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Abstract

Long-span bridges, high-rise buildings, chimneys, or wind turbines are often susceptible to wind-induced vibrations
due to their high flexibility and lightweight. Therefore, these structures should be carefully designed to sustain the
wind loads. Employing robust solutions for vibration mitigation, such as tuned liquid dampers (TLDs), enables energy
dissipation at reduced structural and maintenance costs. This study presents a numerical coupling methodology for
evaluating the wind-induced response of slender vertical structures that include a TLD. The methodology is based
on coupling a Computational Fluid Dynamics (CFD) model of a TLD, a semi-analytical aerodynamic force model,
and a structural model. The coupling is realized in a time-domain fashion by continuously exchanging sloshing
forces, aerodynamic forces, and structural response. The highlight is the use of the volume of fluid (VOF) method
as a CFD strategy to represent the sloshing damping forces, including an experimental validation. The methodology
is applied to (i) a chimney-type structure to mitigate the buffeting and vortex-induced vibrations and (ii) a high-rise
building to reduce the acceleration buffeting response for human comfort. In both cases, strategy for TLD predesign is
employed based on free- and forced-vibration analysis, an equivalent tuned mass damper model, and wind vibrations,
respectively. The results of the dynamic analyses show that there is a significant reduction in structural response
for both cases. The outcome of this study is intended to showcase the applicability of CFD for TLD predesign and
modeling nonlinear sloshing forces during dynamic analysis as an alternative to experiments. Thus, it is intended to
serve academics as well as practitioners.
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1. Introduction

Structures such as long-span bridges, high-rise buildings, chimneys, and telecommunication towers, are designed
to sustain wind loads and limit the amplitudes of resulting structural vibrations. Wind-induced phenomena, such as
vortex-induced vibration or buffeting, could lead to fatigue in structural elements, serviceability issues, or even failure
in extreme cases, such as aerodynamic instability [1, 2]. One of the robust solutions for mitigating wind vibrations
is using damper systems that allow adding a frequency-modulated mass system to dissipate energy. Perhaps the
most widely used damping systems for structural control are the Tuned Mass Dampers (TMDs) [3, 4]. Unlike TMDs,
Tuned Liquid Dampers (TLDs) relying on sloshing forces to dissipate energy have shown increased usage in structures
due to low maintenance. The application of sloshing motion on structures, such as large elevated water tanks, was
investigated as a consequence of ground motion excitation due to earthquakes. Pioneering research studies on the
sloshing dynamics and interaction between the structure and the water mass movement have been introduced in the
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studies of Housner, and Ifrim [5, 6]. More recently, these liquid dampers have been investigated by several authors
to suppress wind-induced vibrations, such as the cases for tall buildings [7, 8], or towers [9]. Furthermore, the use
of liquid dampers for mitigating multihazard responses can be investigated through use of neural network models,
to check dampers performance [10]. Studies have been made for enhancing energy dissipation for liquid dampers
through optimal shaping and use of 3D-printing technologies for adjusting the bottom shape for rectangular liquid
tanks [11].

The TLDs are comprised of a rigid tank of length (L) with liquid inside up to the height (hw). The sloshing
frequency of the liquid can be expressed from the hw/L ratio (see fig. 1). This ratio represents a criterion approximation
that shows whether TLD is within categories of (i) shallow- and intermediate-liquid (hw/L ≲ 0.2) or (ii) finite liquid
depths (0.2 ≲ hw/L ≳ 1) [12]. The sloshing forces, and thus, the additional damping, depend on other factors such as
oscillation amplitude, tank geometry, and boundary roughness.

From an analytical point of view, it is challenging to describe the behavior of the sloshing in the resonance range
because of the nonlinearities that the liquid exhibits, particularly in the case of complex geometrical configurations
for the liquid containers [13]. Semi-analytical models based on experimental data are introduced [14, 15], wherein
the models are based on shallow water theory. Equivalent mechanical models of the liquid dampers were considered
as dynamic parameters for design purposes [16]. Several studies developed nonlinear mechanical models based on
equivalent TMD, where the nonlinear behavior of the TLD under large excitation amplitudes is captured by the
nonlinear stiffness [17, 18].

To overcome the complexity in assessing the characteristics of the sloshing behavior and its associated nonlinearities,
computational fluid dynamics (CFD) techniques can provide a physical understanding given the fluid governing laws.
CFD methods have proven to be a reliable modeling strategy for sloshing involving breaking-wave phenomena [19],
and surface tension for resolving free surface [20]. Cavalagli [21] presented an experimental and numerical study in
which the Volume of Fluid (VOF) model is used for TLD to investigate the sloshing phenomenon and to determine the
energy dissipation associated to the force-displacement cycles. The use of the VOF method has been shown to study
the pressure variations, and the sloshing effects in a moving rectangular tank have been shown [22]. The VOF method
using two-phase analysis is shown for tracking free surface phenomenon under the motion of the liquid inside of a
tank [23]. Particularly, VOF methods have shown success in modeling the sloshing behavior of ships [24], in which
the coupling effect in the time domain is studied between the ship motion response and the sloshing flow. A robust
CFD model alternative used for sloshing behavior in a tank under external excitation is based on Smoothed Particle
Hydrodynamics (SPH) [25]. Green [26] presented the SPH formulation to simulate long-duration sloshing in partially
filled tanks of arbitrary shapes.

Study on structural control using a TLD-SPH model has been coupled with a single-degree-of-freedom (SDOF)
structure [27], which was shown the numerical effect of the sloshing absorber for performance control. Hybrid
simulations for coupling efficiency of the TLD with the scaled structural properties are shown with feedback in
real-time for various external excitations, including wind loading [28]. While the aforementioned studies focus on
providing an accurate model for TLD behavior under a given excitation response, there is a lack of research on the
efficiency of the TLD for wind-structure interaction, by using a numerical coupled wind-structure-TLD approach,
under broadband and resonant response. VOF model for sloshing behavior has the advantage of capturing the
nonlinear sloshing dynamics, compared to other simplified or reduced-order models. Whereas physical experiments
coupled with virtual system models can replicate the sloshing behavior accurately, one disadvantage could be the costs
for large-scale tanks and changes in the geometry, to which CFD-VOF models can be easily adapted.

This paper presents a framework for weakly numerical coupling approach of the fluid-structure-interaction model.
The standard analyses in TLD behavior are either composed of (i) mechanical models that tend to replicate the
sloshing behavior under given excitation, or (ii) physical experiments at small-scale, or at large-scale with subsequent
expensive costs. The transient and fast-changing dynamics of sloshing is of importance, particularly for non-periodic
excitation. Therefore, an interaction coupled analysis is proposed for TLD performance under both periodic and
non-periodic excitation, to showcase the uni-directional coupled response. Although a 2D-simulation represents a
simplification, the advantage of the 2D-CFD sloshing model allows for lower cells discretization with consequences
for low computational demands, yet fast and accurate simulations. The methodology is comprised of three models: i)
structural model, ii) aerodynamic force model, iii) CFD sloshing model based on VOF. The CFD sloshing model was
validated with shaking-table experiments, based on sinusoidal inputs. Further validation with a broadband excitation
of the tank would also add and enhance the presented framework. The modelling of TLD is designed to attenuate the
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wind response due to (i) buffeting (broad band frequency spectrum), and VIV (single resonant frequency). However,
in the current study, VIV model considers vortex shedding described linearly, as a harmonic force exerting along a
correlation length, not being able to reproduce the lock-in conditions accurately. The coupled approach was shown
for a uni-directional case to highlight the coupling between wind model - structure -TLD model. However, the
multidirectional wind responses of the structure have not been addressed, but this could be a future framework study
analysis.

