
International Journal of Dynamics and Control (2021) 9:1316–1331
https://doi.org/10.1007/s40435-020-00728-6

Review on vibration control in tall buildings: from the perspective
of devices and applications

BG Kavyashree1 · Shantharam Patil1 · Vidya S. Rao2

Received: 30 April 2020 / Revised: 5 November 2020 / Accepted: 7 November 2020 / Published online: 3 December 2020
© The Author(s) 2020

Abstract
Permanent construction has evolved from the Palaeolithic age to today’s skyscrapers. Constructing the structure, which
promises occupants safety, has become a concern because of the uncertainties in nature. Therefore in recent years, attention
has been given to the development of structural protective devices that could take care of the external loads. Structural
control against the wind and earthquake load has been seriously studied where the structure behaves differently for wind
and earthquake load has been briefly discussed in this paper. Initially, paper discusses the history of the construction and
the passive control system, which was used in structural control, is briefly discussed in this paper. Also, the implementation
of active control has been discussed which was introduced later in the structural control for more effective control. But the
limitations of the passive and active control system have introduced semi-active control and also the hybrid control strategy.
The twomechanisms are put together in the semi-active and hybrid system to obtain all advantages of the algorithm along with
overcoming their limitations. The review also briefs about stochastic vibrational control of the structure where randomness is
considered in external loads, parameter of the system and also in the external devices which are implemented in the structural
control. As construction sector is a complex system, big data analysis, a new field in structural control system is discussed
and future scope is also mentioned.
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1 Introduction

One of the most magnificent evolutionary creations on this
earth is human beings gifted with the power to manipulate
this environment. For the survival of human beings there
need the basics such as air, water, food, shelter, sanitation
and sleep. All the basic needs are essential but out of these
survivors, shelter is a requirement for mitigating vulnerabil-
ity and community resilience. Initially, during the Paleolithic
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Age, people sheltered themselves under the trees during the
dry season and opted for the natural caves or cliff sites in
the wet season. In the Neolithic Age, the temporary shelter
for survival was constructed with the help of grass, wood,
brush and usually covered with mud for waterproofing and
this type of construction is called “Facal” [1]. The mud was
converted into a brick to build the shelter and to overcome
the weathering action of the mud, they were sundried or
burnt and used. Then comes the construction practice with
the mega-giant stones being cut and curved to form the
structure. Then human beings started to construct the per-
manent structures as a place for living, this began taking its
shape in Mesopotamia and Egypt. An example of the per-
manent structures is the Egyptian Pyramids which is a giant
structure in history. The increasing population in the commu-
nity demanded large dwelling arrangements and a need for
strong material in the construction industry where the mas-
sive masonry structure had an outbreak for slender structure.
Then Gustave Eiffel discovers the use of iron in the construc-
tion sector which evolved as composite steel material which
took the construction industry to a new height. As there was

123

http://crossmark.crossref.org/dialog/?doi=10.1007/s40435-020-00728-6&domain=pdf
http://orcid.org/0000-0002-3874-2232


Review on vibration control in tall buildings: From the perspective of devices and applications 1317

Table 1 The present tallest
building in the world [8] Building name Country Completed year Height (m) No. of stories

Burj Khalifa Dubai, UAE 2010 828 163

Shanghai Tower Shanghai, China 2015 632 128

Makkah Royal Clock
Tower Hotel

Mecca, Saudi Arabia 2012 601 120

One World Trade Center New York, U.S. 2014 541 94

Taipei 101 Taipei, China 2004 508 101

Shanghai World Financial
Center

Shanghai, China 2008 492 101

International Commerce
Center

Hong Kong, China 2010 484 108

Petronas Tower 1 and
Petronas Tower 2

Kuala Lumpur, Malaysia 1998 452 88

a drastic increase in the population, the construction of per-
manent structures became a primary essence of civilization.
In this journey, the introduction of skyscrapers took place
in Chicago in 1885 named Home Insurance Building with
height of 138 feet. Chicago was the first place to invent the
skyscraper which used steel-frame with curtain walls instead
of load-bearing walls in 1884 with the completion of the
Home InsuranceBuilding.After construction ofHome Insur-
ance Building within five years the masonry structures and
steel frame structures were constructed with the increasing
height; disappearing the Home Insurance Building in the top
ten building list of the 1890s. In the 20th century, develop-
ment took over the New-York as the capital for a high-rise
building. Initially, steel was being used for the construction
but concrete took over steel later because of the lesser cost
of construction, better resistance to fire and better damping
capacity. The reinforced concrete building first come into
existence in the USA named Ingalls Building in Cincinnati.
Concrete was not been used in the high-rise building because
of the weak tensile capacity and under-developed calculation
for reinforcement [2]. But when the tubular structure was
developed by Fazlur Rahman Khan the concrete was being
used for the primary structure.At that time the tallest building
record was set by buildings like John Hancock Center, Willis
Tower andWorld Trade Center in the US. Then the evolution
of high rise buildings with the structural elements like outrig-
gers and buttress core has given rise to skyscrapers like Taipei
101, Petronas tower and present world’s tallest building Burj
Khalifa [3–5]. In the tall building, the problemalways is of the
elevators, to reach the top floor and its disadvantage of space
occupancy. Fazlur Khan invented sky lobby, in the floors,
where the elevators would directly reach the sky lobby from
the bottom. In tall buildings, vertical transportation was an
issue and even today in design considered it poses the prob-
lem of utilization of floor space; the satisfactory travel time
and a brief explanation of elevators installed in world tall
buildings are stated in the article [6]. From the beginning,

the skyscrapers are the dream of the architecture, symbol of
economic wealth and power. Even today there is a contest
for the development of the tall building continues, with the
discovery of new materials, construction systems, and effi-
cient elevators. Table 1 describes building name, country,
completed year, height and no. of stories of present tallest
skyscrapers in the world as referred to the articles [7, 8].

