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Abstract: Lifeline structures such as hospital buildings need to be specifically designed such that they
experience reduced vibrations when subjected to earthquake excitations because it will be difficult
to vacate hospital buildings under the event of any earthquake. Therefore, to ensure operational
condition under earthquake excitations in an existing hospital building, the present study utilizes
flexible unbonded fiber-reinforced elastomeric isolators (UFREISs) for its seismic isolation. The UFREI-
based isolation system is designed to restrict the structural acceleration within the tolerable limits for
the building inhabitants even during earthquake hazards. However, the use of such flexible isolators
results in excessively large bearing displacements, which either may not be practical and/or pose
several serviceability issues. Therefore, tuned mass damper (TMD) is attached to the base floor of
the UFREI-isolated hospital building to reduce the large isolator displacements. Properties of the
hybrid vibration control system are designed according to the site-specific scenario in New Delhi,
India. Further, nonlinear time-history analyses of the UFREI-isolated hospital building with the
TMD are carried out, and responses are compared with its uncontrolled response. Results show
that the peak bearing displacement response of the UFREI-isolated hospital building is reduced by
9% to 27%, due to the addition of the TMD. Importantly, the required design displacement of the
UFREI-based isolation system is decreased by 27%, without compromising the effectiveness of base
isolation. In fact, the performance of the hybrid vibration control system is superior to the base

isolation system alone.

Keywords: base isolation; earthquake; hospitals; hybrid vibration control; tuned mass dampers;
unbonded fiber-reinforced elastomeric isolators

1. Introduction

Earthquakes have caused severe devastation worldwide, resulting in huge losses to
the ecosystem. The ill-effects of earthquakes are well recognized, and thus, it is of prime
importance to investigate innovative means of vibration control of the built infrastructure,
in order to make our societies earthquake resilient. Traditionally, base isolation systems
(BISs) have proven their efficiency in the seismic vibration control of structures [1-3]. A
detailed account of the working principles and the different types of BISs is provided in the
subsequent section. Amongst BISs, steel-reinforced elastomeric isolator (SREI), also known
as laminated rubber bearing, is one of the most commonly used seismic isolators. Although
the SREIs are efficient in the seismic isolation of structures, they are costly in terms of
fabrication, and also, they are heavy in weight, which makes the installation of SREIs more
labor-intensive, apart from the increased transportation costs from fabrication shop to the
construction site. Due to these factors, researchers have replaced the steel shims of the
conventional steel-reinforced elastomeric isolators with fiber reinforcements, thus giving
rise to the fiber-reinforced elastomeric isolators (FREIs) [4]. Apart from being much lighter
in weight, the FREIs can also be utilized without any fixed attachment with the structure,

Buildings 2023, 13, 1724. https:/ /doi.org/10.3390/buildings13071724

https://www.mdpi.com/journal /buildings


https://doi.org/10.3390/buildings13071724
https://doi.org/10.3390/buildings13071724
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0003-1907-4993
https://orcid.org/0000-0002-7600-0520
https://doi.org/10.3390/buildings13071724
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings13071724?type=check_update&version=1

Buildings 2023, 13, 1724

2 0f23

i.e., they can be simply placed between the superstructure and the substructure without
any bonding. This feature of the unbonded FREIs (UFREIs) has enhanced its applicability
as it further reduces its cost of installation. Also, the unique rollover deformation of the
UFREIs makes its force-deformation behavior highly nonlinear; thus, the isolator becomes
more flexible with increase in its horizontal displacement. Researchers have studied the
various aspects of both bonded and unbonded FREIs using analytical approaches, finite
element (FE) modeling, as well as experiments [4-17]. Van Engelen [18] has published a
detailed review on most of the research conducted on the FREISs.

Toopchi-Nezhad et al. [19], Das et al. [20], and Thuyet et al. [21] have also obtained
the performance of the UFREIs in controlling the seismic response of low-rise structures.
These studies reconfirm the effectiveness of the UFREIs in facilitating flexible isolation
systems for improved seismic protection of structures. However, these isolation systems
were specifically designed for low-rise buildings, and the required isolation performance
was also not very stringent, which allows the isolation time period to be in the range
of 2-3 s. In order to design isolation systems for comparatively taller structures or for
structures with highly strict performance expectations, the isolation time period needs to
be higher, for instance in the range of 4-6 s [22,23]. It is well-known that when the isolation
time period increases, the acceleration response of the structure decreases, however, the
displacement at the isolation level increases. Therefore, the bearing displacements of
base-isolated structures may become excessively high under various seismic excitations,
especially near-fault ground motions [22,24]. Large base displacement is of great concern to
engineers because of the following reasons [22,25-28]. First, the moat width required for the
base-isolated structure might become unacceptably high. It is observed from the literature
that insufficient moat width might lead to pounding of the base-isolated structure [29],
which in turn results in sudden rise of the structural responses. Second, building services,
such as piping systems, electricity supply, and others, have to be specifically designed to
be very flexible at the isolation level. Third, due to the large isolator displacements, the
damage induced in the isolators after each earthquake might result in requiring entire
replacement or heavy repair of the isolators. All these factors add up to increased costs,
both in the construction stage and during the service life of the structure. Therefore, it
is of utmost importance to restrict excessively large bearing displacements in the base-
isolated structures. In that context, various researchers have suggested multiple passive
and semi-active control strategies to reduce the large bearing displacements of base-isolated
structures with the help of supplemental dampers [26-28,30,31].

In the present study, a hybrid vibration control system is investigated for the control
of the excessive bearing displacements, where the control system comprises a flexible BIS
and a tuned mass damper (TMD). The TMDs are effective vibration control devices, which
are constructed with the help of an additional auxiliary mass attached to the structure by
means of stiffness and damping elements [32]. A description of the working principles of
the TMD and its various configurations are presented in the following section. Abundant
literature is available on the design of the various parameters of the TMD under different
types of excitations [33—41]. Moreover, several researchers have tested the performance of
the passive TMD when it is attached to different kinds of structures, which are subjected
to various types of loading scenarios [42-46]. These studies along with the literature on
the UFREIs have provided enough insights on the individual performances of the BISs
and TMDs when they are utilized for the vibration control of various types of structures.
However, the current study is focused on the performance of the hybrid vibration control
system, where a TMD is utilized in a base-isolated structure.

