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ABSTRACT

The design and construction of Tuned Mass Dampers (TMDs) for tall structures is a critical aspect of modern
civil engineering, aimed at mitigating vibrations caused by dynamic loads such as wind and seismic forces. This
study leverages ETABS, a powerful structural analysis and design software, to optimize TMD systems for
enhanced stability and occupant comfort in high-rise buildings. The methodology involves detailed modal
analysis to identify the natural frequencies and dominant vibration modes of the structure. Based on these
analyses, TMD parameters such as mass, stiffness, and damping coefficients are meticulously calculated and
optimized. ETABS facilitates the simulation and iterative adjustment of TMD configurations, ensuring precise
tuning to the structure's specific dynamic characteristics. The implementation phase includes the integration of
the TMD within the structural framework, followed by rigorous testing and performance evaluation. The results
demonstrate significant reductions in vibration amplitudes, validating the effectiveness of the TMD design. This
approach not only improves the dynamic response of tall buildings but also enhances their overall safety and
longevity. The study underscores the importance of advanced computational tools in the design and
construction of effective TMD systems for modern high-rise structures.

Keywords: Analysis, TMD, Wind & Seismic Loads, E-Tabs Analyzing Of Loads.

I. INTRODUCTION

The design and construction of Tuned Mass Dampers (TMDs) for tall structures represent a sophisticated
approach to mitigating dynamic responses induced by wind and seismic forces. Tall structures, such as
skyscrapers and towers, are inherently susceptible to vibrations caused by environmental loads, posing
challenges to their structural integrity, occupant comfort, and overall safety. In response to these challenges,
engineers have developed advanced technologies, including TMDs, to effectively dampen vibrations and
enhance the performance of tall buildings.

This paper endeavours to delve into the realm of advanced civil engineering design and construction of tunnel
mass Dampers for tall structures, with a specific focus on leveraging ETABS software for comprehensive
structural analysis and optimization. Through a multidisciplinary exploration of engineering principles,
computational techniques, and real-world case studies, we aim to elucidate the intricate interplay between
theory and practice in the realm of TMD design. By elucidating the design considerations, construction
methodologies, and performance optimization strategies associated with TMDs, this paper seeks to provide
valuable insights and practical guidance for engineers, architects, and stakeholders engaged in the development
of tall buildings and other dynamic structures.

Through a combination of theoretical insights, practical examples, and hands-on simulations using E-TABS, this
study aims to provide a comprehensive overview of the design and construction of TMDs for tall structures. By
understanding the underlying principles and leveraging advanced engineering software, engineers can
effectively mitigate dynamic vibrations, enhance structural resilience, and push the boundaries of tall building
design to new heights.
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II. METHODOLOGY
2.1 INITIAL ASSESSMENT AND ANALYSIS:

The initial assessment and analysis of a Tuned Mass Damper (TMD) for tall structures using ETABS software
involves several critical steps to understand the dynamic response of the structure and determine the
requirements for effective vibration control. Firstly, the structural model of the tall building is developed within
the ETABS platform, incorporating geometric details, material properties, and loading conditions. ETABS
enables engineers to simulate the behaviour of the structure under various dynamic loading scenarios,
including wind, seismic, and harmonic excitations. Through advanced analysis capabilities such as modal
analysis, ETABS identifies the natural frequencies, mode shapes, and modal masses of the structure, providing
essential insights into its dynamic characteristics.

2.2 IDENTIFICATION OF CRITICAL MODES:

Identifying critical modes of a Tuned Mass Damper (TMD) for tall structures using ETABS involves a thorough
analysis of the building's dynamic response to various loading conditions. ETABS, as a powerful structural
analysis software, facilitates this process by allowing engineers to model the structure and simulate its
behaviour under different scenarios.

Firstly, engineers conduct a modal analysis using ETABS to determine the structure's natural frequencies and
mode shapes. These critical modes represent the modes of vibration at which the structure is most susceptible
to excessive displacement or acceleration. ETABS provides detailed information about these modes, including
their frequencies and corresponding mode shapes, which are essential for identifying the modes that require
mitigation through TMD.

2.3 TMD SIZING AND DESIGN:

In the advanced civil engineering practice of Tuned Mass Damper (TMD) sizing and design for tall structures
using ETABS software, a systematic approach is employed to achieve optimal vibration control and dynamic
stability. Initially, a detailed structural analysis of the tall structure is conducted using ETABS to determine its
dynamic response characteristics, including natural frequencies, mode shapes, and modal masses.

2.4 MODELING TMD IN ETABS:

Modelling Tuned Mass Dampers (TMDs) in ETABS involves integrating additional mass, stiffness, and damping
elements into the structural model to simulate the dynamic behaviour of the TMD system accurately. In ETABS,
TMDs are typically represented as discrete masses connected to the main structure through spring-damper
elements. The mass of the TMD is determined based on the desired level of vibration control and the dynamic
characteristics of the structure, while the stiffness and damping properties are designed to resonate with the
critical frequencies of the structure's vibration modes. Engineers use the ETABS graphical user interface to
define the TMD properties, including mass, stiffness, damping ratios, and attachment locations, and incorporate
them into the finite element model of the tall structure.