In particular, the novel aspects of the presented methodology are:
i. A weakly-coupled partitioned approach between three models for analyzing the wind-induced response of

slender structures equipped with TLD.
ii. The coupling with VOF model of a TLD to directly compute feedback sloshing forces during a time-domain

simulation of the dynamic response of a structure subjected to transient forces.

First, the numerical coupling framework is introduced in section 2 by defining the three models and an equivalent
TMD model. Then, in section 3 we validate the CFD sloshing model with a shaking-table experiment. Section 4
represents the numerical analyses, including TLD predesign on the basis of shallow liquid assumption and tuning
criterion, free- and forced-vibration tests for an optimum TLD configuration, an analogy between TLD and equivalent
TMD for the forced response, and the wind-induced response of a chimney equipped with TLD, and equivalent TMD,
respectively. Section 5 represents the numerical analyses, including TLD predesign and the wind-induced response of
a high-rise building equipped with TLD, and TMD, respectively. Finally, conclusions are presented based on the case
studies and an outlook for further development.

Fsloshing

Fexternal

T LD

M

Structure

K

C

L

hw

Fig. 1. Schematic of an SDOF system: mass (M) - spring (K) - dashpot (C), equipped with TLD, under external excitation with subsequent action
of sloshing forces.

2. Numerical coupling methodology

The coupling methodology is shown in fig. 2, where the framework is exemplified through a study case of
applying TLD on a structure subjected to buffeting forces. The methodology is comprised of three distinct models:
(i) Aerodynamic Model, (ii) Structural Model, and (iii) TLD Sloshing Model. The structural model is characterized
by low structural damping and is discretized on finite elements. The aerodynamic model describes the wind forces
acting on the structural model based on wind properties characteristic of the site. Finally, the sloshing model is solved
by using CFD and the displacement at a specific node where the TLD is positioned.

Once the setup (problem definition) for the simulation has been created, the numerical time integration is displacement-
controlled by the two-way coupling between the (i) structural and aerodynamic model and (ii) structural and CFD
model. The structural displacement response for the node where TLD is applied to the tank in CFD solver exciting the
tank; thus, the net sloshing force is obtained and updated as an external force vector in the equation of motion. The
schematics in fig. 2 show the structure based on discrete information, wind profile characteristics, and liquid damper.
In this way, the coupled analysis is sequentially performed, and the time-history response of discrete nodes can be
evaluated. For example, the schematic for buffeting analysis shows the TLD applied at the top node (”n”), in which
the sloshing force is considered at the respective node.
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Fig. 2. Framework example of the coupling method between the TLD and chimney model under buffeting wind response.

2.1. Structural Model

The equation of motion describes the structural model with particular structural properties in terms of mass,
damping, and stiffness (1). The structure is solved in the mode space, thereby reducing it to its intrinsic dynamic
properties. The generalized equation for the dynamic analysis under a given external force is (1),(2.1) [29] :

M∗ẍ + C∗ẋ +K∗x = f∗, (1)

M∗ = ΦT MΦ, C∗ = ΦT CΦ, K∗ = ΦT KΦ

ẍ∗ = ΦT ẍ, ẋ∗ = ΦT ẋ, x∗ = ΦT x, f∗ = ΦT f, (2)

where M, C and K are mass, damping, and stiffness matrices, respectively; ẍ(t), ẋ(t) and x(t) are the accelerations,
velocities, and displacements, respectively, with respect to time; f is the external force vector; M∗, C∗ and K∗ are
the generalized mass, damping, and stiffness, respectively, associated to its correspondent mode shape Φ; f∗(t) is
the generalized external force; ẍ∗(t), ẋ∗(t) and x∗(t) are the generalized accelerations, velocities, and displacements,
respectively, with respect to time.

The generalized equation can be targeted for a specific mode of vibration, as in our example analysis, in which
case the mode shape, Φ , becomes a vector.

The structure is modeled with FE method, with unit elements to which nodal forces are applied based on the
examined excitation type (buffeting, harmonic force, equivalent VIV model). For example, the buffeting case (depicted
in fig.2) considers the wind forces from the wind profile as correlated load along the MDOF structure in nodes. In the
case of harmonic force only, the case is simplified to basically a SDOF system with a force load acting on it, since the
harmonic load is applied to the tip of the structure.
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2.2. Aerodynamic Model

In this article, two different aerodynamic models are studied to describe the wind-induced phenomena: (1)
quasi-steady model for buffeting analysis and (2) harmonic VIV-like model for vortex-induced forces (Eurocode:
EC1-4:2010). The fluctuating wind speed brings unsteady effects to slender and flexible structures with a low
damping ratio [30],[31]; therefore, a buffeting analysis is required to evaluate the dynamic structural response [32].
Furthermore, the free-stream turbulence translates into aerodynamic forces on the structure, leading to unwanted
excessive vibrations; thus, liquid dampers can provide a long-term solution for suppressing these vibrations.

The wind-structure interaction can be expressed through the equation of motion by considering the wind force
(f) on the right-hand side. The aerodynamic force model is a quasi-steady model, which considers an equivalent
steady-state at each time step for the forces from the fluid-structure interaction [33, 34].

The static wind coefficients for complex structures are determined in the wind tunnel tests; for the present
application of circular section, validated and standardized values are used [35]. The present article focuses on the
TLD under uni-directional excitation along with wind for buffeting cases. The drag force, FD, according to the linear
quasi-steady model, is described as follows:

FD =
1
2
ρU2D

[
CD + 2CD

u
U
− 2CD

ṗ
U

]
, (3)

where ρ is the air density (1.25 kg/m3), U is the mean wind velocity, D is the width of the section, CD is the
drag coefficient, u is the fluctuating wind speed, and ṗ is the relative velocity within the term which expresses the
aerodynamic damping. The limitations of quasi-steady assumption entail the dismissal of fluid memory or nonlinear
unsteady aerodynamic damping.

The mean wind speed in the atmospheric boundary layer is described through the wind profile. Here, the logarithmic
profile is used [36] for a uniform roughness over a sufficiently large fetch. The fluctuating component u is assumed to
be stationary and Gaussian. It is characterized by the turbulence intensity Iu and its spectra, which is assumed to follow
the von Karman model with Vickery’s coherence model [37]. Based on these turbulent properties, time-histories of
the turbulent component U(t) are simulated along the height by sampling a correlated random process [38]. Each time
history is 10 minutes long, which is usually considered sufficient for applications in wind engineering.

The second aerodynamic model used is for modeling VIV, which is usually relevant for serviceability limit state
checks in terms of limiting displacements and accelerations. Vortex sheddings occur whenever a structure is subjected
to wind vibrations, which could potentially produce larger displacements if the vortices shed with a frequency close
to the natural frequency of the structure. The goal is to show the effectiveness of TLD for VIV-like excitation by
determining the cross-wind amplitudes accounting for vortex shedding. To this purpose, we have presented a simple
harmonic forcing formula, which can approximate the vortex shedding based on empirical formulas.

