismic resilience, various
passive, semi-active, active, and hybrid vibration-
control systems have been developed and
implemented in modern structures, including tuned
mass dampers (TMDs), viscous and friction
dampers, and base-isolation systems [3]. Among
these alternatives, tuned liquid dampers (TLDs)
have attracted considerable attention because of
their simple construction, low installation and
maintenance costs, architectural compatibility, and
ability to utilize existing water-storage tanks
commonly located on rooftops or mechanical floors
of high-rise buildings [4], [5]. Unlike conventional
mechanical dampers, TLDs dissipate structural
vibration energy through liquid sloshing inside
partially filled tanks. Under seismic excitation, the
interaction between the oscillating liquid free
surface and the supporting structure converts
structural kinetic energy into viscous dissipation,
turbulence, wave breaking, and nonlinear free-
surface deformation, thereby reducing structural
responses.

Over the past three decades, extensive
research has substantially advanced the

T.A. Nguyen et al

understanding and practical application of TLD
systems. Early investigations primarily focused on
establishing the fundamental sloshing mechanism
and validating the vibration-control capability of
rectangular liquid tanks through analytical
formulations and laboratory experiments [4-6].
These pioneering studies demonstrated that
properly tuned liquid dampers could effectively

reduce structural vibration under dynamic
excitation, providing the theoretical basis for
subsequent  TLD  design methodologies.

Subsequent research investigated multiple-tank
configurations with distributed sloshing
frequencies to improve control robustness [7].
These studies were later extended to multi-degree-
of-freedom structures and high-rise buildings [8],
while numerical optimization methods were
developed to determine the optimal tuning
parameters, damper configurations, and mass
ratios of single and multiple liquid-column dampers
[9], [10]. These studies significantly improved TLD
design strategies for practical engineering
applications, particularly for wind-induced vibration
control.

With the rapid development of computational
mechanics and fluid dynamics,
simulation has become an indispensable tool for
investigating TLD behavior under increasingly
complex loading conditions. Recent studies have
employed finite-element methods, computational
fluid dynamics (CFD), and fluid—structure
interaction (FSI) techniques to simulate nonlinear
sloshing phenomena, including wave breaking,
vortex formation, turbulent flow, and hydrodynamic
pressure distributions that cannot be adequately
represented by conventional analytical models [11-
15]. These high-fidelity numerical approaches have
substantially improved the physical realism of TLD
simulations and provided valuable insights into the
nonlinear interaction between liquid motion and
structural  vibration under strong dynamic
excitation, including seismic loading.

Despite these significant advances, existing

numerical
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research has also expanded toward practical
implementation issues. Experimental
investigations have demonstrated the
effectiveness of TLD and tuned liquid column
damper (TLCD) systems in reducing seismic
responses of building structures [16], while
studies have explored innovative
configurations, including elastically supported TLD
systems and simplified finite-element models for
seismic analysis [17], [18]. Furthermore, recent
review studies have systematically summarized
analytical, experimental, and
developments in TLD technology, highlighting the
importance of liquid properties, tank geometry, and
frequency tuning in achieving effective vibration
mitigation [19]. Complementary = numerical
investigations have also examined detailed
sloshing behavior in rigid liquid tanks subjected to
dynamic loading using finite-element-based FSI
formulations [20]. Collectively, these studies
demonstrate the continuous evolution of TLD
research from simplified analytical representations
toward increasingly realistic numerical simulations
and engineering-oriented applications.

A comprehensive summary of representative
research conducted between 1990 and 2025 is
presented in Table 1. The table illustrates the
evolution of TLD research from early analytical
formulations and small-scale  experimental
investigations to advanced CFD- and FSl-based
numerical simulations, optimization techniques,
and practical seismic applications. It also reveals
the increasing emphasis on  accurately
representing nonlinear sloshing behavior and
improving the effectiveness of liquid-based
vibration-control systems for high-rise buildings
while highlighting several remaining challenges
that continue to motivate further investigation.

The literature summarized in Table 1
demonstrates that research on tuned liquid
dampers has progressed substantially over the
past three decades, evolving from simplified
analytical formulations and laboratory-scale

numerical

numerical
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experiments to advanced finite-element, CFD, and
fluid—structure interaction (FSI) simulations. These
advances have significantly improved the
understanding of sloshing dynamics and the
vibration-control mechanisms of TLD systems
under wind and earthquake excitations [4-6], [13-
15]. Moreover, previous studies have investigated
optimization strategies, hybrid TLD configurations,
and practical implementation in high-rise buildings,
providing valuable guidance for engineering design
[7-10], [16 - 18].

Despite these developments,
important challenges remain unresolved.

First, many previous studies employed
simplified analytical sloshing models, such as
equivalent lumped-mass representations or linear
wave theory, which cannot fully reproduce
nonlinear  free-surface  deformation, wave
breaking, turbulence, and the complex interaction
between the liquid and its supporting structure
under strong excitation [6], [11], [12], [21]. Although
recent numerical and FSl-based models provide
substantially improved representations of the
coupled response of TLD-structure systems [13-
15], they generally require greater modelling effort
and computational resources than conventional
equivalent mechanical models. These
requirements can limit their applicability in routine
engineering practice, extensive parametric studies,
and preliminary structural design.

Second, the majority of previous
investigations have considered rooftop installation
as the default location for TLD systems [4], [5], [7],
[14]. However, contemporary high-rise buildings
frequently contain intermediate mechanical floors
or service levels that can accommodate
considerable water-storage capacity. The influence
of TLD elevation on modal participation, the
dynamic interaction between structural modes and
liquid sloshing, and the overall vibration-control
efficiency remain insufficiently quantified [17], [18],
despite their practical significance for modern
building design.

several
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Third, previous studies have often focused
on a limited number of structural response
quantities, such as roof displacement,
acceleration, or base shear [9], [16], [14]. A
comprehensive assessment  simultaneously
considering global displacement, interstory drift,
and story shear—which are key engineering
demand parameters in performance-based
earthquake engineering—remains relatively
limited. Consequently, the overall effectiveness of
different TLD layouts has not been fully understood
from a system-level structural perspective.

To address these limitations, this study
develops a computationally efficient hybrid
structural—fluid modeling framework for seismic
assessment of high-rise buildings equipped with
tuned liquid dampers. Unlike conventional high-
fidelity FSI models, the proposed methodology
combines a reduced-order model,
calibrated from a detailed three-dimensional
ETABS model, with an explicit three-dimensional
fluid domain implemented in ANSYS using a fully
coupled FSI formulation. This hybrid strategy
preserves the dominant dynamic
characteristics while explicitly capturing nonlinear
sloshing behavior, thereby achieving a practical
balance between computational efficiency and
physical fidelity.