These skyscrapers are vulnerable to lateral forces like
wind and earthquakes. Therefore structural control strategy
for vibration mitigation is a must for the structural design of
skyscrapers. The fundamental principle of vibration control
is to introduce vibrations in the parameter of the dynamic
system (linear or non-linear) such that the system proper-
ties changes in the desired way so that the system is stable
for all transient motions and external disturbance [9, 10].
Structure behaves differently for the external disturbance
like wind, which acts like force type loading and for earth-
quake, which acts like displacement type loading depending
on the frequency of multi-hazard excitation. Many studies
have compared the wind and earthquake excitation for the
same building showing that the earthquake with high accel-
eration for a short time instantwill excite highermodes, cause
small drift. On the same time wind load with less accelera-
tion is present for a long period will cause larger drift and
comfort issue within the occupants [11, 12]. In the structural
control, damping and stiffness play an important parameter
in the structural response as presented in the article [13, 14].
Initially, the classical pole placement techniques were intro-
duced in the control systems. This pole placement technique
has been employed for the structural vibration control by
authors in paper [15] by modifying the mathematical back-
ground of the algorithm as for the building systems are fixed
systems. Mainly the control algorithms and protective sys-
tems are of different types and classification as presented in
the article [16]. There are many vibration protective systems
like passive systems, active systems, semi-active systems and
hybrid protective systems. A brief review of the structural
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protective systems is stated in Sects. 2, 3, 4, 5, 6, 7. From
the literature survey done, there are studies on tall building
analysis with stochastic optimal control, some of the litera-
ture on quantification of control effectiveness of stochastic
control by taking uncertainty as the inherent randomness
in the dynamical behavior of the dampers, desired random
excitations passed through the suitable filters for earthquake
disturbances etc. are elucidated in the further section, but
there is a need to concentrate in improving structural health
monitoring. The tall building vibration control needs the abil-
ity to process large amounts of data, thus the structural control
of tall building need a study on big data analysis techniques in
its control schemes. Big data is still an upcoming practice and
relatively new methodology of structural health monitoring,
it has enormous uncapped potential in the construction sec-
tor. Some of the related literature on big data in construction
sectors are elaborated in this paper.

2 Passive control

The structural control system against the lateral loadwas nec-
essary to keep the tall building comfortable to the occupants
and undisturbed to the external uncertainties. First among
the control system introduced are a passive control system
used in the structures and connecting bridges. In a passive
protective system, the vibration of the structure due to the
lateral loads like wind and earthquakes will be mitigated by
dissipating the external load transferred into the structure
into other sources of energy or by segregating the structure
from the external load by some structural modification to
reduce the vibration. In this system it does not use an exter-
nal power source in controlling vibration, therefore there is
no threat about the breakdown of the passive system during
any seismic event. Thus this system is easier in installation,
maintenance and economic from all the prospects in mitigat-
ing the structural response. But it has some limitations as it
does not use external power but use the motion of the sys-
tem itself for its technical process of working and its control
forces cannot be changed as per the requirement during the
seismic event means it cannot adapt to the situation. But the
isolators and energy dissipaters enhance the structural con-
trol during the seismic event bydissipating the seismic energy
using the structural vibration to convert kinetic energy to heat
or by transferring energy among vibrating modes proving its
effectiveness in the reduction of the effect of lateral load on
the structure [17]. By using the passive protection system
the recent development of optimum control of the structural
response is found in the article [18]. A novel passive shock
absorber called velocity and displacement dependent damper
is introduced in the article [19], which is compared for semi-
active control damper and the results showed that velocity
and displacement dependent damper could perform as good

Table 2 Classification of the passive protective system

Isolators- base
isolation systems

Elastomeric
isolators

Natural rubber
bearings

Low-damping
rubber bearings

Lead-plug bearings

High-damping
rubber bearings

Sliding isolators Resilient friction
system

Friction pendulum
system

Energy dissipation Hysteretic device Metallic yield
dampers

Friction dampers

Visco-elastic device Viscoelastic solid
dampers

Fluid viscous
dampers

Re-centering device Pressurized fluid
dampers

Preloaded
spring-friction
dampers

Energy transfer Tuned mass
dampers

Tuned liquid
dampers

Sloshing dampers

Column dampers

as a semi-active damper. In the article [20] authors have clas-
sified passive protective systems as main types and subtypes
as stated in Table 2.

2.1 Seismic base isolators

The base isolation technique was invented due to the sheer
necessity of making structures earthquake resistant. From its
first conceptual idea in 1909 B. C. by a doctor named Calan-
tarients, where it was suggested to use the talc layer between
substructure and superstructure, the concept has now fairly
mature. Later many varieties of isolators have been invented
and have been successfully implemented in many countries.
The fundamental concept of an isolator is to offset the harm-
ful effects of an earthquake by isolating the superstructure
from the substructure. The main principle of base isolation
devices is to introduce a layer between the foundation and
superstructure which is stiff in a vertical direction and very
flexible in a horizontal direction [21]. As the isolators are
very flexible in a horizontal direction when compared to the
superstructure it will introduce a newmode of vibration to the
superstructure, which will elongate the fundamental period
of the superstructure and this period will not match with
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Fig. 1 Elastomeric bearing

the period of input. The main aim of base isolation is (i) to
change the fundamental frequency of the superstructure from
the dominant frequencies of input (ii) to reduce the displace-
ment by increasing the adequate amount of dampingmaterial
in isolators such as lead.