The vortex shedding action can be expressed as the inertia force acting perpendicular to the wind direction along
with a certain correlation height of the structure:

Fw(z) = m(z)(2π fi)2ϕi(z)ymax, (4)

where m(z) is the vibrating mass per unit length [kg/m], fi is the frequency of the structure of the ith mode with
its associated mode shape, ϕi, normalized at 1 with respect to the maximum displacement, ymax. In this manner, a
dynamic analysis accounting for the equivalent VIV force is generated for the first vibration mode. The calculated
parameters may be referred to for the study application in fig. 19. A more detailing explanation of the calculation of
the equivalent VIV forces is given in the Appendix A.

2.3. Sloshing Model

Sloshing forces in a 2D rectangular tank with rigid walls is described through CFD using the FVM (see fig. 2),
simulating the fluid-structure interaction between the water and the tank. The tank consists of two fluids (water and
air), with boundary conditions between (a) solid-fluid and (b) fluid-fluid solved through multiphase flows using VOF
method. Next, we describe the CFD sloshing model by the (i) governing equations of the fluids, (ii) transport equation
at the interface region between water and air, (iii) boundary conditions, and finally, (iv) resultant sloshing forces.

(i) Governing equations of the fluid. The fluid flow in a continuum is described as an incompressible and
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Newtonian fluid. A set of partial differential equations characterizes the general Navier-Stokes equations describing
the balance of mass and momentum:

∂ρ

∂t
+ ρ∇ · v = 0,

∂v
∂t
= −

1
ρ
∇P + ν∇2v + g, (5)

where ρ is the fluid density, v is the velocity, P is the fluid pressure, ν is the laminar kinematic viscosity and g is the
gravitational acceleration.

(ii) Transport equation at the interface region between the water and air. We use the Volume of Fluid Method
(VOF) [39] to simulate a two-phase flow between air and water. The VOF method solves for two incompressible fluids
by phase-fraction interface (α), where α = 1 inside fluid 1 (water), having the density ρ1, and α = 0 inside fluid 2 (air)
with the density ρ2. Besides the continuity and momentum equations, another term, i.e.transport equation, represents
the volume fraction accounting for the interface region:

∂α

∂t
+ ∇(Uα) = 0, ρ = αρ1 + (1 − α)ρ2. (6)

The phase-fraction interface coefficient, α, varies between 0 and 1 at the interface between the two fluids. In
this way, the two fluids are considered adequate throughout the domain. The physical properties are calculated as
weighted averages based on the distribution of liquid volume fraction, thus being equal to the properties of each fluid
in their corresponding occupied regions and varying between 0 and 1 across their interface. Therefore, the interface
region must have a high number of cells to produce reliable results for the surface tension [40]. The latter generates
an additional pressure gradient, for which a surface force ( fσ) model [20]:

fσ = σκ∇α, κ = −∇
( ∇α
|∇α|

)
, (7)

where κ is the mean curvature of the free surface, σ is the surface tension constant.
(iii) Boundary conditions. The boundary conditions around the two-dimensional solid tank domain are: (1) n∇α =

0, n∇p = 0, no-slip on the bottom, right, and left walls of the tank, (2) α = 0, n∇v, p=0 for the top side of the tank,
where n is the unit normal to the outer surface structure.

(iv) Sloshing forces. Following the general manner for calculating the force due to fluid flow, the horizontal
component of the sloshing force (Fx) is expressed as:

Fsloshing,x =

∫
s
(−PI + µ[∇v − ∇vT ])nds · i, (8)

where s is the internal tank surface, I is the identity tensor, µ is the dynamic viscosity, and i is the unit vector array for
the x-axis component of the sloshing force. The sloshing force in eq. (8) is further referred as FT LD.

(v) Numerical discretization. The Finite Volume Method (FVM) is used for numerical discretization, which
describes the continuity equation in an integral form. This is achieved by small control volumes that define the
computational mesh. In [41] the equation calculates the fluxes at the faces of each cell, then centered on the volume
centroids; thus, the control volume is used for variables, such as pressure or velocity. Interpolated values are multiplied
by the normal surface vector to get the fluxes.

Another relevant parameter for the numerical integration is the Courant number (Co), which ensures numerical
stability, controlling the solution at each time step.

Co =
U f∆t
∆x
, (9)

where U f is the velocity on the cell face, ∆t is the time step and ∆x is the distance between cell centres. The simulation
are performed using an adjustable time stepping, for which Co is lower than a prescribed maximum courant number
(Comax = 2). The transient sloshing behavior is the reason to increase the Courant number larger than one, which is the
case for most applications. PIMPLE algorithm is used, which combines Pressure Implicit with Splitting of Operator
(PISO) with the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE), to achieve better numerical stability.
For the transient problem, it is used steady-state treatment (SIMPLE) to find the steady-state solution for each time
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step. To solve the Eq.(5), Gauss linear scheme is utilized. A first-order accurate Euler implicit scheme is used
for temporal discretization. The computational domain for the two-dimensional representation is discretized using
Hexa-dominant unstructured mesh, in which the maximum linear cell dimension is not bigger than 6 cm. Readers
may refer to [42] for further information and use of VOF model coupled with structure dynamics.

2.4. TMD Equivalent Model
In order to provide an alternative to the TLD’s efficiency of using passive dampers on structures, equivalent Tuned

Mass Dampers (TMDs) are used. TMDs are passive dampers being mechanically activated by a mass (m), spring (k),
and dashpot (c). Following on the Den Hartog criterion, the TMD damping ratio (ξT MD), and the TMD frequency ( fd)
can be approximated from the mass ratio (µ). Leung and Zhang [43] proposed TMD optimized parameters given a
damped structure modeled as SDOF under random excitation, as follows :

ϵ =

√
(1 + µ/2)
1 + µ

+ (−0.5047 + 0.0764
√
µ) + 0.6023µ)ξstr

√
µ + 0.3737ξ2strµ, fd = ϵ fs

ξT MD =

√
µ(1 + 3µ/4)

4(1 + µ)(1 + µ/2)
, (10)

where ϵ is the optimum tuning condition, µ = md / ms, where md is the TMD mass, and ms is the modal mass of the
structure, ξstr is the structural damping ratio, fd is the frequency of the TMD, proportional to structural frequency ( fs).

The system of 2 DOFs is represented by the structure (SDOF) + TMD (composed of md, cd,kd):[
ms 0
0 md

] {
ẍs

ẍd

}
+

[
cs + cd −cd

−cd cd

] {
ẋs

ẋd

}
+

+

[
ks + kd −kd

−kd kd

] {
xs

xd

}
=

{
F
0

}
, (11)

kd = md · (2 · π · fd)2, cd = 2 · ξT MD · md · 2 · π · fd. (12)

By properly tuning the TMD characteristics to the dynamic properties of the structure, the TMD provides a
relatively straightforward mechanical solution to reduce the structural response. The TMD mass (md), and damping
(cd) were optimized with respect to the peak and root-mean-square (RMS) displacements as for results from forced
vibration of the SDOF system with TLD (11). The optimization method for finding the TMD parameters, explained
in eq. 10, is based on the particle swarm algorithm (PSO) [44, 45], which looks for optimal values to determine the
fitness solution (section 4.2.2). The advantage of using the equivalent TMD over TLD is the computational efficiency.
At the same time, the disadvantage lies in the linear TMD limitation in capturing the sloshing behavior nonlinearities
in a TLD.

