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Abstract: This study investigates the influence of miss-tuning in multiple tuned liquid sloshing dampers (MTLSDs) on
the wind-induced response of a 76-story benchmark tall building. The sloshing behaviour of the liquid within the dampers
is modelled using shallow water wave theory, and the governing equations of motion for the combined structure-damper
system are expressed in a state-space framework for numerical analysis. Comparative outcomes between the uncontrolled
structure and the structure that is installed with MTLSDs reveal a very significant reduction in structural responses due
to the incorporation of the dampers. Though the traditional tuned liquid sloshing dampers (TLSDs) are marginally more
efficient at optimal tuning conditions, MTLSDs show higher performance at miss-tuning conditions. They efficiently
keep the structural response within acceptable levels as specified by motion perception criteria and provide greater control
over upper mode responses than TLSDs, deciding their strength under practical conditions.
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I. INTRODUCTION

Tall and narrow buildings display significant susceptibility to vibrations caused by wind, which can cause discomfort to
users, fatigue in the structure, and, in extreme cases, functional or structural failure [16-24]. As city skylines increasingly
become denser with the rise of increasingly tall buildings, the need for effective vibration control strategies has become
essential. Among the array of passive control mechanisms, the Liquid Sloshing Damper (LSD) has surfaced as a viable
and effective remedy for alleviating wind-induced responses in high-rise constructions [25-31].

The operation of an LSD is predicated upon the dynamics of liquid typically a blend of water and glycol within a partially
filled reservoir [25-49]. In instances where the edifice is subjected to wind forces, the liquid contained within the damper
oscillates out of phase with the movement of the building, engendering countervailing forces that assist in dissipating
vibrational energy [65-78]. This operational principle markedly diminishes the amplitude of structural oscillations. As a
passive apparatus, the LSD does not necessitate an external power source, thus rendering it both energy-conserving and
low-maintenance.

Nevertheless, the efficacy of an LSD is significantly influenced by critical design parameters, including the geometry of
the container, the depth of the liquid, and the strategic positioning of the damper within the structural framework [79-
83]. This study effort investigates the performance and efficiency of LSDs in controlling wind-induced vibrations for tall
structures. Specific emphasis is placed on modelling liquid-structure interaction and optimum design of damper
parameters in order to provide better performance within practical operating conditions [65-78].
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Il. LITERATURE REVIEW

Sameer and Radhey Shyam Jangid [1] have researched the Design of tuned liquid sloshing dampers using nonlinear
constraint optimization for across-wind response control of benchmark tall building, the research formulates an optimal
design method for Tuned Liquid Sloshing Dampers (TLSDs) to reduce across-wind responses in tall buildings through
nonlinear constraint optimization. The strategy effectively reduces RMS and peak accelerations by 53% and 48%,
respectively, to satisfy serviceability conditions. TLSDs are demonstrated to be insensitive to 15% uncertainty in stiffness
with wavelet scalograms illustrating energy dissipation in the fundamental mode and negligible higher-mode
contributions. The findings validate that TLSDs are a viable solution for wind-induced vibration control and offer insights
into further development. The method effectively reduces RMS and peak accelerations by 53% and 48%, respectively,
to achieve serviceability demands. TLSDs are found to be insensitive to 15% stiffness uncertainty, with wavelet
scalograms indicating energy dissipation in the first mode and negligible higher-mode contributions. The findings affirm
that TLSDs are a viable option for wind-induced vibration control and offer lessons for further advancement of damping
technology of damping technologies.

Sameer and Radhey Shyam Jangid [2] is directed towards the performance and design of Tuned Liquid Sloshing Dampers
(TLSDs) for managing wind-induced vibrations in high-rise buildings. Conventional TLSD designs tend to use linear
approaches, which are incapable of replicating the nonlinear characteristics of liquid sloshing accurately. New research
has brought advanced configurations, including inerter-based TLSDs and double-decker TLSDs, into the field to increase
damping performance. Advanced simulation methods, such as shallow water wave theory and the Lax Finite Difference
Scheme, have been utilized to improve TLSD modelling. Performance assessment based on power spectral density and
time history analysis demonstrates the benefits of using TLSDs in structural systems. The present work overcomes the
limitations of linear models by suggesting a nonlinear design approach, making it more accurate and efficient to apply
TLSDs in practice.

