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Abstract. The effectiveness of conventional tuned liquid dampers (TLDs) in controlling the wind-induced response of tall
flexible structures has been indicated. However, the impaired control effect in the detuning condition or a considerably high
mass cost of liquid may be incurred in ensuring the high-level serviceability. To provide an efficient TLD-based solution for
wind-induced vibration control, this study proposes a serviceability-oriented optimal design method for isolated TLDs (ILDs)
and derives analytical design formulae. The ILD is implemented by mounting the TLD on the linear isolators. Stochastic
response analysis is performed for the ILD-equipped structure subjected to stochastic wind and white noise, and the results are
considered to derive the closed-form responses. Correspondingly, an extensive parametric analysis is conducted to clarify a
serviceability-oriented optimal design framework by incorporating the comfort demand. The obtained results show that the high-
level serviceability demand can be satisfied by the ILD based on the proposed optimal design framework. Analytical design
formulae can be preliminarily adopted to ensure the target serviceability demand while enhancing the structural displacement
performance to increase the safety level. Compared with conventional TLD systems, the ILD exhibits higher effectiveness and a

larger frequency bandwidth for wind-induced vibration control at a small mass ratio.
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1. Introduction

Wind loads are dominant environmental excitations for
civil structures, which may produce critical damage or
serviceability problems for structures (Soong and Spencer
2002, Kareem 2020). In such cases, serviceability-based
design for engineering structures has attracted increasing
attention as a promising solution to ensure satisfactory floor
accelerations below predetermined thresholds (Huang et al.
2012, Chen et al. 2019, Gaur et al. 2020). As an effective
solution to enhance user comfort, structural control devices,
especially dynamic vibration absorbers (Lu et al. 2016,
Elias and Matsagar 2017, Marian and Giaralis 2017, Niu et
al. 2018, Roy et al. 2019), have been widely accepted to
mitigate the wind-induced responses of dynamically excited
structures according to the comfort requirement. Various
dynamic vibration absorbers (Elias and Matsagar 2017,
2018, Yucel et al. 2019, Zhao et al. 2020, Wang et al. 2021,
Islam and Jangid 2022) have been developed for a series of
engineering projects, among which, tuned liquid dampers
(TLDs) (Yalla and Kareem 2000, Tanveer et al. 2020) are
widely adopted owing to the advantages of easy
manufacturing, simple installation, functional versatility,
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and low maintenance cost. Combining wind-induced
vibration control and daily functionalities of water storage
or firefighting, several high-rise buildings have been
equipped with TLDs (Tamura et al. 1995, Banerji et al.
2000, Suthar and Jangid 2021a, b, 2022). By exploiting
liquid inertia, Sato (1987) proposed the concept of TLDs for
dynamic absorption and vibration suppression. Inspired by
this simple mechanical layout, liquid-related variants were
developed, including tuned liquid column dampers
(Mensah and Duenas-Osorio 2014), hybrid tuned liquid
mass dampers (Love et al. 2019, Lee et al. 2021), inerter-
based tuned liquid dampers (Zhao et al. 2019, Wang et al.
2021), and semi-active or active TLDs (Yalla et al. 2001).
To realize the analytical design for wind-induced vibration
control, Chang and Qu (1998) derived unified design
formulae to determine the optimal properties of four TLD-
based dampers. The existing research on wind-excited
structures demonstrated that TLDs can effectively suppress
structural acceleration, especially on the top floor, although
a high weight penalty is unavoidable. To adequately utilize
the potential of TLDs for wind-induced vibration control,
the optimal tuning frequency and damping effect must be
achieved. However, because the liquid damping is always
less than the optimal value (Tait 2008), the liquid sloshing
frequency may be indeterminate due to daily usage, leading
to inadequate control of the peak response and a narrow
frequency bandwidth for effective control.