2.5. Coupled Equations
The weakly numerical coupling framework is composed of the models mentioned above, with the general equation

of motion being described as:

M∗ẍ + C∗ẋ +K∗x = fD + fT LD, ẍ = ẍ(t), ẋ = ẋ(t), x = x(t), fD = fD(t), fTLD = fTLD(t) (13)

where fD is the time-varying drag force vector based on eq.3, and fT LD is the time-varying sloshing force vector based
on eq.8. To consider the TMD application, M∗, C∗, K∗, are updated with the associated TMD parameters (md, cd, kd).
In fig. 3 a detailed explanation is shown for the stepwise calculation. The drag force is composed of static force (FSt),
buffeting forces (FB), and self-excited (FSE). The self-excited forces control the aerodynamic damping; thus, the
velocity obtained from time integration is updated in the force calculation. In the VOF method, the sloshing force,
FT LD, is calculated following the relative displacement of the tank motion. This is achieved by prescribing the tank
boundary with an updated motion resulting from the structural response, x(t). In terms of the finite volume method,
the dynamic mesh is updated with a new mesh velocity (vm) in the convective term of the general transport equation.
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Coupling Framework
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Fig. 4. Left: Schematic of the shaking table experiment for the sloshing tank. Right: Geometrical sketch of the liquid tank.

3. Experimental Validation of the Sloshing Model

A benchmark case for the experiment is used to validate the numerical sloshing method. A rectangular container
partially filled with water (see fig. 4 - right) was instrumented on a shaking table to measure the sloshing forces due to
external excitation. The experimental setup (see fig. 4 - left) contains a force gauge placed underneath the container,
which is connected to data acquisition to provide the horizontal forces measurements.

Since the sensor measures the total inertial forces, a distinction is made to account for the measurements of inertial
forces without water (Fi) and the total forces accounting for the tank partially filled with water (FT ).Therefore the
sloshing force (FT LD) at each time instant is taken as:

FT LD = FT (t) − Fi(t). (14)

The sloshing force is nondimensionalized with respect to the inertial force coming from the liquid mass that does
not participate actively in the sloshing [46]:

F′T LD =
FT LD

mwω2
e A
, mw = ρLbhw, ωe = 2π fe, (15)

where mw is the mass of the liquid at rest, ρ is the density of water (1000 kg/m3), L is the length of the container (590
mm), b is the width of the container (300 mm), hw is the height of the water, fe is the excitation frequency, and A is the
amplitude of excitation. The experimental measurements were conducted at a sampling rate of 500 Hz; after that, the
low-pass Butterworth 4th order filtering was applied with a cutoff frequency of 1 Hz since the frequencies of interest
are within a low range, typically lower than 1 Hz for these liquid dampers.

Given the ratio of the liquid height to the length container (hw/l), the sloshing frequency ( fsl) can be expressed in
terms of eigenvalues; thus, each eigenmode is associated with the wave pattern of the surface profile [12]:
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Fig. 5. Nondimensional sloshing forces for the given cases in Table 1 (β = fe/ fsl). T represents the excitation period for each of the excitation
frequencies : a) 0.35 Hz, b) 0.375 Hz, c) 0.4 Hz, d) 0.45 Hz.

ID Case A [mm] hw [mm] hw/L [-] fe [Hz] β [-]
a 10 20 0.034 0.350 0.93
b 10 20 0.034 0.375 1.00
c 10 20 0.034 0.400 1.07
d 10 20 0.034 0.450 1.20

Table 1: Measurement campaign for the rectangular container filled with water.

fi =
1

2π

√
g
πi
L

tanh
(
πhwi

L

)
, (16)

where i is the mode number, g is gravitational acceleration (9.81 m/s2).
The lowest natural mode (i = 1) is the most significant in the applications of liquid dampers, but higher modes

can be activated by tank excitation; thus, vibrations associated with higher structure frequencies can be damped out.
Based on the above formulation, represented for the anti-symmetric mode of vibration, the first sloshing frequency
is analytically determined. The sloshing frequency from eq.16 is used in all study cases of the coupled analyses
using TLD, as a requirement for tuning to the frequency of the structure. The experimental campaign was conducted
under different amplitudes (A) and excitation frequencies ( fe). The excitation frequency was set in between the range
β( fe/ fsl) = [0.9 − 1.2] of the sloshing frequency to capture the resonance and nearly-resonance region, where the
liquid container works efficiently as a tuned liquid damper. For validation purposes with the numerical comparison,
several cases were considered by varying the excitation frequency as given in Table 1.

As depicted in fig. 5 b), c), and d), the agreement between the experiment and the numerical method for the
resonance and near-resonance region shows really good results. However, in fig. 5 a) there are differences in the
amplitude, which can be attributed to nonlinearities in the numerical method. The nondimensional sloshing force
corresponding to resonance (β = 1) has slightly bigger amplitudes, as expected, given that the sloshing impact is
activated the most. However, within the range of β from 0.93 to 1.2, the force amplitude is close to the maximum one
represented for β = 1. This brings into consideration the frequency range to which the sloshing damper could attain
satisfactory results and effectiveness whenever a slight mismatch between the estimation of structural frequency and
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(a) t/T = 3 (left : Experiment setup, right : CFD model).
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(b) t/T = 3.25 (left : Experiment setup, right : CFD model).
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(c) t/T = 3.5 (left : Experiment setup, right : CFD model).
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(d) t/T = 3.75 (left : Experiment setup, right : CFD model).
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Fig. 6. Time-instant snapshots for the rectangular tank with hw=20 mm ,excited at fe=0.375 Hz, with a displacement amplitude of 10 mm.

the sloshing frequency could occur. A lowpass finite impulse response (FIR) filter was applied to the experimental
sloshing force at the cutoff frequency of 1 Hz to avoid noise and higher frequency content. The sloshing forces
resulting from the CFD model remained unfiltered.
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(a) (b) (c) (d)

Fig. 7. Comparison metrics for nondimensional sloshing forces between numerical and experimental methods: (a) β=0.93, (b) β=1, (c) β=1.07, (d)
β=1.2.

Further quantitative comparison of the time-histories of the sloshing forces is conducted using a unified set of
metrics proposed by [47]. Relevant comparison metrics are included to quantify the discrepancies between signal
features. The considered metrics used for signal comparison are: phase Mϕ, peak Mp, root mean square (RMS)
Mrms, magnitude Mm and wavelet Mw. Each of these comparison metrics is constructed qualitatively using an
exponential function with a negative exponent. As such, the metrics attain a value between 0 and 1, where 1 indicates
a perfect match and 0 indicates an infinite difference. Generally, a metric ≥ 0.9 is good, showing similar statistical
properties. The comparison for each parameter is related with respect to a reference time history which in this case is
selected to be the experimental one.

The phase metric Mϕ shows the mean phase discrepancy between the two-time histories by lag-time correlation.
The peak metric Mp gives the values of sloshing forces relevant to TLD criteria. The RMS metric Mrms is an estimator
for the averaged amplitude discrepancies. Magnitude metric Mm provides differences in a time-localized way. In this
regard, preprocessing is applied to align the signals using dynamic time warping, which stretches and aligns the signal
without scaling. Finally, the wavelet Mw provides a 2D representation, in the time and frequency domain, for the
time histories. This metric represents the amplitude modulation between two signals, while the Mw f is given by the
frequency modulation (see fig. 7). In all the cases, the phase metric (Mϕ), shows an identical match; for the frequency
modulation (Mw f ), the metric is high in all the cases, whereas for others, such as peak (Mp), or RMS (Mrms), the
metrics are varying from high (cases c,and d) to low (cases b, and a). The magnitude Mm exhibits lower metric values
but is still in a good range.