III. STRUCTURAL DYNAMICS & FUNDAMENTALS OF VIBRATION
3.1 STRUCTURAL DYNAMICS PRINCIPLES:

Structural dynamics principles involve analyzing the dynamic response of the structure to various external
forces, such as wind, earthquakes, and human activities. This analysis helps identify critical vibration modes
and frequencies that need to be addressed by the TMD.

Analyzing the dynamic response of structures to external loads, including natural frequencies, mode shapes,
and dynamic amplification factors. ETABS facilitates dynamic analysis by simulating the behaviour of structures
under various loading conditions, allowing engineers to assess the effectiveness of TMDs in reducing structural
vibrations.

Through modal analysis and response spectrum analysis, ETABS provides valuable insights into the dynamic
behaviour of structures and helps identify critical vibration modes that require suppression using TMD
systems.

Tuned Mass Dampers are passive vibration control devices designed to reduce the amplitude of structural
vibrations by introducing an auxiliary mass-spring-damper system tuned to the natural frequency of the
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structure. The principles underlying TMD operation involve the synchronization of the TMD's natural
frequency with the dominant vibration modes of the structure, thereby inducing damping effects that
counteract excessive oscillations. Modal analysis is instrumental in determining the optimal parameters of
TMDs, including mass, stiffness, and damping coefficients, to achieve effective vibration mitigation while
minimizing adverse effects on the structure's dynamic response.

3.2 FREQUENCY TUNING:

TMDs are tuned to resonate at specific frequencies corresponding to the dominant vibration modes of the
structure. Structural dynamics principles are used to calculate the TMD's optimal mass, stiffness, and damping
properties to achieve resonance at the desired frequencies.

Frequency tuning is a critical aspect of optimizing the performance of Tuned Mass Dampers (TMDs) in
mitigating structural vibrations in civil engineering structures. The effectiveness of a TMD relies on its ability to
resonate at or near the natural frequency of the structure's dominant vibration mode.

Frequency tuning involves adjusting the properties of the TMD, such as its mass, stiffness, and damping, to
match the target vibration frequency of the structure.

By synchronizing the natural frequency of the TMD with that of the structure, the TMD can efficiently absorb
and dissipate energy, thereby reducing the amplitude of structural vibrations.
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Fig 3.1: Isolation of structural dynamics & frequency
3.3 FUNDAMENTALS OF VIBRATION:

The basic concept of vibration for Tuned Mass Dampers (TMDs) revolves around the principle of resonance and
energy dissipation. When a structure is subjected to dynamic loads, such as wind gusts or seismic waves, it can
undergo vibrations that may lead to discomfort for occupants, structural damage, or even collapse in extreme
cases. TMDs are passive damping devices designed to reduce these vibrations by introducing an auxiliary mass-
spring-damper system tuned to the structure's natural frequency.

The key components of a TMD include a mass, a spring, and a damping element. The mass is typically
suspended within the structure and connected to it via the spring and damping element. When the structure
vibrates, energy is transferred to the TMD, causing the mass to oscillate. By tuning the natural frequency of the
TMD to match that of the structure's dominant vibration mode, the TMD resonates with the structure,
effectively absorbing and dissipating energy.
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Fig 3.2: Type of free vibrations
IV. DESIGN CONSIDERATION & MATHEMATICAL MODELING & ANALYTICAL
METHODS FOR TMD
4.1 METHOD OF ANALYSIS:
There are different methods of analysis which provide different degrees of accuracy[3]. The analysis processcan
be categorized based on three factors: the type of externally applied loads, the behaviour of structure or

structural materials, and the type of structural model selected. Based on the type of external action and
behaviour of the structure, the analysis can be further classified as given below

(1) Linear static analysis

1.1 Equivalent static method

(2)Linear dynamic analysis

2.1 Response spectrum method

2.2 Elastic time history method

(3)Nonlinear static analysis

3.1 Push over analysis

(4) Nonlinear dynamic analysis

4.1 Inelastic time history method

Linear static analysis can only be used for regular structures with limited height [3]. Linear dynamic analysis can
be performed in two ways either by the response spectrum method or elastic time history method. This
analysis will produce the higher modes of vibration and actual distribution of forces in the elastic range in a
better way. Nonlinear static analysis is an improvement over linearstatic or dynamic analysis in the sense that it
allows the inelastic behaviour of the structure. Inelastic time history analysis is the only method to describe the

actual behaviour of the structure during an earthquake. Among all these methods we use the Time history
method for analysis.