To alleviate these disadvantages, certain modification
methods involving screens (Tait ef al. 2008, Love and Tait
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2010) to mobilize the liquid damping effect were
introduced. Notably, the additional obstacles in the liquid
tank hindered the expected functionality and likely incurred
higher installation and maintenance costs. As an effective
solution implemented outside the liquid tank, a compliant
tuned liquid column damper (Pandey et al. 2019) was
established by combining the liquid element with
elastomeric pads and springs. Considering a linear isolation
subsystem consisting of a linear spring and dashpot in
parallel (Jangid and Datta 1995, Jangid and Banerji 1998),
this study focuses on isolated liquid dampers (ILDs)
because of their easy implementation and clear physical
meaning. ILDs may provide an effective method to use the
existing liquid tanks in buildings as a vibration control
device for wind loads without hindering the original
functionality of a liquid tank. The existing research on ILDs
mainly focused on the effectiveness of seismic response
control and isolation-based experiments (Furtmiiller et al.
2019). However, despite the observed effect on the
vibration control of wide frequency-band excitation, easy-
to-understand analytical design formulae remain to be
established, which limit the practical applicability and
preliminary design of such devices. Furthermore, it is
necessary to consider the inherent differences associated
with the narrow frequency band, for instance, in terms of
the wind loads, potential benefit, vibration control
mechanism, and design method, which considerably
influence the serviceability upgrading of wind-excited
structures., which considerably influence the serviceability
upgrading of wind-excited structures.

Considering this aspect, this study proposes a
serviceability-oriented optimal design methodology for
ILDs and derives analytical design formulae for practical
use. The configuration and theoretical analysis model of the
ILD are established, which are used to perform a stochastic
response analysis to obtain the closed-form responses of the
ILD-equipped structure subjected to stochastic wind and
white noise. Correspondingly, an extensive parametric
analysis is conducted, which yields a serviceability-oriented
optimal design framework for the ILD incorporating the
structural comfort demand. The ILD is applied to a typical
high-rise building subjected to experimental wind loads to
illustrate the effectiveness of the devices and proposed
design method.

2. Dynamics of isolated liquid damper (ILD)
2.1 ILD configuration

The proposed ILD (Fig. 1) is composed of a tuned liquid
subsystem and an isolation subsystem at the bottom.
Assuming that the liquid sloshing response is lower than the
fluid depth, the potential flow model is adopted in this study
for its concise expression and accuracy for the deep liquid
tank (Sun and Fujino 1994, Tait et al. 2008). The liquid
movement can be simulated by the oscillations of the
convective mass m. and the impulsive mass m; (Hu et al.
2023a), while the isolation subsystem can be treated as a
horizontal spring with stiffness k; and a dashpot with
damping coefficient c; in parallel (Lu et al. 2020a, b, Zhao

Fig. 1 Diagram of the isolated liquid damper (ILD)

et al. 2021, 2022, 2023, Hu et al. 2023b). Specifically, the
isolating stiffness can be easily realized by typical
elastomeric bearings or nature rubber bearings, while the
desired damping property can be realized by the linear
viscous damper. On the contrary to the conventional TLD,
by connecting the liquid subsystem to the controlled
structure through the isolation subsystem, the impulsive
mass m; oscillates in sync with the liquid tank wall (or
isolation layer), while the convective mass m, experiences
sloshing motions. With regard to a rigid rectangular liquid
tank (Fig. 1) with length L and width b, the liquid inside
has depth 4 and density p, and the liquid mass is m; =
pbhL. For calculation efficiency, the simulation of the
sloshing response is built through the potential flow model
(Ruiz et al. 2016). Then, the expressions of the fundamental
natural frequency of liquid sloshing w., convective mass
m., and impulsive mass m; can be derived as (Bauer
1984)

ng h
W, = Ttanh (T)

m;=m —me

8L h
me =pBm; = 7_[—3htanh (T) m,

M

where g and [, respectively, signify the gravitational
acceleration and convective mass ratio. The liquid sloshing
movement can be represented by the oscillation of a
convective mass m,, which is connected to the liquid tank
by a linear convective spring with stiffness k., = m.w?
and a dashpot with damping coefficient ¢, = 2§, m.w, in
parallel. &, represents the inherent damping ratio of the
liquid.

2.2 Governing equation of the ILD-equipped
structure

To clarify the vibration control benefit of the ILD in Fig.
2, a linear damped single degree of freedom (SDOF)
structure with a structural mass m, linear spring k, and
viscous damping coefficient ¢ is considered to quantify the
dynamic responses of the ILD-equipped structure.
Considering the external force excitation f, the governing
motion equation can be expressed in the matrix form as

Mii+ Cu+Ku=f ©)

The mass matrix M, damping matrix C, and stiffness
matrix K of the SDOF structure controlled by a single ILD
and the structural response vector u and external
excitations vector f can be expressed as
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Fig. 2 Mechanical model of an SDOF structure with an ILD
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where u, u;, and u. denote the displacements of the
primary structure, isolation layer deformation in the ILD,
and displacement of the convective mass relative to the
liquid storage tank, respectively.
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2.3 Verification of the mechanical model of SDOF
structure with ILD