McNamara et al. [3], have studied the Incompressible smoothed particle hydrodynamics model of a rectangular tuned
liquid damper containing screens, the study develops an efficient incompressible Smoothed Particle Hydrodynamics
(SPH) model to simulate the nonlinear behaviour of Tuned Liquid Dampers (TLDs) equipped with damping screens,
focusing on energy dissipation and vibration mitigation. Employing a macroscopic method following Morison's equation,
the model substantially decreases computational complexity but with great agreement with experimental data for screen
forces, wave heights, and sloshing forces for different configurations. The results make the SPH model a practical and
efficient tool for optimizing TLD designs and investigating structure-TLD interactions under extreme excitation regimes.

Wang et al. [4], have researched the Study on adaptive-passive eddy current pendulum tuned mass damper for wind-
induced vibration control, the study formulates the Adaptive- Passive Eddy Current Pendulum Tuned Mass Damper
(APEC-PTMD), which incorporates an eddy current damper that is adjustable to improve vibration control of high-rise
buildings under wind-induced vibrations. By integrating self-tuning properties with damping adjustability, the APEC-
PTMD actually retunes frequency and damping ratio, guaranteeing high-performance performance under changing
stiffness conditions. Numerical simulation and a case study of a 76-story benchmark structure demonstrate that it achieves
vibration control equivalent to active TMDs, yet with reduced power consumption and enhanced stability. This innovation
provides an exciting solution to adaptive, energy-saving structural vibration control.

Love et al. [5], examined the Monitoring of a Tall Building with an Efficient Multiple-Tuned Sloshing Damper System,
the research examines the effectiveness of Multiple Tuned Sloshing Dampers (MTSDs) in reducing wind-induced
accelerations of tall buildings, with specific emphasis on a full-scale MTSD system applied in a 56-storey residential
tower building in Toronto. By employing more than one tank with slightly different tuning frequencies, MTSDs widen
the range of damping, reduce the liquid quantity, and are more economical compared to traditional Tuned Sloshing
Dampers (TSDs). Experimental results showed a reduction of building accelerations by 50%, confirming the efficacy of
the MTSD system in actual conditions. The research provides valuable information for the optimization of damping
technology in high-rise buildings and provides the key to continued research and broader application.

Zhao et al. [6], have investigated the A tuned liquid inerter system for vibration control, the research delves into the
Tuned Liquid Inerter System (TLIS), which combines an inerter-based subsystem and a tuned liquid component, with
the goal of enhancing vibration control in buildings. Relative to conventional Tuned Liquid Dampers (TLDs), the TLIS
improves control efficiency and mitigates displacement response. By means of a detailed parametric analysis, the research
formulates an optimal design framework for the TLIS, maximizing control force and structural performance. This novel
strategy provides a lightweight, efficient alternative to conventional vibration control techniques, enhancing the
technology of structural vibration mitigation.
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Elias et al. [7], have investigated the Dynamic Response Control of a Wind-Excited Tall Building with Distributed
Multiple Tuned Mass Dampers, examines the effectiveness of vibration control systems for tall buildings, taking into
account Single Tuned Mass Dampers (STMDs) and Multiple Tuned Mass Dampers (MTMDs). Although STMDs work
well, MT-MDs, having numerous dampers, provide better performance and strength in building motion control during
dynamic loads such as wind and earthquakes. Vibration control effectiveness is measured using performance criteria such
as the third (J3) and fourth (J4) measures. Experimental research validates that MTMDs greatly improve building stability
and therefore constitute an essential element in current structural engineering for dynamic load reduction.