4.2 PENDULUM TUNED MASS DAMPER:

The problems associated with the bearings can be eliminated by supporting the mass with cables which allow
the system to behave as a pendulum [1,2], Figure 1 (a) showsa simple pendulum attached to a floor. Movement of
the floorexcites the pendulum. The relative motion of the pendulumproduces a horizontal force that opposes the

floor motion. This action can be represented by an equivalent SDOF system that is attached to the floor, as
indicated in Figure 1(b).
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Fig 4.1: A simple pendulum tuned mass damper [1,2] natural period of the pendulum is given by

B
Ve
The above equations are taken from the book “Introduction toStructural Motion Control” by Jerome ]. Cannor
4.3 TIME HISTORY ANALYSIS:
The time history analysis technique represents the most sophisticated method of dynamic analysis for
buildings [4]. In this method, the mathematical model of the building is subjected to accelerations from
earthquake records that represent the expected earthquake at the base of the structure. This method consists of
a step-by-step direct integration over a time interval the equation of motion is solved with the displacements,

T,=2m

velocities and accelerations of the previous step serving as the initial function.
4.4 DESIGN OF TUNED MASS DAMPER:
PROBLEM STATEMENT:

Multie-storied buildings are modelled using concrete beams, columns, slabs, infill walls and stairs. These
buildingswere given H-shaped geometry with plan dimensions of 21.2 m X 28.4 m. They are loaded with Dead,
Live and Seismic Forces [according to IS: 1893(Part 1):2002]. These models are then analyzed using the time
history method for earthquake zone V of India (Zone Factor = 0.36). The details of the modelled building are
listed below. Modal damping of 5% isconsidered with SMRF (Response Reduction Factor, R=5) and Importance
Factor (I) =1. The performance of the models is recorded through ETABS to present a brief idea about the role
of a tuned mass damper in protecting thestructure against earthquake hazards.

The steps involved in the design of TMD are as follows:

STEP 1: Lumped mass calculation of various floor levelsAt roof level:

Weight of slab = 4(25x8.6x14.2x0.15) +25x4x3x0.15 =1876.8 kN

Weight of beam = 25x0.3x0.5[4(4x8.4+14.1x2+6.8)+4.2x2+3.2] = 1072.5 kN

35
Weight of column = 50(25x0.3x0.6x—) = 393.75 kN
35
Weight of wall = 4[18 x0.2(3x8.4+2x12.5+1.6 +6.8 +2x4.2)x — =1688.4 kKN

Weight of staircase =25(0.5%0.3x0.14x1.5%24+1x3x0.14+7%x1.5x0.15)x0.5 = 34.38 kN
Weight of structure at roof level (Ws)

= weight of slab + weight of beam + weight ofcolumn +weight of wall + weight of staircase
=1876.8 + 1072.25 + 393.75 + 1688.4 + 34.38 = 5065.58 kN

Mass of structure at floor level (Mg)

w

=——=516.36 tonne Mg
5,81

For other stories
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Mi=M,=M, =M, =M= M, ==M, - Mg

Weight of slab = 4(25x8.6x14.2x0.15) +25x4x3x0.15 =1876.8 KN

Weight of beam =25x0.3x0.5[4(4x8.4+14.1x2+6.8)+4.2x2+3.2] = 1072.5 kN
Weight of column =50(25x0.3x0.6x 3.5) =787.5 kN

Weight of wall = 4[18 x0.2(3x8.4+2x12.5+1.6 +6.8 +2x4.2)x3.5 = 3376.8 kN
Weight of staircase =25(0.5x0.3x0.14x1.5x24+1x3x0.14+7x1.5x0.15) = 68.76 kN
Weight of floor finish = (8.6x14.2x4+4x3) = 500.48 kN

Live load = 3(8.6x14.2x4+4x3)0.25 = 375.36 kN

Weight of structure for other stories ( ) Wy

= weight of slab + weight of beam + weight of column + weight of wall +  weight of staircase
= 1876.8 + 1072.25 + 787.5 + 3376.8+ 68.76 +500.48 + 375.36 = 8058.2 kN
Mass of structure for other stories () M,

" 5e1
The earthquake forces shall be calculated for the fulldead load plus the percentage of imposed load as given in
Table 8 of IS 1893 (Part 1): 2002. The imposed load on the Roof is assumed to be zero. 25 % of the imposed load, if
theimposed loadis up to 3 kN/m?

STEP 2: Determination of fundamental natural period

=516.36 tonne Ml

The approximate fundamental natural period of a vibration (T_{a}) in seconds, of all other buildings, including
moment resisting frame buildings with brick infill panels, may be estimated by the empirical expression.
h
=0.09 x—=
Wd T
Where h = height ofabuilding in meters and

d=base dimension of the building at the plinth/ground level in meters along the considered direction of the
lateral force. SO

31.
=0.09 x 1&5&0.616 second and

59
v2l.2

312 0532 seconds.
VIEF

ay

=0.09 x

STEP 3: Total Lateral stiffness of each story
k{1} =k {2} =k {3} =k {4} =k {5} =k {6} =k {7} =k {8} =k {9}

12E 12E
=30x(J )1 +20 x(z )12 =k

E = 5000+ f.;; = 500025 = 25000 mpa

0.3%0.6% 0.6x% 0.3%
1 =——=0.0054m4 and I2 = —— = 0.00135 m4

12 12
and L =3.5m, Sovalue of k= 1.32 x10° kN,/m

STEP 4: Calculation of Eigen values and Eigen vectors
Mass matrix (M)
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(82142 0 0 0 0 0 0 0 o |
0 82142 0 0 0 0 0 0 0
] ] 821.42 0 0 0 0 0 0
0 ] 0 821.42 0 0 0 0 0
] ] ] ] 82142 ] ] ] il