Yang et al. [47] were amongst the first researchers who explored this specific type of
hybrid vibration control systems for buildings. They established the effectiveness of two
different hybrid control systems: one with a passive mass damper and another with an
active mass damper attached to the base floor of a base-isolated structure. Later, Tsai [48]
has found that the TMD did not impose much effect on the controlled response of the
base-isolated structure during the first few seconds of the seismic excitation. However,
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the TMD added considerable damping to the response after the first few seconds. Xiang
and Nishitani [49] and recently Naderpour et al. [50] have investigated the design of a
non-traditional TMD, where the TMD is connected to both the base floor and the ground
with the help of a spring and a dashpot, respectively. Hashimoto et al. [51] and later De
Domenico and Ricciardi [52] have demonstrated the efficacy of a hybrid vibration control
system comprising BIS with a large mass ratio TMD. Engle et al. [25] have presented a
hybrid vibration control system where the building floors are isolated to act as TMDs,
thus reducing the vibration response of the building structure. Stanikzai et al. [53,54]
have obtained the seismic response of base-isolated buildings using both, a single TMD
and distributed multiple TMDs. They have concluded that the hybrid vibration control
system with the BIS and the distributed multiple TMDs is most beneficial, especially for
tall buildings. Lately, Morales [55] has proposed a novel procedure for obtaining the
optimum TMD design to reduce the bearing displacements of base-isolated structures.
Apart from these passive TMD-based hybrid vibration control systems, recently researchers
have presented an optimal design and performance of tuned inerter damper and TMD
inerter devices installed in base-isolated structures, subjected to seismic excitations [56-60].
Also, Zelleke and Matsagar [61] have investigated the performance of semi-active TMDs
in base-isolated structures under multiple hazards. Stanikzai et al. [62] have provided
a comprehensive review on the various hybrid vibration control strategies presented in
the literature.

Literature survey shows that considerable number of studies are conducted on the
performance of hybrid vibration control devices with base isolators and TMDs. However,
no studies are found where an UFREIl-isolated structure is equipped with a TMD. Such
investigation is necessary because of the unique force—displacement characteristics of the
UFREI, imparting variable stiffness depending on the extent of deformation experienced.
During the dynamic excitation, the frequency content in the response changes due to
such stiffness variation, which requires careful attention for frequency tuning of the TMD
device(s) while ensuring no detuning occurs. Further, the practical implementation of the
TMD(s) in base-isolated structures needs more careful attention because it is not easy to
allocate enough space inside the structure for installation of such heavy devices. Therefore,
the objective of the present study is to design a hybrid vibration control system, using
an UFREI-based isolation system and a passive TMD, for an existing hospital building in
Dwarka, New Delhi, India. Furthermore, while achieving considerable reduction in the
excessive bearing displacements of the UFREl-isolated structure utilizing TMDs, ensuring
that the controlled structural vibration always remains tolerable to the building occupants
even during the earthquakes. These kinds of functional requirements are important because
lifeline structures such as hospitals need to be specifically designed to remain operational
even during earthquake excitations [23,63,64]; it is not easily possible to vacate hospital
buildings during earthquakes, especially due to impaired mobility conditions of patients.
The possible seismic damage (e.g., spalling of cover concrete from ceiling) induced in the
primary structure, i.e., the hospital building, should not threaten the life of the occupants
as well as shall not cause any injuries. Moreover, secondary systems and equipment as
well as other non-structural components and installations must remain fully functional,
experiencing no damage during the catastrophic event. Therefore, the novelty of this article
is in (a) the design of the flexible UFREI-based isolation system to maintain tolerable limits
for the hospital inhabitants even during strong earthquakes, and (b) the development and
practical implementation of a new hybrid vibration control system (UFREI and TMD) for
the reduction of excessively large bearing displacements of the flexible isolation system. In
the present study, a flexible UFREI-based isolation system is designed for the considered
real-life hospital building with an effective time period of 6 s. Subsequently, a passive
TMD is designed to control the excessive base displacements of the flexible isolation system
under site-specific earthquake ground motions. The TMD is placed at the base floor of the
hospital building and the detailed practical implementation of the hybrid vibration control
system is presented. With this, performance of the hybrid-controlled hospital building
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is evaluated under site-specific earthquake ground motions in the maximum considered
earthquake (MCE) condition. Eventually, the major observations on the performance of the
hybrid-controlled hospital building are discussed.

2. Hybrid Vibration Control System Comprising BIS and TMD
2.1. Base Isolation System (BIS)

Figure 1a shows a schematic diagram of a base-isolated building structure. The BISs
are vibration control devices that essentially add a flexible layer between the substructure
and the superstructure. Due to the high flexibility of the BIS as compared to the primary
structure, the time period of the base-isolated structure is lengthened. This phenomenon
significantly reduces the acceleration and drift demands on the base-isolated structure
as compared to the fixed-base structure, under seismic excitations. In fact, the BISs shift
the natural frequency of structure away from the dominant excitation frequencies of the
earthquake ground excitations. Therefore, during any event of an earthquake, although
the ground underneath the base-isolated structure vibrates, the superstructure remains
isolated from the ground vibration. Moreover, the BIS changes the fundamental mode
of vibration of the structure, i.e., it is converted from the cantilever mode, where the
building experiences significant inter-story drifts and story shear forces, to rigid (isolation)
mode, where the response (deformation) is concentrated at the isolation level and the
superstructure experiences minimal inter-story drifts and shear forces. Since most of
the input energy is dissipated or absorbed by the isolation system itself, the damping
characteristics of the isolation system play a significant role in the performance of the BIS.
Hence, in some cases providing additional damping mechanisms becomes important in
reduction of the excessive displacement response experienced by the base isolators.
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Figure 1. Schematic diagrams of multi-story structures with (a) base isolation system (BIS), (b) tuned
mass damper (TMD), and (c) hybrid vibration control system comprising BIS and TMD.

The BISs are primarily categorized into three broad groups: the elastomeric isolation
systems, the sliding-type isolation systems, and the rolling-type isolation systems. The
primary component of the elastomeric isolation systems is rubber, which adds flexibility
to the base-isolated structure. In sliding-type isolation systems, the superstructure and
substructure are completely decoupled, generally by using steel plates at their interface
which could slide against each other. Here, the energy from the seismic excitations is
dissipated at the isolation level through the friction between the two steel plates. In rolling-
type isolation systems, rollers are inserted between the superstructure and substructure so
that the energy dissipation takes place in rolling friction [65,66].

Now, amongst elastomeric isolation systems, SREIs or laminated rubber bearings
are most popular, which are constructed by stacking alternate layers of steel shims and
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rubber layers with two outer steel plates, wherein all the different elements are fixedly
attached. The rubber layers are responsible for providing the flexibility to the isolator in
the horizontal direction, and the steel shims provide the high vertical stiffness to the SREIs.
Moreover, the steel shims divide the rubber pad into layers, which prevent the bulging of
the rubber under the large vertical loads from the structure. The external steel plates are
utilized to attach the isolators to the superstructure and substructure by bolted connections.