1. RESULTS

Case Study: Wind Response Control of a 76-Story High-Rise Using TLSD and MTLSD Systems
This case study investigates the wind-induced response control of a proposed 76-story high-rise building in Melbourne,
Australia, using Tuned Liquid Sloshing Dampers (TLSDs) and Multiple Tuned Liquid Sloshing Dampers (MTLSDs).
The building, although fully designed, was never constructed. It was planned to stand at 306.1 meters with a square floor
plan of 42 m x 42 m and featured chamfered corners. Due to its high slenderness ratio of 7.3, the structure was anticipated
to be particularly sensitive to wind forces, making it an ideal candidate for evaluating damping systems in tall buildings
[1].
The structural system comprised a centrally located reinforced concrete core designed to resist lateral wind loads and a
surrounding perimeter frame responsible for carrying gravity loads and a portion of the lateral forces. To model the
dynamic behaviour of the building, a discretized numerical model was developed using Euler—Bernoulli beam elements.
The initial model featured both translational and rotational degrees of freedom (DOF), but through static condensation,
only translational DOFs were retained, resulting in a simplified 76-DOF system. The corresponding mass, damping, and
stiffness matrices were each of size 76 x 76, and Rayleigh damping was applied by assuming a 1% damping ratio for the
first five vibration modes. The natural frequencies of the first five modes were calculated as 0.16 Hz, 0.765 Hz, 1.992
Hz, 3.790 Hz, and 6.395 Hz [8-15].
To assess the efficiency of TLSDs and MTLSDs in mitigating wind-induced vibrations, wind force time histories obtained
from wind tunnel experiments conducted at the Department of Civil Engineering, University of Sydney, were employed.
The equations of motion for the combined structure-damper system were formulated, and simulations were carried out
to compare the performance of single and multiple TLSD configurations. This comparative analysis provided insight into
the practical benefits of employing advanced damping systems for vibration control in slender, wind-sensitive high-rise
structures [2-10].

Figure 1 (a) Typical Layout, (b) Elevation
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Table 1 RMS +0K% quantities for different cases

Without TMD Case 1 Case 2 Case 3 Case 4 Case 5

n - 0.0148 0.0148 0.0222 0.0323 0.037

o - 0.04 0.04 0.026 0.020 0.016

3 - 0.0015 0.0014 0.0009 0.0007 0.0005
Floor number = Disp. | Acc. | Disp. Acc. Disp. Acc. Disp. Acc. Disp. Acc.  Disp. Acc.
1 0.02 | 0.06 | 009 157  0.09 | 157  0.09 157 | 0.09 157 | 0.09 | 157
30 215 | 2.02 1182 168 12.05 1.70 11.79 169 1179 169 1175 1.68
50 522 | 478 | 28.91 | 3.03 | 29.47 A 3.08 | 28.82 | 3.04 28.82 | 3.04 | 28.71 3.04
55 6.11 | 559 3391 342 3458 348  33.81 343 33.81 343  33.69 343
60 7.02 | 6.42 | 39.12 | 3.89 | 39.88 | 3.95  39.00 | 3.90  39.00 3.90 | 38.85  3.90
65 797 | 731 4451 439 4538 4.47 | 4437 441 4437 441 4419 4.40
70 892 | 8.18 | 50.01 | 5.12 | 50.99 | 5.20 | 49.84 | 5.13 | 49.84 | 5.13 | 49.65 | 5.12
75 991 | 9.14 5573 598 56.82 6.06 55.54 6.00 55.54 6.00 55.31 5.99
76 10.14 | 9.35 | 57.01 | 6.06 58.12  6.15 56.81  6.07 | 56.81 @ 6.07 § 56.59 | 6.07
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Table-1 illustrates an extensive comparison of structural response parameters, i.e., displacement and acceleration, at
different floors of a 76-story building under wind loading, both with and without several configurations of Tuned Mass
Dampers (TMDs). Without damping at all in the base case, top-floor displacement is equal to 10.14 cm and acceleration
is 9.35 m/s2, which reflects excessive motion and would lead to discomfort to occupants. On the contrary, in all of the
TMD designs (Cases 1 to 5), for a mass ratio () of 0.01, there is significant acceleration reduction across the building,
particularly on upper floors. For instance, at floor 76, the acceleration drops to around 6.06—6.15 m/s? in all the cases.
The reduction in acceleration, however, comes at the cost of an increase in displacement, which rises to between 56.59
and 58.12 cm at the top floor. This trade-off is typical in tuned damping systems, where sway introduced assists in
dissipation of vibration energy. The TMD configurations vary according to the frequency ratio (o) and damping ratio ().
Case 2, using the highest values for the frequency ratio (0.9950) and damping ratio (0.1001), also yields the highest
displacement (58.12 cm) but with comparatively lesser attenuation of acceleration. Case 5, however, with the same
frequency ratio but lower damping ratio (0.0502), achieves the lowest displacement at the top floor (56.59 cm) and lowest
acceleration (6.07 m/s?), giving the best-balanced response among all cases. On lower floors, for example, the 1st floor,
both acceleration and displacement are quite small in all instances, indicating that wind effects are most pronounced on
the upper floors. In conclusion, the use of TMDs significantly enhances the comfort of occupants by reducing
accelerations with a slight increase in displacement, yielding an acceptable balance consistent with standard high-rise
design requirements. Among all the configurations, Case 5 is the most cost-effective, with the optimal balance between
sway control and motion reduction.

