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Abstract

Structural responses under dynamic loading contain multiple frequency components,
which can excite several vibration modes simultaneously. Among passive dynamic vibra-
tion absorbers (DV As), tuned mass dampers (TMDs) are the most widely used. In practice,
a single TMD (STMD) is typically installed at the roof to target the fundamental mode,
leaving higher modes insufficiently controlled and limiting overall effectiveness. This
study investigates multi-TMD (MTMD) configurations to enhance multimodal vibration
mitigation. Three layouts are examined: (i) distributed MTMDs (d-MTMDs), placed ac-
cording to mode shapes; (ii) arbitrary MTMDs (a-MTMDs), positioned without placement
rules; and (iii) roof-clustered MTMDs (MTMDs@top), all devices located at the top. The
STMD is tested on a 20-degree-of-freedom (DOF) shear-building model, while all MTMD
configurations are applied to an 80-DOF benchmark structure. Governing equations of
motion are derived analytically and solved numerically using the Newmark-f linear ac-
celeration method. The 20-DOF system is subjected to recorded earthquake excitations,
and the 80-DOF to wind histories. Performance is evaluated using square-root-sum-of-
squares (SRSS) and root-mean-square (RMS) metrics. Results show that d-MTMDs
achieve the most effective multimodal control, whereas a-MTMDs provide comparable
global reductions to MTMDs@top but less consistent mitigation in upper stories.

Keywords: Single TMD; Multiple TMDs; Shear-building model; Newmark-{ integration
method; Multimodal vibration control; earthquake excitations; wind histories.

1. Introduction

The trend toward constructing taller structures has increased rapidly over the past
decade. Tall buildings can accommodate a significantly larger population compared to
low-rise structures occupying the same land area. Consequently, they are considered
more suitable from the perspectives of sustainability, land-use efficiency, and economic
viability, and they offer a practical solution to the growing demand for urban accommo-
dation driven by rapid population growth. However, tall structures are generally charac-
terized by high flexibility and low natural frequencies, which result in low inherent damp-
ing and long vibration durations during dynamic excitations. These characteristics make
them highly susceptible to excessive vibrations induced by wind and seismic loads,
thereby increasing the risk of structural damage, occupant discomfort, and failure of sen-
sitive nonstructural components. Therefore, vibration control becomes a critical require-
ment for ensuring both structural safety and serviceability.
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In general, two main categories of measures are adopted to control excessive struc-
tural oscillations under wind, earthquake, or other dynamic loadings. The first category
consists of local measures, which involve improving specific structural components by
modifying material properties or sectional geometry of individual members. Although
such enhancements can improve local performance, their influence on the overall global
dynamic response of the structure remains limited. Some localized vibration control de-
vices can also be employed to reduce the response of individual structural elements; how-
ever, their effect on the global behavior of the entire structural system is relatively small.
Hence, global vibration control measures are required to achieve effective overall mitiga-
tion.

At the global level, vibration control strategies are generally classified into three main
types: active, passive, and hybrid control systems. Active systems require continuous ex-
ternal energy input for their operation, whereas passive systems function without any
external power source. Hybrid systems combine the characteristics of both active and pas-
sive control. Among these, passive control systems are the most widely adopted in engi-
neering practice due to their simplicity, reliability, cost-effectiveness, and low mainte-
nance requirements. Most passive control devices exhibit linear behavior and are typically
tuned to a specific structural frequency to achieve optimal vibration suppression.

However, wind and seismic excitations are stochastic in nature, with frequency con-
tents that are random and distributed over a wide spectrum. Consequently, these excita-
tions can simultaneously activate multiple vibration modes of a structure. This behavior
is particularly pronounced in tall and slender buildings, where higher-mode contributions
become significant compared to low-rise structures.

2. Background

The problem of structural vibration has long been recognized as a critical issue in
engineering practice. It has been widely observed in earlier generations of structures sub-
jected to dynamic excitations such as wind, waves, rotating machinery, and seismic
ground motion. The phenomenon of vibration is not confined to structural engineering
alone; it also represents a fundamental concern in other disciplines such as mechanical,
aerospace, and marine engineering. Consequently, extensive theoretical and experimental
investigations have been conducted over the past century to develop effective strategies
for vibration suppression and motion control of dynamically sensitive systems.

A TMD is a classical passive vibration control device comprising a secondary mass,
an elastic element that provides stiffness, and a viscous damping component, all con-
nected to the primary structure. Its working principle is based on generating an out-of-
phase inertial force that counteracts the motion of the main structure, thereby reducing its
dynamic response. Because of its simple configuration, robustness, and cost-effectiveness,
the TMD has become one of the most widely adopted passive control devices in modern
structural design. It enhances damping capacity, ensures stable performance under vary-
ing environmental conditions, and improves both structural serviceability and occupant
comfort.

The earliest recorded application of a TMD was by Frahm (1909), who employed a
STMD to control ship rolling and minimize oscillations at a target frequency [1]. The de-
vice, consisting of a small auxiliary mass connected to the main structure by a linear
spring, was effective only within a narrow frequency band. Later, Ormondroyd and Den
Hartog (1928) refined the concept by incorporating damping into the device, thereby
broadening its operational bandwidth and introducing the concept of invariant points for
optimal tuning of absorber and structural responses. Den Hartog (1956) subsequently for-
malized the theoretical foundation of the STMD for undamped primary systems in his
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seminal work [2]. However, under broadband excitations such as earthquake loading, the 93
performance of an STMD deteriorates significantly and may even amplify the response 94
due to dynamic coupling between the primary and secondary systems [3]. Although the 95
Tuned Mass Damper Inerter (TMDI) offers a wider operational bandwidth than a conven- 96
tional TMD, it remains sensitive to detuning effects similar to those of traditional systems 97
[4]- 98
Another well-established passive vibration control device is the Tuned Liquid 99
Damper (TLD), which consists of a partially filled tank whose first sloshing mode is tuned 100
to the fundamental frequency of the structure. As the structure moves, the liquid sloshes 101
and generates out-of-phase inertial forces that dissipate energy, thereby reducing vibra- 102
tions. Designing TLDs, however, is challenging because the liquid-sloshing behavior is 103
inherently nonlinear. A state-of-the-art approach, Real-Time Hybrid Testing (RTHT) [5], 104
has emerged as a feasible solution for evaluating TLD performance, though it is not uni- 105
versally applicable to all structures requiring vibration control. Furthermore, TLDs suffer 106
from the same detuning problem as TMDs, since they must be tuned to a particular single 107
mode. Practical testing is also preferred over numerical or finite-element analyses for ac- 108
curacy, but such testing is not always feasible [6]. A recent study employed machine learn- 109
ing techniques to predict the dynamic response of liquid tanks; however, the liquid mass 110
was modeled as an equivalent single-degree-of-freedom (SDOF) system, which could not 111
fully capture higher-order sloshing modes and nonlinear fluid-structure interactions [7]. 112
In addition to TMDs and TLDs, other passive control devices such as; base isolators, 113
viscous and particle dampers, pendulum absorbers, shock absorbers, and rocking-mass 114
absorbers have also been widely used. In all these devices, the tuning process involves 115
matching the natural frequency of the absorber with that of the target structural mode. 116
When the tuning is accurate, the absorber effectively draws energy from the structure and 117
suppresses vibration. However, detuning remains a significant drawback. If the excitation 118
frequency changes or if the input contains multiple strong frequency components (as in 119
broadband excitation), the effectiveness of the device diminishes sharply. 120
To overcome these limitations, the concept of MTMDs was introduced. Initially used 121
in mechanical systems during the late 1970s, MTMDs consist of several smaller TMD 122
units, each tuned to slightly different frequencies. This distributed tuning broadens the 123
effective frequency bandwidth and reduces sensitivity to mistuning, enhancing robust- 124
ness under multi-mode and non-stationary excitations. Ayorinde and Warburton (1980) 125
were among the first to extend the application of MTMDs from mechanical to civil struc- 126
tures [8]. Their analytical and experimental results showed that two or more dampers can 127
achieve superior vibration suppression compared with a single absorber [9]. Kareem and 128
Kline (1995) further studied MTMDs under random or uncertain loading and demon- 129
strated that multiple smaller dampers, collectively equivalent in total mass to a single 130
large one, offer improved control performance and easier handling and installation, mak- 131
ing them suitable for retrofitting applications [10]. 132
Subsequent research significantly advanced MTMD design. Ram and Elhay (1996) 133
distributed the natural frequencies of individual dampers around the fundamental mode 134
of the main structure, thereby minimizing detuning effects [11]. Joshi and Jangid (1997) 135
optimized MTMD parameters and found that, for an equal total mass ratio, an MTMD 136
system outperforms an STMD [12]. Jangid (1995, 1999) further investigated optimal pa- 137
rameters for undamped primary structures [13,14]. Blondel and Tsitsiklis (2000) empha- 138
sized the complexity of MTMD optimization due to the large number of interdependent 139
variables [15]. Later studies by Li (2000, 2002, 2003) confirmed that optimally designed 140
MTMDs offer enhanced robustness and efficiency over STMDs [16-18]. Park and Reed 141
(2001) analyzed uniformly and linearly distributed MTMDs under harmonic excitation, 142
accounting for redundancy effects, while Li and Liu (2002-2004) compared various 143
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MTMD configurations under constraints on mass, stiffness, and damping. Wen and Zou 144
(2003) developed a frequency-domain framework for analyzing multi-storey structures 145
equipped with MTMDs, providing deeper insight into their dynamic performance [19]. 146