2.1.1 Elastomeric isolators

Elastomeric isolation is a combination of thin vulcanized
natural rubber and steel plates with the holes for the dowel.
In elastomeric isolation, there are several types of bearing
like natural rubber bearings, low-damping rubber bear-
ings, lead-plug bearings and high-damping rubber bearings.
Elastomeric systems make use of natural rubber or syn-
thetic rubber as the principal component. Base isolation of
Pestalozzi school inSkopje, in 1969using large rubber blocks
is one of the earliest and well-known examples of usage of
elastomeric systems. Figure 1 shows elastomeric bearing.

These blocks are relatively undamped, compress by 25%
vertically and with a significant horizontal bulging, which
indicates a lack of vertical stiffness. Due to this property,
some amount of horizontal acceleration is converted as ver-
tical acceleration which is one of the major drawbacks of
these blocks. Due to this drawback, the usage of such blocks
was discontinued further. To address the issue of lack of ver-
tical stiffness, such blocks were reinforced with steel plates
and are called as laminated rubber bearings. These bearings
are capable of providing vertical stiffness and also address
the issue of horizontal bulging. Several varieties of laminated
rubber bearings were developed and used in many structures.
The following are the various classification of laminated rub-
ber bearings that are elucidated further.

Low damping rubber bearing is made up of natural or syn-
thetic rubber with two thick steel plates at the ends and thin
steel sheets in between. These bearings show linear behav-
ior when subjected to shear force. The effect of creep is
not seen in these bearings and the manufacturing process
of these dampers is also quite simple. These bearings pro-
vide negligible damping. But, some amount of damping is
always desirable and hence, these bearings have to be used

Fig. 2 Lead rubber bearing components

along with supplemental dampers. Connecting a damper to
an isolator is complex work and hence, this is one of the
disadvantages of low damping bearings.

Due to the advancement in rubber technology, additional
required damping can be provided by adding resins, oils,
or some filler to the rubber to produce high damping rub-
ber bearing. Thus the need for supplemental dampers can
be eliminated. Due to the material used, the bearing behaves
nonlinearly at low shear strains and provides high damping
and stiffness. At moderate levels of shear strain, the bear-
ing behaves linearly. At a higher shear strain both stiffness
and damping of the bearing increases. Thus, these bearings
can be designed to behave very stiffly for a less magnitude
input such as wind load, fairly stiff during design earthquake
and very stiff during an earthquake that exceeds design level
earthquake. The manufacturing process of these bearings is
similar to low damping bearings and cost-effective as well.

To enhance the hysteretic damping, a lead core is inserted
at the center of laminated rubber bearing. The additional hys-
teretic damping is provided due to the plastic deformation of
lead. Lead Rubber Bearings (LRB) behaves nonlinearly and
the hysteretic behavior of LRB can be idealized as a bilin-
ear curve. Thus, elastomeric present in the bearing provides
isolation property whereas, the lead core provides damping
property to the bearing. One of the disadvantages of LRB
mentioned in paper [22], during strongnearfield earthquakes,
bearings undergo hardeningwhich significantly increases the
displacement. Figure 2 shows lead rubber bearing compo-
nents.

2.1.2 Sliding isolators

During earthquakes in Bihar and Dubai, in the year 1934,
it was observed that many masonry buildings did not col-
lapse, because they simply slid on their foundation during
an earthquake. Whereas, buildings which were connected
completely to the foundation collapsed. This observation
led researchers to develop alternative systems for isolating
masonry buildings. In the article [23] authors proposed a pure
sliding concept to avoid the harmful effects of the earthquake
on masonry buildings. Later, in the article [24] authors pro-
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posed natural rubber bearings along with a skid system and
tested its effectiveness for a scaled model of the building. In
sliding based systems, energy dissipation usually takes place
due to friction between contact surfaces. The systems, which
were developed based on the sliding concept are further elu-
cidated,

Pure Friction (P-F) systems are the simplest of all slid-
ing isolation systems. Here, the superstructure is isolated by
providing rollers [25], Teflon sliding bearings [26] a layer of
black polyethylene sheet [27], or simply a layer of sand [28],
etc. between superstructure and foundation, which provide
resistance through pure friction [29]. The force developed at
the base in this system is due to mass and friction coefficient.
Robust optimization of passive friction damper is introduced
in the article [30], which considers the uncertainties in struc-
ture, as well as load properties using genetic algorithm, were
studied for a structure in Colombia excited for an earthquake.
The disadvantage of this system is that, after a seismic event,
the system will not move back to its original position. That
is, re-centering of the system does not take place and hence,
an additional system may be required to bring the system to
the original position and whenever a frictional surface is pro-
vided, the surface is sensitive to pressure, relative velocity,
etc. This induces nonlinearity and hence a nonlinear dynamic
analysis may be necessary, which is a tedious process.

Themain issues usually associatedwith the P-F systemare
excessive displacement of the structure during an earthquake
event and residual displacement at the end of the earthquake.
To overcome these drawbacks, the Friction Pendulum Sys-
tem (FPS)was proposed in the article [31]; this systemmakes
use of its geometry and gravity to achieve seismic isolation
objectives. Here, the isolator consists of an articulated slider
that moves on a stainless steel spherical surface. The slider
is coated with stainless steel and is located in a cavity made
in a spherical stainless steel plate. A portion of the slider in
contact with a spherical surface is coated with a composite
material that has low friction. Whenever the slider moves
it lifts the mass and provides the necessary restoring force.
Figure 3 shows a cross-section of friction pendulum bearing.
The friction between the slider and surface provides neces-
sary damping. In FPS, residual displacement is significantly
reduced due to the geometry of the isolator itself. Due to the
spherical geometry, the time of the isolator remains the same
and thus, when earthquake frequency is closer to the isola-
tor frequency, the problem of resonance might arise. Further,
several research works have also been carried out on a multi-
stage friction pendulum system. Depending on the number
of pendulum mechanisms these are called double pendulum
bearings [32] and triple pendulum bearings [33].