The simplified mechanical model of the ILD-equipped
SDOF structure in Section 2.2 is further verified in this
section by using the coupled Euler-Lagrange (CEL)
method, albeit the potential flow model itself is highly
accurate for the simulation of liquid sloshing in a container.
Considering an SDOF structure with the natural circular
frequency of 2mrad/s, the mass and stiffness are,
respectively, 20 tons and 790 kN/m. For the parameters

of ILD, the stiffness of the isolator is 14kN/m 4nd the
damping coefficient is 0.25kN-s/m , while the
dimensions of the liquid element are L X A X b = 2.0 m X
1.2 m X 0.16 m. The finite element software ABAQUS is
adopted to establish the isolator and the primary structure
along with the CEL model of the liquid element as shown in
Fig. 3(a). The Eulerian liquid element is stationary and
required to be able to contain the entire region of liquid
movement. And the connector elements are adopted for the
simulation of the isolator and the structure. The explicit
dynamic analysis is performed under sinusoidal excitation,
of which the liquid sloshing movement is shown Fig. 3(b).
The dynamic responses including the base shear force and
the displacement of the primary structure are recorded and
compared to those obtained by ETABS using the simplified
model. Upon analyzing and comparing response results

Volumne of assembly liquid

(b)
Fig. 3 Schematic model of the ILD-equipped SDOF structure simulated by the CEL method: (a) finite element model and
(b) the liquid sloshing movement in the finite element analysis model under dynamic excitation (the color legend
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Fig. 4 Dynamic responses of the ILD-equipped SDOF structure through the CEL method: (a) base shear force; and

(b) displacement of the primary structure
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Fig. 4, it becomes evident that the introduction of isolation
bearings effectively mitigates the sloshing motion of the
liquid. Consequently, ETABS achieves a relatively precise
linear simulation of sloshing motion compared to the results
obtained in ABAQUS.

2.4 Stochastic response analysis and analytical
solution

To facilitate the dimensionless analysis, the key
parameters of the ILD can be defined as the isolation
frequency ratio k, isolation damping ratio ¢, liquid mass
ratio u, and liquid sloshing ratio 7, as indicated in Table 1.
The structural parameters include the circular frequency w
and inherent damping ratio { . Substituting the
dimensionless parameters listed in Table 1 into Eq. (3), the
system matrices can be re-expressed as

I L
M=| u I uﬂl,
B up  up
28wy
C= 2u§w; )
2upécnws
w? 7 u
K= ukw? ,f={0},u={ui}
upn?w? 0 Ue

where superscript “~” denotes the dimensionless form of
the matrices, and f refers to the external force-induced
excitation imposed on the primary structure.

Expressing the equilibrium relationship in the Laplace
domain, Egs. (2)-(4) can be rewritten as

s?MU +sCU + KU =F, (%)

where s =if2, and U is the Laplace transform of the
displacement vector u including U, U;, and U,. F =
{F 0 0}7 is the Laplace transform of f. 2 is the
circular frequency of external excitation. To address the
algebraic analysis problem expressed in Eq. (5), the external
force-induced responses can be easily determined as

Table 1 Parameters for an SDOF structure with an ILD

Parameters Definition Description
) Ws Circular frequency
Primary c
structure = i i
¢ 2w Inherent damping ratio
W, Liquid frequency
& Liquid damping ratio
B Convective mass ratio
L
= m Isolation frequency ratio
1)
ILD g
2Jmk, Isolation damping ratio
_m Liquid i
nw=_ iquid mass ratio
wC . . .
n=-— Liquid frequency ratio
Ws
Correspondingly, structural displacement ~ and
acceleration transfer functions can be obtained as
U(s) s2U(s)
Hy(s) = ——, Hy(s) = ——. 7

Considering an external excitation with a spectral
amplitude Sy, the mean square of the displacements of
and accelerations g7 of the SDOF-ILD system can be
obtained as (Crandall and Mark 1963)

0 2 © 2
o= [ 1@ Spds.af = [ 1HI S5 ®)

Adopting white noise with a constant spectral amplitude
So as a reference, the mean-square responses pertaining to
the structural displacement can be derived in the closed
form as