Building on these foundations, Li and Zhang (2005) [20], Li and Li (2005) [21], Han 147
and Li (2006) [22], and Li (2006) [23] proposed MTMDs with distributed natural frequen- 148
cies for enhanced control efficiency. Li and Zhu (2006) showed that Double Tuned Mass 149
Dampers (DTMDs) can outperform conventional MTMDs [24], while Li and Ni (2007) 150
demonstrated that optimized, non-uniformly distributed d-MTMDs are more effective 151
than uniformly distributed systems [25]. Han and Li (2006, 2008) concluded that MTMDs 152
with identical stiffness and damping but unequal masses and uniformly spaced natural 153
frequencies achieve superior control [26,27]. Ok, Song, and Park (2009) proposed design 154
formulas for bi-tuned mass dampers that ensure both nominal and robust performance 155
under seismic loading [28]. A comprehensive review by Parulekar and Reddy (2009) sum- 156
marized the evolution of passive control systems for seismic response reduction [29]. Zuo 157
(2009) analytically confirmed the superior effectiveness of MTMDs over single-unit TMDs 158
with the same total mass ratio [30]. Experimental validation by Lin et al. (2010) further 159
demonstrated that optimally designed MTMDs significantly reduce structural vibrations 160
and control damper stroke length [31]. Yang, Munoa, and Altintas (2010) extended MTMD 161
optimization techniques to mechanical systems such as tool clamping assemblies [32], 162
while Jokic, Stegic, and Butkovic (2011) introduced an optimization method based on dis- 163
sipativity inequalities for tuning MTMDs [33]. 164

Although MTMDs share similar configurations, their spatial placement within the 165
structure critically affects vibration control performance. Researchers have consistently 166
found that increasing the total mass ratio improves damping efficiency under wind and 167
seismic loads. However, concentrating large masses at a single location is often impracti- 168
cal. As a result, spatially distributed configurations have been explored. Bergman et al. 169
(1989) [34] demonstrated the benefit of vertically distributed MTMDs using cantilever 170
beam models, while Feng and Mita (1995) introduced the mega-sub TMD system concept 171
for tall buildings [35]. Sadek et al. (1997) established optimal TMD parameters for seismic 172
loading and showed that equal damping ratios in the first two modes yield improved 173
results for highly damped structures [36]. Chen and Wu (2001) [37] and Wu and Chen 174
(2000) [38] analyzed the influence of TMD placement based on structural acceleration, 175
concluding that MTMDs are particularly effective at reducing acceleration responses in 176
lower stories. Petit, Loccufier, and Aeyels (2009) highlighted the importance of placement 177
optimization by maximizing frequency shifts away from resonance [39]. 178

Further advancements were made by Ali and Moon (2007), who examined vortex- 179
shedding-induced lock-in phenomena in tall buildings [40]. Moon (2010) found that ver- 180
tically distributing MTMDs according to mode shapes minimizes performance loss [41]. 181
Fu and Johnson (2009, 2011) investigated externally mounted shading-fin TMDs and con- 182
firmed that distributed MTMDs outperform conventional systems under historical earth- 183
quake records [42,43]. Xiang and Nishitani (2014) demonstrated that MTMDs are effective 184
for multi-mode control in low-rise structures with closely spaced frequencies [44]. Elias 185
and Matsagar (2014a, 2014b) confirmed the superior performance of distributed MTMDs 186
for across-wind vibration control in high-rise benchmark buildings [45,46]. 187

Moon (2015) introduced the TMD/Double-Skin Fagade Damping (DSED) interaction 188
system, addressing space constraints at the roof level and the need for additional mass 189
[47]. This configuration achieved comparable damping ratios with significantly smaller 190
mass requirements. Elias, Matsagar, and Datta (2016, 2017a) further demonstrated that 191
TMDs designed to target multiple modes outperform single-mode designs in chimneys 192
and high-rise buildings under seismic excitation [48,49]. Recent optimization-based stud- 193
ies comparing advanced configurations such as a-MTMDs and d-MTMDs have concluded 194
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that the distributed d-MTMD arrangement provides the most robust performance among 195
all conventional variants [50]. 196

Due to these extensive advancements, TMDs and their derivatives have attracted 197
substantial research and practical interest. They have been successfully implemented in 198
numerous full-scale engineering projects [51], including landmark skyscrapers such as the 199
Taipei 101 Tower and the Shanghai Tower, establishing TMDs and MTMDs as indispen- 200
sable components of modern structural vibration control systems. 201

Although extensive research has been carried out on TMD and MTMD systems, several 202
important aspects remain insufficiently explored. Most previous studies have focused on 203
optimizing a single type of MTMD configuration rather than systematically comparing 204

the multimodal vibration control performance of different configurations and also the 205
STMD under identical conditions. The influence of damper placement within the struc- 206
ture has also received limited attention. However, not only the location and the mode to 207
which it is tunned but also the mass ratio of the TMD play a critical role in determining 208
control efficiency. Furthermore, the performance of these devices under sequential wind 209
and earthquake excitations across different structural types has not been comprehen- 210
sively investigated. Another significant limitation in existing literature is the lack of 211
analysis linking control performance to specific floor levels. Previous studies rarely 212
quantified how much vibration reduction can be achieved at different stories or which 213

damper configuration is most effective for controlling particular floors. In addition, few 214
studies have evaluated global response measures such as overall vibration mitigation 215
(SRSS-based) and peak response reduction, both of which are essential indicators of real 216
structural control efficiency. 217