To address the resonance issue of FPS, various modified
systems were developed based on the modified geometry of
the sliding surface. One such system was proposed by [34] is
known as a Variable Frequency Pendulum Isolator (VFPI)

Fig. 3 Cross-section of friction pendulum bearing

system with an elliptical surface, whose frequency varies
with the sliding displacement. Since the frequency of the
VFPI system is not constant, the system does not show any
resonance. A similar isolator was developed by [35] called
as Variable Curvature Friction Pendulum System (VCFPS).
The systemmakes use of a concave surface, which is derived
by subtracting a function from the equation of FPS. In paper
[36], the authors proposed a Conical Friction Pendulum Iso-
lator (CFPI), with a modified geometry of FPS. Within some
threshold, the surface is similar to FPS but beyond that, it
becomes tangential to the spherical surface of FPS. Further,
[37] proposed a sliding surface governed by a polynomial
function, known as polynomial friction pendulum isolator
(PFPI). Another approach considered by authors in the arti-
cle [38] is to avoid resonance in FPS is to vary the coefficient
of friction along a curved surface. Such a system is known as
a Variable Friction Pendulum System (VFPS). Thus, either
by changing the geometry or by varying the coefficient of
friction along the surface, isolators can be made effective.
Based on this, in the article [39] authors proposed an isola-
tor, whose radius of curvature and friction coefficient varies
along the surface, known as variable frequency and Variable
Friction Pendulum Isolator (VFPI). Here, the surface geom-
etry varies exponentially and the friction coefficient varies
linearly along the surface. When compared to FPS which
makes use of spherical geometry, all other systems which are
developedbasedvarying the geometry of FPShaveflatter sur-
face and thus have a tendency for increased displacement. To
avoid such large displacements in the article [40, 41] authors
proposed a combination ofVariableCurvature Pendulum Iso-
lator (VCPI) along with Viscous Fluid Damper (VFD).

2.2 Energy dissipation

Energy dissipation devices are relatively small compared to
other building components that are installed between the
main structures and bracing system. These devices are used
as indirect dampers in the structure to absorb or divert some
part of input energy or convert kinetic energy to heat so that
energy transfer to structure reduces which in turn minimizes
the damage occurs in the structure. Passive energy dissipa-
tion systems consist variety of devices and materials to alter
damping; it could be used for earthquake response reduc-
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tion.The energydissipaters are classified as hysteretic device,
visco-elastic device and re-centering device as stated in the
article [42, 43]. The viscous damper is one of the most used
passive dampers and many research have been carried by
using this damper for a different type of structure, which
has been presented in the article [44–48]. The cost constraint
of using a large number of the viscous damper is also an
issue, so a study has been conducted in [49] to optimize the
viscous damper by three control algorithm used consider-
ing the damping ratio for a mode of structural excited for
the El-Centro earthquake. Hysteretic devices are metallic
yield dampers and friction dampers. Visco-elastic devices
are visco-elastic solid dampers presented in the article [50]
and fluid viscous dampers. The re-centering device is pres-
surized fluid and preloaded spring-friction damper. In the
metallic damper’s dissipation of input, energy depends on
the metal used in the device to sustain as many cycles of sta-
ble hysteresis behavior. A study has been conducted by using
a bar fuse damper which is developed from the common steel
section as energy dissipater by article [51], which dissipates
the energy with the replaceable bars as sacrificial elements
through the flexural and tensilemechanism.This fuse damper
was evaluated with a component of steel pipe called pipe fuse
damper [52], numerically and experimentally showed stable
hysteretic behavior and appropriate displacement reversal as
energy dissipation and after failure the replacement of pipe
component is easy. Many types of devices have been used
as energy dissipaters that use flexure, shear, or longitudinal
deformation modes into the plastic range.

2.3 Energy transfer devices

The two types of energy transfer devices are Tuned Mass
Damper (TMD) andTunedLiquidDamper (TLD). The TMD
was first used for ships to reduce its rollingmotion and vibra-
tion of the ship hull [53]. In the article [54] theory for TMD is
explained and in the article [55, 56] the optimum tuning and
damping parameter for the efficient performance of TMD
is elucidated. TMD consists of huge mass, damping device
and properly tuned spring, providing a frequency-dependent
hysteresis that increases damping in the primary structure.
The huge mass spring damper will be attached to the main
structure, almost at the top of the building, to counteract the
motion of the ground by mitigating the structural dynamic
response [57].When the lateral load hits the structure, it starts
to vibrate and the kinetic energy produced by the structure
will be absorbed by the damping device of TMD and vibra-
tion will be transferred from structure to TMD, therefore
it experiences large displacement is presented in an article
[58]. Adaptive-passive variable mass TMD is proposed in
the article [59, 60], which can vary its mass with the help of
sensors,microcontrollers and actuators to retune itself to con-
trol structure which can overcome the limitations of normal

TMD. TLD and Tuned Liquid Column Dampers (TLCD)
work with a similar principle as TMD instead of using a
spring-mass damper it uses the movement of the liquid to
absorb the lateral load and stabilize the structure indirectly
by adding damping to the structure. This device absorbs the
energy from the structure through sloshing motion and dis-
sipates it by wave breaking effect and viscous effect of fluid.
TLDs are more beneficial than TMDs: they have less cost of
maintenance, simultaneous reduction of motion in two direc-
tions canbedone, requires less stroke length andno activation
mechanism as stated in the article [61]. TLCD work-alike
TMDs; they introduce indirect damping to increase structural
behavior by generates high-flow turbulence by the passage
of a liquid through orifices.