N 0 ] 0 0 0 821.42 0 0 o B

0 0 0 0 0 0 82142 0 0
0 ] i) i) i) i) i) 82142 0
0 ] 0 0 0 0 0 0 B21.42

Stiffness matrix(K)
=2k =2.64 X 10% kN/m

' 264 <132 ] 0 0 (1) 0 0 (o}
132 264 132 0 1] (1] o o 0
0 -132 264 -1.32 o0 o o o 0
0 o 132 264 132 o 0 0 )
1 0 0 o 132 2.64 134 1] o o L

0 0 0 0 132 2 64 1.64 0 0

0 0 0 0 0 132 2.64 132 o

0 0 0 0 4] o 132 264 132

0 0 0 0 0 ] 0 132 132

By solving the above equation, Eigen values and naturalfrequencies of various modes are
80 ]
2046

34

w = 591
6280
774
769

7932

The quantity of CUZ,- ,is called the £ " Eigen value of the matrix [3]. Each natural frequency ( )fﬁ‘hthe system
has a corresponding Eigen vector (mode shape), which is denoted

by (¢;) the mode shape corresponding to each natural
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frequency is determined from the equations.
[Mw®; +K] §;=0
Solving the above equation, modal vectors (Eigen vectors), mode shapes and natural periods under different

modes are [23]

Eigen vectors { b}

{DP}={D1 D2 D3 D4 P5 P6 ©7 D8 P9 }

—0077 0222 -0341 -0419 -0449 0426 0356 0249 0.124 |

-0.152 -0386 -0.445 -0.024 -0.024 0264 -0428 -0411 -0.238
-0.222 -0450 -0240 0202 0447 0.266 0.159 0429 0332
-0.286 -03%  0.132 0447 0049 -0424 0237 -0297 -0240
-0.341 -0240 0412 0121 -0445 -0006 -0443 0.061 0430
-0.386 -0.020 0406 -0360 -0.073 0428 0297 0196 -0313
-0.420 0204 0118 -0380 0441 -0256 0087 -0385 0.386

-0.442 0375 -0252 0.087 0.097 -0271 -0401 0439 -0313

-0.450 0449 -0477 0433 -0435 0422 039 -0339 0214

The corresponding modal mass, stiffness and damping terms are
Model mass: 1} = gbiqubi

All values are in tonne

1 2 3 4 5
759.65 | 759.93 760.55 761.67 763.63
6 7 8 9
767.12 | 773.68 786.40 807.39
Model stiffness:All values are in 10% kN/m
1 2 3 4 5

0.0361 0.3181 0.8489 1.5662 2.3874

lz s lz 7 les lzo
3.2208 3.9820 4.6126 5.0804

Model damping: C=aK

Where a = z_f is the structural damping ratio of the primary

ot

Mass and {3 is natural frequency corresponding to the fundamental time period calculated in step 2
along aparticular direction.we have

f=1/Tand @2 =2TL fsof, =1.623and f,=1.88,
0z 0.0098 and o, =0.0085, Wehave =@, C®; ¢
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All valuesarein 10 x 6 KN - s/m

Along x- direction

Table 4.1: Summary of above calculation for initial 4 modeswith assumed mass ratio 3%

Mode 1 2 3 4
£ 0.947 0.913 0.871 0.819
opt
0.11 0.121 0.130 0.138
Ednpt
112.5 112.58 114.192 114.36
My
k 4788.3 | 39270.5 96699 157737
d
c 161.47 508.93 864 1172.3
d

Similarly, damping parameters are calculated for varying mass ratios 3.25, 3.5, 3.75, 4 and 4.5% for mode 1 so
that wecan show the effect of of mass variation on analysis. Parameters obtain are as follows:

Table 4.2: Summary of above calculation of damping parameters for 15t mode with different mass ratio, that

willbe required as an input for modelling are as follows:

s i 3% 3.25% 3.50% 3.75% 4% 450%

fopt 0.947 0.944 0.94 0.937 0.934 0.927

Sdopt 0.11 0.115 0.12 0.124 0.127 0.135
my 1125 121919 | 131298 | 140676 | 150054 168811
k d- 47883 5156883 | 5513276 | 5864526 | 6210716 | 6888.244
4 161.47 183.112 | 203463 | 224392 | 245868 | 290343

4.5 MODELLING IN ETABS:
Description of Models:

Model 1 = Time History Analysis without tuned massdamper

Model 2 = Time History Analysis with tuned mass damperfor mass ratio 3%

(1)For mode 1 (2) For mode 2 (3) For mode 3

Model 3 = Time History Analysis with tuned massdamper for mode 1 with mass ratio:

(1)3% (2)3.25% (3)3.5% (4)3.75% 5)4% (6)4.5%

All other parameters required for modelling are taken fromTables 1, 2 and 3.

www.irjmets.com

@International Research Journal of Modernization in Engineering, Technology and Science