A 30-story reinforced-concrete building is
selected as the benchmark structure. Two
representative TLD layouts are investigated under
nonlinear time-history analysis using the 1940 El
Centro earthquake record: (i) six tanks installed at
the roof level and (ii) a vertically distributed
configuration consisting of three tanks at the roof
and three tanks at an intermediate floor. Rather
than focusing on probabilistic seismic demand
assessment, the study aims to evaluate the
equivalence of the reduced-order structural
representation, examine the influence of TLD
placement on structural response, and assess the
applicability of the proposed framework for system-
level seismic analysis.

structural

structural
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The principal scientific contributions of this
study are follows: (1) A
computationally efficient hybrid structural-FSI
framework is developed by coupling a reduced-
order structural representation with a fully three-
dimensional fluid model, providing an effective
compromise between computational cost and
physical accuracy; (2) The reliability of the
reduced-order structural model is verified through
comparison with a detailed three-dimensional
building model, demonstrating that the proposed
equivalent representation preserves the dominant
dynamic characteristics required for seismic
response analysis; (3) The influence of TLD vertical
placement on modal interaction and structural
response is systematically investigated by
comparing rooftop and vertically distributed layouts
under identical seismic excitation; (4) A
comprehensive system-level seismic evaluation is
performed using multiple engineering demand
parameters, including roof displacement, interstory
drift, and story shear, providing practical guidance
for performance-oriented analysis and preliminary
design of high-rise buildings incorporating tuned
liquid dampers. Overall, the proposed methodology
bridges the gap between computationally intensive
high-fidelity FSI simulations and simplified
structural models commonly adopted in
engineering practice. By combining computational
efficiency with physically consistent fluid—structure
interaction, the proposed framework provides a
practical and reliable numerical tool for evaluating
TLD performance in high-rise buildings under
seismic loading.

2. Numerical Methodology
2.1. Computational framework

This study proposes a hybrid structural—
fluid—structure interaction (FSI) computational
framework for evaluating the seismic performance
of high-rise buildings equipped with tuned liquid
dampers (TLDs). As illustrated in Fig. 1, the
proposed framework combines a reduced-order
model (ROSM), developed from a

summarized as

structural
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detailed three-dimensional finite-element (FE)
model through dynamic equivalence, with a fully
coupled three-dimensional fluid model established
in ANSYS. The computational procedure consists
of five sequential stages. First, a detailed FE model
of the building is developed to determine its
dynamic characteristics through modal analysis.
Second, the extracted modal properties are
employed to establish a reduced-order structural

T.A. Nguyen et al

reducing the computational cost. Third, the TLD is
modeled using a three-dimensional fluid domain,
with its sloshing frequency tuned to the
fundamental natural frequency of the structure.
Fourth, the structural and fluid models are
integrated through a bidirectional FSI formulation
to capture the interaction between structural
vibration and liquid sloshing. Finally, nonlinear
time-history analysis is performed to evaluate the

model that preserves the dominant dynamic  seismic  performance of different TLD
behavior of the original structure while substantially ~ configurations under earthquake excitation.
Table 1. Summary of major research on TLDs from 1990 to 2025
Structure TLDs Key Findings/ o I
No. Author(s) Method /Model  Configuration Limitations Limitations Excitation
. Validated sloshing
Fujino, Sun, . . .
Experime Scaled damping mechanism; Small-scale model; .
Pacheco & . Rectangular . o . Mainly
1 . ntal + building ) 10%—-25% displacement limited to wind-type )
Chaiseri . sloshing TLD . . i Wind
(1992) [4] Analytical model reduction; foundational excitations
TLD formulation
Experime  Multi- Strong nonlinear
0 Reed et al. ntal story Rectangular sloshing; wave Did not model FSI Seismic
(1998) [6] (shake steel water tanks breaking; damping explicitly
table) frame depends on water depth
Taitetal, CXPerime  Mulli- o o §liquiq Developedmodem TLD o ieed oD .
ntal + story design theory; 20%— . Wind +
3 (2005-2008) . - Dampers + . sloshing L
Numerica building 22% displacement . Seismic
[5] arrays . assumptions
I model reduction
Multiple tuned Demqnstrated the Basgd mainly qn
liquid dampers effectiveness and analytical/numerica
Fujino and Analytical Structure g with P robustness of MTLD | modeling; detailed Harmonic
4 Sun (1993) and —MTLD _ systems; investigated nonlinear wave /random
. distributed . . L
[71 numerical system . frequency distribution breaking and excitation
sloshing . .
frequencies and tuning explicit FSI were
g characteristics not considered
Significant reductions in
Numerica .wmd—lnduced No detailed
I 76-story displacement and . .
Min et al performa MDOF acceleration; nonlinear sloshing,
S (2005) [8] nce benchmar TLCD system performance depended eXp“CIF FSl, or Wind
. . . . experimental
evaluatio k building on tuning, mass ratio, A
validation
n and head-loss
coefficient
GA-optimized MTLCDs
Numerica Ten-stor reduced peak Simplified TLCD
Mohebbi et y . displacement and model; no free- White
|+ GA MDOF Multiple . . .
6 al. (2015) e acceleration; increasing surface wave noise and
optimizati  shear TLCDs , . . o
[9] on frame damper number did not breaking or explicit seismic

necessarily improve FSI

control
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Table 1. (continued)
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Structure TLDs - oo o I
No. Author(s) Method /Model  Configuration Key Findings/ Limitations Limitations Excitation
Numerica Determined optimum .
. . Harmonic
|+ o tuning and geometric . i
. Simplified ) loading only; no
7 Gaoetal. parametri flexible U-shaped parameters; response CED or Harmonic
(1997) [10] c TLCD reduction depended .
. ... structure . experimental
optimizati strongly on frequency ratio -
validation
on and head loss
Expe.nmen-ts and Iarg-e-- Isolated rigid
. eddy simulations quantified )
. Rigid N tank; no .
Experime Water tank sloshing-induced Harmonic
Chu et al. rectangul . . . ) structural :
8 (2018) [13] ntal + 3D ar water with multiple hydrodynamic forces; couling: not a horizontal
CFD/LES vertical baffles baffles generated vortices Ping, excitation
tank and enhanced ener full-scale
nanced energy b jiiding TLD
dissipation
. Small- TLCD significantly reduced  Small-scale
Experime  scale .
RMS and peak floor steel model;  Harmonic
Shah & ntal four- Roof-mounted ) : .
accelerations, particularly single TLCD and
9 Usman shake- storey U-shaped near resonance, and configuration;  seismic
(2022) [16]  table steel TLCD . nee, _con’g ! sm
. remained effective under El limited full-scale excitation
testing MDOF L L
Centro excitation validation
frame
Reviewed analytical,
experimental, and Primarily a
. numerical TLD design theoretical
H.T, Trinh, . L . .
. General Classical methods, emphasizing the  synthesis; no Various
TT.T., Analytical - o . .
10 . building rectangular key roles of liquid detailed FEM  dynamic
Nguyen, + Review . . . .
structures sloshing TLD  frequency, water depth,  implementation loadings
2020. [19] . .
and tank geometry in for specific
vibration control of slender structural cases
high-rise buildings.
H.T. Trinh, -
TT.T. Used ANSYS FEMto  ank-building
- : . interaction not
Nguyen, Rigid simulate fluid—structure . )
. Rectangular . ) . considered; .
Nguyen, Numerica tank-— interaction and sloshing- o Harmonic
11 - water tank , . excitation .
T.C, | (FEM) liquid induced hydrodynamic o loading
TLD . limited to
Nguyen, system pressures under harmonic harmonic
T.A., 2020. loading. loadin
[20] X
. Identified an optimal TLD- |dealized elastic
. . TLD with . .
H.T. Trinh, Numerica . . . structure connection connection;
High-rise elastic . L .
TT.T, |+ . stiffness for maximizing material N
12 . building (bonded o : : . . Seismic
Nguyen, Parametri . ) seismic reductions in roof nonlinearity and
with TLD cushion) .
2022. [17] c displacement and base damage not
support .
shear. considered
High-rise  Rectangular Single
. Numerica building;  TLD; varied Best performance when earthquake
H.T.Trinh, . e .
&TTT I simplified geometry & frequency ratio = 1; record;
13 7 (Simplifie  FE with  water depth; geometry and water depth simplified Seismic
Nguyen, . . :
(2022) [18] d FE FSI; EI  optimized via strongly influence model; no study
Model) Centro frequency effectiveness on tank location
(1940) ratio or connection