To address these gaps, the present study proposes the implementation of a MTMD sys- 218
tem for achieving effective multimodal vibration control. The system involves distrib- 219
uting several smaller dampers at strategically selected locations within the structure, 220
each tuned to an appropriate modal frequency and mass ratio to optimize control perfor- 221
mance across multiple modes. Various MTMD configuration schemes are examined and 222

compared through a detailed case study to assess both global and story-wise vibration 223
response control. In this study, two structural models are considered to comprehen- 224
sively evaluate the proposed control strategy. The first is a 20-story building subjected to 225
earthquake excitations and controlled using STMD. The second is an 80-story high-rise 226
structure exposed to wind-induced dynamic loads and equipped with either STMD and 227
MTMDs configurations. The comparative performance of these systems is analyzed in 228
terms of peak and RMS response reductions, as well as overall vibration mitigation effi- 229
ciency. The outcomes of this investigation are expected to demonstrate the superior ro- 230
bustness and reliability of the MTMD system for mitigating multimodal vibrations un- 231
der diverse dynamic loading conditions. 232
3. Methodology 233

The methodology adopted in this study is structured into three major phases: Modelling 234
Phase (Part #1), Optimization Phase (Part #2), and Selection Phase (Part #3). Each phaseis 235
composed of a sequence of analytical, numerical, and decision-making steps, collectively 236
designed to determine the optimal vibration-control configuration for multi-degree-of- 237
freedom (MDOF) structures under dynamic excitation. The overall framework integrates 238
structural dynamics, TMD theory, and dynamics analysis within a systematic workflow, 239
as illustrated in Figure 1. 240



Fusion Journal of Engineering & Sciences 2025 6 of 33

l:| Optimization Phase (Part#:2)
|:| Selection Phase (Part#:3)
STMD
Bswie gl Newmark f} fincar-
(Casex1) acceleration method

Uncontrolled
Structure
M, Cand K
.
=
Ef
E
— Comparison
s ' Controlled vs Uncontrolled
Controlled 3
Structure

Modal Analysi
i

K o Mp0,0=1.2,..n
TMD Parameters

—>[ Main | === opons | ---»[ se |

Earthquake

Performance

0
i
- No Particular’
(@zall al the i
i
!

(Afler Optimization) Metrices
Modes l_‘\/_\_l
Consideration —~
Ty 090 7 peak FRss
Dampise ‘ Reduction ‘ Reduction
Cip= 2, migo;
iffn

L 3
' ke
\
:
: 4
| S
]
: s Optimal Case
. md )

e :
! S—A
|
|
|
i
|
|
|
i
]

©

'
1 fl
1 '
1 fl
1 I
Lacation hased S ™D v y
ong Placement
"3
A

arget the next’ g
highermode g - - oo o oo i

dy Pla

Figure 1. Methodological flowchart of the study.
1.1  Modelling Phase

The modelling phase establishes the foundation of the study by developing the struc-
tural model and determining its modal characteristics before the introduction of any con-
trol mechanism. The objective of this stage is to define the dynamic properties of the un-
controlled structure, which serve as the reference baseline for subsequent comparisons
with the controlled cases.

In this phase, the structure was idealized as a shear-type MDOF system represented
by three fundamental matrices: the global mass matrix (M), the damping matrix (C), and
the stiffness matrix (K). These matrices are formulated based on realistic physical param-
eters, including story masses, inter-story stiffnesses, and damping ratios that correspond
to practical building systems. Two structural models are considered in this study. The first
is a twenty-story frame representing a medium-rise building (Case #1), and the second is
an eighty-story frame representing a high-rise building (Case #2). This dual-case model-
ling approach allows a comparative investigation of TMD performance across different
height categories and loading types namely earthquake and wind histories.

Once the structural model is defined, modal analysis is performed to obtain the nat-
ural frequencies and corresponding mode shapes of the structure. The vibration
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characteristics are determined by solving the classical eigenvalue problem as shown in the 260
equation 1: 261

(K- 02M)$, =0, n=12,..,N 1)

Where w, is the natural circular frequency of the nth mode and ¢, is its corre- 262
sponding mode shape vector. The resulting modal parameters are then used to compute 263
the modal mass participation ratios, which quantify the contribution of each mode to the 264
total dynamic response of the structure. Only those modes that collectively contribute 265
more than ninety percent of the total effective mass should be retained for further analysis, 266
ensuring computational efficiency while preserving accuracy. This requirement can be ex- 267
pressed mathematically as show in the equation 2: 268

z B2 = 0.90 (2)
n=1

where 5, denotes the modal participation factor of the nth mode. After identifying 269
the dominant modes, a mode-based decision criterion is applied to determine the appro- 270
priate control strategy. If the structure is mainly controlled by one or two dominant modes 271
(i £2), a STMD configuration is selected to target the most critical mode(s). However, if 272
more than two modes are dynamically significant (i > 2), a MTMD configuration is 273
adopted, as it can simultaneously address several closely spaced modes and provide 274
broader vibration suppression capability. 275

When the MTMD approach is required, three distinct configurations are investigated. 276
The first configuration, termed a-MTMDs, distributes the natural frequencies of the damp- 277
ers without any fixed spatial or frequency rule, offering flexibility but introducing some 278
uncertainty in performance. The second configuration, known as d-MTMDs, arranges the 279
dampers according to the amplitude of the structural mode shapes, thereby enhancing 280
energy dissipation across different modes. In case damper is already present in the se- 281
lected location of a mode then the damper is specifically tuned to target the next higher 282
mode for more effective control of multi-modal vibrations. 283

The placement of dampers is another crucial step within the modelling phase. For 284
the distributed MTMD configuration, the dampers are located at positions corresponding 285
to the maximum amplitude of the selected mode shapes, ensuring that they act most ef- 286
fectively at points of peak modal displacement. In configurations where dampers are in- 287
stalled only at the roof level, such as in the STMD and MTMD@roof cases, placement is 288
kept uniform to enable a consistent basis for comparison among configurations. Figure 2 289
illustrates the typical configuration of both the uncontrolled (Figure 2a) and controlled 290
structures (Figure 2b). While the figure shows the STMD and a single MTMD placement, 291
in this study, the MTMDs are arranged in multiple configurations 292

1.2 Optimization Phase 293

The optimization phase focuses on determining the optimal mechanical properties of 294
the TMD systems for maximum vibration reduction efficiency. This phase begins with the 295
assembly of the controlled structural system, where the selected TMD configuration either 296
STMD or one of the MTMD variants is coupled to the primary structure. The coupled 297
equations of motion of the coupled system are formulated to include both structural and 298
absorber degrees of freedom, ensuring that their dynamic interactions are fully captured. 299

The optimization process then proceeds to the determination of TMD parameters, 300
namely mass (m,), stiffness (k;), and damping (c;). These parameters are defined by ana- 301
lytical relations and refined through numerical optimization. The mass of the tuned 302
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damper is expressed as equation 3 where p denotes the mass ratio representing the pro- 303
portion of the auxiliary damper mass relative to the total mass of the structure. The stiff- 304
ness of the TMD is calculated using equation 4 where w, is the tuning frequency of the 305
damper, typically selected to coincide with or near the dominant frequency of the con- 306
trolled mode. The damping coefficient of the damper is determined as equation 5 where 307
{; is the damping ratio of the TMD, optimized either through closed-form expressions 308
(such as those based on Den Hartog tuning) or through iterative numerical procedures 309

aimed at minimizing the overall response: 310
my = uM; 3)
k; = m; w? 4)

Ce = 20 Jkem, ©)