F()(s*(=1+ B) — 2s3¢ws — s2(n* + kD) w? — 2sn*¢w? — n*k*wy)
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whereas the structural acceleration response can be
numerically calculated for a limited frequency band. To
express the wind-induced excitation, the Davenport model
is adopted for the stochastic response analysis (Davenport
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and acceleration response ratio y, are defined in

comparison with the uncontrolled original structures
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where v, = 30 ? denotes the wind velocity at a height of
10 m, and 2 is the frequency component variable of wind-

induced excitation.
3. Optimal design guides for ILDs
3.1 Performance indicators and overview

As multiperformance evaluators for wind-excited
structures, the structural displacement response ratio yy

where gy, and g, denote the root-mean-square values
of the displacement and acceleration responses of the
original responses, respectively. To assess the required
installation space, the isolation layer displacement ratio
Yiso is defined and normalized by oy, as

_ 9ui
Yiso =

(12)

0y,0

where oy, denotes the root-mean-square value of the
isolation layer displacement.

3.2 Parametric investigation

Considering the dual-tuning effect of the ILD, the wind-

(2)

(b)

(©)

Fig. 5 Ratios of the responses of the wind-excited SDOF structure controlled by an isolated liquid damper (ILD) with
liquid mass ratio u = 0.01, stiffness ratio k € [0.3,3.0], and damping ratio ¢ € [0.001, 1.0]: (a) displacement
response ratio yy; (b) acceleration response ratio y,; and (c) isolation layer displacement response ratio y;s,

(b)

Fig. 6 Ratios of the responses of the wind-excited SDOF structure controlled by an isolated liquid damper (ILD) with
liquid mass ratio u = 0.02, stiffness ratio x € [0.3, 3.0], and damping ratio ¢ € [0.001, 1.0]: (a) displacement
response ratio yy; (b) acceleration response ratio y,; and (c) isolation layer displacement response ratio y;s,
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Fig. 7 Ratios of the responses of the wind-excited SDOF structure controlled by an isolated liquid damper (ILD) with
liquid mass ratio u = 0.03, stiffness ratio x € [0.3, 3.0], and damping ratio ¢ € [0.001, 1.0]: (a) displacement
response ratio yy; (b) acceleration response ratio y,; and (c) isolation layer displacement response ratio y;s,

induced vibration control effect can be determined by the
installation characteristics, isolation parameters of the
isolation layer, and liquid parameters. Subject to wind
excitation with a narrow frequency bandwidth, the
structural oscillation is dominated by the first mode in
which the structural displacement is maximal at the top
floor. To trigger the tuning motions of the ILD to the
maximum extent, the ILD is proposed to be installed at the
top of the structure. For this ILD, the undetermined design
parameters include the isolation frequency ratio , isolation

. . oo . ho,
damping ratio &, liquid mass ratio u, and n (using these
parameters, the liquid frequency ratio w. and convective

mass ratio S can be determined). For constant liquid mass
ratios u = 0.01, 0.02, and 0.03 and tuned liquid element

dimensions of % = (.60, the contour plots of the structural

displacement response ratio Yy, acceleration response ratio
¥4, and isolation layer displacement ratio y;s, are shown in
Figa. 5 to 7. The liquid damping ratio &, = 0.005
(Veletsos 1984, Fediw et al. 1995, Luo et al. 2016) is
adopted as the typical value of water, which is widely used
in building structures. For the primary structure, the
structural mass is m = 20 ton, and the structural stiffness
is k =790kN/m, corresponding to the undamped
frequency of 1.0 Hz. The structural damping ratio is { =

1.0

0.97
0.93
0.90
0.86
0.83
0.79
0.76
0.72
0.69
0.65

@ vu

0.015. The wind velocity v, is assumed to be 35 ? as an

example. For the ILD with variable isolation frequency
ratio k and isolation damping ratio &, the structural
displacement and acceleration response ratios, yy and y,,
exhibit valley-shaped curves. The bottom part demonstrates
the greatest vibration control effects in terms of the
structural displacement and acceleration responses. As the
added liquid ratios p increase from 0.01 to 0.03, the
optimal locations corresponding to the lowest y; and y,
are in agreement, implying dual-performance control for
structural safety and serviceability. In particular, the ILD
with a large liquid mass ratio u must be optimized by
using a larger isolation damping ratio ¢, even though the
optimal isolation frequency ratio remains nearly constant,
approaching unity. In terms of the installation space, the
ILD with a large isolation damping ratio ¢ is effective to
ensure the energy dissipation and suppression of the
displacement concentrated at the isolation layer. As k
approaches unity, the resonant motion results in a
significant displacement response of the isolation layer,
while the optimal isolation damping ratio ¢ ensures
intermediate or low values of y;,,. When the isolation
subsystem is designed using the optimal isolation
parameters, the ILD exhibits a satisfactory vibration control
capacity to alleviate the displacement and acceleration