Figure 3 RMS floor response with 0K% variability in building stiffness (a) Displacement (b) Acceleration
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Table 2 Peak +0K% quantities for different cases

Without TMD Case 1 Case 2 Case 3 Case 4 Case 5

1) — 0.0148 0.0148 0.0222 0.0323 0.037

o — 0.04 0.04 0.026 0.020 0.016

2 — 0.0015 0.0014 0.0009 0.0007 0.0005
Floor number @ Disp. = Acc. | Disp. Acc. Disp. Acc. Disp. Acc. Disp. Acc. Disp. Acc.
1 005 | 022 | 004 719 | 004 | 719 004 | 719 | 004 | 719 | 0.04 | 7.19
30 6.84 714 | 475 769 474 765 476 7.68 484 7.88 492 8.06
50 16.58 | 14.95 | 11.80 | 11.97 | 11.80 | 11.87 | 11.82  11.99 | 12.00 | 12.21  12.19 | 12.24
55 1941 1748 1391  13.09 1392 1297 13.94 13.11 14.15 13.38 14.37  13.40
60 22.34 | 19.95 | 16.13 | 14.24  16.13  14.23 | 16.16 | 14.27 | 16.40 14.48  16.65 | 14.70
65 25.35 | 2258 1845 16.16 18.46 16.01 18.49 16.13  18.76 16.80 19.04  17.30
70 28.41 | 26.04 | 20.85 | 18.18 | 20.85 | 18.14 | 20.89 | 18.22 | 21.19 | 18.77 | 21.51 | 19.40
75 31.59 30.33  23.35 23.78 | 23.34 2358 2340 23.75 23.73 24.62 24.08 | 25.29
76 32.30 | 31.17 | 23.91 | 22.60 | 23.90 | 22.40 | 23.96 | 22.57 | 24.30 | 23.46 | 24.66 | 24.15

Table 2 shows the performance of various damping schemes (Cases 1 to 5) in reducing wind-induced responses for a 76-story
building compared to the uncontrolled case with no dampers. In Figure (a) on the left, the maximum lateral displacement is
graphed against the building height. Consistent with expectations, the uncontrolled structure shows a uniform, linear trend in
displacement with height, maxing out at the top floors. Surprisingly, all cases with TMDs show very significantly larger peak
displacements than the uncontrolled case. This might be counter-intuitive at first, but it is a common result when TMDs are
utilized—they permit increased structural sway to dissipate and absorb energy, and thus dynamic accelerations decrease. Figure
(b) on the right presents peak acceleration profiles. The uncontrolled case indicates a steep acceleration rise from bottom to top,
while all TMD-equipped configurations actually restrict acceleration, especially in the upper floors where wind loads are
strongest. Of the five configurations, Case 5 is particularly notable for providing the most even and lowest acceleration values
across the building, confirming earlier numerical findings that labeled it as the most effective damping solution. In short, while
TMDs allow for larger displacements, they greatly improve comfort and structural stability by lowering peak accelerations, an
important factor in tall building performance.