To evaluate the time-domain response of the controlled system, the coupled equa- 311
tions of motion (equation 6) are solved using the Newmark-{3 linear acceleration method. 312
This integration scheme allows step-by-step computation of displacements, velocities, and 313
accelerations under arbitrary time-dependent external loading, making it particularly 314
suitable for both seismic and wind excitations. Here the x,x and ¥ show the displace- 315
ment, velocity and acceleration of the system. x; is ground acceleration and r is the ef- 316

fective seismic force distribution vector. 317
MX(t) + Cx(t) + Kx(t) = —Mr x,(t) 318
Cr Cn
Mz L Mn X2
Kn Mn | ”—» l
Cn
Kn-1 Mn-1 il Mn 1 X1, I\ln 1 Xol,

319
Figure 2. (a) Uncontrolled structured and structure controlled with: (b) STMD and (c) MTMDs. 320
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The equation 7 presents the parameters of the uncontrolled primary structure. equa- 321
tion 8 presents the parameters corresponding exclusively to the TMD. In addition, equa- 322
tion 9 provides the attachment matrix associated with the TMD. equations 10, 11, and 12 323

represent the full mass, damping, and stiffness matrices, respectively. 324
Let the structural system (without TMDs) have the following matrices: 325
M, C,, K, € R™>™ )
The diagonal matrices of the TMD parameters are defined as: 326
My_diag (mn, .,mTp), Cr= diag(cTL ey ch), Ky diag(le’ R kTp) 8
The attachment selection matrix B € R™*P) is defined as: 327

1, if the j*" TMD is attached to i*"structural DOF,

B.. = 9
Y 0, otherwise ©)
The global mass, damping, and stiffness matrices of the coupled structure-TMD 328
system can then be written as: 329
M= [MS ] (10)
My
c[G+B C;BT -B CT] (11)
- CTBT CT
K = [Ks +BK.KT —-B KT] (12)
- KTBT KT

An iterative optimization loop is then established to refine the TMD parameters. 330
Within this loop, the structural response is calculated for each set of candidate parameters, 331
and performance metrics such as displacement, acceleration, and inter-story drift are ex- 332
tracted. The process continues until convergence is achieved toward an optimal combina- 333
tion of damper mass, stiffness, and damping that minimizes the global vibration response 334
while maintaining structural feasibility. The equation 13 represents the Newmark-beta 335
formula used to compute the structural displacement at the next time step in dynamic 336
analysis. Here the At is the time step while 8 is the Newmark parameter that controls 337
numerical stability and accuracy (f = 0.1667 for linear while 0.25 for average acceleration 338
method). 339

A . .
Xerar = Xp + At X + N [(1 —2B) & + 2B Feynel (13)

The Figure 3 illustrates nonzero entry patterns after coupling MTMDs with the main 340
structural matrices. Subfigures (a) and (b) illustrate the distribution of nonzero elements 341
in C and K of the structure when MTMDs are placed at the roof level. The patterns confirm 342
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the localized coupling effect, where the interaction is primarily concentrated near the up-
per degrees of freedom. Subfigures (c) and (d) show the corresponding nonzero patterns
for the d-MTMD configuration. In this case, the coupling extends across several degrees
of freedom, resulting in a broader spread of nonzero entries in both C and K. This indicates
that the d-MTMD arrangement enhances modal participation and energy dissipation
throughout the structure rather than being confined to a single level.

In addition, the Figure 4 shows coupling effects on the M, C, and K of the main
structure for the MTMD and d-MTMD configurations. Panels (a)—(c) present the M, C, and
K matrices of the d-MTMD system. Panels (d)—(f) display the same metrics but for
MTMDs@roof. The panels (g)—(i) depict the coupling effects in the M, C and K of the d-
MTMD system, while panels (j)—(I) also highlight the coupling effects but in the case of
MTMDs@roof. The added mass (AM), damping coupling (AC), and stiffness coupling
(AK) components are most pronounced near the upper degrees of freedom, indicating
localized influence. Comparatively, the d-MTMD case exhibits a more evenly distributed
coupling across the structural height, which enhances modal energy transfer and control

performance.

(a _Pattern of C (nonzeros)

(b _Pattern of K (nonzeros)
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Figure 3. Nonzero entries after coupling MTMDs with the main structure matrices. (a) Stiffness and
(b) damping matrices for MTMDs@roof; (c) and (d) show the corresponding results for the d-
MTMD.

343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358

359

360
361
362



Fusion Journal of Engineering & Sciences 2025 11 of 33

i x i i x10*
Mass Matrix (M 10000 Stiffness Matrix (K]
N
: 000 ° 3
4
8000 25
6
§ 7000 ! 2
0 6000 15
. .
2 5000 1
4000 05
3000 0
) 2000 035
_‘ 1000 - . 0
0 2
5 1 15 20 5
DOF
. . " . 10
Mass Matrix (M) 10000 Stiffness Matrix (K b
’ 9000 - 4
8000
7000 :
6000
2
B . 2
5000 2
4000 1
3000
0
2000
1000 B
0 2
5 10 15 20 5
( DOF
500
400
2 300
200
3 100
0
5 0 15 20
DOF
AM (Added Mass| o
500
400
21 300 ¢
200
5 100
0
5 10 15 20
DOF

Figure 4. (a)—(c) M, C, and K matrices for the d-MTMDs configuration; (d)-(f) the corresponding 364
matrices for the MTMDs@roof configuration. Likewise, (g)—(i) and (j)—(1) illustrate the coupling- 365

DOF

AK (Stiffness Coupling

DOF

363

induced modifications in the matrices for the d-MTMDs and MTMDs@roof cases, respectively. 366

1.3 Selection Phase 367

The final phase of the methodology involves performance evaluation and optimal 368
configuration selection. In this phase, the dynamic responses of the controlled and uncon- 369
trolled structures are compared quantitatively under the same excitation conditions to as- 370
sess the efficiency of each control configuration. 371
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The comparison focuses on two principal performance metrics. The first metric is 372
Peak Reduction, which measures the ratio of the maximum displacement or acceleration 373
in the controlled system to that in the uncontrolled case. This metric provides a direct 374
indication of the damper’s ability to suppress the most critical response amplitude. The 375
second metric is the Root-Sum-Square (RSS) Reduction, which evaluates the overall re- 376
duction in the cumulative energy content of the structural response. It is computed as the 377
SRSS responses over the entire time history, thereby representing the integrated vibration 378
energy dissipation achieved by the control system. 379

Based on these performance indices, all controlled configurations are ranked, and the 380
case exhibiting the greatest improvement in both peak and RSS reductions is designated 381
as the optimal case. This optimal configuration represents the most efficient combination 382
of mass ratio, stiffness, and damping ratio under the given dynamic conditions, achieving 383
the best compromise between performance, stability, and practical feasibility. The equa- 384
tion 14 represent the peak and RSS response ratios of the controlled and uncontrolled 385
structures, and the percentage reduction is calculated as one minus the ratio multiplied 386
by 100. 387

R _ Xmax,controlled
peak —
Xmax,uncontrolled

N 2 14
i=1 xi,controlled ( )
Rpss =
N .2
i=1 xi,uncontrolled
3. Results and Discussion 388

The results of this study include two structural systems as mentioned earlier. The 389
first is a 20-story building that was subjected to earthquake excitation, and the second is 390
an 80-story high-rise structure that was analyzed under wind loading. It should be noted 391
that the 20-story structure was controlled using a STMD installed at the roof level. In con- 392
trast, the 80-story structure showed significant influence of higher modes; therefore, 393
MTMD configurations were considered instead of a single device. The MTMDs were ar- 394
ranged according to three placement strategies. The first was an arbitrary arrangement 395
without a fixed positioning rule. The second was a mode-informed placement where the 396
dampers were installed at the locations corresponding to the maximum modal displace- 397
ments. The third configuration included several TMDs placed at the roof level. The per- 398
formance of these MTMD configurations was then compared with each other in terms of 399
vibration reduction and control efficiency when the 80-story structure was subjected to 400
wind-induced excitations. 401