71'so

(b) Yiso
Fig. 8 Ratios of the responses of the SDOF structure controlled by an isolated liquid damper (ILD) with liquid mass ratio
u = 0.03, stiffness ratio k € [0.3,3.0], and damping ratio ¢ € [0.001, 1.0] subject to white noise
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responses of the wind-excited structure, which can enhance
the wind-induced safety and occupant comfort. Moreover,
the installation space required by the insert of an isolation
subsystem can be optimally decreased by the damping
effect, which can promote the applicability of the device in
practical building structures To utilize the closed-form
response expression of the ILD-equipped structure excited
by white noise, the difference in the optimal isolation
frequency ratio k and damping ratio ¢ between the white
noise and wind loads are investigated, as indicated in Fig. 8.

Considering the liquid mass ratio u = 0.03 as an
example, to maximize the displacement response mitigation
effect, the optimal isolation frequency ratios are maintained
nearly constant under the two types of excitations.
However, the isolation damping ratio optimized in the white
noise condition is smaller than that in the wind load
condition, implying that a large damping ratio ¢ is required
to satisfy the vibration control demand yielded from the
excitation with a narrow frequency bandwidth. Comparing
the installation space required in the two types of
excitations, the isolation layer displacement responses
shown in Fig. 8(b) and Fig. 7(c) demonstrate similar
vibration patterns, although a larger y;s, can be noted for
the ILD-equipped structure subject to white noise. In this
situation, the optimal isolation parameters derived under the
assumption of white noise can help establish a wind-excited
structure with a satisfactory dual-performance control effect
and decreased installation space.

3.3 Analytical design formulae

Considering the results associated with white noise and
wind-induced excitations, analytical design formulae are
derived to facilitate the preliminary design of ILDs for
wind-induced vibration control. To determine the closed-
form isolation frequency ratio k¥ and damping ratio ¢, the
optimization problem can be defined by setting the partial
derivatives of the analytical displacement response y3
specified in Eq. (9) with respectto k and ¢ as zero

EP 9 0. (13)

Substituting Egs. (9) and (11) into Eq. (13), the optimal
values of x and & can be theoretically derived as

More accurate optimization results can be numerically
obtained through optimization tools by solving the
optimization problem specified in Section 3.5.

3.4 Robustness analysis

The installation of an additional isolation layer in the
ILD facilitates highly efficient energy storage and
absorption through the inertia of nearly the entire liquid
mass. In this situation, the ILD is expected to be superior to
a TLD with the same tuned liquid element and can be used
to substitute conventional tuned mass dampers (TMDs). To
demonstrate this advantage, the structural displacement
responses in the frequency domain for the original structure
and structures with the TMD, TLD, and ILD subjected to
wind excitations are plotted in Fig. 9(a). The tuned-type
dampers are designed with the same additional mass ratio
u=0.02 and #/L = 0.6. Two TLDs are compared, with
the nonoptimal TLD designed to have the tuned liquid
element described in Section 3.2, and the other TLD
optimized similar to the TMD (Tait 2008). This TLD can be
physically realized by changing the shape of the liquid tank
and adding several liquid screens. The isolation subsystems
of the ILD and TMD are optimized using Eq. (14) and the
fixed-point method. Compared with those of the original
structure, the resonant responses of the ILD/TLD-equipped
structure are significantly suppressed due to the tuning
mechanism of the liquid-based damper. In terms of the
control performance in the frequency domain, the frequency
band for effective vibration control is defined as the
excitation frequency when the displacement response of the
controlled structure is smaller than that of the original
structure. Benefiting from the outside isolation subsystem in
the ILD, especially easy-to-implement damping effects, the
structural displacement peaks can be suppressed more
remarkably in the frequency domain with a larger
bandwidth. For the ILD and TMD with the same mass
ratios, similar vibration mitigation effects can be observed,
although the ILD exhibits a larger frequency bandwidth
owing to the multimode vibration of the liquid. The
comparison of the isolation subsystem deformations of the
ILD and TMD, shown in Fig. 9(b), demonstrates that the
isolation subsystem in the ILD can oscillate with lower
amplitudes in the larger frequency bandwidth.