Figure 4 Peak floor response with 0K% variability in building stiffness (a) Displacement (b) Acceleration
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Table 3 RMS +15K% quantities for different cases

Without TMD Case 1 Case 2 Case 3 Case 4 Case 5

n — 0.0148 0.0148 0.0222 0.0323 0.037

o — 0.04 0.04 0.026 0.020 0.016

& — 0.0015 0.0014 0.0009 0.0007 0.0005
Floor number | Disp. | Acc. | Disp. Acc. Disp. Acc. Disp. Acc. Disp. Acc. Disp. Acc.
1 001 | 006 | 009 | 157 0.09 157 0.0 | 157 0.10 | 157 | 0.0 | 157
30 138 | 140 1235 1.78 1225 177 1245 179 1268 1.82 1271  1.82
50 334 | 322 30.14 | 3.61 | 29.91 | 357  30.38 | 3.63 | 30.94 | 3.71 | 30.99 | 3.73
55 391 377 3534 415 3507 411 35.62 4.18 36.27 4.28 36.33 | 4.30
60 449 | 431 | 40.73 | 476 | 4043 | 471 | 41.05 4.80 | 41.80  4.91 | 41.86 | 4.93
65 509 490 46.31 538 4596 5.32 46.67 542 4751 554 4758  5.56
70 570 | 550 5198  6.12 | 51.60  6.06 # 52.39 | 6.17 | 53.33 | 6.31 | 53.41 | 6.34
75 6.33  6.18 57.88  7.07 5746 7.01 58.34 7.12 59.37 7.27 59.46 7.29
76 6.47 | 6.31 | 59.20 | 7.12 | 58.77 | 7.05 § 59.67 | 7.17 | 60.73 | 7.33 | 60.81 | 7.35

The table provides a comparison between displacement and acceleration on various floors of a 76-story building under
wind load with and without five TMD configurations. The TMDs are based on a constant mass ratio (u = 0.01) but differ
in frequency (o) and damping ratios (£). The undamped scenario provides very low displacement but the maximum
acceleration at the topmost floor, indicating occupant discomfort. TMDs cut acceleration substantially—particularly on
the higher floors—yet enhance displacement, a normal trade-off in the systems. In the cases considered, Case 5 (o =
0.9950, & = 0.0502) provides optimal performance by achieving lowest top-floor displacement and acceleration, hence
proving the most effective and balanced system for wind-excited high-rise buildings.

Figure 5 RMS floor response with +15K% variability in building stiffness (a) Displacement (b) Acceleration

Table 4 Peak +15K% quantities for different cases

Without TMD Case 1 Case 2 Case 3 Case 4 Case 5

n — 0.0148 0.0148 0.0222 0.0323 0.037

o - 0.04 0.04 0.026 0.020 0.016

& — 0.0015 0.0014 0.0009 0.0007 0.0005
Floor number | Disp. = Acc. | Disp. = Acc. Disp. Acc. Disp. | Acc. Disp. Acc. Disp. Acc.
1 005 | 022 | 004 719 | 0.04 719 004 | 719 004 | 719 | 0.04  7.19
30 6.84 714 475 769 474 765 476 768 484 788 492 806
50 16.58 | 1495 | 11.80 | 11.97 | 11.80 4 11.87 11.82 | 11.99 | 12.00 | 12.21  12.19 1224
55 19.41 1748 1391 13.09 1392 1297 1394 1311 1415 13.38 1437 1340
60 22.34 | 19.95 | 16.13 | 14.24 16.13 | 14.23 | 16.16 | 14.27 | 16.40 14.48 | 16.65 | 14.70
65 2535 | 2258 1845 16.16 18.46 16.01 18.49 16.13 18.76 16.80 19.04 17.30
70 28.41 | 26.04 | 20.85 | 18.18 | 20.85 | 18.14 | 20.89 | 18.22 | 21.19 | 18.77 | 21.51 | 19.40
75 31.59 | 30.33 2335 23.78 23.34 2358 2340 23.75 23.73 24.62 24.08 25.29
76 32.30 | 31.17 | 23.91 | 22.60 | 23.90 | 22.40 | 23.96 | 22.57 | 24.30 | 23.46 | 24.66 @ 24.15