4. Application: Buffeting and VIV Analysis of a Chimney

4.1. Reference Structure

The selection of a slender structure with low damping and prone to wind vibrations is made to showcase TLD’s
efficacy for reducing the structural response. To this end, a numerical model is developed from a reference steel
chimney [48], having a hollow circular section with varying- cross-section and- thickness along the height. The
structural properties are given in fig. 2. The TLDs are primarily targeted for the predominant frequency of the
structure ( fstr=0.242 Hz), where the significant mass of the structure from its total is activated under external actions.
The present case shows the effect of TLD for the first frequency of the chimney, which is identified as a horizontal
translation from the eigenvalue analysis.

4.2. TLD Predesign

The role of the liquid damper is to be tuned to the structural frequency. The analytical method from eq. (16)
provides an evaluation of the sloshing frequency expressed through the following parameters: height of water (hw) and
the length of the container (L) (see fig. 8). Due to the already provided structural frequency, a pair of TLD parameters
can be selected to match the specific frequency. This allows us to have an initial estimation of the TLD; however,
geometrical constraints shall be considered. The advantage of numerical methods is the possibility of simulations
with various sets of parameters to determine the most optimum TLD configuration. By using VOF model, a study is
made with several TLD configurations that are following shallow-water criterion, and geometrical constraints, out of
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which the optimum configuration is selected.
To this end, a set of free vibration tests are performed for several tanks partially filled with water. Following the

shallow water criterion, the frequency of sloshing is chosen to be equal to the frequency of the structure (θ = fsl/ fs =

1). Two other cases are shown in which the sloshing frequency is taken as a lower and higher ratio of the structural
frequency. Based on the decay response, their associated damping ratio, and the dynamic reduction, the optimal
configuration is selected to be further used in the design. Afterward, forced vibration simulations are performed with
the chosen configuration to evaluate the TLD efficacy.
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Fig. 8. Sloshing frequency, fsl, (black isolines) for a rectangular tank partially filled with liquid (hw), given a length (L) (eq. (16)). The dashed blue
line represents the threshold defined by the shallow water theory (hw/L =0.2).

4.2.1. Free-vibration

Configuration L [m] hw [m] hw/L [-] fsl [Hz] θ [-] mT LD [kg/m] ξe f f [%]
1 5.3 0.710 0.134 0.242 1.00 3763 2.6
2 6.3 1.030 0.163 0.242 1.00 6489 3.9
3 7.0 1.300 0.198 0.242 1.00 9100 4.4
4 6.4 0.945 0.147 0.223 0.95 6048 5.3
5 6.4 1.200 0.187 0.254 1.05 7680 3.4

Table 2: Tuned Liquid Damper properties for the resonance (θ=1), and frequency tuning assessment (varying θ).

In order to choose an appropriate tank configuration for the analysis, several configurations of tanks providing
the same sloshing frequency are analyzed. This ultimately provides a comparison for masses which can be attributed
to sloshing dynamics. The free-vibration tests are performed according to the chimney’s first vibration mode with
initial displacements. The dynamic characteristics for the first mode of the reference chimney are m1=356146 kg,
k1=823415 N/m, c1= 5198 Ns/m. The considered set of parameters for defining the sloshing frequency for the free
vibration analyses is shown in Table 2. The damping ratio of the structure (SDOF) is estimated through an envelope
curve A(t) = A0e−ξωt, where A0 is the initial displacement, ξ is the damping for the enveloppe curve [49]. In order
to test the efficiency of TLDs for the free vibration case, two approaches have been used: (i) an exponential curve is
fitted through the peaks of the time-history simulation, and an effective damping is determined (ξe f f ) (fig. 9,fig. 10),
(ii) instantaneous damping is calculated for each of the two succesive peaks, with an average evaluation for the entire
time-history (ξ(t) = 1/[

√
1 + (2π/δ(t))2], δ(t) = ln[x(t)/x(t + T )] [50]). For the former (i), following the above

equation, the decaying curves represented by the black dashed line in fig. 9, are associated with effective damping
given its time-history response. Since the decaying envelope cannot accurately describe the damping ratio in a fitting
curve, given the nonlinear sloshing behavior, the response was evaluated for the first 30 seconds. This provides a
reasonably accurate estimation, given the salient nonlinear features of the TLD. For the latter (ii), the instantenous
damping ratio gives an overview along the entire time-history, which yields a higher average damping ratio for the
configuration 3(fig.11). The variation of frequency ratio (θ = fsl/ fstr) is presented for damping evaluation under free
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Fig. 9. Free vibration simulations for tank configurations with θ=1.

vibration tests (see fig. 10). Tank configuration 4 was selected for further study simulations, which yielded the largest
effective damping with the lowest detuning if compared to configuration 3.

4.2.2. Forced-vibration
In order to understand some of the forcing features applied dynamically on a structure, forced vibration simulations

are often represented by harmonic excitations. The presented cases are solved for the coupled system of equivalent
SDOF structure equipped with TLD. The liquid damper with relatively high damping and fulfilling the shallow liquid
depth will be further chosen for the analysis. Three sinusoidal forces were applied to the coupled system by changing
the ratio of the excitation frequency ( fe) to the structural frequency ( fs). The forced vibration tests are performed under
an excitation range of 0.95, 1, and 1.05 of the first frequency of the structure (see Table 3). The beating phenomenon
can be observed since the spectrum frequency in fig. 12 shows the two peak frequencies relatively close. Their
difference is represented by a minor frequency translated to long periods - as it can be observed on the time-history
in fig. 12 - left. However, when the forcing frequency is equal to the frequency of the structure, the displacement
reduction is noticeable, which is not the case otherwise. In that case, there is no displacement reduction by employing
a liquid damper. An estimation of the TLD efficiency resides in the sloshing forces being out-of-phase with the input
forces acting on the structure. The phase angle can be associated with damping for forced vibration simulation, and it
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Fig. 10. Free vibration simulations for tank configurations with varying θ.

Max. Displacement [m] No TLD [m] TLD [m] Reduction [%] ϕ[◦]
Case 1 (Ω=0.95) 0.081 0.094 -16 -92.0

Case 2 (Ω=1) 0.471 0.043 91 -165.0
Case 3 (Ω =1.05) 0.081 0.045 44 82.3

Table 3: Forced vibration simulation for three cases of harmonic excitation, with a force amplitude of 4 kN, Ω = fe/ fstr . TLD case associated to
configuration 4 in Table 2. Negative reduction means displacement response increase by employing TLD. The reduction is referred to the
structural response with TLD compared to the case without TLD.

can be obtained from the difference between the input forcing and the response force. In order to determine the phase
angle between forces, the calculation of lag time is checked by the cross-correlation between two force time histories.
In fig. 12, the resonant case (Ω = 1) is given by case 2, where the displacement associated with the harmonic exhibits
a divergent response. By placing the TLD, this divergent response is reduced. In order to investigate the trend among
the cases, the harmonic input forces are compared with the sloshing forces. In ideal cases, by employing TLD, the
sloshing force would need to be in a phase of 180 degrees with the applied harmonic. In fig. 14 is shown the TLD
performance for the resonance case, whereas more peculiar are the fig. 13, fig. 15, in which the phase angle changes,
a reason being the nonlinear behavior of liquid motion.
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Fig. 11. Instantaneous damping ratios as a result of free vibration decays of the structure, without, and with 5 configurations of equipped TLD.