281



JSTT 2026, 6 (5), 276-303

T.A. Nguyen et al

Table 1. (continued)

Structure TLDs - oo o I
No. Author(s) Method /Model  Configuration Key Findings/ Limitations Limitations Excitation
Numerica Simplified fluid
Tuong etal. | a.naly3|s Multistory  Structure- Evaluated structural represerlnatlon; Dynamic/
14 (2019) with FSI structure mounted TLD  "€SPonses and effects of not high- seismic
[14] considera TLD parameters resolution 3D
tion CFD
Partitione Reduced-scale
d FSI Numerical predictions model; limited .
Eswaranet . Three- . . . Harmonic
simulatio TLD agreed with experiments;  representation
15  al. (2017) storey , . and
n+ arrangement  confirmed importance of of turbulence
[15] . model . random
experime proper tuning and wave
nt breaking
1. Detailed 3D 2. Modal analysis and 3. Reduced-order 4. 3D fluid model of 5. Nonlinear time—

structural model characterization

structural model

TLD and FSI coupling history analysis

m,
i = = k. C,
| | | Mp=1 = Kp-1,Cn-1 2
i i i e h g
I I I =% ¥
> i i i > : = B 3
: o
& my, ® 4 4 ke .
E 5:_|_}_ s L Time
g m; ®—l=l ki, cy Displacement
w Structure | ——— | Fluid
7777777777 (ROSM) | «——— | (TLD)
Mode number Hydrodynamic
* 3D FE model (ETABS) * Natural frequencies e Story mass and stiffness pesse + Earthquake excitation
* Geometry and materials « Mode shapes * Rayleigh damping * Sloshing respon-se * Structural-TLD response
¢ Boundary conditions * Two-way coupling
f 1 f f i

Parametric studies

1

TLD location and design parameters

'

| Performance evaluation ]

‘ Seismic response and optimal TLD

Fig. 1. Proposed simulation workflow

The proposed computational framework
combines the efficiency of the reduced-order
structural model with the accuracy of three-
dimensional FSI analysis, providing an effective
and computationally efficient approach for
evaluating the seismic response of high-rise
buildings equipped with TLDs.
2.2. Structural modeling and modal analysis

A detailed three-dimensional finite-element
(FE) model of the building is first established to
accurately represent the structural geometry,
material properties, stiffness distribution, and mass
distribution. Modal analysis is subsequently
performed to determine the dynamic

characteristics of the structure, which serve as the
basis for both the development of the reduced-
order structural model and the tuning of the TLD.

The modal analysis provides the following
dynamic parameters:

fi: natural frequency of the i-th vibration
mode;

¢;: mode shape of the i-th vibration mode;

I: modal participation factor of the i-th
vibration mode.

These modal properties are subsequently
employed to develop the equivalent reduced-order
structural model described in the following section.
In addition, the fundamental natural frequency of
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the structure is adopted as the target frequency for
tuning the TLD to maximize vibration mitigation
under seismic excitation.
2.3. Development of the reduced-order
structural model

To improve computational efficiency while
preserving the dominant dynamic characteristics of
the structure, the detailed FE model is transformed
into an equivalent reduced-order structural model
(ROSM) represented by a lumped mass—spring—
damper (M—K-C) system. In this model, each story
is idealized as a lumped mass connected by
equivalent lateral springs and damping elements,
thereby significantly reducing the number of
degrees of freedom while maintaining the global
dynamic response of the original structure. The

equivalent lateral stiffness of each story is
determined from the interstory stiffness
relationship:
_ F
Ki_ o +M (1)
i+1 B

where F is the applied lateral force at story i + 1;
Hi +1 is the lateral displacement at story i+1; Vi+1is
the corresponding vertical displacement; his the
story height; and B is the floor width along the
loading direction. This formulation considers both
the shear deformation (Hi+1)and the flexural
deformation ((Vi+1) h/B) of the structural system.

Here, computational efficiency refers to the
reduction in structural degrees of freedom and
equation-system size; a direct runtime comparison
with the complete three-dimensional structural-FSI
model was not performed under identical hardware
and solver settings.

Rayleigh Damping Model

The damping matrix of the reduced-order
structural model is represented using the Rayleigh
proportional damping model to account for
equivalent viscous damping in the dynamic
analysis. The damping matrix is expressed as a
linear combination of the mass and stiffness
matrices [22]:

T.A. Nguyen et al

[Cl=a[M]+B[K] 2)
where [M] and [K] denote the mass and stiffness
matrices, respectively, while a and B are the
Rayleigh damping coefficients. Proportional
damping models have also been employed in
finite-element analyses of liquid-containing
structures subjected to horizontal and vertical
ground motions [23], [24].

Transforming the system to
coordinates using the modal matrix @ yields:
[®]"[ClI®]=al1]+B[w?] (3)

Rayleigh damping can be employed in both
linear and nonlinear dynamic analyses, although
the damping coefficients and stiffness formulation
must be selected carefully in nonlinear
applications.

Modal damping ratio

The damping ratio of the i-th vibration mode
is expressed as:

Bwl
i 2w, 2 “)
where &;: damping ratio of mode i; w;=2trf;: circular

modal

natural frequency.

Determination of Rayleigh coefficients

If the damping ratios for two vibration modes
iand jare known (g and §J.), the Rayleigh

coefficients a and 3 can be computed using the
matrix relation:

Wi -W;
a 2w-wj 1J 1' {ﬁi}
i SRR ()

For the common case where the same
damping ratio ¢ =¢; =( is assigned to both
modes, Eq. (5) reduces to:

2W;Wwj
T o, P cwwj (6)

The resulting Rayleigh damping curve
¢(w) illustrates the characteristic shape: a rapid
decay at low frequencies followed by a near-linear
increase at higher frequencies, as shown in Fig. 2.
2.4. TLD modeling

The tuned liquid damper (TLD) is modeled as
a partially filled rectangular tank in which vibration
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energy is dissipated through liquid sloshing. The
tank dimensions are selected such that the
fundamental sloshing frequency approaches the
fundamental natural frequency of the structure,

0.30

T 0.25
)

—

<020
o

=
2015
léD
< 0.10

=
A 0.05

000~ —

6 12 18
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thereby maximizing the vibration mitigation effect
through resonance. Based on the linear wave
theory, the fundamental sloshing frequency is
calculated as

24 20 36 42 48

Natural Frequency

Fig. 2. Relationship between damping ratio and natural frequency of the structure [22]

1
fo= 5+/gqtanh(kyh) 7)

where L is the tank length, h is the water depth, g
is the gravitational acceleration, and k1 is the first-
mode wave number. The calculated sloshing
frequency serves as the primary design parameter
for tuning the TLD.
2.5. Fluid—structure interaction analysis

The interaction between the structural
system and the TLD is simulated using a fully
coupled fluid—structure interaction (FSI)
formulation. The liquid domain is discretized using
FLUID80 elements implemented in ANSYS APDL
[25], while the free surface is represented using
surface-effect elements capable of capturing
nonlinear sloshing behavior and the corresponding
hydrodynamic pressure.

k_'IT
L

The structural nodes at the tank base are
kinematically coupled with the adjacent fluid
elements, allowing the bidirectional transfer of
displacement and hydrodynamic pressure during
seismic excitation. This coupling strategy enables
realistic simulation of the interaction between
structural vibration and liquid sloshing throughout
the dynamic response.