Lead rubber bearings (LRBs) are another type of elastomeric isolation devices, where
a cylindrical lead core, centrally located in the vertical direction, is added to the SREIs. The
lead core provides initial rigidity to the isolator, which ensures a stiff connection under the
weaker seismic excitations, and under stronger excitations, the lead core yields, thus making
the isolator flexible in the horizontal direction. The yielding of the lead core also dissipates
significant energy, which reduces the bearing displacements under strong earthquake
excitations. The recrystallization of the lead core later helps in regaining the bilinear
force—deformation properties of the isolator, useful in subsequent earthquake events. In
addition to these conventional elastomeric bearings, the FREIs are emerging elastomeric
isolation systems, which are lightweight and more flexible in nature. A detailed review of
the development and implementation of FREIs is presented in the previous section.

Pure friction isolation devices are the simplest form of sliding-type isolation systems
which rely on the sliding between two steel plates attached to the superstructure and sub-
structure. However, pure friction devices are unable to generate sufficient restoring forces
to minimize the residual displacements of the superstructure. Therefore, friction pendulum
systems were invented wherein a curved surface is utilized for construction of the sliding
devices. This curved surface helps the structure to recenter itself after experiencing large
sliding displacements, thus avoiding residual displacements of the superstructure. Friction
pendulum systems are innovative sliding-based devices that combine both the sliding
mechanism of isolators and the concept of pendulum-type response in one device. Further,
resilient-friction base isolators are another type of sliding isolators, which are composed of
concentric layers of Teflon-coated plates, with a central rubber core. These devices utilize
the benefits of both the sliding isolation devices and the elastomeric isolation devices.
Shahabi et al. [67] have presented a comprehensive review of the various types of isolation
devices based on their working mechanisms. In this study, the UFREIs are utilized for
constituting the highly flexible BIS in the hybrid vibration control system.

2.2. Tuned Mass Damper (TMD)

Figure 1b shows a schematic diagram of a structure equipped with a TMD on its
top floor. The TMD is a vibration control device that is essentially an additional mass
attached to the structure by means of some stiffness and damping devices. The basic
working principle of the TMD is to dissipate most of the incoming energy through the
vibration of the secondary mass attached to the structure, thus reducing the vibration
of the primary structure under dynamic excitations. The main features of a TMD are its
tuning ratio, damping ratio, and mass ratio. The tuning ratio of a TMD is defined as
the ratio of the natural frequency of the TMD to the natural frequency of the primary
structure. It is an important property of the TMD, and it dominates the performance
of the TMD under dynamic excitations. Ideally, the TMD is tuned to the fundamental
frequency of the structure. It is to be noted that TMDs demonstrate the phenomenon of
frequency splitting, i.e., it splits the tuned frequency of the primary structure into two
other frequencies around the tuned frequency. This is achieved by addition of the TMD
degree-of-freedom to the structure, and it shifts the resonating condition away from the
fundamental frequency of the structure. Further, the damping ratio of the TMD has an
important role in its functioning. A TMD with no damping results in the reduction of the
structural response at the tuned frequency. However, it creates two other frequencies where
large vibration response is possible through resonance. Therefore, the damping ratio of the
TMD should be chosen optimally such that the trade-off between the performance at the
primary structure’s resonance condition and the performance at all other frequencies are
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appropriately considered. Further, higher damping ratios reduce the stroke length of the
TMD mass, which enhances the functionality of the TMD-controlled structure. Mass ratio
of the TMD is the ratio of mass of the TMD to the mass of the primary structure. Higher
mass ratios of TMD generally result in better control performance up to certain mass ratio
levels, after which there is minimal effect of any increase in the TMD mass. Having said
that, heavy TMD mass also requires the primary structure to be designed such that it can
carry the higher loads induced by the TMD, thus increasing the overall costs. Therefore,
the optimization of these design parameters of the TMD are advisable to obtain the best
performance of the TMD-controlled structure.

The TMDs are installed in various structures worldwide for mitigation of dynamic
loads caused by earthquake or wind excitations [68]. The specific configuration of the TMD
depends on the availability of space and resources at the site of interest. Translational
TMD is the simplest form of the TMD in which a mass block is connected to the structure
by the means of a spring and a damping element. The mass rests on some bearings that
allow the free motion of the TMD in the horizontal direction. The bearings should ideally
be frictionless, otherwise the effect of the bearing friction needs to be considered in the
restoring force exerted by the TMD. Further, pendulum TMDs are one of the most common
forms of TMDs, especially implemented in tall structures subjected to wind-imparted loads.
In pendulum TMDs, the stiffness is provided through pendulum action on the mass, and
the damping is provided through additional damping elements. Pendulum TMDs also
have an aesthetic appeal in addition to their response control capabilities. Apart from
these basic configurations, TMDs could be installed in various other forms, such as mass
resting on rubber pads or a pendulum ring TMD, where the TMD force is transmitted to the
primary structure using a shell and stiffener arrangement. A detailed account of the various
types of TMDs is provided in several books [69,70]. In the present study, the translation
TMD configuration is utilized for reducing the excessive displacements occurring in the
base isolation level of the structure.

2.3. Hybrid Vibration Control System

In this study, a hybrid vibration control device is utilized that is composed of a
combination of BIS and TMD. Figure 1c shows a schematic diagram of a structure equipped
with such a hybrid vibration control system. In this type of hybrid vibration control systems,
the advantages of both, the BIS and the TMD, are utilized. As already discussed, BISs are
efficient vibration control devices for structures under earthquake excitations; however,
excessive displacements could occur at the isolation level of the base-isolated structure
under strong earthquakes, which negatively influences the serviceability of the structure
(refer to Section 1). Therefore, a TMD is attached to the base mass of the base-isolated
structure, and the TMD is tuned to the natural frequency of the base-isolated structure. The
TMD reduces the excessive vibration of the structure at the isolator level. Therefore, in the
hybrid-controlled structure, the BIS reduces the inter-story drifts and shear forces of the
primary structure, and the TMD reduces the excessive displacement at the isolator level,
making the structure safer and serviceable. Hybrid vibration control devices are especially
necessary to achieve supreme performance levels in the controlled structure under severe
dynamic excitations. In this study, the hybrid vibration control system with BIS and TMD
is utilized to maintain operational conditions inside hospital buildings during and after
strong earthquakes under the MCE scenario. The detailed formulations of the equations of
motion of the hybrid-controlled structure are explained in the subsequent section.