[10016]


http://www.irjmets.com/

TRJ TS

e-ISSN: 2582-5208
International Research Journal of Modernization in Engineering Technology and Science

( Peer-Reviewed, Open Access, Fully Refereed International Journal )
Volume:06/lIssue:05/May-2024 Impact Factor- 7.868 WwWw.irjmets.com

B 8 8

s D2(M) g 0.2 m A2 (M) 52 (m

oy
3

o L (LTV 0
o) tu

B &
=2
-

AT

& T Syl
w» ! =
-
£
] s
o =¥
ks st
;i =
=
[\ P
n Z
- [=:] [ I ] BL"E m i ] o s
Fig. 4.2: Plan view of building model Fig. 4.3: Left elevation view of buildingmodel
g 8 5 8 8 8 o
Starys
siary7
Starys
siarys
Staryd
siary3
stary2
stary
(=] (=] =n] =x] =] =x] Base
Fig. 4.4: Front elevation view of buildingmodel Fig. 4.5: Isometric view of building model

V. NUMERICAL SIMULATION & EXPERIMENTAL VALIDATION

5.1 NUMERICAL SIMULATION:

Finite Element Analysis (FEA) is a powerful computational technique widely used in civil engineering for
simulating the behaviour of structures under various loading conditions. In the context of Tuned Mass Dampers
(TMDs), FEA plays a crucial role in the numerical simulation of TMD systems to optimize their design and
performance. This essay explores the application of FEA in simulating TMDs, highlighting its significance in
understanding the dynamic response of structures and optimizing TMD parameters for effective vibration
mitigation.
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5.2 EXPERIMENTAL VALIDATION:

Physical testing serves as a critical validation tool for TMDs, allowing engineers to assess their performance
under actual operating conditions and verify the accuracy of computational predictions. By subjecting TMD
systems to controlled laboratory experiments or field tests, engineers can evaluate factors such as damping
effectiveness, resonance characteristics, and dynamic response under varying loading scenarios. Experimental
validation provides empirical data that supplements theoretical analyses, offering insights into complex
phenomena such as nonlinear behavior, environmental effects, and structural interactions that may not be fully
captured by computational models alone.

5.3 MODAL TESTING:

Modal testing plays a crucial role in the experimental validation of TMD performance by assessing its
effectiveness in reducing structural vibrations. By comparing the modal parameters of the structure with and
without the TMD installed, engineers can evaluate the damping efficiency and resonance characteristics of the
TMD system. Experimental modal analysis allows for direct observation of the TMD's impact on the structure's
dynamic response, providing empirical evidence of its vibration mitigation capabilities. Additionally, modal
testing facilitates the optimization of TMD design parameters, such as mass, stiffness, and damping coefficients,
to achieve optimal performance and resonance tuning.

The integration of modal testing with TMD experimentation offers several benefits, including:
e Validation of numerical models and simulation results.

o Identification of critical vibration modes for TMD tuning.

e Assessment of TMD performance under real-world dynamic loads.

e Optimization of TMD design parameters for maximum effectiveness.

e Enhanced understanding of structural dynamics and vibration control strategies.

Modal testing in experimental validation for TMDs finds applications in various engineering domains, including
building design, bridge engineering, and aerospace structures. By providing empirical validation of TMD
performance and facilitating iterative design improvements, modal testing contributes to the development of
robust and efficient vibration control solutions, ultimately enhancing the safety, comfort, and longevity of civil
engineering structures.

VI. APPLICATIONS CHALLENGES & LIMITATION
6.1 APPLICATIONS OF TMDS:

TMDs find applications in a wide range of civil engineering structures, including skyscrapers, bridges, stadiums,
and industrial facilities. In tall buildings, TMDs are installed to reduce wind-induced vibrations and enhance
occupant comfort. Bridges utilize TMDs to mitigate vibrations induced by vehicular traffic and pedestrian
activities. TMDs are also employed in earthquake-prone regions to dampen seismic vibrations and improve
structural resilience. Furthermore, TMDs have been utilized in unique applications such as suppressing
vibrations in machinery and equipment in industrial settings.

6.2 CHALLENGES IN TMD IMPLEMENTATION:

Designing and implementing TMD systems require a deep understanding of structural dynamics, including
modal analysis, resonance phenomena, and damping mechanisms. Engineers must accurately characterize the
dynamic behavior of the structure and tailor the TMD parameters to match the specific vibration frequencies
and modes. The complexity of TMD implementation increases with the size, shape, and dynamic characteristics
of the structure, necessitating advanced computational tools and expertise in structural engineering.

6.3 LIMITATIONS OF TMDS:

While TMDs offer effective damping of specific vibration modes, they may not address all dynamic response
issues in a structure. TMDs are typically designed to target specific vibration frequencies, and their
effectiveness diminishes outside of their tuned frequency range. Moreover, TMDs may introduce additional
structural complexity and weight, which can impact construction costs and structural design. In some cases,
TMDs may not be suitable for structures with highly variable or unpredictable dynamic loads, limiting their
applicability in certain scenarios.
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VII. CASE STUDIES ON TMD
7.1 TAIPEI 101 SKYSCRAPER SYSTEM:

The Taipei 101 skyscraper, located in Taipei, Taiwan, is renowned for its innovative design and engineering
solutions, including its Tuned Mass Damper (TMD) system. Completed in 2004, Taipei 101 held the title of the
world's tallest building until 2010 and remains an iconic symbol of modern architecture and engineering
prowess. The TMD system installed within Taipei 101 is one of the most notable features of the building's
structural design.

