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ABSTRACT

Ensuring safety and post-hazard functionality of structures under dynamic loads, such as
earthquakes, wind, and blasts, are some of the significant challenges in the current rapidly
growing urban environment. Various structural response control techniques have been
used for response control of structures under different hazards. Base isolation is a popular
response control strategy that has been implemented for effective earthquake protection
of structures. Although base-isolated structures are also likely to be subjected to non-
seismic hazards, limited attention is given to the application of base isolation for response
mitigation under multi-hazard scenarios. Particularly, more research is needed on the
application of smart base isolation (SBI) strategies for response control under various
hazards. Therefore, this doctoral research aims to investigate the application of SBI

systems for response mitigation of structures under independent multi-hazard scenarios.

First, the dynamic response of structures equipped with passive base isolation systems is
numerically studied under earthquake ground motions (EQGMs), wind load (WL), and
blast-induced ground motions (BIGMs). Here, deterministic and stochastic numerical
investigations are performed to study the effects of various parameters of isolation
systems and superstructure properties on the behavior of base-isolated buildings under the
three types of hazards. Also, the polynomial regression-based Monte Carlo simulation
(PRBMCS) method is newly proposed for the fragility assessment of the base-isolated
buildings. The results of the deterministic and stochastic assessments highlight the need
for careful consideration of all expected hazards in designing base isolators.

Subsequently, a novel semi-active control algorithm, i.e., the energy-based predictive
(EBP) algorithm, is developed and numerically evaluated for the suppression of
undesirable structural vibrations under dynamic loads. In this algorithm, the mechanical
energy of the vibrating structure is considered the primary variable influencing the control
action. The proposed strategy is implemented for response control of structures using
semi-active tuned mass dampers (SATMDs), and its efficacy is numerically studied under
sinusoidal excitation, EQGM, and WL. Moreover, the influence of the SATMD
parameters on control performance is assessed, based on which empirical relations are

proposed to identify SATMD parameters suitable for optimum control performance.
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ABSTRACT

The application of a semi-active hybrid base isolation strategy, consisting of an EBP
algorithm-controlled SATMD, is investigated numerically for mitigation of structural
response under EQGM, WL, and BIGM. Three configurations of the SBI strategy are
presented, and modifications to the EBP algorithm are proposed for application to base-
isolated structures equipped with the SATMDs. Also, deterministic and stochastic studies
are performed to assess the suitability of the SBI strategies for vibration control of
structures under EQGM, WL, and BIGM. Importantly, the merits and limitations of the
SBI strategy in response mitigation under the three types of hazards are highlighted.

A magnetorheological (MR) damper-based SBI strategy controlled with the EBP
algorithm is proposed. Here, the EBP algorithm is adapted for application to MR damper-
fitted base-isolated structures and is used to modulate the suitable control signal, i.e., the
voltage supply to the MR damper. An experimental investigation is conducted to evaluate
the practicability of implementing the EBP algorithm-controlled MR damper for response
control of base-isolated structures under seismic action. Accordingly, shake table testing
is performed on a single-story base-isolated structure equipped with an MR damper. The
results show good agreement between the experimentally measured and numerically
quantified response quantities for the passive and semi-active cases, hence validating the
practicability of the strategy. Moreover, further experimental and numerical studies are
performed to study the implementation of the MR damper-based SBI strategy for
response mitigation under BIGM. The applicability of the strategy for response mitigation
under BIGM is verified through testing conducted on a two-story base-isolated structure.
Also, the performance and limitations of the EBP algorithm in the response mitigation of

MR damper-fitted base-isolated structures under EQGM and BIGM are presented.

Finally, a reliability-based multi-hazard design optimization framework is newly
proposed for base-isolated buildings. A modified weighted composite desirability
function is presented to account for the contradictory design objectives under different
hazards. Also, a method of calculating the weights of the individual desirability functions
is introduced. The application of the proposed framework for reliability-based
optimization of multi-story buildings equipped with elastomeric rubber bearings is
studied under multi-hazard scenarios involving EQGM, WL, and BIGM. The findings
demonstrate the suitability of the proposed framework for the reliability-based multi-

hazard design optimization of base-isolated buildings.
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Heaviside step function