3. Modeling of the UFREI-Isolated Hospital Building with TMD
3.1. Modeling of the Dwarka Hospital Building

In the present study, seismic performance of an existing hospital building situated
in Dwarka, New Delhi, India, is investigated. The considered building is part of a large
health infrastructure project, which has a total site area of 60,000 m2. The hospital consists
of seven blocks that are interconnected using separation joints. The actual hospital building
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is base-isolated using lead rubber bearings (LRBs); however, here the performance of the
UFREI-based isolation system is tested for the seismic isolation of one particular ward
block of this hospital.

Figure 2 shows the plan of a typical floor of the ward block of the considered hospital
building in Dwarka, also mentioning the details of the structural members [23]. Since the
current study only deals with one ward block of the hospital, henceforth in this article, this
specific building is referred to as the Dwarka Hospital building. The Dwarka Hospital
building is an eight-story reinforced concrete (RC) structure with two additional basement
stories. The isolators are placed at the ground level, and the required moat width is
maintained around the ground floor level for the proper functioning of the base isolators.
The first two stories of the superstructure have a height of 4.05 m, the top story has a height
of 3.85 m, and all the remaining stories are of 3.9 m height each. The building is almost
rectangular in plan with a small setback in one corner. The exact details of the various
structural members of the building including their placement in plan are shown in Figure 2.
The 28-day characteristic compressive strength of concrete of the beams and slabs is 25 MPa
and of the columns and shear walls is 30 MPa.

6450 1 5100 ] 6450 9100 |

Column and Shear Wall
Dimensions:
= 1500 x 500
— 1250 x 500
] 500 % 900
Em 1500 x 300
0 500 x 1250
] 300 X 5860
Note:

i) Slab depth=110

i1) Beam dimensions =
500 x 600 and 300 x
750

iii) All dimensions are in
mm

Figure 2. Floor plan and structural details of Dwarka Hospital building [23].

The interior of the Dwarka Hospital building is partitioned with fly-ash brick walls of
100 mm width, and there is a 75 mm thick floor finish on all the floors except the roof; the
floor finish goes up to 200 mm in the roof. The imposed load on each floor of the hospital
building is assumed as 2 kN /m? according to the IS 875 (Part 2): 1987 [71]; 25% of this
is considered to be acting on the structure during the event of any earthquake excitation.
All this information is utilized in modeling the structure as an idealized multi-degree
of freedom (MDOF) shear building model with its masses lumped at each floor level.
The governing equations of motion of the MDOF shear building model under seismic
excitations are expressed as:

MI{X(0)} + [CI{X(0) | + [KI{X(D)} = —[M]{r}Xg (), M

where [M], [C], and [K] are the mass, damping, and stiffness matrices of the MDOF sys-
tem, respectively. Utilizing the various structural and architectural details of the Dwarka
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Hospital building, the mass and stiffness matrices are evaluated, and the corresponding
fundamental time period of the MDOF structure is found to be 0.3714 s in the x-direction.
Further, the damping matrix is evaluated by assuming Rayleigh damping, wherein the
first two modes of vibration are proportionally damped with a damping ratio of 2%. A
structural damping ratio of 2% is considered because the superstructure is not expected to
experience any substantial damage such that it could dissipate significant seismic energy

during an earthquake event [72]. In Equation (1), {X(t)}, {X (1) }, and {X (t)} denote the
structural displacement, velocity, and acceleration responses, respectively, with respect to
the ground. Further, {r} (: {1,1,..., 1}T> is the influence coefficient vector and Xg(t)
represents the seismic ground acceleration applied as a base excitation to the structure.

3.2. Modeling and Design of the UFREI-Based Isolation System

In this study, it is intended to utilize a highly flexible isolation system such that the
reduced dynamic response of the Dwarka Hospital building will never be intolerable to
the inhabitants, even during the earthquake excitation [73]. In order to achieve response
reductions of such magnitude, UFREISs are utilized for the seismic isolation of the Dwarka
Hospital building. The nonlinear force-deformation behavior of the UFREIs is modeled
by Banerjee and Matsagar [17] utilizing the trilinear hysteretic model (THM). In [17], it is
observed that the force-deformation behavior of the UFREI can be represented with the
help of three distinct stiffnesses at different levels of horizontal displacements. The behavior
of the THM is predominantly governed by the amount of rollover displacement induced in
the UFREI with respect to the total side length of the isolator. Figure 3 demonstrates the
efficacy of the THM in modeling the nonlinear force-deformation behavior of the UFREIL
Also, Figure 3 provides various properties of the normalized THM which could be utilized
in the design of an UFREI-based isolation system under any site-specific scenario. From
Figure 3, the three linear stiffnesses of the normalized THM are obtained as:

KN — @/ KN = M, and KN =0 )
Uo1 Up2 — Up1

where fo1, foo, 1101, and uy are the two yield forces and their corresponding yield displace-
ments in the THM. Now, for a certain normalized design displacement of the isolator, DN,
the effective stiffness of the isolator based on equivalent linearization is obtained as:

fo N .
U 7 NN D S uOll
N K> (D™ —
KN = W ;< DN < ugy; @)
%, Ug < DN < 0.6a.

Here, the maximum permissible design displacement of the isolator is restricted to 0.6a,
to ensure the stability of the UFREI, where a is the side length of the isolator in the direction
of loading. With this, an UFREI of any design isolation period could be modeled with the
THM using the effective stiffness given by Equation (3). The systematic step-by-step design
procedure of an UFREI using this method is provided by Banerjee and Matsagar [17], thus,
not reproduced herein.

In the present study, the Dwarka Hospital building is isolated in the x-direction (refer
to Figure 2) with a design isolation time period of 6 s. The reason for adopting such highly
flexible isolation time period is to restrict the structural acceleration values under certain
limits where the structural vibration is never intolerable to the occupants and acceleration-
sensitive secondary systems and equipment. In the design methodology proposed by
Banerjee and Matsagar [17], the three input parameters required for the design of the
UFREI are the design effective stiffness of the isolator, the design displacement under the
site-specific earthquake scenario, and the vertical load on the isolator. Here, the design
effective stiffness is evaluated directly from the considered isolation time period, i.e., 6 s.
Initially, the design displacement of the isolator is assumed as the maximum displacement
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of a single-degree-of-freedom (SDOF) system subjected to site-specific earthquake scenarios,
where the time period of the SDOF system is the required isolation time period and the
damping ratio is assumed to be 18% [17]. Later, the design displacement is updated based
on the actual design results of the THM, and thereafter, several iterations of the design
process are carried out until the convergence of the design displacement is attained. In the
current study, eight site-specific ground motions under the MCE condition are selected, and
the final design displacement of the UFREI-based isolation system is computed as 600 mm.