The Taipei 101 TMD, also known as the "Damper Baby," is the largest and heaviest passive mass damper in the
world. It is located near the top of the skyscraper, between the 87th and 91st floors, and is visible to visitors
through an observation deck. The TMD consists of a massive steel pendulum weighing 660 metric tons (730
short tons) suspended from cables and surrounded by hydraulic dampers.

The primary purpose of the Taipei 101 TMD is to mitigate the building's sway caused by wind forces and
seismic activity, common occurrences in the region. By counteracting the lateral movement of the building, the
TMD enhances occupant comfort, reduces structural fatigue, and ensures the stability and safety of the
skyscraper during extreme weather events or seismic disturbances.

Fig 7.1: Taipei 101 TMD projected view
7.2 MILLENNIUM BRIDGE TMD RETROFIT:

The Millennium Bridge, spanning the River Thames in London, England, is an iconic pedestrian suspension
bridge known for its elegant design and modern architecture. However, shortly after its opening in 2000, the
bridge gained notoriety for an unexpected phenomenon: lateral swaying or "wobbling" of the structure when
pedestrians walked across it. This unexpected movement raised safety concerns and prompted the
implementation of a retrofit solution involving a Tuned Mass Damper (TMD) system.

The lateral swaying of the Millennium Bridge was attributed to a phenomenon known as synchronous lateral
excitation, where the natural walking rhythm of pedestrians synchronized with the natural frequency of the
bridge, causing amplified vibrations. This resonance phenomenon resulted in uncomfortable vibrations for
pedestrians and raised questions about the structural integrity of the bridge.

Metal Beliows Seal
- Damper Head with Orifices

" Piston Rod
" Crossover Ports

Labyrinth Bushing

Fig 7.2: Working Principle Of Millennium Bridge Tmd
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The installation of the TMD system on the Millennium Bridge represented a pioneering application of structural
damping technology in retrofitting an existing structure to improve its dynamic performance. The retrofit
solution required careful planning, precise engineering calculations, and innovative construction techniques to
integrate the TMD seamlessly into the bridge's existing infrastructure without compromising its architectural
integrity.

Fig 7.3: London Millennium Bridge View
VIII. ADVANCED TECHNOLOGY & SAFETY CONSIDERATION & REGULATORY

REQUIRMENT & STANDARDS IN TMD

In the realm of structural engineering, the integration of advanced technology and safety considerations in the
design and implementation of Tuned Mass Dampers (TMDs) is paramount to ensuring the resilience and
stability of civil engineering structures. TMDs serve as passive damping devices that mitigate structural
vibrations induced by dynamic loads such as wind, seismic activity, and human activities. Incorporating
advanced technology and adhering to stringent safety regulations and standards are essential for optimizing
the performance and reliability of TMD systems while ensuring the safety of occupants and the surrounding
environment.

8.1 ADVANCED TECHNOLOGY IN TMDS:

Advanced technology plays a crucial role in the design, optimization, and monitoring of TMD systems. Finite
element analysis (FEA) and computational fluid dynamics (CFD) simulations enable engineers to model and
analyze the dynamic behavior of structures subjected to various loading conditions. These simulations facilitate
the accurate prediction of structural responses and help optimize the parameters of TMDs, including mass,
stiffness, and damping coefficients, to achieve effective vibration mitigation. Additionally, advanced materials
such as high-performance steel alloys and damping materials with superior energy dissipation properties
enhance the performance and longevity of TMDs. Furthermore, the integration of smart sensors and real-time
monitoring systems enables continuous assessment of structural vibrations and TMD performance, allowing for
proactive maintenance and optimization.

One notable advancement in TMD technology is the integration of smart sensors and real-time monitoring
systems. Traditional TMDs operate based on predetermined parameters and are passive. However, by
incorporating sensors that measure structural vibrations and environmental conditions, modern TMDs can
dynamically adjust their damping characteristics in response to changing conditions. Real-time monitoring
systems collect data on structural behaviour, allowing engineers to optimize TMD performance, detect
anomalies, and predict maintenance needs more accurately.
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Fig 8.1: Viscoelastic Tuned Mass Dampers
8.2 SAFETY CONSIDERATIONS IN TMDS:

Safety considerations are paramount in the design, installation, and operation of TMD systems to ensure the
protection of occupants, nearby structures, and the environment. Structural engineers must conduct
comprehensive risk assessments and structural analyses to identify potential hazards and mitigate risks
associated with TMD implementation. Proper anchorage and structural support are essential to prevent TMD
failure or detachment during extreme loading events. Moreover, structural redundancy and fail-safe
mechanisms should be incorporated into TMD designs to maintain structural integrity and stability in the event
of TMD malfunction or unexpected loads. Additionally, regular inspection, maintenance, and structural health
monitoring programs are essential to detect any signs of deterioration or performance degradation in TMD
systems and address them promptly to prevent catastrophic failures.