Free height of steel column

Height of the lead-core

Lower triangular matrix that is obtained by Cholesky decomposition of

the power spectral density function

Story height
Nondimensional hysteretic displacement components in the X and Y

directions, respectively
Identity matrix

Moment of inertia of cross-section

Relative importance factor for kinetic energy

Importance factor ratio

Relative importance factor for elastic strain energy

The intensity measure of the hazard under which the reliability is being

evaluated

Performance criteria
Average performance criteria

Total number of input variables in a response surface model
Stiffness matrix of structure with control device

Stiffness of MR damper at larger velocities

Stiffness of the first story

Stiffness of the first story in the X and Y directions, respectively
Stiffness of the accumulator

Stiffness of isolation system

Post-yield stiffness of sliding system

Stiffness of TMD

Initial stiffness of isolation system
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MATHEMATICAL NOTATIONS

Initial lateral stiffness of each isolator
Lateral stiffness of an isolator
Stiffness of the j™ story of structure
Stiffness of primary structure

Stiffness matrix of the structure/superstructure

Thermal conductivity of steel
Stiffness matrix of parent structure in the X and Y directions,

respectively

The limit state imposed on the i response quantity
The limit state imposed on the i response quantity under the j* hazard
Lower value of reliability below which the case is considered to be

unacceptable
Mass matrix of structure with control device

Resultant maximum inter-story drift ratio
Maximum inter-story drift ratio in the X direction

Maximum inter-story drift ratio in the X direction

Mass of the base slab

Mass of the TMD

Mass of the j™ floor

Mass of the primary structure

Mass matrix of primary structure/superstructure

Total mass of the base-isolated structure

Number of stories / number of degrees of freedom

Dimensionless parameters that characterize the Bouc-Wen model
Dimensional parameters that characterize the modified Bouc-Wen

model used for MR damper

Number of response quantities to be optimized

Number of data points in the discrete time series
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Number of design alternatives

Total number of experimental design points

Number of isolators

Number of rubber layers in an isolator

Total number of unknown coefficients in the response surface model
Probability of exceedance of peak acceleration limit state
Probability of exceedance of peak inter-story drift limit state
Probability of exceedance of peak isolator displacement limit state
Probability of exceedance of peak normalized base shear limit state
Vertical load acting on each base isolator

Yield displacement of isolation system

Equivalent trinitrotoluene (TNT) charge weight

The number of hazards to be considered in the optimization

Distance from the charge center

Relative importance ratio values assigned for hazards and response

quantities

Upper value of reliability above which the case is considered to be best
Reliability of the structure considering the i response quantity

Closest distance to rupture plane

Scaling factor

PSDF of longitudinal fluctuating wind speed

Total elapsed time since the beginning of the excitation

Isolation time period

Arrival time of shock wave due to blast
Temperature of the lead-core

Total rubber thickness in an elastomeric isolator
Thickness of individual rubber layer in an isolator

Total thickness shim plates in an isolator
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MATHEMATICAL NOTATIONS

Thickness of an individual shim plate in an isolator

Fundamental time period of structure

Input
Input vector

Shear friction velocity
Fluctuating wind speed

Peak particle velocity

Vector of ground accelerations

Ground acceleration induced due to underground blast

Mean wind speed

Mean wind speed at height z

Peak control force

Volume of the charge chamber

Diagonal matrix of the relative weights

Basic wind speed

Voltage supplied to the current driver of the MR damper

Maximum voltage level supplied to MR damper

Minimum voltage level supplied to MR damper

Fluctuating wind speed (longitudinal) at time ¢

Limit state of peak normalized base shear

Normalized base shear in the X and Y directions, respectively

Resultant normalized base shear

The total weight of the base-isolated building

Weight assigned for the i response quantity

Total weight of the base-isolated building

Weight function in the moving least squares-based response surface

methodology
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Xe(i)

xg(i+l ),estimated

Diagonal matrix of weight functions at the point where response is to

be estimated

Initial displacement associated with the accumulator spring stiffness
under nominal force

Column vector of displacements for the structure with control device in

the X direction

Column vector of velocities for the structure with control device in the

X direction

Column vector of accelerations for the structure with control device in
the X direction

Displacement of the base slab relative to the ground in the X direction
Velocity of the base slab relative to the ground in the X direction
Acceleration of the base slab relative to the ground in the X direction
Predicted value of the displacement of the base slab relative to the

ground

Predicted value of the velocity of the base slab relative to the ground
Limit state of peak isolator displacement
Displacement of the TMD