3.1. Building dynamics and applied loading 402

Figure 5 (a) illustrates the mode shapes of Case 1, representing a 20-story shear type 403
structure which was subjected to earthquake excitation and controlled by a STMD. The 404
results indicate that the first natural frequency of the system is relatively low, correspond- 405
ing to the fundamental mode that governs the overall dynamic response due to its high 406
modal participation factor. As the mode number increases, the natural frequencies rise 407
while the participation of each higher mode decreases. Since the fundamental mode dom- 408
inates the global deformation pattern, particularly in low to mid rise buildings, installing 409
a STMD tuned to this mode is sufficient to achieve effective vibration suppression. In con- 410
trast to MTMD systems commonly used in taller or more complex structures, the STMD 411
in this case efficiently mitigates the response concentrated around the first mode reso- 412
nance. The vertical reference line in the figure represents the nodal axis, and the number 413
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of times each mode shape crosses this line follows the general rule of n minus one crossing, 414
where n denotes the mode number. 415

Figure 5 (b) shows the mode shapes of Case 2, which represents an 80-story high-rise 416
structure. It is evident that the fundamental time period of this structure is significantly = 417
longer than that of the 20-story building in Case 1, as taller structures require more time 418
to complete one vibration cycle due to their increased flexibility. Unlike the previous case, 419
where the first mode dominated the overall response, in this high-rise structure several 420
higher modes also contribute notably to the dynamic behavior. For this reason, MTMDs 421
with different configurations were adopted instead of a STMD to achieve effective vibra- 422
tion control across multiple participating modes. In the figure, the red dots indicate the 423
locations of the installed TMDs corresponding to the distributed d-MTMD arrangement. 424
It is also noted that the fifth mode was excluded from additional control because the max- 425
imum response in that mode occurred at a location already equipped with a TMD, and 426
therefore, the design priority was shifted toward suppressing higher modes. 427

Since the time period of high-rise structures is relatively long, earthquake loading 428
does not usually represent the main challenge for these buildings. Instead, wind loading, 429
which contains lower frequency components that are closer to the natural frequencies of 430
the structure, becomes the dominant factor influencing their dynamic response. Therefore, 431
rather than applying earthquake excitation, which generally involves higher frequency 432
ground motions that are not critical for tall and flexible buildings, the structure in this case =~ 433
was subjected to artificial wind loading, as this represents the primary design concern for 434
high rise structures with respect to serviceability and occupant comfort. 435

Figure 6 presents the acceleration time histories along with their corresponding Fou- 436
rier amplitude spectra for the ground motions used in this case study. The blue curves 437
represent how the ground acceleration changes with time, while the red curves display 438
the Fourier amplitudes, highlighting the distribution of energy across different frequen- 439
cies. For clearer visualization, the Fourier amplitude spectrum of each ground motion is 440
placed directly below its respective time history, making it easier to observe the relation- 441
ship between the temporal variation and the frequency content of the same record. To- 442
gether, these plots provide a complete picture of both the time-dependent behavior and 443
the frequency characteristics of the input motions, which are important for understanding 444
how each earthquake excitation may influence the structural response in terms of both 445
overall and peak performance. 446

The selected earthquake records show distinct characteristics that reflect the diversity 447
of seismic sources and site conditions. Motions such as El Centro (1940, USA), Kobe (1995, 448
Japan), Loma Prieta (1989, USA), and Hollister (1974, USA) are examples of near-fault 449
earthquakes, where strong pulses and abrupt energy releases are typically observed. In 450
contrast, Chi-Chi (1999, Taiwan), Kocaeli (1999, Tiirkiye), and Trinidad (2007, USA) rep- 451
resent far-field ground motions, which generally exhibit smoother and more prolonged 452
shaking patterns. Some earthquakes, including Imperial Valley (1979, USA), Northridge 453
(1994, USA), and Friuli (1976, Italy), have relatively short shaking durations, while others 454
such as Landers (1992, USA), Kocaeli, and El Centro show longer and more sustained 455
motions. A few records also display asymmetry in acceleration, with Chi-Chi and Kocaeli 456
showing higher amplitudes in the negative direction, whereas Hollister shows stronger 457
motion in the positive direction. The Fourier amplitude spectra further emphasize these 458
differences. Most records concentrate their seismic energy below 10 Hz, except for the 459
Landers event, which shows pronounced energy between 10 and 15 Hz. Broader spectral 460
content is observed in the Landers, Imperial Valley, and Chi-Chi motions, while Kocaeli, 461
Hollister, and Northridge are dominated by low-frequency components. Records with 462
broader frequency ranges are capable of exciting multiple structural vibration modes, 463
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whereas those dominated by low frequencies mainly affect flexible or long-period struc- 464

tures. 465
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Figure 5. Mode Shape of: (a) 20 Story structure (Case#1); (b) 80 Story structure (Case#2). 468
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Figure 6. Earthquake with their amplitude spectra considered in this study.
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3.2. Case#1 subjected to ground motion controlled by STMD 471

Figure 7 (a) shows the response of the twenty-story building (case#1) when it is sub- 472
jected to the El Centro ground motion. The uncontrolled case, shown in gray color, repre- 473
sents the structure without the STMD, while the controlled case, shown in red color, rep- 474
resents the structure equipped with the STMD. It can be clearly seen that the damper ef- 475
fectively reduces the response of the structure. The SRSS response is reduced by 34.9 per- 476
cent compared with the uncontrolled case. The maximum displacement of the controlled 477
structure is 1.381 meters, which is much smaller than that of the uncontrolled structure. 478
This confirms that the STMD not only reduces the peak response but also decreases the 479
overall structural response. The bottom green dotted line shown in the Figure 7 (b) repre- 480
sents the response of the STMD itself. This response corresponds to the vibration of the 481
additional degree of freedom, the twenty-first, which follows a pattern similar to that of 482
the applied earthquake record. 483

Figure 7 (c & d) presents the peak and SRSS displacement reduction achieved. The 484
upper subplot (c) plot shows the percentage reduction in peak relative displacement at 485
each floor level, while the lower subplot (d) shows the SRSS reduction of relative displace- 486
ment, representing the overall vibration energy attenuation across the height of the struc- 487
ture. The peak response shown in light orange indicates that the STMD reduced the peak 488
response at the middle floors by almost 40 percent, while the reduction at the top and 489
bottom floors was less than 30 percent. The translucent pink color represents the SRSS 490
reduction made by the STMD, which remains nearly uniform across all floors with an 491
average reduction of about 37 percent. 492

Figure 8 shows the response of all stories of the structure when it was subjected to 493
the El Centro earthquake. It can be observed that the response of all stories has been re- 494
duced after installing the damper (blue color). The general trend shows that the upper 495
stories experience higher vibration amplitudes compared with the lower stories. This oc- 496
curs because the upper stories undergo larger motion during dynamic excitation. 497

Figure 9 presents the relative displacement responses of the 20-story building 498
equipped with the STMD when subjected to three different earthquake records: (a) Chi- 499
Chi, (b) Friuli, and (c) Imperial Valley. 500

In each case, the black line represents the uncontrolled structure, while the red line 501
represents the controlled response with the STMD. The figure highlights both the peak 502
displacement reduction and the SRSS reduction achieved by the device. For the Chi-Chi 503
earthquake (Figure 9a), the STMD effectively reduces the overall vibration amplitude, 504
achieving an SRSS reduction of about 44.9 percent. The peak displacement (-0.52 m) of the 505
controlled structure is significantly lower than that of the uncontrolled one, indicating 506
good control efficiency under strong ground motion excitation with long-period compo- 507
nents. 508