Considering practical application scenarios in which the

J(—l FRH0D(=2 4 (=14 B+ 22 + )

Kopt =
V2[4 02+ (S1+ (1 + B2 + 22+ (=4 + 38 +2(-1+ 1)

1|

p(4QA - B+2(=1+p)n*+n*) +3(=1+ B +n*)*p)

(14)

fopt = 4Kopt

The derived analytical design formulae are easy-to-use
and can be simply applied to estimate the optimal isolation
frequency and damping ratios of the ILD, thereby
enhancing the serviceability of wind-excited structures.

(L+u=Bu+n* @+ +202(=1+ (-1 +pw) -
(1 A+ w2 + (14 14+ P2 +02(=2 + (=4 + 36 + 2(-1 + pHw))

=1+ B +n?|

tuned liquid element is characterized by different % values

owing to the daily usage requirement, the effectiveness of
the TLD and ILD for vibration control is evaluated by



34 Zhipeng Zhao, Xiuyan Hu, Cong Liao, Na Hong and Yuanchen Tang

/ g 5
gy i niP-S,
S 0.905 1.705
A, ////
@}; 971 IHo (GO,
o . /S /S S 1! N
Eio //// 939" 1.025 TP 4
S08F
=O06F R
Soaf IH (i)™,
To2F )
2

(@

|Hi,TMD(iQ)‘2'Sf

|Hi-|LD(iQ)\Z'S;-

|HGQ)>S, (m?s)

_.
tr
—
o

1
QY
(b)

Fig. 9 Frequency response of (a) the original SDOF structure, SDOF-TLD, SDOF-ILD, and SDOF-TMD; and (b) the
isolation deformation subjected to wind excitation (wind velocity v, = 35 %)
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Fig. 10 Dynamic response ratios of the SDOF structure controlled by an isolated liquid damper (ILD) with liquid mass
ratio pu = 0.02, optimized stiffness ratio x, optimized damping ratio &, and variable liquid height ratios %

subject to wind excitation
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Fig. 11 Response ratios of the SDOF structure controlled by an ILD with u = 0.02, k € [0.50,1.50],y,, and & €

[0.50,1.50]¢,,; subjected to wind excitation

considering Yy, V4, and y;5, against % varying from 0.20

to 0.70. For a liquid mass ratio u = 0.02, considered as an
example, the vibration control performances yy, Y4, and
Yiso for ILD- and TLD-equipped structures subject to wind
loads with different velocities are shown in Fig. 10. To
ensure a fair comparison, the ILD is designed using Eq.
(14), whereas the TLD is designed to have the same tuned
liquid element as the ILD (corresponding to the non-

optimized TLD). The comparative results of the ILD and
TLD indicate that the ILD exhibits a superior wind-induced
vibration control effect for the multilevel wind loads.
Notably, the use of an existing water tank that is not
designed for vibration control in the TLD can adversely
influence wind-induced vibration control. In contrast, when
the designed isolation subsystem is applied, the ILD can be
easily implemented to significantly mitigate the wind-
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induced structural responses, and the system performance is
robust against types of water tanks with variable liquid
depths.

As an objective drawback of the dynamic vibration
absorber, the control performance is sensitive to changes in
the stiffness and damping components owing to possible
manufacturing errors. To quantify the robustness of ILD for
wind-induced vibration control under the condition of
nonoptimal design parameters, a parametric analysis is
performed for an ILD with various isolation frequency
ratios k and damping ratios . Assuming constant key
parameters of the tuned liquid element, the disturbances of
¢ and k are set to be in the range of 50% variation of &,
and K,p. specified using from Eq. (14).

In terms of the structural displacement response in Fig.
11, yy changes in a relatively small variation range
[1.0—1.2] . The nonoptimal control performances
corresponding to yy > 1.0 may be accompanied by a
lower requirement of installation space evaluated by yis,.
Under this condition, the nonoptimal isolation parameters
do not notably degrade the wind-induced vibration control
effect of the ILD, which is thus robust and practical to
enhance the wind-resistance performance of buildings.