The table compares displacement and acceleration across floors of a 76-story building under wind load, with and without
various Tuned Mass Damper (TMD) setups. Without a TMD, the building experiences the highest displacement and
acceleration, especially at the top floor (32.30 cm and 31.17 m/s?). All TMD cases (with a mass ratio of 0.01) significantly
reduce these responses, particularly on upper floors. Lower floors show minimal variation, confirming that wind effects
are more severe at higher levels. Among the TMD configurations, Case 5 offers the most balanced performance,
achieving the greatest reduction in acceleration (24.15 m/s2) with moderate displacement (24.66 cm), making it the most
effective in minimizing motion while controlling sway.
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Figure 6 Peak floor response with +15K% variability in building stiffness (a) Displacement (b) Acceleration
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Table 5 RMS -15K% quantities for different cases
Without TMD Case 1l Case 2 Case 3 Case 4 Case 5
n - 0.0148 0.0148 0.0222 0.0323 0.037
o - 0.04 0.04 0.026 0.020 0.016
3 - 0.0015 0.0014 0.0009 0.0007 0.0005
Floor number = Disp. | Acc. | Disp. Acc. Disp. Acc. Disp. Acc. Disp. Acc. Disp. | Acc.
1 0.02 | 006 | 0.12 157 | 0.12 157  0.12 | 157 | 012 157  0.12 | 157
30 203 | 155 1579 1.81 16.02 182 1596 182 1594 182 1597  1.83
50 491 | 357 3856 | 3.43 | 39.12 | 3.46 | 38.96 # 3.46 | 38.90 3.48 | 38.98 | 3.50
55 575 | 4.16 | 4522 391 4588 395 4570 395 45.62 397 4571 | 3.99
60 6.61 @ 4.78 | 52.14 | 445 | 52,90 | 450 | 52.68 | 4.50 | 52.58 | 452 | 52.68 @ 4.55
65 749 | 546 59.29 5.04 60.16 5.10 59.91 5.09 59.79 5.12  59.90 5.14
70 839 | 6.11 | 66.58 | 5.81  67.57 | 5.88 | 67.28 | 5.87 | 67.13 | 5.90 | 67.25  5.93
75 932 | 6.86 7416 6.72 75.26 6.79 7493 6.79 7476 6.81 74.89 6.84
76 952 | 6.99 | 75.85 | 6.82 | 76.98 | 6.89 | 76.65 | 6.89 | 76.47 | 6.91 | 76.60  6.95

The table-5 shows structural responses—displacement and acceleration—of a 76-story building under wind loads, with
and without five various TMD configurations. Without TMD, the building has the minimum displacement but increased
acceleration at the top that can cause discomfort. All cases of TMD (with 0.01 mass ratio) dramatically minimize
acceleration, particularly on higher floors, but maximize displacement. For instance, acceleration at the top decreases
from 6.99 to approximately 6.82-6.95 m/s2, while displacement increases to more than 75 ¢cm. In the TMD cases,
performance is comparable, with Case 2 having the largest displacement. Generally, TMDs are effective in mitigating
motion discomfort with tolerable increases in sway.
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Figure 7 RMS floor response with -15K% variability in building stiffness (a) Displacement (b) Acceleration
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Table 6 Peak -15K% quantities for different cases
Without TMD Case 1 Case 2 Case 3 Case 4 Case 5
n - 0.0148 0.0148 0.0222 0.0323 0.037
o - 0.04 0.04 0.026 0.020 0.016
3 - 0.0015 0.0014 0.0009 0.0007 0.0005
Floor number Disp. | Acc. | Disp. = Acc. | Disp. = Acc. Disp. Acc. Disp. Acc. Disp. Acc.
1 0.06 | 022 | 005 719 | 0.04 | 720  0.05 | 719 005 | 719 | 0.05 @ 7.19
30 769 601 573 7.00 565 729 576 7.07 608 7.08 6.27 7.05
50 18.34 | 12.83 | 14.19 | 13.24 | 13.96 | 12.91 | 14.29 A 13.26 | 15.00 | 13.83 | 15.41 | 14.00
55 21.37 | 1441  16.70 1491 | 16.43 1449 16.81 14.93 17.64 | 1563 18.11 15.88
60 2449 | 1597 | 19.30  16.55 | 18.99 | 16.24 | 19.44 | 16.55 | 20.39 | 17.47 | 20.92 | 18.17
65 27.68 | 17.40 22.01 18.43 | 21.65 18.94 22.16 18.61 23.25 | 19.75 23.83  20.74
70 30.90 | 19.86 | 24.77 | 22.87 | 24.37 | 22.20 | 24.95 | 22.86 | 26.17 | 24.06 | 26.82 @ 24.59
75 34.24 | 23.09  27.64 26.48 | 27.20 27.08 27.84 26.77 29.20 | 26.46 29.91  26.84
76 34.98 | 22.80 | 28.28 | 26.16 | 27.83 | 25.82 | 28.49 | 26.13 | 29.88 | 27.61 | 30.61  28.31