Under the Friuli earthquake (Figure 9b), the STMD performance is more pronounced, 509
where the SRSS reduction reaches approximately 55.2 percent. The time-history response 510
shows a considerable suppression of oscillations after the initial peak of -0.3335 m, sug- 511
gesting that the STMD is well tuned to counteract the predominant frequency content of 512
this record. In the case of the Imperial Valley earthquake (Figure 9c), the STMD demon- 513
strates also better control efficiency, with an SRSS reduction of about 50.6 percentage and 514
peak of -1.232 m. The controlled response exhibits a substantial decrease in displacement 515
amplitude throughout the duration, confirming that the STMD effectively mitigates the 516
seismic response. 517
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Figure 7. Controlled Case #1: (a) Displacement response of the 20th story, (b) displacement response 519
of the auxiliary system, and reduction achieved by the damper in terms of (c) SRSS and (d) peak 520
response for the structure subjected to the El Centro earthquake. 521
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Relative Displacement — All Floors (Single TMD @ Roof)
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Figure 8. All stories displacement when the structure is subjected to El-Centro. 523

Figure 10 presents the relative displacement responses of the 20-story building 524
equipped with the STMD when subjected to (a) the Kobe earthquake and (b) the Loma 525
Prieta earthquake. The results clearly illustrate the ability of the STMD to effectively sup- 526
press structural vibrations under both strong ground motions. 527

For the Kobe earthquake (Figure 10a), the peak displacement of the uncontrolled 528
structure reaches approximately -1.082 m, whereas the STMD significantly reduces this 529
value by more than half. The corresponding SRSS reduction is about 52.5 percent, showing 530
that the STMD efficiently mitigates both the instantaneous peak and the overall vibration 531
energy. The damping effect of the STMD is evident, as the oscillations decay more rapidly 532
compared to the uncontrolled case. 533

Under the Loma Prieta earthquake (Figure 10b), the STMD exhibits even better con- 534
trol performance, achieving an SRSS reduction of nearly 56 percent. The peak displace- 535
ment is about -1.409 m in the controlled structure. 536

Figure 11 shows the normalized relative displacement of the STMD installed at the 537
roof of the 20-story building when subjected to different earthquake ground motions, in- 538
cluding Chi-Chi, Friuli, Imperial Valley, Kobe, and Loma Prieta. Each curve represents 539
the time-history response of the STMD under a specific earthquake, normalized with re- 540
spect to its own peak displacement, allowing for direct comparison of the damper behav- 541
ior across different excitations. 542

From the figure, it can be observed that the Chi-Chi earthquake produces the largest 543
normalized response amplitude, characterized by long-duration and low-frequency oscil- 544
lations. This indicates that the Chi-Chi ground motion has a dominant low-frequency con- 545
tent. 546
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The Friuli and Imperial Valley responses exhibit more frequent oscillations with 547
smaller normalized amplitudes, implying that these ground motions contain higher-fre- 548
quency components. For the Kobe and Loma Prieta earthquakes, the responses remain 549
relatively compact in amplitude and duration, suggesting that the STMD quickly stabi- 550
lizes after the initial strong motion. The damper maintains effective control without large 551
relative displacements. 552

The figure 12 presents the comparative response of the structure equipped with a 553
TMD located at the roof level a nd the corresponding uncontrolled case. Each subfigure 554
represents the normalized peak relative displacement along the building height when 555
subjected to distinct ground motions: (a) Chi-Chi, (b) Friuli, (c) Imperial Valley, (d) Kobe, 556
and (e) Loma Prieta earthquakes. 557
In all cases, the red curves denote the controlled responses, while the black curves corre- 558
spond to the uncontrolled responses. The controlled configurations consistently demon- 559
strate significant suppression of interstory displacement across the upper floors, confirm- 560
ing the TMD's effectiveness in mitigating vibration amplitudes. The improvement is most 561
pronounced in the top stories, where the influence of the absorber is dominant. The slight 562
variations in reduction patterns among different excitations indicate the dependence of 563
control performance on the spectral characteristics of each earthquake record 564
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Figure 9. 20 story building equipped with STMD subject to: (a) ChiChi; (b) Friuli and (c) Imperial 566
Valley. 567

568
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Figure 10. 20 story building equipped with STMD subject to: (a) Kobe and (b) Loma Prieta. ~ 571
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Figure 11. 20 story building STMD normalized by peak displacement when subject to different 574

ground motions. 575
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Figure 12. Normalized response of top 10 stories of case#1in uncontrolled and controlled configu-
ration when subjected to: (a) ChiChi; (b) Friuli; (c) Imperial Valley; (d) Kobe and (e) Loma Prieta.

Figure 13 illustrates the percentage reduction in peak and SRSS relative displace-
ments achieved by the STMD when the 20-story shear building was subjected to the dif-
ferent considered earthquakes. Subplot (a) presents the variation in peak relative displace-
ment reduction along the building height, while subplot (b) shows the SRSS (over time)
reduction of relative displacement for the same cases.

In subplot (a), the orange (Friuli) bars indicate a non-uniform control pattern, with
the lower-middle stories showing smaller reductions (~8-10 %) compared to the lower
floors (12-15 %). The blue (Imperial Valley) bars show a steadily decreasing reduction
trend from the base toward the top. The green (Kobe) bars reach their highest reduction
around the mid-height. The purple (Loma Prieta) bars exhibit a more balanced response,
with larger reductions at both the lower and upper floors.
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Subplot (b) shows that the SRSS reduction remains nearly constant across all four 590
earthquakes at the top stories, maintaining values around 50-55 %. This uniformity indi- 591
cates that the STMD effectively dissipates the total vibration energy transmitted through 592
the structure regardless of earthquake characteristics, thereby ensuring consistent damp- 593
ing performance and stable control efficiency across the critical height of the building. 594
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Figure 13. Displacement reduction; (a) Peak and (b) SRSS reduction achieved by the STMD when 596
the case#1 was subjected to different ground excitation. 597

3.3. Case#2 subjected to wind histories controlled by MTMDs 598

Figures 14 to 17 present the acceleration responses of an 80-story benchmark building 599
subjected to artificial wind loading. Due to the significant influence of higher vibration 600
modes on the dynamic behavior of such a tall structure, several MTMD configurations 601
were investigated in addition to the STMD case. 602

In Figure 14, the first subplot, shown in blue, illustrates the response of the structure 603
equipped with a STMD, while the uncontrolled response is plotted in gray. The STMD, 604
tuned to the first mode with a total mass ratio of 5%, achieved an RMS acceleration reduc- 605
tion of 34.9%, with a peak acceleration of approximately 1.007 m/sec2. Unlike the displace- 606
ment histories discussed in previous cases, this figure focuses on acceleration histories, as 607
human perception of vibration is primarily governed by acceleration rather than displace- 608
ment. 609
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The second subplot, represented by the orange curve, corresponds to the configura- 610
tion with three MTMDs installed at the roof, all tuned to the first mode and sharing a 611
combined mass ratio of 5%. This arrangement resulted in an RMS reduction of 30.1% and 612
a peak acceleration of 1.125 m/sec?. 613

The third subplot, shown in yellow, represents the d-MTMD configuration. In this 614
setup, five dampers were installed at floors 80, 35, 27, 22, and 16, corresponding to loca- 615
tions with relatively large modal amplitudes. Each damper was tuned to a specific vibra- 616
tion mode: the first four dampers were tuned to the first four modes, and the fifth was 617
tuned to the sixth mode, as the fifth mode was already effectively controlled by the previ- 618
ously tuned devices. With a total mass ratio slightly above 5%, the d-MTMD system 619
achieved the highest control efficiency, providing an RMS reduction of 35.2% and a peak 620
acceleration of 0.978 m/sec2. 621