There are some of the disadvantages of the passive damp-
ing system, such as size issue; it is a huge device, very heavy
and requires a lot of space for its occupancy. Moreover, it
works on the tuned frequency for whichever frequency they
are tuned at, i.e. structure will have several modes with sev-
eral frequencies and a single device can be tuned to a single
frequency and many devices need to be attached for differ-
ent frequency which is practically not possible. As the years
emerge the structure gradually changes its natural period
where these devices will become less effective in the reduc-
tion of vibration of the structure.

3 Active control

Active control protective system consumes a large amount of
external energy from kilowatts tomegawatts to apply force to
the structure either to add or dissipate energy. There aremany
active control systems such as Active Mass Damper (AMD)
systems, active tendon systems, active brace systems, diago-
nal braces and pulse generation systems [62]. The first active
control system used in the real application was for Kyobashi
Seiwa, an 11story building in 1989, in Japan [63], this was
installed by Kajima Corporation. Analysis of the building
showed different mode shapes of the building with different
frequencies and different types ofmotion, so twoAMDswere
used to control the transverse and torsional motion [63]. An
instantaneous optimal algorithm is an active control algo-
rithm used for three and five-story structures for vibration
reduction by authors in paper [64], Fig. 4 shows the reduc-
tion in the roof displacement for three story building excited
for earthquake load.

There is a control algorithm that varies the stiffness called
variable stiffness damper that takes care of damping and
reduces the vibration as many studies have used this device
to mitigate the structural vibration [65–69]. Linear optimal
control, pole assignment technique, independentmodal space
control, instantaneous optimal control, bounded state control,
non-linear control, generalized feed-back control, sliding
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Fig. 4 Roof displacement of a three story building excited for earth-
quake load

mode control, time-delay compensation, active control using
neural network and fuzzy logic are some of the active control
algorithms which control the structure and it is elaborated in
the article [70].

3.1 Active mass damper systems

To overcome the limitation of the passive protection system
used for structural control which works more on dominant
first mode than other modes and certain frequency of the
structure. Instead of a tuned mass damper, an active mass
damper was proposed which works on a wide range of
frequencies. In this damper, the actuators are installed in
between the structure and auxiliary system and the control
algorithmwith the actuator adjusts themotion of the auxiliary
system, therefore the control system and actuator needed is
of small size while comparing to the other active control sys-
tem. In an active control system other than AMD the actuator
used to control the motion will act on the structure directly
as the size of the structure is large, a huge actuator system is
required. But there is a drawback of this system that it works
well at the fundamental frequency and at high frequency its
efficiency reduces [71].

3.2 Active brace systems

The bracing system can be introduced with the actuators (i.e.
active control device), where it can be integrated by diagonal
bracing, K-bracing, and X-bracing. The hydraulic actuator
is placed between the bracing and the adjacent floor along
with the servo-valve, a hydraulic power supply, a servo valve
controller which is control by a defined control algorithm
from the computer. The predefined control algorithm in the
computer will produce the required control signal depending
on the sensor measurements and the servo valve will reduce
the response depending on the control signal.

3.3 Pulse generation systems

In this system, the hydraulic actuator is not used, instead the
pulse generator is used which works on the pneumatic mech-
anism that uses compressed air that uses high-pressure fluids.
This pulse generator works when there is a large velocity in
its vicinity, it produces the force required according to the
velocity of the structure. There are some advantages of this
device like the use of compressed gas but there are some
disadvantages also, the device is not powerful to control the
building and the device is highly non-linear.

The advantage of the active control system is that it will
tune to the required frequency in the real-time application
than seen in a passive control device. However, some dis-
advantages have made the limited application of an active
control system in the civil engineering industries. The main
disadvantage is the usage of an external power source for the
production of the control force. The cost and huge supply of
power sources are required to output the large control force
by the actuator to reduce the response of the building. There
is another disadvantage that during any uncertainty like an
earthquake if power supplies disconnect with the building the
active control is likely to be inactive during the peak require-
ment of control force which makes it a depraved device.

4 Semi-active control

Semi-active control devices have proved to be promising in
structural control because it combines the merit of reliabil-
ity in the passive system and adaptability in active system.
This system uses very little energy to change the mechanical
property of the device and to produce the forces opposed
to the structural motion which is produced by using the
motion of the structure itself. The use of very small energy
which can be fed by battery will not destabilize the system
but in active control because of the use of a large amount
of energy destabilization takes place during an earthquake.
These semi-active devices use less energy which can use the
power from a battery and can also provide adaptive con-
trol [72]. They cannot add or remove energy to the structure
but can change the structural parameter like spring stiff-
ness or damping coefficient. The semi-active control device
includes sensors, control computers, control actuators, and
passive control devices as presented in the article [73, 74].
There are many control algorithm considered in regulating
the semi-active device like pole placement algorithm, clipped
optimal control algorithm, Lyapunov controller, decentral-
ized bang–bang controller, modulated homogeneous friction
controller, passive-off controller, passive-on controller, sky-
hook control controller, linear matrix inequality controller,
modal space controller, linear–quadratic regulator controller,
linear-quadratic-Gaussian controller etc. one of the studies

123



Review on vibration control in tall buildings: From the perspective of devices and applications 1323

Fig. 5 Mechanical diagram of the semi-active tuned mass damper

has adopted energy-based probabilistic modified indepen-
dent modal space control to improve the modal space control
method by employing the Lyapunov function to improve the
performance of the control system in regulating the semi-
active controller [75].

