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ABSTRACT

In the recent years, great attention has been given to research on and improve structural control
devices, with particular focus on mitigation of wind and seismic response of structures. Tuned
mass dampers (TMDs) are widely used in mitigation of wind and seismic response of the
structures. In this study, the wind and seismic response control of the buildings, chimneys, and
bridges installed with the TMDs are investigated. The modal frequencies and mode shapes of the
buildings are determined for optimal placement of the TMDs. The TMD(s) is (are) placed where
the mode shape amplitude of the buildings is largest or larger. The study is divided into three
phases, wherein, the wind response control of tall buildings is focus of the first phase. In case of
wind response control, a benchmark building is modeled with one lateral degree-of-freedom at
each floor. The performance of single tuned mass damper (STMD) installed at the top floor of
the benchmark building is compared with the STMD installed at different floors (locations) of
the building. In each location, the STMD is tuned to the first few modal frequencies
(subsequently). Placement, tuning frequencies, mass and damping ratios of the devices, are the
parameters investigated to compare the effectiveness of these different STMD schemes.
Afterwards, the multi-mode control strategy has been adopted; wherein, each TMD is placed
where the mode shape amplitude of the building is the largest or larger in the particular mode
being controlled and it is tuned with the corresponding modal frequency. The first five modes are
controlled based on predetermined mass participation criterion. The performance of the
distributed multiple tuned mass dampers (d-MTMDs) is compared with (i) STMD and (ii) all the
multiple TMDs placed at top floor (MTMDs-all.top). Extensive parametric studies are conducted
to compare the effectiveness of these three vibration response control schemes. The mass ratios,
damping ratios of the devices, number of TMDs, and robustness of the TMDs are the parameters
investigated. It is concluded that the placement of the STMD plays a significant role in
improvement of the performance of the STMD, especially if it is tuned to the corresponding
modal frequency where it is placed. In addition, it is concluded that the MTMDs-all.top exhibit
improved performance as compared to the STMD to control the dynamic response. The use of
the d-MTMDs is the most efficient alternative among the three, and they, being placed at various
floors, are convenient to install requiring reduced space. Second phase of the present study is to
investigate the performance of the STMD, MTMDs-all.top, and d-MTMDs in seismic response
control of the buildings. In this case, first a benchmark building is controlled with the help of the

vii



STMD installed at different floors (locations) of the building. In each location, a STMD is placed
and tuned with different modal frequencies, while controlling first five modes. A comparison is
also made between relative efficacy by adopting STMD and MTMDs-all.top, arbitrarily
distributed multiple TMDs (ad-MTMDs), and proposed d-MTMDs. It is concluded that the d-
MTMDs exhibit improved dynamic response control as compared to the STMD, MTMDs-
all.top, and ad-MTMDs. It is possible that the structures will not remain in elastic range if
subjected to the strong earthquake ground excitations. Therefore, the multi-mode vibration
control of non-linear building with the d-MTMDs is investigated to assess its seismic
vulnerability. The benchmark building is subjected to earthquakes such that the beams and
columns are likely to undergo material non-linearity, which could possibly be controlled. The
modal frequencies and mode shapes of the linear uncontrolled and controlled buildings are used
in order to identify the optimal locations for the d-MTMDs. The seismic performance
improvements by installing the d-MTMDs on the building are compared with the STMD,
MTMDs-all.top, and ad-MTMDs. The variations of the inter-storey drift and residual inter-storey
drift under different earthquakes are computed to study the effectiveness of using the STMD,
MTMDs-all.top, ad-MTMDs, and d-MTMDs. Further, fragility functions for drift ratio are
obtained to investigate the seismic vulnerability of the building without and with the control
measures. It is concluded that the building generally remains within elastic range with
installation of the MTMDs-all.top, ad-MTMDs, and d-MTMDs. Third phase of the present study
includes investigations on the application of the proposed schemes for effective placement and
tuning of the TMDs to the other structures such as reinforced concrete (RC) chimney and bridge.
Effectiveness of the d-MTMDs for multi-mode control of chimney for along-wind and
earthquake response is presented. It is observed that the d-MTMDs are more effective than the
STMD and ad-MTMDs for the same total mass of the TMD/TMDs. The effectiveness of the d-
MTMDs in seismic response control of bridges is also presented. Two horizontal components of
earthquakes are simultaneously applied, while duly considering bi-directional interaction of the
seismic response. Newmark’s step-by-step iteration method is used to solve the coupled
differential equations of motion for the structure in all the studies mentioned above. It is
concluded that the d-MTMDs installed as per the modal properties of the bridges help in
effectively reducing the maximum pier base shear, support reaction, deck displacement, and deck

acceleration in both the longitudinal and transverse directions.