The fourth subplot, in pink, depicts the arbitrary a-MTMD configuration. Three 622
dampers were installed at floors 60, 40, and 20, with mass ratios of 0.5%, 1%, and 3.5%, 623
respectively, without specific tuning to higher modes. This irregular arrangement yielded 624
a comparatively lower RMS reduction of 21.5% and a peak acceleration of 1.232 m/sec?. 625

Figure 15 presents the top-floor acceleration time histories of the same building sub- 626
jected to a different wind loading pattern (case two) under various control configurations. 627
STMD with a total mass ratio of 5%, effectively reduced the response amplitude, achieving 628
an RMS reduction of 47% and limiting the peak acceleration to 1.172 m/sec2. 629

The second subplot which represents three MTMDs achieved almost the same RMS 630
reduction of 47.3%, with a slightly higher peak acceleration of 1.232 m/sec?, reflecting mi- 631
nor modal interaction among dampers tuned to the same frequency. 632

The third subplot which is of the d-MTMD configuration effectively suppressed both 633
fundamental and higher-mode responses, achieving an RMS reduction of 47.3% and a 634
peak acceleration of -1.123 m/sec. 635

The bottom subplot shows the a-MTMD configuration, achieved the lowest control 636
efficiency, producing only 24.7% RMS reduction and a peak acceleration of -1.833 m/sec2 637

Figure 16 illustrates the building response under a third type of wind loading. The 638
overall trend remains consistent, with the d-MTMD configuration showing superior per- 639
formance, achieving an RMS reduction of 42.9% and a peak acceleration of -1.057 m/sec?. 640
The STMD, performing slightly below the d-MTMD, achieved comparable RMS reduction 641
but with a peak acceleration of 1.119 m/sec2. The MTMDs installed at the roof provided 642
an RMS reduction of 38.9%, with a slightly higher peak acceleration of 1.235 m/sec?. The 643
a-MTMD configuration again performed the worst, achieving only 28.6% RMS reduction 644
and a peak acceleration of 1.355 m/sec2. 645

Figure 17 shows response under a fourth wind loading scenario. The trend here also 646
remains similar, but the overall RMS reductions are lower compared to previous cases, 647
with d-MTMD, STMD, MTMD:s at the roof, and a-MTMD achieving reductions of 36.4%, 648
27.4%, 24.6%, and 17.9%, respectively. Differences in peak acceleration are less pro- 649
nounced among the first three cases, but the a-MTMD configuration exhibited a notably 650
high peak acceleration of 2.279 m/sec2. The overall reduced effectiveness of the devicesin 651
this case is attributed to the stochastic and irregular nature of the wind load, which likely 652
excited higher vibration modes, leading to these observed conditions. The Table 1 presents 653
the placement rules and mass ratios for different configurations of vibration-controlled 654
devices. It indicates the specific floors at which each type of damper is installed and the 655
corresponding mass ratio relative to the structure. While, Table 2 summarizes the control 656
performance criteria of the dampers. It lists the vibration modes each configuration pri- 657
marily controls and provides a ranking of their overall effectiveness. 658

659
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Table 1. The placement rule of vibration-controlled devices. 660
Configuration Type Placement (floor) Mass ratio (%)
STMD Roof 5
MTMDs@roof Roof 5
a-MTMDs 60, 40 & 20 5
d-MTMDs 80, 16 27, 35 & 22 5.5
Table 2. The controlment criteria and assessment of the dampers. 661
Configuration Type Mode Controlled Ranking
STMD st 2nd
MTMDs@roof 1st 3rd
a-MTMDs st 4th
d-MTMDs 1st — 4th & 6th 1st

U vs Single TMD (5%) @80. mode 1

I w}] l 1 ‘ RSS reduction: 34.9% =4
—. s / A, ! A \ '
2 ‘\M \ W \ ﬁ‘hW”‘»/x A A *V~VA(

1 | 1 | |

0 10 2 30 0 50 0 ] 100
Uncontrolled vs 3 MTMDs@ all T faRoo[(i/louL ual, mode 1)
15— Uncontrolled I I I ‘ RSS reduction: 30.1%
Coutrolled
W\v‘ i ”\,MWW AL \/*A“
: )
i
| I | | l
0 10 20 30 0 50 ) ) 100
) vs 5 d-MTMDs @(80.27.16.35.22] (;: ={0.045.9.0025,0.002.0.002,0.0035| % modes 1-4.6)
T RSS reduction: 35.2% =\
AN M f /v f“ d
; r« hi A A
.'.VM!. R AL VLAY
W V\A\ YWy \#‘ T WY
vV W
| l l
[ 10 0 30 10 50 60 0
Uncontrolled vs 3 a-MTMDs .maugu. ={0.5. 1. 3.5]% mode 1)
15— —Cocmmoticd] | T I 53y | RSS reduction: 21.5% =]
{ =1
. \ v\
\ \-,w‘ f' A Yy
# “ ’:’ | | / « '
1 ; J
15 l i L \ | \ il
0 10 20 30 40 50 60 70 R0 % 100
Time (s)

662

Figure 14. 80 story building uncontrolled and controlled configuration when subject to artificial wind loading case#1. 663
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Figure 16. 80 story building uncontrolled and controlled configuration when subject to artificial wind loading case#3
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Figure 17. 80 story building uncontrolled and controlled configuration when subject to artificial wind loading case#4

Figure 18 (a) presents the distribution of maximum acceleration for both uncontrolled
and controlled configurations of the 80-story structure subjected to Wind Loading Case
#1. The controlled STMD and MTMDs arrangement. Each configuration is represented by
a distinct line. A curve shifted toward the left indicates a lower acceleration response and,
therefore, better performance. The upper stories, particularly above the 10th floor, are of
primary importance since they experience the highest accelerations; hence, damping con-
trol in this region is critical. The lower ten stories are comparatively less significant as no
control device is installed below this level. The 5 d-MTMD configuration demonstrates
the most effective performance up to approximately the 60th story, followed by the STMD.
Although a slight reduction in control efficiency is observed around upper-mid, the d-
MTMD recovers near the top important stories, again surpassing other configurations.
The STMD shows consistent performance and becomes the second most effective system,
while the 3 MTMDs @ roof rank third. The 3 a-MTMDs provide the least effective control,
performing relatively well only around the floors where the absorbers are located due to
localized tuning effects. The uncontrolled case exhibits the highest peak accelerations
throughout the height, as expected.

Figure 18 (b) shows the corresponding response under Wind Loading Case #3. The
overall trend remains consistent, with the d-MTMD system exhibiting the most robust
reduction in acceleration, followed sequentially by the STMD, the MTMDs @ roof, and
finally the a-MTMDs. In this scenario, the a-MTMDs perform slightly better in the lower
stories than the MTMDs @ roof, but their effectiveness diminishes with height.