4.1 Semi-active tunedmass dampers

Tuned mass damper in passive control and active tuned mass
damper in active control has a huge mass, that requires large
space and a large power supply to trigger the motion of
the mass device. Figure 5 shows a semi-active tuned mass
damper, its features are its mass, damping and stiffness
named as kd, md, cd; the main structural mass, damping and
stiffness are named asm, c, k. The control force is represented
as u and SA as an actuator.

In semi-active tuned mass damper the mass attached
is small compared to the previously tuned mass damper
explained, which consist of mass, damping and stiffness
device and an actuator which continuously produces the con-
trol force with the small amount of external power to adjust
the damping of TMD as presented in articles [76–78].

4.2 Semi-active tuned liquid dampers

Semi-active tuned liquid damper works on the principle of
TLD and TLCD. In semi-active tuned liquid damper they
used rotatable baffle walls in the tank with sloshing action.
An actuator has been used in controlling the rotation of the
baffle wall by using the predefined control algorithm. The
frequency of the system is decided by the length of the tank,
by rotating the baffles to the desired inclination its behavior
can be tuned. Inside the tank, the baffles are placed in the hor-
izontal and vertical position, when they are in the horizontal
direction the full length of the tank is available and when
they are in the vertical direction the tank is divided into the
number of small size tanks shown in Fig. 6. Thus the actua-

Fig. 6 Semi-active tuned liquid damper with some standing rotatable
baffles

tor only needs to rotate the lightweight baffles to change the
damper’s responses. A novel concept of semi-active tuned
liquid column damper which changes its natural frequency
and damping ratio adapting to the changes in loading and the
structural condition is presented in [79].

4.3 Semi-active friction dampers

These dampers mostly use surface friction to dissipate vibra-
tory energy to mitigate structural response. Piezoelectric
Translator (PZT) materials when exposed to the electric field
with the constrained motion will produce stress. Figure 7
showsPiezoelectricFrictionDamper (PFD).This device con-
tains four PZT stack actuators, four preloading units and
a steel box for housing other components. When there is
motion between bottom plates and isolated plates friction is
produce which is the dissipation of energy. The electric field
controls the PZT actuator, in turn, tunes the friction forces
within the damper, allowing its efficiency to be altered in
real-time at a low cost [80, 81]. Because of the alteration in
real-time, this can be used for a weak and a strong earthquake
with the development in force generation capacity [82, 83].
An integrated scheme involving semi-active vibration con-
trol was introduced in the article [84] with the addition of
stiffness which modifies system parameters and based on the
updated system parameter the structural control is done by
feedback control with Kalman filter.

A study was conducted which used a semi-active fric-
tion damper with five control strategy as friction force as a
resistance when the system is deviating from its equilibrium
position, maximizes the energy removal in each harmonic
oscillation cycle by calculating the optimal normal force
based on the last displacement peak, the first strategy with
the homogenous modulation of the friction force, predict the
system’s movement based on its velocity, acceleration and
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Fig. 7 Piezoelectric friction damper

our knowledge of its physical properties to maximize the
efficiency of the damper is stated by the article [85, 86].

4.4 Semi-active vibration absorbers

Semi-active vibration absorber is also known as a semi-active
hydraulic damper and also an Accumulated Semi-active
Hydraulic Damper (ASHD). Figure 8 shows the accumulated
semi-active hydraulic damper.

This device consists of a hydraulic jack, a valve and an
accumulator. In these devices, the opening and the closing
of the valve regulates the stiffness and decides the damping
of the hydraulic damper. The energy dissipation is obtained
to the optimal value by using a control algorithm that con-
trols the oil flow in the hydraulic jack; in turn, controls the
direction in which the device acts.

4.5 Semi-active stiffness control devices

Semi-active stiffness control device consists of many parts
like solenoid valve, a tubewhich is connecting to the cylindri-
cal chamber, a hydraulic cylinder with a double-acting piston
rod as shown in Fig. 9. The structural stiffness reduces when
the valve is open, has it unlocks the beam brace connection
and increases the structural stiffnesswhen the valve is closed,
has fluid cannot flow so the beam will be locked to the brace
as stated in the article [87]. Resetting semi-active stiffness
damper has been studied and results show the effectiveness
of this damper in reducing the structural control for the near
field earthquake as stated in the article [88]. Resetting semi-
active stiffness dampers was replaced by a novel mechanism
to form resetting passive stiffness damper which is used for
the base isolation of a nonlinear building subjected for near
field earthquake in [89].

4.6 Electro-rheological dampers

The Electro-Rheological (ER) damper has a hydraulic cylin-
der that contains dielectric particles which are suspended in a
viscous fluidwhich is free-flowing fluid. These dielectric par-
ticleswhen exposed to electric current they polarize and align
themselves in a certainmanner and resist the free-flowing liq-
uid. This conversion from free-flowing to the resistive nature
takes place within no time making the electro-rheological
fluid exhibit the reversible nature which could be achieved
only by fluctuating the electric power which in turn is reg-
ulated by a preset control algorithm to control the voltage
of the power supply. Makris was the first to use the smart
properties of the electro-rheological fluid to alter the damper
force production. In this type of dampers, energy dissipation
takes place by shearing of fluid and due to orifice of viscous
fluid which creates a friction effect. Limitations of this type
of dampers are the yield stress is limited and a very high
voltage is required to regulate the ER fluid.