Velocity of the TMD

Acceleration of the TMD

Ground acceleration in the X direction

Amplitude of the ground acceleration

Input ground acceleration at time 7

Estimated value of ground acceleration at time 7.,
Displacement of the ;™ floor

Velocity of the ;™ floor

Acceleration of the j™ floor

Peak top floor displacement of the structure with PTMD
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MATHEMATICAL NOTATIONS

Peak top floor acceleration of the structure with PTMD

Peak top floor displacement of the structure with SATMD
Peak top floor acceleration of the structure with SATMD
Top floor displacements in the X and Y directions, respectively
Peak actuator stroke

Limit states of the maximum of peak floor accelerations
Percentage reduction in peak value of displacement response
Percentage reduction in peak value of acceleration response
Maximum of root mean square floor accelerations

Column vector of floor displacements in the X direction
Column vector of floor velocities in the X direction

Column vector of floor accelerations in the X direction
Vectors of predicted displacements of primary structure
Vectors of predicted accelerations of primary structure
Predicted floor displacement relative to base slab

Predicted floor velocity relative to the ground

Column vector of predicted floor displacements relative to base slab

Column vector of predicted floor velocities relative to base slab
Peak displacement response of the structure equipped with the PTMD
Peak acceleration response of the structure equipped with the PTMD

Peak displacement response of the structure equipped with the

SATMD

Peak acceleration response of the structure equipped with the SATMD
Output vector

Displacement of the base slab relative to the ground in the Y direction
Velocity of the base slab relative to the ground in the Y direction

Acceleration of the base slab relative to the ground in the Y direction
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Ground accelerations in the Y direction

Complex random numbers
Column vector of floor displacements in the Y direction
Column vector of floor velocities in the Y direction

Column vector of floor accelerations in the Y direction

Model matrix of the coded input variables
Height at which the wind speed is to be evaluated

State vector
First derivative of state vector with respect to time

The model matrix of the coded input variables at the design points
State vector at the i time instant

State vector at the (i + 1)™ time instant

The state vector, 7 , at time ¢

The model vector of size 1 x p for a point of interest

Post-yield to pre-yield stiffness ratio of isolator
Terrain variables

Thermal diffusivity of steel
A column vector of the unknown coefficients

Unknown coefficients to be evaluated in response surface model
A vector of the unknown coefficients for a specific point at which

response shall be obtained
Uncertainty in stiffness

Uncertainty in stiffness

Limit state of the maximum of peak inter-story drift ratio
Small time interval

Total superstructure drift ratio

Resultant total superstructure drift ratio

Percentage difference in response quantity when obtained without and

with bidirectional interaction
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& Error
Ey Complex Gaussian random number with zero mean
A Output or response quantity

Column vector of the outputs obtained at each design point

A4 Vector of the values of a response quantity at the design points

) Friction coefficient of isolation system

My TMD mass ratio

Hoca Mean value of the peak ground acceleration

Lo Mean value of equivalent TNT charge weight

U, Mean value of basic wind speed

&, Isolation damping ratio

& TMD damping ratio

& Damping ratio of primary structure/superstructure

P Air density

s Density of lead

yox Average density of the soil medium

o, Resultant isolator displacement

Ox Resultant top floor displacement

O Resultant top floor acceleration

O Standard deviation of earthquake PGA

o, Standard deviation of equivalent TNT charge weight

o, RMS control force

o, Standard deviation of basic wind speed

Oy RMS actuator stroke

Oyo Effective yield stress of lead at reference temperature
T Yield stress of lead after a rise in lead-core temperature by Y_’L

T Dimensionless time

P i Diameter of lead-core of an isolator
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l//Int

l//Nolnt

V.

Vector form of a set of input variables (a column vector of the coded
variables)

Coded (independent) input variables

Peak value of resultant response quantity when bidirectional

interaction is considered

Peak value of resultant response quantity when bidirectional

interaction is not considered

Resultant value of response quantity

Angular frequency of wind

Angular frequency of the isolation system
Angular frequency of the TMD

Angular frequency of excitation

Angular frequency of structure

Fundamental angular frequency of structure
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