Figure 18(c) illustrates the results under Wind Loading Case #4, characterized by
higher amplitude and rapid frequency fluctuations. The d-MTMDs again outperform
other configurations across most of the height, except between the 45th and 55th floors
where their efficiency temporarily decreases. Beyond this region, they regain superior
performance up to the roof. The STMD remains the next best-performing system and
briefly surpasses the d-MTMDs within the 45-55-story range. In contrast, the a-MTMDs
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exhibit better control in the lower portion of the structure, whereas the MTMDs @ roof 697
dominate in the upper region. 698

Figure 19 (a) illustrates the story-wise reduction in acceleration response achieved by 699
each vibration-control configuration in the 80-story benchmark structure subjected to ar- 700
tificial wind loading (Case one). To maintain clarity, only representative stories from the 701
mid-height to the upper portion of the structure are presented, as these regions experience 702
the largest dynamic responses and are therefore of the greatest engineering importance. 703

The STMD configuration exhibits the most stable and consistent performance in the 704
mid-height stories, achieving a maximum response reduction exceeding 40 %. However, 705
its effectiveness gradually decreases toward both the upper and lower stories. This decline 706
is attributed to the STMD’s tuning to the fundamental mode only, which limits its ability 707
to mitigate higher-mode effects that dominate the motion of the upper stories. 708

The d-MTMD system, comprising five dampers placed at strategically selected floors, 709
demonstrates more uniform control across the structure’s height. Although its mid-story 710
performance is marginally lower than that of the STMD, it provides superior attenuation 711
at the top stories, where acceleration amplitudes are highest. This confirms that distrib- 712
uting the dampers across multiple elevations and tuning them to different vibration 713
modes significantly enhances global control efficiency. Consequently, the d-MTMD sys- 714
tem emerges as the most effective configuration among all tested cases. 715

The three roof-mounted MTMDs (3 MTMDs @ roof) achieve a response pattern com- 716
parable to that of the STMD but with slightly reduced efficiency. Because all devices are 717
concentrated at the roof and tuned to the same mode, their contribution to suppressing 718
higher-mode effects and lower-story motion remains limited. 719

The a-MTMD configuration shows improved reduction in the lower stories, primar- 720
ily due to the placement of most devices at these levels. However, the irregular mass ra- 721
tios, non-optimized modal tuning, and non-uniform spatial distribution cause its perfor- 722
mance to deteriorate in the upper stories, leading to the least effective overall performance 723
among the configurations analyzed. 724

Figure 19 (b) presents the story-wise acceleration response reductions for the same 725
80-story structure analyzed previously, but under a different wind loading condition than 726
the previous one (Case two in this plot). The comparison of the two cases allows evalua- 727
tion of each control configuration’s robustness against varying excitation characteristics. 728

The overall trend observed in the previous Figure remains consistent. The STMD, 729
five d-MTMDs, and 3 MTMDs @ roof all exhibit improved control effectiveness compared 730
with the previous case. In particular, both the STMD and d-MTMDs maintain significant 731
reductions across the mid to upper stories, confirming their stability and adaptability to 732
changes in excitation frequency content. 733

However, the a-MTMD configuration demonstrates severely degraded performance 734
in this case. Due to the uneven placement, its effectiveness decreases even further com- 735
pared with that observed previously. The system fails to provide meaningful control. 736

Since the nature of Wind Loading Type 3 is already been discussed in the Figure 18 737
(b), its results are not presented here. Instead, the discussion focuses on the other wind 738
loading scenario (case#4), corresponding to the case illustrated in Figure 19 (c). The overall =~ 739
response trend remains consistent with prior observations. The d-MTMD configuration 740
continues to provide the most effective vibration control. Although a slight deterioration 741
in performance is observed at certain time intervals, the system ultimately recovers and 742
maintains a stable control effect. In contrast, the a-MTMD configuration consistently ex- 743
hibits the weakest performance among all cases. 744

Because the irregular wind excitation induces stronger participation of higher vibra- 745
tion modes, the superiority of the d-MTMD configuration becomes more pronounced, 746
particularly near the upper region of the structure where higher-mode responses 747
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dominate. This figure therefore reinforces a central conclusion of the study. The perfor- 748
mance of MTMD systems is highly sensitive to the optimization strategy adopted for their =~ 749
key design parameters, including the placement of individual dampers, their tuning fre- 750
quency, and the distribution of their auxiliary masses. When these parameters are selected 751
using a systematic and physically informed optimization procedure, MTMD systems can 752
surpass the conventional STMD approach and deliver significantly enhanced multi-mode 753
vibration mitigation. Conversely, insufficiently optimized MTMD configurations may fail 754
to engage the relevant modes and can result in limited or ineffective control performance. 755
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Figure 18. Maximum acceleration per story: (a) case#1; (b) case#3 and (c) case#4. 758
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4. Conclusion

The present study comprehensively investigated the performance of single and mul-
tiple TMDs systems for vibration control in MDOF structures subjected to wind and earth-
quake excitations. Two representative structural models were analyzed: a 20-story me-
dium-rise building controlled by a STMD under seismic loading and an 80-story high-rise
benchmark structure equipped with MTMDs configurations under artificial wind load-
ing. The study aimed to assess how different TMD arrangements influence structural
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response reduction and to identify the most efficient configuration for multimodal vibra- 769
tion suppression. 770

The results from the 20-story model confirmed that the STMD, when properly tuned 771
to the fundamental frequency, effectively mitigates vibrations dominated by the first 772
mode. Significant reductions were observed in both peak and SRSS displacements across 773
all stories, demonstrating the suitability of the STMD for low- and medium-rise buildings 774
where higher-mode effects are negligible. The STMD achieved an average SRSS reduction 775
exceeding 50%, confirming its capability to provide stable and reliable control during var- 776
ious earthquake excitations. 777

In contrast, for the 80-story high-rise building, higher-mode contributions were 778
found to play a dominant role in the overall dynamic response. Consequently, MTMDs 779
systems were introduced and examined through three configurations: (i) MTMDs@roof, 780
(if) d-MTMDs, and (iii) a-MTMDs placed without specific tuning rules. Comparative anal- 781
yses under several wind loading cases revealed that the distributed configuration consist- 782
ently provided the most balanced and robust control performance. The d-MTMDs 783
achieved the highest reductions in both peak and RMS accelerations, demonstrating su- 784
perior multimodal energy dissipation due to optimized placement and tuning across 785
dominant vibration modes. The MTMDs@roof configuration provided reasonable but less 786
uniform control, whereas the a-MTMDs exhibited irregular and less reliable performance 787
because of their non-optimized tuning and spatial distribution. 788

Overall, the findings highlight that the effectiveness of vibration control systems 789
strongly depends on both spatial placement and modal tuning of the dampers. While a 790
STMD is sufficient for short and moderately tall structures governed by a single dominant 791
mode, tall and flexible structures require multiple dampers distributed across several el- 792
evations and tuned to different natural frequencies to ensure comprehensive control. The 793
d-MTMDs approach not only enhances energy transfer among vibration modes but also 794
improves the overall structural comfort and serviceability under stochastic excitations 795
such as wind. 796

Future research should focus on optimizing MTMDs parameters through advanced 797
algorithms, exploring hybrid active-passive configurations, and evaluating real-time 798
adaptability of damper properties under changing excitation characteristics. Incorporat- 799
ing uncertainties in loading and material properties into the optimization framework 800
would further strengthen the reliability and applicability of MTMDs systems for next- 801

generation high-rise and long-span structures. 802
803
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Abbreviations 808
The following abbreviations are used in this manuscript: 809
DVAs Dynamic vibration absorbers

TMDs Tuned mass dampers

STMD Single TMD

MTMD Multi-TMD

d-MTMDs Distributed MTMDs

a-MTMDs Arbitrary MTMDs

MTMDs@top ~ MTMD:s all at the roof
SRSS Square-root-sum-of-squares
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RMS Root-mean-square
TLD Tuned Liquid Damper
RTHT Real-Time Hybrid Testing
SDOF Single-degree-of-freedom
DSFD Double-Skin Fagade Damping
RMS root-mean-square
MDOF Multi-degree-of-freedom
RSS Root-Sum-Square
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