2.6. Nonlinear seismic response analysis

Finally, nonlinear time-history analysis is
performed using the coupled structural-TLD model
to evaluate the seismic performance of the
proposed system. Earthquake excitation is applied
at the base of the reduced-order structural model,
and the dynamic response is solved using the
Newmark—@ time integration algorithm.

The effectiveness of the TLD configurations
is evaluated using several engineering demand
parameters, including roof displacement, interstory
drift, story shear, and free-surface sloshing
amplitude. The proposed computational framework
therefore enables a systematic comparison of
different TLD arrangements while maintaining both
computational efficiency and simulation accuracy.
3. Structural and TLD System Modeling

This section presents the numerical models
and input parameters employed in the nonlinear
time-history analyses, including the structural
model, modal characteristics, equivalent lumped
mass—spring—damper representation, earthquake
excitation, and the configuration of the TLD.
Whereas the methodology section established the
theoretical framework, the present section
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describes the complete set of modeling
assumptions and parameters used in the
simulation of the 30-story reinforced concrete
building. These include the structural geometry,
mass and stiffness distributions, dynamic
properties, the reduced-order model adopted for
the time-history analyses, and the detailed
characteristics and placement of the TLD system.
Together, these components form the integrated
structural-fluid dynamic model used to assess the
seismic mitigation performance of the TLD

T.A. Nguyen et al

configurations considered in this study.
3.1. Building Model, Modal Properties, and
Equivalent Dynamic Representation

The prototype structure is a 30-story
reinforced concrete office building with a total
height of 108 m and plan dimensions of 58.8 m x
22 m. The lateral load-resisting system consists of
RC shear walls and moment-resisting frames.
Material properties, gravity loads, and wall
thicknesses are defined according to the
architectural and structural design documentation.
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representation of the building

A detailed FE model was constructed in
ETABS using frame and shell elements to
represent beams, slabs, columns, and shear walls.
Rigid diaphragm constraints were assigned at each
floor level. The global structural configuration is
illustrated in Fig. 3a, a global ETABS finite element

model.
Model analysis was performed using the

mass source combination [26—30]:

COMBO = SW + SDL + WDL + 0.25LL
where SW, SDL, WDL, and LL denote self-weight,
slab dead load, wall dead load, and live load,
respectively.

The model analysis results show that the
building exhibits three main modes of vibration:
lateral translation in the Y direction at a frequency
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of 0.276 Hz, longitudinal translation in the X
direction at a frequency of 0.299 Hz, and torsional
vibration at a frequency of 0.320 Hz. These
frequencies are within the typical range of high-rise

T.A. Nguyen et al

reinforced concrete buildings, and the combination
of the translational and torsional modes reflects the
inherent stiffness asymmetry. Representative
mode shapes are shown in Table 2.

Table 2. Table of natural vibration parameters of the structure

Sum

Sum

Sum Sum Sum

Mode Period Frequency UX Uy UX Uy RX RY RZ RX RY R7
1 3.62 0.276 0.00 66.96 0.00 66.96 98.89 0.00 0.00 98.89 0.00 0.00
2 3.35 0.299 37.5 0.00 3749 66.96 0.00 50.98 37.10 98.90 50.99 37.10
3 3.13 0.320 349 0.00 7235 66.96 0.00 48.75 38.42 98.90 99.73 75.52
4 1.09 0.921 31 0.00 7541 66.96 0.00 0.00 7.60 9890 99.73 83.12
5 0.96 1.043 10.6 0.00 8598 66.96 0.00 0.03 267 98.90 99.76 85.79
6 0.91 1.102 0.00 15.95 8598 8291 0.73 0.00 0.00 99.62 99.76 85.79
7 0.60 1.661 0.57 0.00 86.55 8291 0.00 0.03 3.53 99.62 99.79 89.32
8 0.49 2.035 401 0.00 90.56 8291 0.00 0.17 059 99.62 99.96 89.91
9 0.40 2.512 0.27 0.00 90.83 8291 0.00 0.00 2.00 99.62 99.96 91.91
10 0.39 2.554 0.00 6.28 90.83 89.19 0.29 0.00 0.00 99.91 99.96 91.91
11 0.32 3.162 221 0.00 93.04 89.19 0.00 0.01 0.22 99.91 99.97 92.14
12 0.28 3.525 0.12 0.00 93.16 89.19 0.00 0.00 146 99.91 99.97 93.60

El Centro Earthquake May 18, 1940
north - south component
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Fig. 4. Seismic input motion of a recorded signal during El Centro earthquake [31]

To perform nonlinear time-history analysis,
the FE model was transformed into a lumped
mass—spring—damper representation. In this
equivalent model, the floor masses are
concentrated at discrete nodes, interconnected by
story stiffness and damping elements calibrated to
reproduce the global dynamic characteristics of the
ETABS model. The equivalent dynamic
representation is illustrated in Fig. 3b, which shows
the mass, stiffness, and damping configuration

along the building height.

Interstory stiffness values were calibrated to
reproduce the global lateral stiffness distribution
obtained from the full ETABS model. Specifically,
the first 15 stories (Stories 1-15) were assigned an
interstory stiffness of 4.92 x 10° N/m, reflecting the
higher stiffness of the lower structural region where
the shear walls contribute most significantly to
lateral resistance. In contrast, the upper 15 stories
(Stories 16—30) were assigned a reduced stiffness
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of 3.32 x 10° N/m, consistent with the natural
tapering of wall thickness, reduced tributary mass,
and the smaller shear demand in the upper portion
of the building.

Rayleigh damping coefficients were selected
to achieve a 5% damping ratio at the dominant
modal frequencies. Validation of the equivalent
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(a) Analytical model when 6 tanks are placed on
the 30th floor
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model confirmed that its fundamental frequency
(0.2765 Hz) closely matches that of the original FE
model, ensuring that the reduced-order
representation accurately preserves the dynamic
characteristics of the full structural system.

3.2. Earthquake excitation and ground-motion
characteristics

?TLD
kb I_'llil Cb
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e
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(b) Analytical model when 3 tanks are placed on

the 30th floor, and 3 tanks are placed on the 15th
floor

Fig. 5. ANSYS APDL models for analyzing the effects of water tanks

The system was subjected to the north—south
component of the 1940 El Centro earthquake [31].
The acceleration—time history of this record, shown
in Fig. 4, demonstrates the strong-motion nature of
the event, with a peak ground acceleration of

approximately 0.3g and an effective shaking
duration of around 30 seconds.