Serviceability demand
START Initial analysis of
uncontrolled building

| structures

3.5 Serviceability-oriented design procedure

The abovementioned analysis results indicate that the
ILD serves as a robust and economical tool to control the
wind-induced vibration of structures, as the liquid inertia of
an existing liquid tank can be exploited without affecting its
original functionality. Utilizing the dual-performance
control advantage of ILDs, a serviceability-oriented design
method is established to simultaneously decrease the
structural displacement and acceleration responses, shown
in Fig. 12. Considering the serviceability-based control
demand, i.e., the target structural response ratio of
acceleration y4r, the structure displacement response ratio
can be minimized as

Yu (,Ll, K, f! fc' TI)

{minimize
yA (#' K, E' EC! 77) S yA,T ’

subject to (as)

To manufacture an ILD, two implementations can be
considered, that is, the TLD with and without a pre-existing
tuned liquid element. To enhance the existing liquid tank,
the optimal design method in Eq. (15) can be adopted to
determine the key parameters of the isolation subsystem,
thereby maximizing the wind-induced vibration mitigation

} Specity demand 7..r

Y
Optimal design equations
{minimjze

subject to

v

7o (1, &, & £, 1)
AV ) R

Adjust & 1

No

Determine optimal (x. £) using
Eq. (14) or optimization toolbox

;o Yes
| 3 Verity performance > END
Acceptable @4?

Fig. 12 Design procedure of the serviceability-oriented design for an ILD

18.75m

ILD on the roof
(1=0.01)

h

60.10 m

(a) Plan view (b) Perspective view

Fig. 13 Model of the considered high-rise building equipped with an ILD (i denotes the liquid mass ratio of the ILD)
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effect of the liquid tank. The optimal relationship can be
numerically obtained from the ‘fmincon’ toolbox in
MATLAB or preliminarily from the analytical design
formulae presented as Eq. (15). Subsequently, the required
liquid mass ratio can be calculated under the constrained
condition of serviceability demand y,r. The proposed
design procedure is illustrated in the following figure.

4. Application of ILD in a wind-excited tall building
4.1 Information regarding the illustrative cases

As shown in Fig. 13, a steel high-rise building is
employed to illustrate the effectiveness and applicability of
ILDs in practical engineering. The selected structure
consists of 44 stories and 145.95 m high, of which the
perimeter dimension is 60.10 m X 18.75 m, shown in Fig.
13. Simulated by ETABS software (ETABS 2021), the
material of the structural frames and braces is steel. Rigid
diaphragms are employed for the floors, limiting the in-
plane translation and out-of-plane rotation of nodes on each
floor. Translation DOFs of nodes on the same rigid
diaphragm are coupled, with the system matrices
automatically assembled in ETABS. Utilizing the lumped
mass matrix, the high-rise building model is constructed
with 8,062 nodes. The numerical simulation is conducted in
the Y-Z plane, assigning 3 DOFs to each node. Consequently,

Table 2 Optimal parameters of the designed ILD

Zhipeng Zhao, Xiuyan Hu, Cong Liao, Na Hong and Yuanchen Tang

the system matrices have dimensions of 24,186 x 24,186.
Additional details regarding the building can be found in a
technical report (Shanghai Research Institute of Materials
2018). To perform the wind vibration analysis, the Rayleigh
damping is taken as 0.02 for steel structures. Translations in
Y-Z plane and rotations about X axis are considered and
150 modes are included in the analysis. The oscillating
periods of the first two modes of the considered building are
obtained as 6.207 and 1.793 s, respectively.

The wind tunnel test (Shanghai Research Institute of
Materials 2018) was performed at the Wind Tunnel
Laboratory of the State Key Laboratory for Disaster
Reduction in Civil Engineering, Tongji University. The
wind load time history comprises time series of
aerodynamic force for measurement locations on the high-
rise building, obtained from a wind tunnel test on a rigid
model. A basic wind pressure of 0.4 kPa, corresponding to
10-year wind, is adopted herein. The current study focuses
on an along-wind response control for the buildings.

4.2 Optimization of ILD

To implement an ILD on the roof, at which the largest
vibration amplitudes occur under wind excitation, the
undetermined design parameters of the ILD can be
optimized to mitigate the wind-induced responses of the
high-rise structure. The target vibration control performance
is determined as y,r = 0.70. By substituting y,r = 0.70

Control device Isolation layer

Convective mass

Iz m B me h/L

ILD 0.01 410 ton 0.32 194 ton 0.8
(44™ floor) k; ¢ k, ¢

419 kN/m 41.8 kN - s/m 2383 kN/m 6.8 kKN -s/m

Table 3 Dynamic responses of the original building and building with an ILD

Acceleration responses (mm/s?)