To further explore the nonlinear behavior of the liquid damper in the resonance region, the sloshing forces under
harmonic excitation with different amplitudes are shown (see fig. 16). The spectrum content shows two fundamental
amplitudes corresponding to the first mode (x̂1), and the second mode (x̂2). The development of secondary waves to
which other modes can be excited in case of structures are being activated by higher vibration modes. Since sloshing
is amplitude-dependent, higher harmonics can be activated, which can be beneficial in dissipating the energy caused
by higher structural vibration modes (see fig. 17). However, this article examined only the first mode of vibration;
therefore, the focus is mainly on the first sloshing frequency and its characteristics.

An equivalent TMD is proposed to compare against TLD for forced vibration cases. For this study, based on the
number of iterations (10) and the swarm particles (50), the best values are found to determine the local and global
optimum (see fig. 18). The TMD characteristics are further used in the wind analyses for performance comparison
between TLD and TMD.

4.3. Wind-induced response

Two types of wind analyses are performed to evaluate the efficacy of the presented methodology. Firstly, vortex-induced
vibration analysis is performed, allowing to analyze the response, given a narrower frequency band for the excitation
force. Secondly, the buffeting response is analyzed for a 10-minute turbulent wind excitation.
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Fig. 12. Displacement responses under harmonic load with an amplitude input force of 4 kN.
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Fig. 13. External harmonic, and sloshing forces for case 1 ; time-window: ϕ = -92◦ (ϕrad=-1.59 rad).

4.3.1. Vortex-induced vibrations
The displacement time-history comparison with the selected TLD and the TMD are shown in fig. 19. It is

well-known that the structure with low mass and low damping can feed the vortex dynamics and the energy transfer
to the structure for higher amplitude displacements [51]. By investigating the resonance behavior of an equivalent
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Fig. 14. External harmonic, and sloshing forces for case 2 ; time-window - ϕ = -165◦ (ϕrad=-2.89 rad).
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Fig. 15. External harmonic, and sloshing forces for case 3 ; time-window - ϕ = 82.3◦ (ϕrad=1.44 rad).
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Fig. 16. Displacement response for resonance effect under different excitation force amplitudes, Ω = 1.
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Fig. 17. Force amplitude influence on the vibration excitation of structure equipped with TLD under resonance effect, for the TLD configuration 4.
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Fig. 18. Displacement response for TLD and equivalent TMD, under forced vibration applied at the tip of the chimney with a frequency equal to
frequency of structure (0.242 Hz), and amplitude of force 9kN. TMD characteristics: mT MD = 585 kg, ξT MD = 2.03 %, µ = 0.16 %.

Case Peak [m] Reduction [%] RMS [m]
Structure 1.06 - 0.63

Structure + TMD 0.22 79 0.15
Structure + TLD 0.22 79 0.15

Table 4: Displacement response due to harmonic force applied at the tip of the chimney. Table measurements are accounted for the steady-state
region [300s - 600s] (fig. 18).
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Fig. 19. Displacement tip response of the forces accounting for vortex-induced vibrations according to Eq. 18. Input parameters for cross-wind
calculation according to EC1-4: Kw=0.09, K=0.13, Lc=6.32 m, ymax=0.43 m, St=0.18, Sc=1.37.

shedding force, the displacements for TLD and TMD show around 90% of reduction response, indicating the relative
efficiency of these two passive dampers (see Table 5).

Case Peak [m] Reduction [%] RMS [m]
Structure 1.36 - 0.81

Structure + TMD 0.35 74 0.20
Structure + TLD 0.17 88 0.10

Table 5: Displacement response at the tip of the chimney due to vortex shedding forces according to EC1:1-4 (fig. 19).

4.3.2. Buffeting analysis
The wind properties considered for the buffeting analysis are U= 30 m/s (at 10m height) with turbulence intensity

of 20%, and terrain roughness z0= 0.03 m (see fig. 2). The wind time-histories are simulated as described in fig. 2. A
set of six 10-min time histories were analyzed for the cases of structure with TLD, with TMD, and without passive
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Fig. 20. Left: Time-history for 10 minutes mean and fluctuating wind speed at the tip of the chimney, based on the characteristics of fig. 2. Right:
von Karman turbulence spectra based on the turbulence characteristics shown in fig. 2.
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Fig. 21. Response forces due to buffeting analysis. The wind forces are subtracted from the mean response. Right: The spectrum content of
the force response components in logarithmic scale. Buffeting response at the tip of the chimney. TLD Characteristics (L=6.4 m, hw=0.945 m,
mtld=6048 kg), µ=1.7 %.

dampers, respectively. An example of a simulated time history is given in fig. 20, with the corresponding spectrum.
The wind forces acting on the structure are smaller than the sloshing forces (see fig. 21 - left). However, wind loading
exhibits a wide range of frequency components, unlike harmonic force targeted to a specific frequency. To examine
the characteristic features of both sloshing and wind forces, respectively, the power spectral density is shown in fig. 21
- right. The generated wind forces show a low-frequency range, with higher energy contribution for frequencies lower
than the first structural frequency. On the other hand, the sloshing forces, as a result of wind excitation, display a
higher energy content around the sloshing frequency, thus targeting the structural vibration mode. It can be seen that
the normalized frequency peak is slightly shifted to the right of the structural frequency. This can be attributed to
higher sloshing modes that may also be symmetric. However, the TLD was tuned to the first antisymmetric sloshing
mode. The nonlinearities arising in the fluid-structure interaction of the TLD are probably the reason for the frequency
shift, i.e., the departure of the linear sloshing frequency.

The effectiveness of the TLD under random wind excitation is shown in terms of displacement response at the
tip of the chimney (see fig. 22). The time-domain analysis shows that among the 10-minutes interval, there are
time windows in which there is a noticeable decrease in displacement amplitude. The plot shows the dynamic
displacements around the deflected position due to mean wind. From the normalized power spectral density, one
can distinguish the attenuation response for the first vibration mode. In fig.24, absolute peak and RMS responses of
the chimney tip are shown based on six seeds of 10-min wind simulations.

Table 6 shows the average of peak and RMS for three scenarios: no damper, TMD, and TLD. The effective TMD
and TLD yield similar results. However, given the randomness of the buffeting loading, the TLD or the TMD cannot be
activated quickly for optimal reduction. Unlike VIV, the broad bandwidth of frequencies for buffeting response allows
specific time windows of displacement reduction (see fig. 21). The TMD is compared with the chosen configuration
from the above section. On the one hand, this indicates the efficacy and the simplicity of using an equivalent TMD
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Fig. 22. Buffeting response at the tip of the chimney. TLD Characteristics (L=6.4 m, hw=0.945 m, mtld=6048 kg), µ=1.7 %. TMD characteristics:
mT MD = 585 kg, ξT MD = 2.03 %, µ = 0.16 %.
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Fig. 23. Buffeting response at the tip of the chimney, equipped with TLD.
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Fig. 24. Left: Absolute peak displacements at the tip of the chimney for the structure (i) with no control system, (ii) with TMD, and (iii) with
TLD, following the six sets of 10 minutes mean and fluctuating wind speed. Right:Correspondent root-mean-square displacements for similar setup
conditions.