viii



q1<

A & qUT H, HAATcHE (HI=07 ITHON T2 9 37T T FIA 6 (T Tga &1 @47 197 8,
e =7 | gar it FH T AT F P AT 9 ea Fied B @ g S
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MATHEMATICAL NOTATIONS

[M.] Mass matrix

[C.] Damping matrix

[K,] Stiffness matrix

{X.} Vector of displacement

{X} Vector of velocity

{X.} Vector of acceleration

N Degrees of freedom (DOF) for the building
n Degrees of freedom (DOF) for the TMD(s)
{G.} Placement vector

M Lumped mass of the main structure

Ci Damping of the main structure

Ki Stiffness of the main structure

m; Mass of the i"" damper

Ci Damping of the i"" damper

ki Stiffness of the i"™ damper

Xi Displacement at i degree of freedom
X Velocity at i degree of freedom
X Acceleration at i"" degree of freedom

Xi Displacement of the i damper

i Velocity of the i damper

X Acceleration of the i™ damper

Q, Natural frequencies of the structure

o, Frequencies of the dampers

Ca Damping ratio of the damper(s)

f. Tuning frequency ratios

u Mass ratio

m; Total mass of the damper(s)

M Total mass of the structure

Jun Normalized RMS accelerations

Juwo Normalized average percentage of the RMS acceleration
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Jus Normalized RMS displacement

Jus Normalized average of the RMS displacement
Ju Normalized peak acceleration

Jous Normalized average of the peak acceleration
Jwe Normalized peak displacement

J w10 Normalized average of the peak displacement
N Normalized peak displacement of the damper
O RMS accelerations of the i floor with control

O %750 RMS acceleration of the 75" floor without control
O io RMS acceleration of the i floor without control
Oxi RMS displacements of the i floor with control
O 760 RMS displacement of the 76" floor

Oxio RMS displacements of the i floor without control
X Peak acceleration of i'" floor with control

Xpio Peak acceleration of i floor without control

X Peak displacement of i floor with control

X pio Peak displacement of i floor with control

Xp750 Peak acceleration of 75" floor without control

X p760 Peak displacement of 76™ floor without control
{F.} Wind load vector

{s;} Mode shapes

M(] Modal mass participation

My] Mass matrix of the structure

[C\] Damping matrix of the structure

[Ky] Stiffness matrix of the structure

[m,] Mass matrix of the dampers

[C.] Damping matrix of the dampers

[K,] Stiffness matrix of the dampers
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X

t

HX max

max
a7

HX max

max
IFs

Earthquake ground acceleration

Acceleration due to Earth's gravity

Vector of influence coefficients

Absolute value of the controlled displacement of the i floor
Maximum uncontrolled displacement

Absolute value of the inter-storey drift of the i"" floor
Height of each of the associated stories

Maximum uncontrolled inter-storey drift ratio

Absolute value of the controlled acceleration of the i floor
Maximum uncontrolled acceleration

Maximum uncontrolled base shear

Normed controlled displacement

Normed controlled drift

Normed controlled acceleration

Sufficiently large time to allow the response of the structure to

attenuate to less than 0.1% of its maximum

Maximum normed uncontrolled displacement
Maximum normed uncontrolled drift

Maximum normed uncontrolled acceleration

Maximum normed uncontrolled base shear

Normalized peak displacement
Normalized peak drift
Normalized peak acceleration
Normalized peak base shear
Normalized normed displacement
Normalized normed drift

Normalized normed acceleration
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Jes Normalized normed base shear