The frequency content of the record contains
substantial energy between 0.1 and 0.3 Hz, a
range that overlaps significantly with the building’s
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fundamental vibration modes. This spectral
compatibility makes El Centro an effective input for
evaluating vibration mitigation performance, as it
tends to excite both lateral and torsional
components of tall buildings. The broad-band
nature of the signal with rapid variations in
acceleration, velocity, and displacement also
provides a demanding test for assessing interstory
drift response and the ability of supplemental
damping devices to dissipate seismic energy.
3.3. TLD configuration and fluid—structure
interaction modeling

The TLDs were designed such that the
sloshing frequency of the water approaches the
first natural frequency of the structure. Each tank
has plan dimensions of 8.5 m x 8.5 m, a water
depth of 3.2 m, a wall height of 4.0 m, and a total
mass of 387.4 tons. With six tanks installed, the
overall TLD-to-structure mass ratio equals 3.469%,
which lies within the optimal range commonly
reported in the literature.

Two configurations were investigated:

(1) installation of all six tanks at the roof level,
and

(2) a split configuration, with three tanks at
the roof and three at mid-height (15th floor).

T.A. Nguyen et al

These two TLD arrangements are illustrated
in Fig. 5, enabling comparison of the effects of
vertical mass distribution.

The liquid domain inside each tank was
modeled using FLUID80 elements in ANSYS [25],
capable of simulating free-surface deformation and
hydrodynamic pressure fields. Full coupling
between the tank base nodes and the structural
nodes ensures that sloshing-induced forces are
transferred accurately into the structural model.
Interaction stiffness and damping coefficients were
implemented to capture both impulsive and
convective components of fluid motion, providing a
realistic representation of TLD behavior under
seismic loading.

4. Model validation

To ensure the reliability of the numerical
framework, the simplified lumped mass—spring—
damper model used in the ANSYS APDL time-
history analysis was validated against the full 3D-
FE model developed in ETABS. The validation
focuses on the comparison of natural frequencies
and modal participation characteristics, as these
are the primary determinants of structural response
and TLD tuning performance.

4.1. Validation of structural dynamic properties

6.00 r 5473 5930
4996 y
~ 9.00 4511
T ETABS --%-- ANSYS 4007
el i _ 3.525
> 4.00 4 3;4;9 % —
& 300 | 2448 2512 2554
=
g 1.908 ¥ 1 661 2.035
E 200 | 1.370 X R
00 0.277 0.820 X 0g»1 1.043 1
. "0 075 0-299% 0.320
0.00 X - - | . .
0 2 8 10 12

6
Mode number

Fig. 6. Comparison of the First 12 Natural Frequencies: ETABS vs. ANSYS

A validation study was conducted to assess
the fidelity of the equivalent lumped-mass model by
comparing its dynamic characteristics with those

obtained from the full 3D ETABS model. Fig. 6
presents a mode-by-mode comparison of the first
twelve natural frequencies derived from both
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models. The fundamental frequency predicted by
the equivalent model (0.277 Hz) shows excellent
agreement with the ETABS result (0.276 Hz),
corresponding to a discrepancy of less than 0.2%.
This close match indicates that the equivalent
model reproduces the dominant lateral dynamic
characteristics of the detailed structure; however,
agreement in natural frequency alone does not
establish equivalence of torsional mode shapes.
For the second and third modes (identified in the
full ETABS model as X-direction translation and
torsion, respectively), the corresponding frequency
deviations are reported to be within 1%—-3%, which
is well within the acceptable bounds for simplified
models commonly employed in seismic response
analyses. As expected, higher-order modes exhibit
larger discrepancies, typically between 10% and
20%, primarily due to simplifications inherent in the
equivalent representation, such as rigid diaphragm
assumptions, the omission of torsional—flexural
coupling, and the reduction of distributed stiffness
into discrete story springs. Nevertheless, these
differences have minimal influence on the global

seismic response because higher modes
contribute significantly less to overall mass
participation. A comparison of modal mass

participation further confirms the consistency
between the two modeling approaches. The first
translational mode of the ETABS model mobilizes
66.96% of the effective mass, whereas the
equivalent model captures more than 81% in the
same direction. This difference arises because the
ETABS model retains three-dimensional
translational and rotational degrees of freedom,
whereas the reduced-order model retains only the
principal lateral ftranslation at each floor.
Consequently, a larger proportion of the retained
directional mass participates in the first
translational mode of the reduced-order model.
Given that the seismic response of tall RC
buildings is typically dominated by the fundamental
mode, this level of agreement ensures that the
equivalent model is sufficiently accurate for
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nonlinear time-history analyses and for evaluating
the performance of TLD. Overall, the validation
confirms that the simplified model retains the
essential dynamic characteristics necessary for the
subsequent parametric studies.
4.2. Discussion of modeling assumptions

The construction of the equivalent lumped-
mass model is founded on a set of mechanical
idealizations designed to isolate the dominant
lateral response mechanisms of the building.
Vertical displacements and rotational degrees of
freedom were excluded because, in a high-rise
system governed primarily by shear and flexural
deformation of walls and columns, these DOFs

contribute negligibly to the global seismic
response. The assumption of rigid floor
diaphragms further reinforces this reduction,

ensuring that lateral inertia forces are transmitted
predominantly through story-level translations.

The representation of mass as lumped at
story levels reflects the physical reality that inertial
forces during earthquake excitation concentrate at
floors, where the majority of the structural and
nonstructural mass resides. This mass-lumping
scheme is consistent with classical shear-building
theory and preserves the relationship between
story shear, interstory drift, and modal mass
participation. Vertical stiffness was neglected on
the basis that axial deformation in concrete walls
and columns is orders of magnitude smaller than
horizontal deformation; hence, its influence on the
lateral stiffness matrix is minimal. Removing this
component allows the equivalent model to remain
computationally efficient without sacrificing fidelity
in the modes that control TLD-structure
interaction. Only the lateral DOF along the principal
axis of vibration was retained, ensuring that the
model captures the first translational mode, which
governs more than two-thirds of the total mass
participation in the ETABS model and over 80% in
the equivalent model. Since the TLDs are tuned to
this mode, preserving its frequency and modal
shape is essential.
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Comparison with the ETABS modal results
demonstrates that these idealizations successfully
retain the relevant physics of the structural system.
The first-mode frequency is reproduced with near-
perfect accuracy, and although higher-mode
differences emerge due to the omission of

T.A. Nguyen et al

deformability, they remain within acceptable limits
for performance assessment. The equivalent
model therefore provides a reliable and
mechanically meaningful representation of the
building’s dynamic behavior, forming a robust basis
for the subsequent nonlinear time-history analyses

torsional-flexural coupling and diaphragm involving TLD.
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5. Results and discussion

This section presents the seismic response
of the 30-story reinforced concrete (RC) building
subjected to the 1940 El Centro NS earthquake
record, and evaluates the effectiveness of two TLD
configurations: (i) six tanks installed at the roof
level and (ii) a split configuration with three tanks at
the roof and three at mid-height. The analyses
focus on floor displacement, interstory drift,
acceleration demand, and the global vibration
mitigation achieved by the liquid damping system.
5.1. Structural response of the building without
TLD

The seismic response of the 30-story
reinforced concrete building subjected to the 1940
El Centro NS ground motion is dominated by the
fundamental translational mode, which governs the
global lateral deformation of the structure. As
illustrated in Fig. 7a, the maximum absolute
displacement increases almost monotonically from
the base to the roof, reaching its peak value at the
top floor. This displacement pattern s
characteristic of a shear-type high-rise building,
where the lateral deformation
progressively along the height as a consequence
of the increasing tributary mass and the continuous
transfer of inertial forces through the structural
system. The smooth displacement profile further
indicates that the global dynamic response
remains primarily controlled by the first vibration
mode without significant modal irregularities.
Although the overall displacement develops
gradually over the building height, the deformation
demand is not uniformly distributed. As shown in
Fig. 7b, the maximum interstory drift is
concentrated in the lower stories, particularly
between the first and second floors, where the
peak drift reaches approximately 22 mm. This
behavior suggests that the lower structural levels
experience the largest deformation gradient
despite exhibiting relatively small absolute
displacements. From a structural mechanics
perspective, interstory drift represents the relative

accumulates
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deformation between adjacent floors rather than
the total lateral displacement; therefore, it is
governed by the local balance between story
stiffress and transmitted seismic shear. The
concentration of drift near the base indicates that
the seismic energy is primarily dissipated through
deformation of the lower structural components,
making these stories the most critical locations for
potential stiffness degradation, cracking, and
nonlinear damage initiation.