8.3 REGULATORY REQUIREMENTS AND STANDARDS:

TMD design and implementation must comply with stringent regulatory requirements and industry standards
to ensure public safety and regulatory compliance. National and international building codes, such as the
International Building Code (IBC), Eurocode, and local building regulations, provide guidelines and
requirements for the design, installation, and inspection of TMD systems. These regulations specify criteria for
structural stability, load capacity, seismic resistance, and dynamic performance, among others, which TMD
systems must meet to obtain regulatory approval. Additionally, industry standards established by organizations
such as the American Society of Civil Engineers (ASCE), International Organization for Standardization (ISO),
and Building Seismic Safety Council (BSSC) provide further guidance and best practices for TMD design and
implementation, ensuring consistency and quality across projects.

8.4 BUILDING CODES AND REGULATIONS:

Building codes and regulations set forth by national and local authorities establish the minimum requirements
for structural design, including provisions for dynamic analysis and vibration control. These codes often include
guidelines for wind and seismic design, which may necessitate the installation of TMDs in tall or slender
structures to ensure compliance with safety standards.

8.5 INTERNATIONAL STANDARDS:

International organizations such as the International Organization for Standardization (ISO) and the American
Society of Civil Engineers (ASCE) develop standards and guidelines for structural dynamics and vibration
control. Standards such as ISO 10137:2017 on dynamic testing of structures and ASCE 7-16 on minimum design
loads for buildings and other structures provide valuable guidance on TMD design, testing, and implementation.
8.6 PERFORMANCE CRITERIA:

Regulatory re ration mitigation. These criteria may include maximum allowable displacement, acceleration, or
deflection levels under specified loading conditions. Compliance with performance criteria is typically assessed
through dynamic analysis, laboratory testing, or field measurements quirements often specify performance
criteria that TMD systems must meet to ensure effective vibration.
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8.7 MATERIAL AND MANUFACTURING STANDARDS:

TMD components, such as damping devices and structural elements, must meet relevant material and
manufacturing standards to ensure quality, reliability, and durability. Standards organizations such as ASTM
International and the European Committee for Standardization (CEN) provide specifications for materials,
fabrication methods, and quality control processes applicable to TMD components.

IX. PROJECT MANAGEMENT & IMPLEMENTATION IN TMD
9.1 PROJECT PLANNING AND FEASIBILITY ASSESSMENT:

The project management process begins with thorough planning and feasibility assessment. This involves
evaluating the structural dynamics of the project site, identifying potential vibration issues, and determining
the suitability of TMDs as a mitigation solution. Project managers collaborate with structural engineers and
stakeholders to define project goals, establish timelines, and allocate resources effectively.

9.2 ENGINEERING DESIGN AND ANALYSIS:

Once the feasibility of TMD implementation is confirmed, detailed engineering design and analysis are
conducted. This phase involves determining the optimal location, size, and configuration of TMDs based on
structural dynamics simulations, finite element analysis (FEA), and wind tunnel testing. Project managers
coordinate with multidisciplinary teams to ensure that TMD designs meet performance requirements and
regulatory standards.

9.3 PROCUREMENT AND SUPPLY CHAIN MANAGEMENT:

Project managers oversee the procurement process, including sourcing TMD components, selecting suppliers,
and negotiating contracts. They manage the supply chain to ensure timely delivery of materials and equipment
while maintaining quality control and cost-effectiveness. Effective procurement and supply chain management
are critical for avoiding delays and budget overruns in TMD projects.

9.4 CONSTRUCTION AND INSTALLATION:

During the construction phase, project managers coordinate site preparation, TMD installation, and
commissioning activities. They oversee construction contractors, monitor progress, and address any technical
challenges or safety issues that arise. Close collaboration between project managers, contractors, and
subcontractors is essential to ensure the successful implementation of TMDs within the project timeline and
budget.

9.5 TESTING, COMMISSIONING, AND PERFORMANCE EVALUATION:

Once TMDs are installed, project managers oversee testing, commissioning, and performance evaluation
procedures. This involves conducting dynamic testing to verify TMD effectiveness, fine-tuning TMD parameters
as needed, and assessing overall vibration reduction performance. Project managers liaise with structural
engineers and stakeholders to ensure that TMDs meet performance expectations and regulatory requirements.
9.6 OPERATION AND MAINTENANCE:

After TMDs are operational, project managers oversee ongoing operation and maintenance activities to ensure
continued effectiveness and reliability. This includes regular inspections, monitoring of TMD performance, and
preventive maintenance measures. Project managers develop maintenance schedules, coordinate maintenance
crews, and manage documentation to track TMD performance over time.