Jeio Normalized peak displacements of the damper

Py

=
=

Normalized peak displacement

R.» Normalized average peak displacement

Rus Normalized peak acceleration

Rus Normalized average peak acceleration

Rus Normalized RMS displacement

Rus Normalized normed average RMS displacement

R,z Normalized RMS acceleration

Rus Normalized average RMS acceleration

Cs Structure damping ratio

D Outer diameter
tx Thickness

E. Modulus of elasticity
I Mass participation factors

Rg, Percentage reduction in peak displacement

Re, Percentage reduction in peak acceleration

Res Percentage reduction in peak base shear

Re, Percentage reduction in peak base moment

Res Percentage reduction in RMS displacement

Res Percentage reduction in RMS acceleration

Re; Percentage reduction in RMS base shear

Reg Percentage reduction in RMS base moment

Reo Shift in frequency

X0 Controlled peak displacement at topmost node of the chimney
X250 Controlled peak acceleration at topmost node of the chimney
fy Controlled peak base shear of the chimney

X0 Uncontrolled peak displacement at topmost node of the chimney
X 50 Uncontrolled peak acceleration at topmost node of the chimney
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kd-x

Uncontrolled peak base shear of the chimney

Controlled RMS displacement at topmost node of the chimney
Controlled RMS acceleration at topmost node of the chimney
Controlled RMS base shear of the chimney

Uncontrolled RMS displacement at topmost node of the chimney
Uncontrolled RMS acceleration at topmost node of the chimney
Uncontrolled RMS base shear of the chimney

Controlled frequencies of the chimney

Damping energy

Reduction in pier base shear in longitudinal direction

Reduction of deck displacement in longitudinal direction
Reduction of deck acceleration in longitudinal direction
Reduction in pier base shear in transverse direction

Reduction of deck displacement in transverse direction

Reduction of deck acceleration in transverse direction
Controlled peak pier base shear

Ground acceleration in longitudinal direction
Controlled peak displacement

Controlled peak acceleration of deck

Uncontrolled peak pier base shear

Uncontrolled peak displacement

Uncontrolled peak acceleration of deck

Modal mass

Displacement vector

Velocity vector

Acceleration vector

Bi-directional earthquake ground acceleration vector
Ground acceleration in transverse direction

Displacement of the i node of the bridge in transverse direction

Stiffness of the bridge in longitudinal direction
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Stiffness of the bridge in transverse direction
Damping of the bridge in longitudinal direction
Damping of the bridge in transverse direction

Mean
Standard deviation

Integration time

Time steps

Displacement vector at time t
Velocity vector at time t

Acceleration vector at time t

Integration accuracy and stability parameters

Constants in integration time steps

Effective stiffness
Effective force
Incremental displacement
Incremental velocity

Incremental acceleration
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ABBREVIATIONS

ad-MTMDs  Arbitrarily distributed multiple tuned mass dampers
APTMD Adaptive passive tuned mass damper

ATMD Active TMD

BTMDs Bi-directional tuned mass dampers
CTMD Coupled tuned mass damper

CMS Component mode synthesis

Cv Coefficient of variation

DBE Design basis earthquake

d-MTMDs  Distributed multiple tuned mass dampers
DOF Degree of freedom

E-W Transverse direction (East-West)
FDD Friction damper device

FFT Fast Fourier transform

FPLQG Full passive linear quadratic Gaussian
JMA Japanese Meteorological Agency
LQG Linear quadratic Gaussian

MC Monte Carlo

MCE Maximum considered earthquake
MDOF Multi-degree of freedom

MRFs Moment resisting frames

MTMDs Multiple tuned mass dampers

NC Uncontrolled (no-control)

N-S Longitudinal direction (North-South)
PC Performance criteria

PD Passive device

PGA Peak ground acceleration

PSTMD Pendulum stiffness tuned mass damper
RC Reinforced concrete

RMS Root mean square

RCFWBT  Reduced-order control frequency-weighted balanced truncation
RMBT Reduced-order model balanced truncation

RP1LQG Reduced passive 1 linear quadratic Gaussian
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RP2LQG
SAVFD
SDOF
SSI
TMD
TMDs
2D

3D

Reduced passive 2 linear quadratic Gaussian
Semi-active variable friction dampers
Single degree of freedom
Soil-structure-interaction

Tuned mass damper

Tuned mass dampers

Two-dimensional

Three-dimensional
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