4.7 Magneto-rheological dampers

Magneto-Rheological (MR) damper works the same as
electro-magnetic damper except that it works with the elec-
trical field in the electromagnetic damper and magnetic
field in the magneto-rheological damper. This MR fluid was
discovered by Jacob Rabinow in the 1950s. The magneto-
rheological damper consists of cylindrical which consists of
macro-sized magnetically polarizable particles suspended in
a viscous fluid like silicon oil. When the magnetic field is
applied, the magnetic particles are polarized and it shows the
visco-plastic behavior which makes the fluid resistive. The
resistive nature occurs from free-flowing fluid to a semi-solid
state within some seconds which is possible by changing
the effect of the magnetic field which is regulated by the
control algorithm. The advantage of MR damper is yielding
strength is more, it is stable in the wider range of temper-
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Fig. 8 Schematic view of the
accumulated semi-active
hydraulic damper

ature and less power is required to regulate the MR fluid.
MR damper has been proven to be a promising device in
structural control [90]. In the article [90], MR damper has
been controlled by clipped optimal control which is acceler-
ation feedback control to regulate damper, this combination
of semi-active control has proven tobe effective in controlling
the vibration of the structure. Many studies have considered
MR damper in controlling the structure with different control
algorithms like adaptive control, genetic-based fuzzy logic
control, bang–bang, clipped optimal control as presented in
articles [91–93]. The authors in paper [91] compared the
performance of the various controllers like fuzzy control
method, simple adaptive control, passive-on and passive off
method in structural control as shown in Fig. 10 displays the
displacement of the each floor.

4.8 Semi-active viscous fluid damper

In this type of damper, the intensity of viscous fluid flow is
controlled through closed solenoid value through the bypass
loop. The value is adjusted by the already existing control
algorithm which uses very little power to tune the damper

behavior. When the valve opening is large the damper force
production is less due to less flow resistance and when the
valve is partially open the force produced ismore due to large
flow resistance. Energy is dissipated via the friction between
the flow, the bypass loop, and orifices in the piston head. The
viscous damper is used in much real application in structural
control as stated in articles [94, 95].

4.9 Variable orifice damper

Using variable orifice valve in a conventional hydraulic fluid
damper to control the flow of liquid which uses very little
power to produce the damping force was first used by Feng
and Shinozuka to control the motion of the bridges [96].

As the semi-active system can work with battery power it
is the significant advantage of this system. This system can
change the power output only with the little external power
supply in a wide range which makes it work due to uncer-
tainty like an earthquake, power cut, or some inability of the
power transmission. This advantage hasmade the semi-active
control system the topic of research in recent years. There is
a small limitation with this system is that the requirement of

123



1326 BG. Kavyashree et al.

Fig. 9 Semi-active stiffness control devices

Fig. 10 Maximumdisplacement of eachfloor controlled by various con-
troller

the computer-controlled feedback systemand sensors needed
for the measurements.

5 Hybrid control

Hybrid systems which are considered between passive and
active control system, in terms of procedure they are the com-
bined use of passive and active control system which utilize
the external energy to control the structure. In semi-active
control, the capacity of the active control cannot be utilized
but in hybrid, both the passive and active control force which
is a higher control force can be utilized. As it uses the active

Fig. 11 Mechanical diagram of the hybrid mass damper

control strategy it uses a large amount of external power and
cost involvement is more is considered to be a major concern
[97]. The hybrid protective system consists of hybrid base
isolation, hybrid mass dampers and hybrid damper-actuator
bracing system [98].

5.1 Hybrid mass dampers

HybridMass Damper (HMD) is the combination of an active
actuator and TMD or it can be a combination of the TMD
withAMDas presented in articles [99, 100]. Figure 11 shows
the mechanical diagram of HMD.

In HMD the connection of AMD to TMD will make the
reduction in the mass used for AMD to 10–15%. The AMD
with connection to TMD in HMD will perform only for the
higher modes of the structure while the fundamental modes
are taken care of by TMD is stated in the article [73]. This
makes the HMD work with less energy consumption related
to AMD with a similar output which makes it economical
and will promote the widespread application for the struc-
tural control. But the main concern is the mass used in HMD
requires large space [101]. An alteration to TMD was study-
ing in articles [77, 102] with the combination of TLD, where
TLD was rigidly attached to the secondary mass which is
connected to the primary structure through the spring system,
this combination was called as Hybrid Mass Liquid Damper
(HMLD) as shown in the Fig. 12. HMLD works well when
the secondary spring’s flexibility is optimum and when the
secondary spring is rigid it acts like the passive tuned mass
directly attached to the structure, many studies have been
conducted as elucidated in the article [103].

5.2 Hybrid base-isolation systems

The hybrid base isolation system consists of a base isolator
and the controllable damper in the system to reduce the vibra-
tion of the structure [104, 105]. In the article [106] hybrid
base-isolation systems are implemented to the structure by
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Fig. 12 Mechanical diagram of the hybrid mass liquid damper

Fig. 13 Resetting passive stiffness damper in the isolation system

using the laminated rubber bearings as isolators and MR
damper is attachedbetween the ground and the base to control
the system. In the other hybrid base isolation systems used in
the article [107], isolators were used for the system between
the foundation and the base and an active tendon system is
used in the superstructure. A study was conducted in the arti-
cle [89] to compare the effect of different passive dampers,
semi-active dampers and a hybrid seismic protective system
like a passive viscous fluid damper, passive friction damper,
resetting semi-active stiffness damper and resetting passive
stiffness damper as shown in Fig. 13.

5.3 Hybrid damper-actuator bracing control

Hybrid damper-actuator bracing control was introduced in
the 1990s by Cheng and Jiang [108] by using K-bracing.
As an active control part, hydraulic actuators are used and
many passive control devices like mass, spring and viscous
dampers are used. The main advantage of this system is its
capacity to either combine the actuator and damper or to sep-
arate them. A Hybrid damper-actuator bracing system was

introduced in the article [109], where the active controller
and viscoelastic damper and hydraulic actuator are used as
passive devices that are attached to the bracing confined to
the structure floor.