The distribution of story shear shown in Fig.
8 provides further insight into the internal force
transfer mechanism during seismic excitation. The
maximum shear demand occurs in the lower
stories and decreases progressively toward the
roof, following the typical response of shear-
dominated high-rise buildings. This trend reflects
the cumulative nature of inertial loading, whereby
each lower floor must resist not only its own inertia
force but also the combined inertial forces
transmitted from all stories above. Consequently,
the base region experiences the highest internal
force demand and becomes the primary load-
transfer zone during earthquake excitation. The
slight asymmetry between the positive and
negative shear envelopes originates from the non-
symmetric characteristics of the El Centro ground
motion rather than from any structural irregularity.

A clear mechanical correlation can be
observed between the drift and shear distributions.
The concentration of both quantities in the lower
stories is consistent with the fundamental
equilibrium relationship of shear-type structures,
where the interstory deformation is directly
associated with the balance between story shear
and lateral stiffness. In other words, larger seismic
shear acting on stories with finite stiffness
inevitably results in greater relative deformation.
This agreement confirms that both deformation-
based and force-based response indices
consistently identify the lower portion of the
building as the most critical seismic region.

The uncontrolled structural response
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demonstrates that seismic demand is concentrated mechanism highlights the necessity of introducing
in two distinct forms: global displacement supplemental damping devices capable of
accumulates toward the roof, whereas local simultaneously reducing global vibration amplitude
deformation and internal force demands are and alleviating localized deformation demand in
concentrated near the base. This dual response the critical lower stories.
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5.2. Structural response of the building with
tuned liquid tanks

The installation of tuned liquid dampers
(TLDs) substantially modifies the dynamic
characteristics of the building by introducing
additional passive damping through the interaction
between structural vibration and liquid sloshing.
Two TLD arrangements were investigated: (i) six
tanks installed on the roof (30th floor), and (ii) a
distributed configuration consisting of three tanks
on the 15th floor and three tanks on the roof. As
illustrated in Fig. 9a, both configurations reduce the
maximum absolute displacement throughout the
building height compared with the uncontrolled
structure, confirming the effectiveness of the TLD
system in suppressing global lateral vibration.

The reduction in displacement is more
pronounced when all six tanks are installed at the
roof. This behavior is primarily associated with the
dominant first translational mode, in which the
largest modal displacement occurs at the top of the
structure. Locating the TLDs at the point of
maximum modal participation enhances the
dynamic coupling between the oscillating liquid and
the structural motion, allowing a greater portion of
the input seismic energy to be transferred from the
structure to the sloshing fluid and subsequently
dissipated through viscous fluid motion. In contrast,
although the distributed configuration also
contributes to vibration reduction, relocating part of
the liquid mass to the mid-height decreases its
participation in the first-mode response, resulting in
a slightly lower control efficiency.

The influence of the TLDs on local
deformation is further demonstrated by the
interstory drift profiles shown in Fig. 9b. Both TLD
configurations reduce the drift demand over nearly
the entire height of the building, with the most
noticeable improvement occurring in the lower and
middle stories where seismic deformation is most
concentrated. This trend indicates that the TLDs
not only reduce the overall structural displacement
but also alleviate deformation gradients between

T.A. Nguyen et al

adjacent floors. From a structural mechanics
perspective, the reduction in interstory drift reflects
a more uniform redistribution of lateral deformation
along the building height, thereby decreasing the
likelihood of localized stiffness degradation,
cracking, and plastic hinge formation in critical
lower-story structural members. Although the
distributed arrangement provides comparable drift
reduction over several middle stories, the roof-only
configuration consistently exhibits slightly lower
peak drift values because of its stronger interaction
with the dominant vibration mode.

The effectiveness of the TLD system is also
reflected in the story shear distributions presented
in Fig. 10. Both TLD layouts generally reduce story
shear demand, particularly over much of the lower
building height; however, local increases in the
shear envelope occur at some upper floors,
especially for the six-TLD rooftop configuration
(Fig. 13). Since story shear is directly governed by
the dynamic inertia forces generated during
structural vibration, the reduction in shear indicates
that the TLDs effectively decrease the acceleration
response of the building by dissipating part of the
seismic input energy. Consequently, the lateral
force demand may decrease at many story levels,
although reductions in the internal forces of
individual structural members cannot be assumed
uniformly from these story-shear results. The
rooftop configuration provides stronger global
displacement control, but it does not produce the
greatest story-shear reduction at every floor.

Overall, both TLD arrangements improve
global displacement response and generally
mitigate interstory drift and story shear, although
local increases in drift or shear may occur at
particular floors. The roof-only configuration is
more effective in reducing global displacement
through stronger interaction with the dominant first
vibration mode, whereas its relative benefit for local
drift and story shear varies with floor level. These
results suggest that roof-level placement may be
preferable when global displacement reduction is
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the primary objective, but floor-specific drift and
shear demands should also be checked when
selecting a TLD layout.
5.3. Effect of TLD placement on seismic
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response modification

To quantify the influence of TLD placement
on the seismic response at each floor, the relative
response change ratio is defined as:
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Fig. 10. Graph of maximum and minimum shear force values at floors with water tank

Ri)_1L0-Ri)_noTLD
R(i)_noTLD
where R noto and Ri 1o denote the peak response
at the i-th floor for the uncontrolled and TLD-
controlled structures, respectively. The response
envelope is evaluated from the larger absolute

value of the positive and negative extrema:

Ri = max (Rimax,|Riminl)

Under this definition, a negative value
indicates a reduction relative to the uncontrolled
structure, whereas a positive value represents a
local increase. This formulation allows the floor-by-
floor effectiveness of the two TLD layouts to be
evaluated independently of the magnitude of the
original response.

5.3.1. Modification of absolute displacement

Fig. 11 shows that both TLD configurations
reduce the peak absolute displacement over the

R(,): x100(%) (8)

entire building height. The reduction is not spatially
uniform, however, indicating that control efficiency
depends on the interaction between the TLD
location and the structural modal deformation. The
configuration with six TLDs at the roof provides the
larger displacement reduction, particularly in the
upper half of the building. The maximum reduction
occurs approximately around Floors 24-26, where
the roof-mounted system decreases the
displacement by about 11-12%, compared with
approximately 8% for the distributed arrangement.
At the roof, the corresponding reductions are
approximately 10% and 7%, respectively.