Cases [1-6] Peak [m] Peak reduction [%] RMS [m]
Structure 1.99 - 0.32

Structure + TMD 1.84 7.85 0.27
Structure + TLD 1.79 10.29 0.26

Table 6: Deterministic averaged results for buffeting analyses, for six 10-minutes wind simulations. RMS is calculated by subtracting the mean
response. The percentage column shows the reduction by employing the passive dampers to the structure.
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Fig. 25. Time-instant snapshots for liquid damper under buffeting analysis.

model instead of TLD. On the other hand, the TLD exhibits nonlinear features, to which the linear TMD is limited
unless higher reduced-order models are used. For this study case, only the first vibration mode was targeted and
analyzed to prove the efficiency of the coupling method with TLD. In fig. 23 is shown the response time-history of the
structure, while fig. 25 depicts the corresponding snapshots of the TLD at the indicated locations.

5. Application: Human Comfort Analysis of a High-Rise Building

5.1. Reference Structure

A tall building with constant cross-section along the height is showcased for the habitability comfort assessment
using the partitioned numerical coupling (Aerodynamic Model - Structural Model - Sloshing Model). The along-wind
response acceleration is investigated and evaluated according to well-established standards [52, 53, 54], since users’
comfort in perceiving motion is a criterion evaluated by story acceleration. Tamura et. al [55] have shown the
probabilistic perception of thresholds based on AIJ-RJB guidelines. Because perception motion has a subjective
character, the evaluation criteria have been described through several curves describing the percentage of people to
perceive the vibrations (i.e., H90 - 90% of people with perceived vibrations). As per [55], the peak acceleration
is adopted for simplicity, being understood easily by building owners or designers for motion perception, whereas
root-mean-square (RMS) could be more appropriate for the physical parameter for the habitability evaluation in terms
of long term tolerance.

The structural model of the high-rise building is discretized in finite elements according to the dynamic structural
characteristics, along a height of 383 meters, corresponding to the first mode of translation [56]: M1 = 52596 t, f1 =
0.1425 Hz, ξ1 = 0.02 , K1 = 42250 kN/m. The objective is to reduce the acceleration response below the thresholds
of motion perception levels. In order to test the efficiency of using TLDs to dissipate energy, the sloshing dampers
are primarily targeted to the predominant frequency, where the significant mass of the structure is activated under
external excitation. The Tuned Mass Damper (TMD) characteristics of a tall building [57] have been selected as the
supplemental damper, which are used in the comparative analyses with sloshing dampers.

5.2. TLD Predesign

The analytical method from eq. (16) provides an evaluation of the sloshing frequency expressed through the
following parameters: height of water (hw) and the length of the container (L) (see eq. (16)). Following the shallow
water criterion, the frequency of sloshing is chosen to be approximately equal to the frequency of the structure (θ =
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Fig. 26. Left: Time-history for 10 minutes mean and fluctuating wind speed at the top of the structure. Right: Von Karman turbulence spectra.

fsl/ fstr ≶ 1). Two other cases are presented in which the sloshing frequency is taken as a lower ratio of the structural
frequency.

For this purpose, three tank geometry cases have been chosen to compare the acceleration response at the top of
the building. Based on this comparison criteria, the TLD with the most effective amplitude reduction is chosen for
further investigation. Furthermore, since the mass of one TLD is significantly small compared with the TMD mass,
several TLD setups are used with the chosen configuration, namely, (i) 1 TLD, (ii) 2 similar TLDs at the top level,
and (iii) 4 similar TLDs (2 TLDs placed at the top level and 2 TLDs at one level below).

Tall Building TLD Case L [m] hw [m] fsl [Hz] θ ( fsl/ fstr) [-] Peak [m] [%] RMS [m] [%]
Configuration 1 14.70 1.99 0.146 1.03 0.166 0.07 0.061 4.81
Configuration 2 15.45 2.00 0.139 0.98 0.153 7.81 0.056 11.62
Configuration 3 15.95 2.00 0.135 0.95 0.143 13.67 0.053 16.62

Table 7: Deterministic results for buffeting analyses for similar input characteristics of 10-minutes wind conditions. The percentage columns after
peak and RMS accelerations show the reductions compared to the structure’s acceleration response without a damper.

5.3. Buffeting Analyses

Based on the preliminary studies from table 7, configuration 3 has been chosen for testing the TLD with three
different setups explained in the previous section. As a reference for the structural response equipped with a supplemental
damper, the present configuration of TMD is taken for comparisons ( mT MD = 660 t, fd = 0.1404 Hz, ξT MD = 0.131
[57]).

The wind characteristics for the buffeting analysis have the following properties with an incoming wind speed U=
19 m/s (at 10m height) and turbulence intensity of 20%, terrain roughness (z=0.03 m), and turbulence length scale
(Lx=340 m), for a scenario of one-year recurrent interval. A set of six 10-min time histories were analyzed for the
cases of structure with TLD, with TMD, and without passive dampers, respectively. An example of a simulated time
history is given in fig. 26, with the corresponding spectrum. The acceleration responses are presented in fig. 28 - left
side.

In order to determine the drag coefficient for the outer cross-section shape of the structure, a CFD static simulation
was performed using a validated CFD software based on Vortex-Particle Method [58],[59]. The average drag coefficient
(CD = 1.4) was used in the aerodynamic force calculation (eq. (3)) for the buffeting analyses.

To examine the characteristic features of both sloshing and wind forces, respectively, the power spectral density
is shown in fig. 27 - right. The generated wind forces show a low-frequency range, with higher energy contribution
for frequencies lower than the first structural frequency. On the other hand, the sloshing forces resulting from wind
excitation display a higher energy content around the sloshing frequency, thus targeting the structural vibration mode.

The effectiveness of the TLD under random wind excitation is shown in terms of acceleration response at the
top of the structure (see fig. 29). The time-domain analysis (S3) shows that among the 10-minute interval, there are
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Fig. 27. Left: Response forces due to buffeting analysis, at the top node, equipped with 1 TLD. The wind forces are subtracted from the mean
response. Right: The spectrum content of the force response components in logarithmic scale.

Fig. 28. Left: Absolute peak and root-mean-square accelerations at the top of the structure, following the six sets of 10 minutes mean and fluctuating
wind speed. Right: Time-instant of an iso-velocity contour of the flow past bluff section. The contour legend shows the normalized wind speed
values with respect to the incoming wind flow.

time windows in which there is a noticeable decrease in acceleration amplitude. From the normalized power spectral
density, one can distinguish the attenuation response for the first vibration mode.

Table 8 shows the acceleration peak and RMS for five scenarios: no damper, TMD, 1 TLD, 2 TLDs mounted at the
same level, and 4 TLDs (two mounted at the top level and two mounted at a lower level), respectively. The effective
TMD and TLD yield similar results. Given the randomness of the buffeting loading, the TLD or the TMD cannot be
activated quickly for optimal reduction.