0.4k ' ) ' —-—-=Validated finite element model ' ] ' _
: — Trilinear hysteretic model (THM)
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Figure 3. Trilinear hysteretic model (THM) for representing force-deformation behavior of an
UFREI [17].

Now, for the considered eight-story hospital building, the total vertical load on the
isolation system is obtained as 1.17 x 108 N. Literature suggests that the maximum vertical
load carrying capacity of the UFREIs are much lesser than other conventional BISs [8,13,19].
Banerjee and Matsagar [17] have considered a vertical pressure of 1.2 MPa on the UFREIs
in their proposed design methodology. Therefore, to support the present eight-story
hospital building, the required surface area of the UFREIs based on the given vertical load
will be impractical. Also, this will result in lower rollover deformations, which hinder
the utilization of the flexible behavior of the isolator. Due to these reasons, previously
conducted studies have only designed the UFREISs for low-rise structures, where the vertical
load is relatively small. In order to cater to this problem and utilize the flexible UFREISs for
the Dwarka Hospital building, free sliders—pure friction systems—are provided under
each column of the structure to transfer the vertical load from the superstructure to the
foundation. Free sliders are commonly manufactured from polytetrafluoroethylene (PTFE)-
coated steel plates that can efficiently transfer the vertical load without providing any
lateral restoring force to the structure under horizontal displacements [64].

Now, assuming all the aforementioned parameters, the design of the UFREI-based
isolation system resulted in a combined isolation system containing 16 UFREIs and 33 free
sliders. The specific geometric and material details of a single unit of the designed UFREI is
presented in Figure 4 with the help of a schematic diagram of the isolator. Further, Figure 5
shows the exact placement of the various isolators under the ground floor level. It can be
observed from Figure 5 that the free sliders are placed directly under each column and
under the shear wall to transfer the load of the superstructure to the foundation efficiently.
Also, the UFREISs are placed close to the columns leaving 600 mm gap from the free sliders
to allow the rollover deformation of the UFREI without any obstruction. This specific
arrangement of the UFREISs is selected so as to ensure that the center of the resistive forces
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from the isolators coincide with the center of stiffness of the structure, thus minimizing any
torsional effects on the structure and the isolation system. Since the design vertical pressure
on the isolators was 1.2 MPa, the vertical displacement of the actual UFREI corresponding to
that pressure was evaluated based on its three-dimensional FE simulation in Abaqus/CAE
2020 (Simulia, Dassault Systems). It was observed that the maximum vertical displacement
of the UFREI was close to 13.5 mm; therefore, the depth of the free sliders was designed
as 560 mm to maintain sufficient vertical pressure on the UFREIs. The finer details of
three-dimensional FE modeling and analysis of the UFREIs are discussed in Banerjee and
Matsagar [14,17], thus, not repeated herein. In this study, the focus is primarily on the
design and implementation of the UFREI-based isolation system; therefore, the behavior of
a single UFREI is not elaborated to keep the content concise.

1000
Isolator Property (Geometric or Material) Value
Thickness of single layer of rubber (mm) 20
Number of layers of rubber 28
Thickness of single layer of carbon fiber fabric (mm) 0.5
Shear modulus of rubber (MPa) 0.7
Young’s modulus of carbon fiber-reinforced layers (MPa) | 4400
Carbon Fiber-
Rubber Layers Reinforced Layers Poisson’s ratio of carbon fiber-reinforced layers 0.2

Figure 4. Properties of a single UFREI for the UFREI-based isolation system in the Dwarka Hospital
building.

Details of Isolation System:

] =

Plan Size | 1000 X 1000 | 700 x 700

Depth 573.5 560
Type UFREI FS
Count 16 33
Note:

i) UFREIL Unbonded fiber-reinforced
elastomeric isolator

i) FS: Free slider

iii) Columns and shear walls are
represented in black (m)

iv) FSs are placed directly under the
columns

v) There exists a distance of 600 mm
around all the faces of the UFREIs

vi) The column capitals are extended to
a minimum distance of 200 mm
around the FSs and the columns

vii)All dimensions are in mm
Figure 5. Layout of the UFREI-based isolation system in the Dwarka Hospital building.

The detailed design of the UFREI-based isolation system is subsequently implemented
in the MDOF shear building model. The equations of motion of the base-isolated Dwarka
Hospital building is represented as:

Mo { X6 (t) } + [Col{Xo(D)} + [Ko (X (D)} + {Fo} = ~[Mo){ro} Xg(t), (&)
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where [My], [Cp], and [K}| are the mass matrix, damping matrix, and the stiffness matrix of
the base-isolated structure, respectively, and given as:

[Mb] = diag(mbr miy,my, .. '/mn)/ (5)
0 —C1 0 0 0
0 c1+c ) 0 0
[Cb] = 0 —C2 C2 + c3 et 0 , and (6)
0 0 : R
0 0 0 -++ Cn
0 —kq 0 0 0
0 ki+kp —ko 0 0
[Ke]= |0~k otk e 0 %)
0 0 : o
0 0 0 < kn

Here, mj, cj, and k;j represent the mass, damping, and stiffness of the ith floor of the
MDOF structure; my, denotes the mass of the base floor. The responses of the base mass are
defined with respect to the ground, and the responses of all the other floors are defined
with respect to the response of the base mass. The vector, {F, }, represents the restoring
force exerted by the UFREIs, which is based on the force-deformation behavior of the
UFREISs described in Figure 3. In Equation (4), the restoring force from the isolator acts only
in the first two degrees-of-freedom (DOFs), in the opposite phase. Further, the influence

vector, {rp}, contains the value of unity in the first DOF and (1 + Xp/ Xg) elsewhere,
to incorporate change in the frame of reference amongst the different DOFs. Here, the

acceleration response of the base mass is denoted as Xj,. Utilizing this formulation, the
response of the base-isolated structure is evaluated considering the THM for representing
the force-deformation behavior of the UFREI.