This response pattern can be explained by
the first-mode deformation of the building. Since
the modal displacement increases toward the roof,
TLDs located at the top experience a larger support
motion and therefore develop a stronger relative
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liquid motion. The enhanced sloshing response
increases the transfer of vibration energy from the
structure to the liquid and produces a larger out-of-

T.A. Nguyen et al

Consequently, concentrating the complete liquid
mass at the roof maximizes the generalized
damping contribution associated with the dominant

phase hydrodynamic restoring force. translational mode.
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The fact that the largest percentage
reduction occurs slightly below the roof rather than
exactly at the top should not be interpreted as a
loss of roof-level effectiveness. Instead, it reflects
the combined effect of the modified modal shape
and the normalization by the uncontrolled
displacement at each floor. Although the absolute
displacement is largest at the roof, the relative
reduction ratio may reach a larger magnitude at
adjacent upper stories where the difference
between the controlled and uncontrolled modal
profiles is proportionally greater.

The distributed configuration remains
effective throughout the height but produces a
lower global displacement reduction. Placing half
of the liquid mass at the 15th floor decreases the
generalized modal displacement imposed on those
tanks because the first-mode amplitude at mid-
height is lower than that at the roof. Therefore, the
mid-height tanks contribute less to first-mode
energy dissipation, even though they may interact
more directly with local deformation in the middle
stories.

5.3.2. Modification of interstory drift

The interstory-drift response in Fig. 12
exhibits a more irregular floorwise distribution than
the absolute displacement response. This
distinction is mechanically significant because
absolute displacement is a global response
quantity, whereas interstory drift is determined by
the spatial gradient of the displacement profile. A
relatively small modification of the modal shape
may therefore produce a noticeable increase or
decrease in drift at individual stories, even when
the absolute displacement is reduced throughout
the structure.

The greatest drift reductions occur in several
localized regions, particularly around Floors 5-7
and 13-16. The roof-only configuration achieves
reductions of approximately 6%-7% in these
critical zones, while the distributed configuration
generally produces smaller reductions of about
4%-5%. These reductions indicate that the TLDs

T.A. Nguyen et al

flatten portions of the displacement profile and
reduce the relative deformation between adjacent
floors.

The concentration of drift improvement
around the middle and lower-middle portions of the
structure can be attributed to the curvature of the
dominant modal shape. Interstory drift is related to
the first spatial derivative of floor displacement;
therefore, its reduction is governed not only by the
decrease in global vibration amplitude but also by
the manner in which the TLD modifies the slope of
the displacement profile. The roof-mounted
configuration suppresses the dominant mode more
strongly and consequently reduces the
displacement gradient over a wider range of
stories.

Fig. 12 also shows small positive values at
several upper and intermediate floors, indicating
local drift amplification relative to the uncontrolled
structure. This does not contradict the overall
reduction in absolute displacement. The added
water mass and the hydrodynamic coupling alter
the effective mass, damping, and modal shape of
the coupled system. As a result, deformation
demand may be redistributed from one group of
stories to another. A reduction in global
displacement can therefore coexist with a slight
local increase in the difference between two
adjacent floor displacements.

These local amplifications are substantially
smaller than the reductions observed in the
principal drift-concentration regions. Nevertheless,
they demonstrate that TLD performance should not
be evaluated exclusively from roof displacement.
Floorwise drift profiles are required to identify
possible redistribution of deformation demand and
to verify that vibration control does not shift
excessive demand to isolated stories.

5.3.3. Modification of story shear

The story-shear response shown in Fig. 13 is
more sensitive to TLD placement than the
displacement  response.  Significant  shear
reductions are observed over several middle and
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upper-middle  stories, with the  roof-only
configuration reaching reductions of approximately
20%—25% around Floors 22—-24. The distributed
arrangement follows a similar trend but generally
produces a smaller reduction.

The reduction in story shear results from the
decrease in effective inertia forces after activation
of the TLDs. During structural vibration, the
sloshing liquid develops a hydrodynamic force that
acts partly out of phase with the building motion.
This counteracting force reduces the modal
acceleration and consequently decreases the
inertia forces transmitted through the lateral load-
resisting system. Because story shear is the
cumulative sum of floor inertia forces above a given

SO
el b /
% ke ek
mpmmﬂWmQﬁﬁ

md@

o
LA

-30% -20% -10% 0% 10% 20% 30%

T.A. Nguyen et al

level, changes in acceleration distribution can
produce substantial the shear
envelope even when displacement reductions are
comparatively moderate.

The pronounced reduction around Floors
21-24 suggests that the TLDs modify not only the
amplitude but also the vertical distribution of modal
inertia forces. In this region, the controlled and
uncontrolled modal acceleration profiles diverge
sufficiently to produce a marked decrease in
cumulative shear. The stronger reduction produced
by the roof-only configuration is consistent with its
larger participation in the first mode and its greater
ability to suppress the global acceleration
response.

variations in

--—¢---6 TLD on the 30th floor

3 TLD on the 15th floor, 3 TLD on the
30th floor

40% 50% 60% 70% 80% 90% 100%

Effective reduction of shear force (%)
Fig. 13. Percentage change in story shear (%)

In contrast, Fig. 13 indicates positive
response-change ratios at the uppermost floors,
particularly for the six-roof-TLD configuration.
These values represent local increases in the
calculated shear envelope rather than reductions.
Two factors contribute to this behavior. First,

installing the tanks at the roof increases the
concentrated mass at the top of the building.
Second, the uncontrolled story shear near the roof
is relatively small because only a limited amount of
mass is located above these levels. Consequently,
even a moderate change in local inertial force may
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produce a large percentage variation when
normalized by a small baseline value.

The large percentage increase near the roof
should therefore be interpreted together with the
corresponding absolute shear values. A high
relative ratio at an upper floor does not necessarily
imply that the shear demand there becomes critical
compared with the much larger forces carried by
the lower stories. However, it confirms that
concentrating all TLD mass at the roof introduces
a trade-off: it maximizes first-mode displacement
control but may locally increase inertia-related
force demand in the vicinity of the tank-supporting
floors.

At the lower stories, the percentage reduction
in shear is comparatively modest. This occurs
because base and lower-story shears contain the
accumulated contribution of nearly the entire
structural mass. The hydrodynamic control force
generated by the TLDs represents only part of this
total inertia demand, and its relative influence
becomes smaller as the cumulative mass
contributing to story shear increases toward the
base.

The results in Fig11-Fig13 demonstrate that
TLD effectiveness is response-dependent and
cannot be characterized by a single global
reduction index. Absolute displacement is
consistently reduced because it is predominantly
governed by the fundamental translational mode.
Interstory drift exhibits alternating reductions and
minor local increases because it depends on
changes in the slope of the displacement profile.
Story shear is even more sensitive to the
redistribution of modal acceleration and to the
additional concentrated mass introduced by the
tanks.

Among the two layouts, placing all six TLDs
at the roof provides the strongest reduction in
global displacement and generally produces
greater reductions in critical drift and shear regions.
This superior performance results from the
maximum modal displacement and participation at

T.A. Nguyen et al

the roof, which enhance structural-liquid energy
exchange. The distributed configuration provides a
more moderate response modification because the
tanks at the 15th floor experience smaller first-
mode motion. Nevertheless, distributing the liquid
mass reduces the concentration of added mass at
the roof and limits the local shear amplification
observed near the upper stories.