Acceleration Tip Response Str Str + TMD Str + 1 TLD Str + 2 TLDs Str + 4 TLDs
Mass ratio (µ = mdamper / mstr) [%] - 1.250 0.061 0.122 0.244

Absolute Peak [m/s2] 0.153 0.086 0.122 0.107 0.113
Peak reduction [%] - 43.66 19.83 29.96 26.04

RMS [m/s2] 0.052 0.026 0.042 0.038 0.037
RMS reduction [%] - 49.50 17.75 25.65 28.14

Table 8: Deterministic results for buffeting analyses for 10-minutes average wind speed simulations. The percentage column for both peak and
RMS accelerations shows a reduction in comparison with the acceleration response of the structure without a damper—wind speed 19m/s, with
turbulence intensity 20%.
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Fig. 29. Left: Time-history (Seed 3) acceleration response at the top of the structure for multiple scenarios. Right: The associated spectrum content
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5.4. Comfort Criteria Assessment

Habitability criteria is a subjective assessment; however, the evaluation can be classified in design level criteria
based on peak acceleration response [55] and RMS response [52]. Following the buffeting analysis (#3) results
obtained in fig. 29, and its corresponding values from table 8, results are plotted with the respective evaluation curves
in fig. 30. Regarding the peak acceleration values, the structure response is above the criterion level (Melbourne and
H-90). In contrast, the cases for the structure with TMD, and 2 TLDs, respectively, are within the threshold limit
provided by Melbourne and H-90. However, in the structure equipped with 4 TLDs, the criterion is met only for the
Melbourne curve, above the H-90 threshold. For the weighted RMS values, all the scenario values are within the limit
imposed by ISO 6897.

6. Conclusions

In this article, a numerical coupling method for fluid-structure-interaction was proposed between (i) structural
model, (ii) aerodynamic model, and (iii) CFD sloshing model. The purpose of the study was to present a novel
framework that embeds the three models in a partitioned approach, with the highlight on efficiency of TLD under
broad-band frequencies, and narrow-band frequency responses. The structural model consisted of solving the equation
of motion numerically, given the input properties, i.e., mass, damping, and stiffness. The properties were selected for
structures with dynamic characteristics represented by the first vibration mode. The forcing terms were composed
of linear force addition between two components: (i) the aerodynamic model and (ii) CFD sloshing model. The
aerodynamic model was comprised of either buffeting quasi-steady aerodynamic force model or the VIV model. The
CFD model for sloshing force was based on VOF, a mesh grid method, wherein a phase-fraction interface between
the two liquids, water, and air, was considered for the fluid pressure calculation to determine the sloshing force.
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The CFD sloshing model has shown good results in comparison with the forces generated under the same harmonic
excitation in a shaking-table experiment. Further on, an application of the framework to the chimney and an application
to a high-rise building were presented. Herein, the predesign of the TLD, an equivalent TMD model, buffeting
analysis based on simulated free-stream turbulence, and VIV analysis were studied. Six seeds of 10-minute wind
were evaluated for buffeting analyses with a corresponding average value. It was shown that for buffeting analyses,
the peak displacement response was reduced in average by 10.29% when the TLD was equipped at the tip of the
chimney. Similarly, the equivalent TMD model has shown an average reduction of 7.85%. For the VIV analysis,
an approach based on the European wind design code was presented for calculating the cross-wind amplitudes, in
which an equivalent VIV force was applied along a correlation length specific to the first mode of vibration of the
chimney. The peak displacement response was reduced up to 88 % by using TLD and 74% with an equivalent TMD.
These results show that for resonance type phenomenon, with narrow bandwidth, the dampers were more effective in
reducing the peak displacements.

Habitability criteria were assessed for peak accelerations and RMS values using multiple scenarios of TLDs. It
was shown that for buffeting analysis, the peak acceleration response was reduced with: (i) 19.83% when the TLD
was equipped at the top of the building, (ii), 29.96% when 2 TLDs were equipped at the top, and (iii) 26.04% when 4
TLDs are equipped (2 at the top level and 2 at the level below) . Similarly, the TMD model has shown a reduction of
43.66%. The RMS values for the scenarios mentioned above show a similar trend, mentioning that the RMS for the
structure equipped with 4 TLDs is lower than the structure with 2 TLDs. These results show that for the buffeting type
phenomenon, by varying the scenarios of liquid dampers, there is a reduction difference, but with no more than 11%
for the studied cases (1 TLD, 2 TLDs, and 4 TLDs, respectively). Although the acceleration reduction for the structure
equipped with the TLD scenarios is overall lower than the structure with TMD, the mass of 4 TLDs is approximately
five times lower than the mass of TMD. The latter shows that the TLD can provide a good alternative for supplemental
dampers while reducing the mass significantly.

The methodology of using the VOF model for a TLD has shown a reliable alternative to experiments for both
TLD predesign and analysis. The VOF model can capture nonlinear forces and provide realistic modeling of the
TLD, which otherwise is intractable by semi-analytical models. The TLDs can significantly reduce the wind-induced
response of structures that is critical for serviceability limit states and fatigue limit.

The numerical coupling framework offers the possibility of evaluating a structure equipped with TLD system under
various excitations. In this way, a cost-efficient manner to ensure the reliability of the TLD design can be assessed
for the structural design analyses. It represents a high-fidelity design analysis for structures equipped with TLD under
hazard actions. The versatility of the coupled model consists of analyzing various structures, under the information of
dynamic properties. Moreover, in case of change of dynamic properties, by monitoring instrumentation, a re-design
of TLD can be investigated by numerical coupled analyses at rather reduced computational time. Multiple TLDs
can be shown to achieve higher response reduction in the buffeting analysis and target higher modes of vibration
to which additional damping might be considered. The limitation of the current partitioned numerical approach is
represented by the two-dimensional TLD use in structural response as a result of uni-directional excitation, with
disregard of in-plane interaction such as torsional motion, or influence of higher modes of vibration. The possibility
of using multi-modes can be applied to the existing coupling framework, with a more in-depth study of the nonlinear
and amplitude dependent forces. With the new coupling framework, TLD behavior for comparison studies can be
considered with other CFD models or with reduced-order models.
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Appendix A

The model for showcasing VIV-type excitation for narrow-band response is selected as a harmonic force replicating
the resonant shedding forces that could occur across-wind.

Following the Eurocode [35], the cross-wind amplitudes can be assessed through the characteristic maximum
displacement, with Scruton number (Sc) among the terms which describe the damping of the structure. Vortex
shedding criteria is considered if the resonant wind speed (Ures) for a specific mode is:

Ures,i < 1.25U, (17)

where U is the characteristic 10 min mean wind speed where the vortex shedding occurs.
The vortex shedding action can be expressed as the inertia force acting perpendicular to the wind direction along with
a certain correlation height of the structure:

Fw(z) = m(z)(2π fi)2ϕi(z)ymax, (18)

where m(z) is the vibrating mass per unit length [kg/m], fi is the frequency of the structure of the ith mode with its
associated mode shape, ϕi, normalized at 1 with respect to the maximum displacement. The first frequency of the
structure will be considered; therefore, the maximum displacement will occur at the tip of the chimney according to
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the first mode shape. The calculation of cross-wind amplitude is calculated using approach 1, according to EC1:1-4
(Annex E.1.5.2)[35]:

ymax =
KKwclatD

St2Sc
, Sc =

2δme

ρD2 , (19)

where K is the mode shape factor, Kw is the effective correlation length factor, clat is the lateral force coefficient, St
is the Strouhal number, expressed as a dimensionless number to describe the oscillating flow. Furthermore, δ is the
logarithmic decrement of total damping, me is the equivalent mass per unit length for the sought mode, ρ is the air
density under vortex shedding conditions, D is the width of the cross-section. Finally, the vortex shedding forces are
applied to the structure along the correlation length (Lc).
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