3.3. Modeling and Design of the Tuned Mass Damper

The UFREI-based isolation system for the Dwarka Hospital building is designed for
an isolation time period of 6 s; thus, based on the MCE scenario, its design displacement is
obtained as 600 mm, which is significantly high. Such large displacements at the isolator
level will be difficult to accommodate in real-life field conditions due to various practical
challenges associated with it (refer to Section 1). Therefore, in the present study, the
displacement response at the base isolation level of the structure is intended to be reduced
by incorporating a TMD at the base floor of the isolated building. Hence, the mass ratio,
tuning ratio, and damping ratio of the TMD needs to be designed for this specific base-
isolated structure. Typically, it is observed that the performance of the TMD improves with
the increase in its mass ratio. However, it is also not practically feasible to install excessively
large masses at any particular location in the structure. Therefore, a TMD mass ratio of
10% is considered in the current study based on the installation practicality of the designed
TMD. The TMD is designed to be perfectly tuned to the second stiffness of the UFREI-
based isolation system (refer Figure 3 for K;V), i.e., the TMD time period is considered
to be 5.673 s. This specific tuning frequency is considered because the response of the
base-isolated structure is dominated by the frequency of the second stiffness of the THM.
These parameters of the TMD have been decided based on previous scientific evidence on
the improved performance of the TMDs [32,74]. It was found that the reductions in the
base displacements of the structure are substantial with a TMD damping ratio of 10%. Also,
slightly high damping ratio ensures lesser stroke length requirement of the TMD, which is
important for its real-life implementation. Therefore, the TMD is equipped with a damper
having damping ratio of 10%. With these parameters of the designed TMD, the maximum
stroke length of the TMD under the considered site-specific ground motions is obtained
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Details of a single TMD:
*Mass of TMD
*Material of TMD mass: Steel
* Dimensions ole\élj) mass: 2.80%2.80%3.27 m?
- Stiffness of TMD = 2.44 X105 N/n
* Damping coeffici

as 1.235 m, which can be accommodated without posing any severe practical challenges.
Therefore, the TMD is placed at the ground floor of the isolated Dwarka Hospital building
as shown in Figure 6. As observed from Figure 6, the total mass of the TMD based on 10%
mass ratio is divided into six blocks, otherwise a single block of such large mass would
be difficult to install within the available story height. Therefore, the designed TMD is
divided into six TMDs with identical properties, as shown in Figure 6. All the TMDs have
available stroke lengths of 1.25 m, which is greater than their required stroke length. The
reason for selecting these specific locations for the installation of the TMDs is to ensure
that the center of the resistive forces from the TMDs act close to the center of stiffness of
the structure. Since the TMDs are installed at the ground floor, which is designed to have
large free spaces for the movement of the occupants, the space occupied by the TMD would
not cause much hindrance to the functionality of the structure. Further, the large walls of
the TMD mass block could be utilized to display important announcements as commonly
observed in reception areas of hospital buildings. These considerations emphasize the
viability of installation of the TMD to control the large base displacement of the isolated
structure. The performance of the designed TMD in actual response reduction is discussed
in the subsequent section.

Figure 6. Placement of TMD on the ground floor of the base-isolated Dwarka Hospital building.

Now, the specified design of the TMD is incorporated in the MDOF shear building
model of the isolated Dwarka Hospital building by addition of a single DOF, which
comprises the total TMD mass of the six TMDs installed. This is possible because all the
TMDs are identical; thus, their individual responses are equal to the response of the single
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combined TMD. The equations of motion of the hybrid-controlled structure with the UFREI
and the TMD can be represented as:

Ma{ Xn(8) } + [Cul{ Xn () } + (K {Xn(D)} + {Fn} = ~[Mal{r}Xg(D),  (®)

where [My], [Cy], and [K},| are the mass matrix, damping matrix, and the stiffness matrix,
respectively, of the controlled structure with both UFREI and TMD and are given as:

[Mh] = diag(mb/ mi, My, ..., Mn, mt)r (9)
[0 —C1 0 0 0 —c]
0 c1+c —C2 0 0 0
0 —C2 cy +c3 -0 0
(Cn] = , and (10)
0 0 0
0 0 0 -« cp O
10 0 0 0 0 ¢ |
[0 —kq 0 0 0 —k
0 ki+ky —ko 0 0 0
0 —ky ko + k3 0 0
[Kn] = . S : (11)
0 0 : I 0
0 0 0 v+ kn O
10 0 0 0 0 Kkt

Here, my, ct, and ki denote the mass, damping coefficient, and the stiffness of the TMD,
respectively. It should be noted here that the TMD properties in Equations (9)-(11) are the
combined properties of all the TMDs, i.e., the summation of the individual TMD properties
shown in Figure 6. Here, {F,} and {r,} simply have an additional DOF with the same
values as the rest of the superstructure. Ultimately, Equation (8) is solved to evaluate the
site-specific seismic response of the controlled structure with UFREI and TMD.

4. Numerical Study

The performance of the Dwarka Hospital building equipped with the UFREI-based
isolation system and the TMD is now evaluated under a set of site-specific earthquake
ground motions. Initially, eight recorded earthquake ground motions are selected with a
wide variety of properties, including both near-fault and far-fault ground motions. The
eight selected earthquake records are then scaled according to the site-specific earthquake
scenario in New Delhi, India, considering the MCE condition. The target response spectrum
is obtained from IS 1893 (Part 1): 2016 [75] for medium-type soil. The importance factor for
the hospital building is considered as 1.5, and the response reduction factor is assumed
to be 1 because the superstructure is not intended to experience any damage due to the
earthquake excitation. Note that, as a conservative measure, ductile detailing of the RC
structure is highly recommended as a best construction practice. Hence, some structural
designers tend to assume a marginally higher response reduction factor, of say 1.1.

The design basis earthquake (DBE) conditioned response spectrum is multiplied by
a factor of two to obtain the target spectrum for the MCE scenario. The response spectra
of the selected earthquake records are scaled to match with the target spectrum using the
software, SeismoMatch (Version 2022, Release 1) [76]. The details of the eight considered
ground acceleration records are presented in Table 1. Figure 7 shows the (a) acceleration and
(b) displacement response spectra of the scaled ground motion records according to the site-
specific earthquake scenario. It is observed from Figure 7 that the scaled earthquake ground
motions have closely matched with the target spectrum, thus ensuring the site-specific
earthquake condition.
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Table 1. Details of the considered site-specific earthquake excitations.

Type of . . .
. Earthquake Recording Original Scaled .
Notation Name Year Earthquake Station Component PGA () PGA () Duration (s)
Record
EQ1 Kobe 1995 Far fault JMA NS 0.82 0.49 150.0
Sylmar
EQ2 Northridge 1994 Far fault Converter 360 0.83 0.46 60.0
Station
San Pacoima
EQ3 Fernando 1971 Far fault Dam S74W 1.05 0.45 41.7
EQ4 Uttarkashi 1991 Far fault Uttarkashi N15W 0.24 0.42 39.9
EQ5 Landers 1992 Near fault Lucerne Parallel 0.65 0.53 60.0
Valley
EQ6 Northridge 1992 Near fault Newhall Parallel 0.80 0.47 49.3
EQ7 Northridge 1992 Near fault Sylmar Normal 0.73 0.51 60.0
EQ8 Northridge 1992 Near fault Sylmar Parallel 0.59 0.41 60.0
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Figure 7. (a) Acceleration and (b) displacement response spectra of the scaled ground motion records
according to the site-specific earthquake scenario.