X. RESULT & DISCUSSION
10.1 STOREY DISPLACEMENT:
To determine story displacement time history analysis in x and y direction are to be done of a building without
TMD and also with TMD for a particular mode and graph plotted to compare the reduction in responses for
different modes also for different mass ratio peak story displacement are determine and graph also plotted for
them to show the effect of mass variation.
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Table 10.1: Displacement from time history analysis in x direction when mode 1 parameters are used from

design of TMD.
Elevation Without TMD With TMD
Story
m mm mm
Story 9 315 156.72 69.907
Story 8 28 149.77 25.288
Story 7 24.5 140.29 37.924
Story 6 21 127.37 45.517
Story 5 17.5 110.88 47.771
Story 4 14 93.5 46.604
Story 3 10.5 71.09 39.278
Story 2 7 44.63 26.77
Story 1 3.5 17.31 11.086

Table 10.1 and figure 10.1 show that when TMD is installed reduction in response occurs and it also shows that
percentage response reduction is maximum nearer to the story where TMD is installed.
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Fig 10.1: Story displacement for THX using mode 1parameters

Table 10.2: Displacement from time history analysis in x direction when mode 2 parameters are used from

designof TMD.
Elevation Without TMD With TMD
Story

m mm mm
Story 9 31.5 156.72 79.702
Story 8 28 149.77 67.81
Story 7 24.5 140.29 51.459
Story 6 21 127.37 43.6
Story 5 17.5 110.88 33.221
Story 4 14 93.5 17.905
Story 3 10.5 71.09 54.458
Story 2 7 44.63 1.556
Story 1 3.5 17.31 0.966
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Table 10.2 and figure 10.2 shows that when TMD installed reduction in response occurs and it also shows that
percentage response reduction is maximum nearer to the story where TMD is installed.
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Fig 10.2: Story displacement for THX using mode 2parameters

Table 10.3: Displacement from time history analysis in x direction when mode 3 parameters are used from

140

[
P
(=2

3

Displacement in mm
[=)]
(=]

designof TMD
Elevation Without TMD With TMD
Story

m mm mm
Story 9 315 156.72 48.194
Story 8 28 149.77 25.308
Story 7 24.5 140.29 37.94
Story 6 21 127.37 45.524
Story 5 17.5 110.88 47.775
Story 4 14 93.5 46.634
Story 3 10.5 71.09 39.259
Story 2 7 44.63 26.63
Story 1 35 17.31 11.06
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Fig 10.3: Story displacement for THX using mode 3parameters

Table 10.3 and Figure 10.3 show that when TMD is installed reduction in response occurs and it also
shows that percentage response reduction is the maximum nearer to the story where TMD is installed.
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Similarly, time history analysis in the y direction was also done to compare the above conclusion. From
analysis, we find similar results in the y direction also.
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Fig 10.4: Comparative story displacements for THX usingdifferent modes parameter
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Fig 10.5: Comparative story displacements for THY usingdifferent modes parameter

Summary of the effect of TMD parameters used in the initial three modes are also compared through figures
10.7 and 10.8 shownin x and y both directions respectively, It shows that when TMD is installed reduction in
response occurs and it alsoshows that percentage response reduction is maximumalways nearer to the story
where TMD is installed.

Table 10.4:
mass ratio Peak Displacement
% - story number
3 81.168 9
3.25 71.937 9
3.5 57.54 9
3.75 53.394 9
4 56.495 9
4.5 90.896 9
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Fig 10.6: Story displacement for different mass ratio

Above table and figure shows that as mass ratio increases percentage response reduction increases upto certain
limit after then percentage response reduction decreases again and these variations are small in magnitude
because time period of TMD independent on mass of damper but itscauses small changes in overall structural
time period by increasing mass of damper that’'s why small variation occurs.

Table 10.5: Damping parameters fﬂ,pt and Edgpt calculatedfor different mass ratio

Massratio 3% 3.25% 3.5% 3.75% 4% 4.5%
£ 0.947 0.944 0.940 0.937 0.934 0.927
opt

0.11 0.115 0.120 0.124 0.127 0.135
gdnpt

095
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2 pod
B
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3
g 0.93

0.925 |
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Fig 10.7: Variation in frequency ratio for different massratio
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Fig 10.8: Variation in damping ratio for different massratio
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The above table and figure show that when the mass ratio increases corresponding frequency ratio decreases
and the damping ratio increases.

XI. CONCLUSION

e Percentage response reduction is maximum to nearer stories where tuned mass damper is installed.

e Conclusion has been made that the maximum frequency ratio of PTMD decreases with increasing mass ratio
and the effectiveness increases with the increase in mass ratio. With the increase in the mass ratio, the peak
displacement decreases up to a particular mass ratio and again it increases with the further increment of
mass ratio.

e Ingeneral, the optimal TMD has a lower tuning frequency and higher damping ratio with an increasing mass
ratio.

e It is observed that, after using damper optimum reduction is occurring at a frequency ratio nearer to the
point of resonance. That is when the frequency ratio becomes nearer to unity. It is more effective in reducing
thedisplacement responses of structures when tuned toafundamental frequency of the structure.

e From this study, it can be concluded that a properly designed TMD with efficient design parameters such as
massratio, and frequency ratio is considered to be a very effective device to reduce the structural response.
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