The table-6 structural responses displacement and acceleration of a 76-story building under wind load, with and without
five configurations of TMDs, are compared in the table. Without any TMD, the building has the largest acceleration and
displacement at higher floors, particularly the 76th. All TMD cases, based on a mass ratio of 0.01, eliminate large
acceleration but increase displacement slightly by dissipating energy through sway. Lower floors are seen with negligible
changes in all cases. Among them, Case 5 (o = 0.9950, & = 0.0502) presents the most balance, providing the lowest top-
floor acceleration with average displacement and therefore is the best setup.
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Figure 8 Peak floor response with -15K% variability in building stiffness (a) Displacement (b) Acceleration
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IvV. SUMMARY

MTLSDs surpass TLSDs under structural stiffness variability conditions. Through multiple tanks of different frequencies,
MTLSDs are capable of effectively suppressing responses, increasing robustness, and fulfilling requirements of motion
perception in high-rise buildings. TLSD settings with optimal settings achieve large decreases in peak and RMS
accelerations (48% and 53%, respectively) in fulfilling serviceability requirements [16-24]. Dampers are able to cover
stiffness uncertainties, providing solutions to wind-induced vibrations. Sophisticated modelling approaches such as SPH
provide efficient simulation of TLDs, such as damping screens. SPH is efficient in simulating nonlinear responses and
energy dissipation, and this is supported by experimental evidence as well as facilitating enhanced TLD designs. APEC-
PTMD and TLIS with high-damping systems increase vibration control [65-78]. TLIS combines inerter and liquid
elements, providing a lightweight, efficient alternative to conventional TLDs. Practical applications, including a full-
scale MTSD in a 56-story building, demonstrated a 50% decrease in building accelerations, being economical and
feasible. STMDs are useful, but MTMDs are superior, providing higher resilience to dynamic loads like wind and
earthquakes, making them a necessity in contemporary engineering. MTLSDs are superior to TLSDs under different
structural stiffness conditions [79-83]. By spreading damping across several tanks at different frequencies, MTLSDs
damp both base and higher modes, providing improved robustness for high-rise structures. Optimized TLSD
configurations, employing nonlinear constraint the innovations are validated with a full-scale Multiple Tuned Sloshing
Damper (MTSD) system for a 56-story building with a 50% reduction of acceleration, which is cost-effective. Finally,
Single Tuned Mass Dampers (STMDs) work, but Multiple Tuned Mass Dampers (MTMDs) are more efficient at damping
dynamic loads such as wind and earthquakes and thus are very important in today's structural engineering [52-64].

V. CONCLUSION

In general, Multiple Tuned Liquid Sloshing Dampers (MTLSDs) and concurrent advances in damping devices and
modelling methods offer highly efficient means to mitigate wind-induced vibrations for high-rise buildings. MTLSDs
also possess the additional benefits over conventional Tuned Liquid Sloshing Dampers (TLSDs) by easily responding to
structural stiffness changes, with higher serviceability and durability resulting from sophisticated designs. Technologies
like Smoothed Particle Hydrodynamics (SPH) simulation and sophisticated systems like APEC-PTMD and TLIS
continue to enhance accuracy, effectiveness, and convenience. Implementations on actual building examples, such as
successful applications of MTSD systems, demonstrate they are cost-effective and highly effective in mitigating
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accelerations of structures. All the above technologies combined offer a useful stepping stone in further advancing
vibration control in structural engineering.
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