Now, the controlled Dwarka Hospital building installed with the UFREI and the
TMD is subjected to the selected site-specific earthquake ground motions for its dynamic
response evaluation. The response of all the various types of structural models, i.e., the
uncontrolled structure, UFREI-isolated structure, and the hybrid-controlled structure are
estimated by conducting nonlinear time-history analyses. The 4th-order Runge-Kutta
method is used for the step-by-step integration of the equations of motion of the various
structural systems. Figure 8 shows the absolute top-floor acceleration response of (a) the
uncontrolled structure, (b) the UFREI-isolated structure, and (c) the hybrid-controlled
structure. The time-history responses shown in Figure 8 are truncated for better clarity
in the critical regions, i.e., the regions with higher accelerations. It is observed from
Figure 8 that the acceleration response of the UFREI-isolated Dwarka Hospital building
is almost negligible as compared to the uncontrolled (conventional fixed-base) building’s
response. Under all the earthquake excitations, the peak top floor acceleration response
has reduced by about 95% due to the provision of highly flexible UFREI-based isolation
system. This is important because such flexible UFREI-based isolation system has been
designed intentionally such that the inhabitants of the hospital building are not required
to evacuate the building during the earthquake event. Thereby, the intent of seismic
performance is operation level (continued functionality) than immediate occupancy level.
Typically, ensuring such stringent vibration limits are not common in the seismic design of
buildings; therefore, the exact limiting values of the acceleration response of a structure
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are not clearly defined under such scenarios. However, a few studies exist where the
peak acceleration limits of structures due to wind-imparted loads are defined for various
functional requirements [73,77]. Essentially, the various performance levels of structures
under winds are demarcated as ‘not perceptible’, ‘perceptible’, ‘annoying’, ‘very annoying’,
and ‘intolerable’ [73], on the basis of peak acceleration response of the structure. Since
earthquake hazards are of much lower duration as compared to typical wind hazards,
the objective here is to ensure at least structural accelerations under the ‘intolerable’ limit,
i.e., below 15% of gravitational acceleration, g [73], which will in turn ensure that the
inhabitants will never panic and be required to exit the building during the earthquake
event. Moreover, the reduced story drifts experienced in such design ensure protection of
the displacement-sensitive secondary systems, such as piping and supply lines (refer to
Figure 10 for inter-story drift responses).
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Figure 8. Top-floor absolute acceleration responses (truncated) of the (a) uncontrolled, (b) UFREI-
isolated, and (c) hybrid (UFREI + TMD)-controlled Dwarka Hospital building.

As seen from Figure 8, the peak acceleration responses of the UFREI-isolated structure
and the UFREl-isolated structure with TMD are both substantially below the stated limiting
value, which justifies the design of such flexible isolation systems. Figure 8 also reveals that
the response of the UFREl-isolated structure and the hybrid (UFREI and TMD)-controlled
structure are comparable to each other with minimal visible differences. This implies
that the addition of the TMD to the isolated structure does not increase the acceleration
response of the structure. In fact, it is seen from Figure 9 that the acceleration response
of the structure actually decreases under most of the earthquakes due to the addition
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of the TMD to the UFREI-isolated structure. Such low levels of acceleration also ensure
continued functionality of acceleration-sensitive machines and equipment contained within
the building, which are common commodities in hospital buildings.
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Figure 9. Peak values of the floor absolute acceleration responses of the (a) uncontrolled, (b) UFREI-
isolated, and (c) hybrid (UFREI + TMD)-controlled Dwarka Hospital building.

Figure 9 presents the peak acceleration responses of all the floors of the eight-story
hospital building, when the building is (a) uncontrolled, (b) UFREI-isolated, and (c) hybrid-
controlled using UFREI and TMD. It is observed that the peak acceleration response of
the uncontrolled building at each floor has reduced significantly due to both the UFREI-
based isolation system and the hybrid (UFREI and TMD) control system. Although the
peak acceleration responses of all the floors have minimal variations using TMD with base
isolator when compared to using only the base isolator, the hybrid (UFREI and TMD) control
system has been effective in further reducing the responses of the base-isolated structure
slightly under all the earthquakes, except EQ2 and EQ4 (Figure 9). This implies that apart
from reducing the base displacement of the isolated Dwarka Hospital building, the TMD
could also minimally reduce the acceleration response of the isolated superstructure, which
is an added advantage in the installation of the TMD.

The performance of structures under seismic excitations are often measured with the
help of peak inter-story drifts experienced by the structure. Therefore, Figure 10 shows the
peak inter-story drift response of the (a) uncontrolled, (b) UFREl-isolated, and (c) hybrid
(UFREI + TMD)-controlled Dwarka Hospital building, when subjected to the various site-
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specific earthquake excitations. Interestingly, it is observed that due to adoption of such
stringent structural acceleration limit for the design of the BIS, the limit for serviceable
condition based on the peak inter-story drift has automatically been taken into account.
According to Galambos and Ellingwood [78], the maximum allowable inter-story drift for
serviceable conditions in buildings is 0.1%. It is seen from Figure 10 that the controlled peak
structural inter-story drifts are much lesser than 0.1% using both only the UFREI-based
isolation system and the UFREI-based isolation system with TMD. Here too, differences
between the response of the UFREI-isolated structure and the hybrid-controlled structure
are rarely visible. Having said that, the performance of the hybrid (UFREI and TMD)
control system is slightly better than that of the isolation system alone in most of the cases.
Also, the reductions in the peak base shear of the Dwarka Hospital building are observed
to be higher than 90% under all the site-specific earthquakes (results not included here)
using both systems, (a) UFREI-based isolation system and (b) hybrid (UFREI and TMD)
control system.
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Figure 10. Peak inter-story drift responses of the (a) uncontrolled, (b) UFREI-isolated, and (c) hybrid
(UFREI + TMD)-controlled Dwarka Hospital building.