The use of hybrid control has the advantage of both the
active and passive control systems. Its main advantages are
that it is compact, more efficient and mainly it is practicably
implementable in the real system. But the limitation is the
requirement of external power as it uses the active control
system.

There is much recent development in the control strat-
egy using different dampers. the recent development in the
dampers are mega pall friction damper, buckling inhibited
metal shear panel and crescent-shaped brace, compression-
free brace, prestressed lead extrusion damper, friction spring
damper, triangular added damping and stiffness used all
over the world [110]. japan has introduced some dampers
in recent years like high capacity oil damper, inertia with
acceleration mechanism, high capacity buckling restrained
brace with triple-core plates, shear panel damper with a con-
cave shape, hysteretic damper using stainless steel, hysteretic
damper using Fe–Mn–Si-based alloy, variable-friction-force
slip damper, oil damper with visco-elastic material, friction
damper with multistage friction force, friction damper using
ring springs, semi-active oil damper with energy recovery
system as presented in an article [110].

6 Stochastic control

Stochastic is jargon for randomness, thus the stochastic con-
trol of the tall building is randomness taken in any variable
that has a chance of fluctuation at any instant of time. In
the structural control system, the loads are of a significantly
random nature which is irregular and cannot be predicted.
In the literature uncertainty is considered as the random
noise in feedback control, dynamic properties of the sys-
tem, over-estimation of damping at the design stage, inherent
randomness in the dynamical behavior of the dampers,
desired random excitations passed through the suitable filters
providing stochastic parameters of earthquake disturbances
[111–113]. Thus in many studies the stochastic earthquake
excitation is produced by taking the property of the soil in
the site and connecting them to the seismic motion at the
bedrock [114–116]. Paper [116] targeted to enhance the MR
damper by controlling randomly seismic excited structures
by adopting a bounded Hrovat algorithm. As earthquake the
wind load is also taken as random excitation representing
the Davenport spectrum by taking the cross power spectral
density of along-wind force [117]. In this paper the stochas-
tic control of wind excited structure is considered, which
uses semi-active magneto-rheological tuned liquid column
damper adopting statistical linearizationmethod and the opti-

123



1328 BG. Kavyashree et al.

mal linear quadratic control strategy. The authors of the paper
[118] considered stationary Gaussian random process for
fluctuating part of thewind vector using a power spectral den-
sity matrix, cogitated as a second-order linear filter and it is
diagonalized in eigenvector space. In these literature uncer-
tainty would be in the form of random noise in feedback
control, dynamic properties of the system, over-estimation
of damping at the design stage etc.

7 Big data analysis

Big data in the construction industry is complex heteroge-
neous data managements for the extraction of useful insights
from data. Authors in paper [119] has given a brief review
of big data utilization in the construction sector divided into
big data engineering and big data analysis. Under big data
engineering, authors have illustrated big data processing,
storage, distributed file system, and databases. Big data anal-
ysis involves data mining, statistics, and machine learning
that involves regression, classification, clustering, informa-
tion retrieval, natural language processing [119, 120]. There
are new strategies proposed to overcome some limitations
of big data complexity like auto-regression moving average
modeling, probabilistic graphical model, system identifica-
tion techniques, vector support machines, data mining, and
clustering, etc. [121–123]. In the big data analysis for tall
structures, there needs a novel proposal to reduce the com-
plexity in the data process analysis and time consumption
which serves as the efficient techniques in the construction
sectors of tall buildings.

8 Conclusion

This paper has presented a general review of the evolution of
the construction from the Paleolithic age to the most modern
skyscrapers with the development from temporary to perma-
nent constructionwith the introduction to reinforcedmaterial
used in construction practice and the structural protective
systems. This review also briefs about the structural control
systems with their classification against the uncertainty and
natural disasters like wind and earthquake. The paper has
also reviewed the structural behavior against the wind and
earthquake load. The structural control devices like passive
controllers, its classification as base isolators and its further
types, energy dissipaters and energy transfer devices are pre-
sented with a summary. The active control device like active
mass damper, active bracing system and pulse generation
system is elucidated. The limitations of the above system
have discovered smart devices like the semi-active dampers
and hybrid dampers. These innovative devices have proved
to deliver better performance than the passive and active

devices. The semi-active protective devices such as semi-
active tuned mass damper, semi-active liquid damper, semi-
active friction damper, semi-active stiffness control device,
electro-rheological damper, magneto-rheological damper,
semi-active viscous fluid damper, variable orifice damper are
summarized. Under hybrid protective system hybrid mass
damper, hybrid base isolation and hybrid damper actuator
bracing system are systematically explained. All the control
devices have their advantages and disadvantages which have
been elaborated in the paper. Although designing structural
control devices in the real-time application is upcoming prac-
tice and relatively new advancement in construction it has
enormous uncapped potential in the construction sector. The
brief review about stochastic vibration control, big data anal-
ysis on the tall structure and some comparative study of tall
structural system behavior are illustrated. There is a need
for further study on linear and non-linear analysis of the tall
structure with the efficient performing dampers and actuators
that need a comparison of the control system performances
such as robust optimal control and stochastic optimal control
in regulating the tall structure.

9 Future scope

The structural control systems review is discussed in this
paper. There is a need for a state-of-art review on different
structural forms and the implementation of the new control
algorithms to enhance the performance of the structure in
mitigating vibration. Outrigger being one of the tall struc-
tural forms, in which the damped outrigger is a new concept
of the decade. This is a new area of research that can be
analyzed with the better control algorithm with the suitable
dampers and actuators for the outrigger structural control.
The adaptive control, stochastic optimal control and robust
control techniques can be incorporated for the control of the
damped outrigger structure and other structural forms with
the big data techniques involved in the performance improve-
ment of the tall building vibration control techniques.
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