Displacements responses (mm)

Response
STO ST1 ST2 STO ST1 ST2
Peak 118.5 86.1(-27.3%) 98.0 (-17.3%)  140.8 107.2 (-23.8%) 119.8 (-14.9%)
Root-mean-square ~ 35.9 24.9 (-30.8%) 27.1 (-24.5%) 41.0 31.1(-23.0%) 35.2(-14.0%)

*Note: STO-original building, ST1-building-ILD, and ST2-building-TLD
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Fig. 14 Responses of the original high-rise building and building with an ILD under the input wind excitation
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Fig. 15 Responses on each story of the original high-rise building and building with an ILD subjected to wind excitation

into Eq. (15), the optimal parameters of the ILD can be
initially designed by Eq. (14) and numerically calculated
from the ‘fmincon’ (Byrd ef al. 2000) toolbox. Notably, the
design outcomes from both methods closely align with each
other, leading to the presentation of the direct design results
Eq. (14) is presented in Table 2. Specifically, the tuned
liquid tank is characterized by the length 16 m, width 5.7 m,
and height 4.5 m.

4.3 Performance assessment of the ILD-equipped
building by wind loads

Addressing the wind-induced response mitigation effect
of the ILD, the transient analysis is executed for typical
wind excitation, the historical record of which is obtained
through a wind tunnel experiment. The roof acceleration
and displacement responses for the original high-rise
building (ST0) and ILD-equipped building (ST1) are
summarized in Table 3 and plotted in Fig. 14. Due to the
high performance of the ILD relative to the wind-induced
vibration control, the structural displacement and
acceleration are significantly suppressed in terms of the
peak and root-mean-square values. Specifically, the
reductions in the peak and root-mean-square values are -
27.3% and -30.8% for the roof acceleration, respectively,
whereas those for the roof displacement are -23.8% and -
23.0%, respectively.

To demonstrate the advantages of the ILD over the
conventional TLD, the dynamic responses of STO and ST1
for each story under wind excitation are shown in Fig. 15,
where the TLD (ST2) is designed to have the same liquid
mass and optimized based on the TMD. The optimized TLD
can be physically realized by changing the shape of the
liquid tank and adding liquid screens. Consistent with the
parametric analysis and optimal design target specified in
Sections 3.2 and 3.5, the acceleration and displacement
responses of the entire high-rise building are effectively
decreased by the ILD, and the TLD demonstrates a low-
level reduction capacity. Owing to the dual-isolating
capacity of the ILD, the structural serviceability and safety
can be simultaneously enhanced, which cannot be realized

using an existing liquid tank without optimized damping
technology.

5. Conclusions

This study proposes a serviceability-oriented optimal
design method for ILDs and derives analytical design
formulae to enable the practical design of wind-excited
structures. Utilizing the damping effect provided from the
outside of liquid tanks, no liquid screens are required in
ILDs to improve the damping performance of liquid, which
can be treated as a more realistic and practical solution for
wind-induced vibration control. The key conclusions of this
study can be summarized as follows:

e The high-level serviceability demand can be
effectively satisfied by the ILD based on the
proposed optimal design framework. Specifically,
the optimal mitigation condition can be realized
when the entire liquid mass is tuned to the dominant
frequency of the targeted structure.

* The proposed serviceability-oriented design method
can ensure the comfort demand of the primary
structure  target with  optimally  suppressed
displacement responses. Specifically, the analytical
design formulae can be preliminarily adopted to
define the optimal design relationship between the
parameters of the liquid mass and isolation
subsystem.

* Owing to the added isolation subsystem, top-placed
ILDs can provide higher effectiveness and larger
frequency bandwidth to enable the robust mitigation
of multiple wind-induced responses of high-rise
buildings. Compared with the conventional TLD
based on the same design parameters, the ILDs
exhibit enhanced vibration control effects under
multi-intensity wind conditions.

¢ The ILD can realize robust wind-induced vibration
control, and its control capacity is not sensitive to
the change in liquid parameters, even under non-
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optimal conditions of the isolation subsystem.
Pertinent wind tunnel tests must be performed to
verify the effectiveness of the ILDs for wind-excited
structures.
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