Accordingly, the comparison
mechanical trade-off between maximizing first-
mode vibration suppression and controlling local
force redistribution. The roof-only configuration is
more effective for reducing the dominant global
response, whereas the distributed arrangement
provides a less concentrated modification of mass
and inertia forces along the building height. These
findings indicate that TLD placement should be
selected by considering displacement, drift, and
story-shear demands simultaneously rather than
relying solely on roof-displacement reduction.
5.4. Assessment of Model Fidelity and
Implications for Engineering Design

The numerical results should be interpreted
in relation to the mechanical assumptions adopted
in both the structural and fluid models. The
reduced-order mass—spring—damper
representation reproduces the dominant
translational dynamics of the 30-story building with
high accuracy and is therefore appropriate for
evaluating first-mode-controlled responses such
as roof displacement and the overall lateral
deformation profile. However, the condensation of
the detailed three-dimensional model into a planar
reduced-order system inevitably suppresses
several mechanisms that may become relevant
under strong ground motion, including torsion—
flexure coupling, diaphragm flexibility, local
stiffness irregularities, and progressive material
degradation. Consequently, the model is expected
to provide reliable estimates of global response
quantities, whereas local demands governed by
higher modes, torsional response, or nonlinear
stiffness deterioration should be interpreted with

reveals a
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greater caution.

A similar consideration applies to the
hydrodynamic representation of the tuned liquid
dampers. The FLUID80-based model captures the
principal sloshing mode and the associated
hydrodynamic pressure transfer, which are the
dominant mechanisms governing TLD
performance under moderate free-surface motion.
Nevertheless, strongly nonlinear phenomena such
as wave breaking, impact against tank walls, air
entrainment, three-dimensional circulation, and
turbulence-induced dissipation are not explicitly
represented. These omitted mechanisms may alter
both the phase and magnitude of the
hydrodynamic force. In particular, additional
viscous and turbulent dissipation could increase
the effective damping of the real tank, whereas
wave impact and strongly nonlinear free-surface
motion could introduce localized force peaks that
are not reproduced by the present formulation. The
numerical predictions should therefore be regarded
as representative of the principal structural-
sloshing interaction rather than a complete
description of all local fluid phenomena.

The comparison between the two TLD
layouts further demonstrates that control
effectiveness is governed by modal compatibility
rather than by tank mass alone. The roof-only
arrangement performs better in reducing global
displacement because the roof corresponds to the
location of maximum first-mode amplitude. At this
elevation, the tank undergoes the largest support
motion, producing stronger liquid
movement  and a larger  out-of-phase
hydrodynamic force. This enhances the transfer of
seismic energy from the structure to the fluid and
increases the generalized damping associated with
the dominant translational mode.

By contrast, the distributed arrangement
reduces the concentration of added mass at the
roof and modifies the response over a broader
range of elevations. The tanks installed at the 15th
floor are subjected to a smaller first-mode

relative
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displacement than those at the roof and therefore
contribute less to global first-mode suppression.
However, their intermediate location enables them
to interact more directly with the local displacement
gradients and modal curvature in the middle
portion of the building. This explains why the
distributed layout may provide localized benefits in
interstory drift and shear, even though its reduction
of roof displacement is less pronounced. The
results therefore reveal a mechanical trade-off
between maximizing first-mode coupling and
achieving a more distributed modification of inertia
forces and deformation demand.

This interpretation is also consistent with the
floorwise response trends obtained in sections 5.2
and 5.3. Absolute displacement is reduced
relatively smoothly because it is primarily
controlled by the fundamental mode. Interstory drift
exhibits more localized variations because it
depends on the difference between adjacent floor
displacements and is therefore sensitive to
changes in modal slope and curvature. Story shear
shows an even stronger dependence on the
vertical distribution of modal acceleration, since it
represents the cumulative inertia forces of the
stories above a given level. Accordingly, the
effectiveness of a TLD configuration cannot be
evaluated solely from roof displacement;
displacement, drift, acceleration, and story shear
should be examined simultaneously to identify both
global benefits and possible local response
redistribution.

The response reductions obtained in the
present study are broadly consistent with the
ranges reported in classical TLD investigations.
Fujino et al. (1992) reported vibration reductions of
approximately 10%—25% for adequately tuned
liquid dampers, while Reed et al. (1998) and Tait
(2008) demonstrated  substantial
response mitigation through experimental and
numerical studies. This agreement supports the
physical plausibility of the coupled ETABS-ANSYS
framework. Nevertheless, consistency with

similarly
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previous studies should not be interpreted as
complete validation of all local response
components, particularly those affected by higher-
mode behavior, fluid nonlinearity, or structural
yielding.

From an engineering design perspective, the
results indicate that rooftop TLDs are particularly
suitable for regular high-rise reinforced-concrete
buildings whose seismic response is dominated by
the fundamental translational mode. Existing
rooftop water tanks may therefore be incorporated
into a passive control strategy, provided that the
sloshing frequency, liquid depth, tank geometry,
mass ratio, and available freeboard are
appropriately designed. For buildings with
significant torsional sensitivity, vertical irregularity,
or higher-mode contribution, a multi-level TLD
arrangement may offer a more balanced
distribution of control forces, although its total
effectiveness will depend on the modal
displacement at each installation level.

The present analysis was conducted for a
fixed total liquid mass and a limited number of tank
configurations. Therefore, the results identify the
mechanical influence of placement but do not
establish a universally optimal design. Further
parametric investigation is required to determine
the combined effects of mass ratio, tuning ratio,

tank  geometry, liquid depth, damping
characteristics, and vertical distribution.
Experimental or high-fidelity nonlinear FSI

validation would also be valuable for assessing
wave impact, turbulence, and possible detuning
under large-amplitude seismic excitation.

The adopted modeling strategy captures the
principal mechanisms governing global structural—
TLD interaction and provides a computationally
efficient basis for comparing alternative tank
layouts. The findings demonstrate that
concentrating the TLD mass at the roof maximizes
first-mode vibration suppression, whereas
distributing the tanks modifies local deformation
and inertia-force patterns over a wider height

T.A. Nguyen et al

range. This distinction is important for design
because the most effective configuration depends
not only on the desired reduction in roof
displacement but also on the acceptable
redistribution of interstory drift and story shear.

6. Conclusion

This study developed a hybrid numerical
framework for the seismic analysis of high-rise
reinforced concrete buildings equipped with tuned
liquid dampers (TLDs). The proposed approach
integrates a detailed three-dimensional structural
model, a reduced-order structural model, and a
three-dimensional fluid—structure interaction (FSI)
model, providing an efficient tool for evaluating
structural-TLD interaction under earthquake
excitation.

The validation results demonstrate that the
reduced-order model accurately reproduces the
dominant dynamic characteristics of the detailed
structural model, with a fundamental frequency
error below 0.2%. This confirms that the simplified
model provides sufficient accuracy for predicting
global seismic responses while significantly
reducing computational cost.

The seismic analyses reveal that TLD
effectiveness is primarily governed by the
compatibility between tank location and the
dominant structural mode. Concentrating all tanks
at the roof achieves the greatest reduction in global
displacement by maximizing first-mode energy
dissipation, whereas the distributed configuration
provides a more balanced modification of interstory
drift and story shear over the building height. These
findings indicate that the effectiveness of TLD
systems depends not only on the liquid mass but
also on its vertical distribution within the structure.

Overall, the proposed framework provides a
mechanically consistent and computationally
efficient  approach  for TLD
configurations in high-rise buildings. Future work
should consider structural material nonlinearity,
strongly nonlinear sloshing behavior, and broader
parametric investigations to optimize TLD design

evaluating
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under different seismic conditions.
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