It is now established that the use of the TMD with the UFREI-based isolation system
has not diminished the control performance of the isolation system by any means, rather it
results in slightly improved superstructure response reductions. Nevertheless, the major ne-
cessity of the additional TMD in the UFREI-isolated structure is revealed through Figure 11.
Figure 11 shows the bearing displacement time-history response of the (a) UFREI-isolated
and (b) hybrid-controlled Dwarka Hospital buildings. It is observed from Figure 11 that
the peak displacement of the UFREI-isolated structure at the base isolation level is reduced
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by 9% to by 27% due to the addition of the TMD at the base floor of the Dwarka Hospital
building. Fascinatingly, the peak bearing displacement of the isolator is reduced from
598 mm to 438 mm, which implies that the TMD is effective in reducing the design dis-
placement of the isolator by 160 mm without inducing a higher acceleration demand on
the superstructure. Therefore, the addition of the TMD to the UFREI-isolated structure
could effectively reduce the design displacement of the base isolation system by 27%. A
reduction of such magnitude in the design bearing displacement is of prime importance as
it will directly influence the required moat width around the base-isolated structure and
also have a positive effect on the other serviceability conditions of the hospital building.
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Figure 11. Bearing displacement responses of the (a) UFREI-isolated and (b) hybrid (UFREI + TMD)-
controlled Dwarka Hospital building.

The results presented in this article are obtained considering the TMD to be tuned to the
second stiffness of the isolation system since it dominates the seismic response of the UFREI-
isolated structure. Having said that, in case the TMD is tuned to the effective stiffness of
the UFREI-based isolation system, similar reductions in the bearing displacements of the
isolated hospital building are observed (results not included here). The reason for this
behavior is that the second stiffness of the isolator is quite close to the effective stiffness
of the isolation system, as per expectation. Nevertheless, the reduction in the design
displacement of the isolation system is more when the TMD is tuned to the second stiffness
of the isolation system.

Figure 12 shows the force-deformation behavior of the UFREI-based isolation system
under the various site-specific earthquakes, when the Dwarka Hospital building is (a) only
base-isolated and (b) equipped with BIS and TMD. It is observed that the designed isolation
system is effective in achieving the required structural performance because the UFREI-
isolated Dwarka Hospital building has shown an effective isolation time period in the
range of 4.4 s to 5.9 s under the various seismic excitations. Nevertheless, the UFREI-
based isolation system did not experience large displacements under all the considered
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earthquakes, thus displaying a bilinear force-deformation behavior wherever the isolator
displacement did not exceed the second yield displacement of the designed isolation
system. Further, when the TMD is added to the UFREI-isolated Dwarka Hospital building,
the isolator displacements have reduced significantly, which is also reflected in the force—
deformation behavior of the UFREI-based isolations system. The modified effective time
periods of the controlled structure have been obtained in the range of 4.22 s to 4.80 s under
the various earthquakes, due to the addition of the TMD. Having said that, the reduction
in the effective time period of the isolated structure does not translate into its structural
dynamic response as observed from Figures 8-10. This summarizes the effectiveness
of the hybrid vibration control system using the UFREI-based isolation system and the
TMD. Although the restoring force exerted by the flexible UFREI-based isolation system
is lesser as compared to conventional isolation systems, it is found that the maximum
residual displacement in the UFREl-isolated structure is within 5 mm (i.e., 0.83% of the
maximum displacement, 598 mm), and the hybrid-controlled structure is within 19 mm (i.e.,
4.35% of the maximum displacement, 438 mm), under the various site-specific earthquake
excitations. Therefore, it could be concluded that the restoring forces exerted by the isolation
system is enough to avoid any significant residual displacements in the base-isolated or the
hybrid-controlled structure.
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Figure 12. Force—deformation behavior of the (a) UFREI-isolated and (b) hybrid (UFREI + TMD)-
controlled Dwarka Hospital building.

5. Conclusions

In this article, the design of a new hybrid vibration control system, comprising a
UFREI-based flexible isolation system and TMD, is investigated for the response reduction
of an existing hospital building. For ensuring operational condition in the base-isolated
hospital building under strong earthquakes, its peak structural acceleration responses are
restricted to certain limiting value such that the acceleration of the structure will always
remain tolerable to the building inhabitants even during the earthquakes, which implies
that the occupants will never panic and vacate the structure even during the earthquake. To
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incorporate such stringent performance criterion, a flexible UFREI-based isolation system
is designed for the Dwarka Hospital building with an effective isolation period of 6 s.
The design displacement of the UFREI-based isolation system is found to be 600 mm
under the site-specific earthquake excitations in the MCE condition. Therefore, a TMD
is installed at the base floor of the isolated structure to reduce the bearing displacement
of the UFRElI-isolated hospital building. The complete design of the hybrid (UFREI and
TMD) control system for the Dwarka Hospital building is elaborated with special emphasis
on the practical implementation of the proposed control system. Further, nonlinear time-
history analysis is undertaken to obtain the response of the hybrid-controlled Dwarka
Hospital building under an ensemble of site-specific earthquake ground motions. The
major conclusions drawn from the research conducted are as follows.

1. It is possible to design highly flexible UFREI-based isolation systems for new and
existing structures under certain site-specific conditions, with the help of the THM
for representing its force-deformation behavior. For comparably taller structures, i.e.,
structures which exert larger vertical load on the isolation system, free sliders could
be utilized to transfer the load from the superstructure to the substructure, where the
UFREIs would only provide the restoring force to the structure.

2. A feasible solution for the installation of the TMD in the base floor of the hospital
building is presented herein. In order to accommodate such large TMD mass in the
UFREI-isolated Dwarka Hospital building, the single TMD mass is divided into six
identical mass blocks and each of them are attached to the structure ensuring the same
tuned frequency in all the TMDs. Also, the maximum stroke length required for the
designed TMD system in the MCE scenario was found to be 1.235 m, which could be
easily accommodated on site.

3. The design isolation time period of the UFREI-based isolation system is considered to
be 6 s. This resulted in more than 90% reduction in the peak structural acceleration
responses, peak base shear induced in the superstructure, and peak inter-story drifts
in the superstructure, when the structure is base-isolated as compared to the uncon-
trolled structural responses. Reductions of this magnitude ensured that the structural
vibration is always within the tolerable limits for the inhabitants, even during the
earthquake excitation. This is extremely important to achieve operational condition in
lifeline structures such as hospitals during the earthquake hazard.

4.  The addition of the TMD to the UFREI-isolated Dwarka Hospital building has suc-
cessfully reduced the peak bearing displacements of the isolated structure by 9% to by
27%, under the various site-specific earthquakes. The maximum displacement of the
structure at the isolation level was reduced to 438 mm from 598 mm. This is highly
beneficial as it avoids the various practical and serviceability issues involved with
large bearing displacements of flexible isolation systems.

5. Importantly, the large reductions in the bearing displacement of the UFREI-isolated
Dwarka Hospital building using the hybrid (UFREI and TMD) control systems did
not compromise with the performance of the base-isolated structure. The structural
responses of the hybrid (UFREI and TMD)-controlled Dwarka Hospital building are
comparable to that of the UFREI-isolated building. In fact, the control performance of
the hybrid-controlled building is even better than the UFREI-isolated building under
most of the site-specific seismic excitations.
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