International Journal of Engineering Sciences Paradigms and Researches (IJESPR)
Volume 46, Issue: Special Issue of December 2017

An Indexed, Referred and Peer Reviewed Journal with ISSN (Online): 2319-6564
www.ijesonline.com

Modern technology and state-of-the-art techniques for supplemental

energy dissipation

" saswati Sahoo' 2Suman Tripathy
" Assistant Professor, Dept. Of Civil Engineering, NIT BBSR,
Asst. Professor Dept. of Civil Engineering, GIET, BBSR
Ysahoosaswati351@gmail.com tripathy.suman123@gmail.com

Abstract

Research and development of structural control systems have received a lot of attention in recent years, with a focus on reducing
the reaction of buildings and bridges to wind and earthquakes. These fields have made significant efforts to turn the structural
control idea into a practical technology, and today there are many such devices placed in a range of structures. This cutting-edge
paper's main concern is with passive and active structural control systems. To improve structural damping, stiffness, and strength,
passive systems use a variety of components and tools. Controllable force devices are integrated with sensors, controllers, and real-
time information processing in active systems, which include active, hybrid, and semi-active systems. This study examines the state-
of-the-art and state-of-practice of this fascinating and still-evolving technology, as well as a brief historical overview of their
evolution. Their benefits and limitations in the context of seismic design and retrofit of civil engineering structures are also
discussed.

1. Introduction

Innovative techniques for improving structural functionality and protection against man-made and natural dangers
have been in various stages of study and development in recent years. In general, they can be divided into three major
categories, as indicated in Table 1..

1. base isolation;
2. passive energy dissipation; and
3. active control.

Of the three, base isolation can now be considered a more mature technology with wider applications as com-pared with
the other two [1].

Passive energy dissipation systems encompass a range of materials and devices for enhancing damping, stiff- ness and
strength, and can be used both for seismic haz- ard mitigation and for rehabilitation of aging or deficient structures [2—
4]. In general, such systems are charac-

terized by their capability to enhance energy dissipation in the structural systems in which they are installed. These
devices generally operate on principles such as frictional sliding, yielding of metals, phase transform- ation in metals,
deformation of viscoelastic (VE) solids or fluids and fluid orificing.

Active, hybrid and semi-active structural control sys- tems are a natural evolution of passive control techno- logies.
The possible use of active control systems and some combinations of passive and active systems as a means of
structural protection against seismic loads has received considerable attention in recent years.

Active/hybrid/semi-active control systems are force delivery devices integrated with real-time processing
evaluators/controllers and sensors within the structure. They act simultaneously with the hazardous excitation to
provide enhanced structural behavior for improved service and safety. Research to date has also reached the stage
where active systems have been installed in full- scale structures for seismic hazard mitigation.

The purpose of this paper is to provide an assessment of the state-of-the-art and state-of-the-practice of this exciting,
and still evolving, technology. Also included in the discussion are some basic concepts, the types of structural control
systems being used and deployed, and

Table 1
Structural protective systems
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Semi-active and active control

Seismic isolation PED

Elastomeric bearings Metallic dampers Active bracing systems
Friction dampers Active mass dampers

Lead rubber bearings VE dampers Variable stiffness or damping systems
Viscous fluid dampers Smart materials

Sliding friction pendulum Tuned mass dampers

Tuned liquid dampers
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their advantages and limitations in the context of seismicdesign and retrofit of civil engineering structures.

2. Basic principles

In what follows, basic principles of passive and active control are illustrated using a simple single-degree-of- freedom
(SDOF) structural model. Consider the lateral motion of the SDOF model consisting of a mass m, sup- ported by
springs with total linear elastic stiffness k, and a damper with damping coefficient c. This SDOF system is then
subjected to an earthquake load where Xy(t) is ground acceleration. The excited model responds with a lateral
displacement x(t) relative to the ground which sat-isfies the equation of motion (schematically represented by Fig. 1a)

mX~+CX+kx=—mX,. 1)

Consider now the addition of a generic passive energy dissipation (PED) element into the SDOF model. The equation
of motion for the extended SDOF model then becomes (schematically represented by Fig. 1b)

mX+cX+kx+x=—(m-+m)Xq (2)

where m is the mass of the PED element and the force corresponding to the device is written as I'x, I rep- resenting a
generic integrodifferential operator.

The specific form of 'x needs to be specified before Eq. (2) can be analyzed, which is necessarily highly dependent
on the device type. It is seen from Eq. (2) that the addition of the 'x term in Eq. (2) modified the structural properties
so that it can respond more favor- ably to the designed or anticipated ground motion. It is important to note that a
passive structure with added PED elements is again a passive structure.

An active structural control system, on the other hand, has the basic configuration as shown schematically in Fig. 1c
[5]. It consists of:

1. sensors located about the structure to measure either external excitations, or structural response variables, or both;
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Fig. 1. Structure with various control schemes.

2. devices to process the measured information and to compute necessary control forces needed based on a given
control algorithm; and
3. actuators, usually powered by external sources, toproduce the required forces.

When only the structural response variables are meas- ured, the control configuration is referred to as feedback control
since the structural response is continually moni-tored and this information is used to make continual cor-rections to the
applied control forces. A feedforward control results when the control forces are regulated only by the measured
excitation, which can be achieved, for earthquake inputs, by measuring accelerations at the structural base. In the case
where the information on both the response quantities and excitation are utilized for control design, the term feedback—
feedforward con- trol is used [6].

To see the effect of applying such control forces to the linear structure considered above, Eq. (1) in this case
becomes

mX+cX+kx=—mu(t)—mXg, (3) where u(t) is the applied control force.
Suppose that the feedback configuration is used in which the control force u(t) is designed to be
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gely due to implementation issues, that set it apart from the general field of feedback control. In particular, when
addressing civil engineering structures, there is consider- able uncertainty, including nonlinearity, associated with both
physical properties and disturbances such as earth- quakes and wind, the scale of the forces involved can be quite
large, there are only a limited number of sensorsand actuators, the dynamics of the actuators can be quite complex, the
actuators are typically very large, and the systems must be fail-safe [5-10].

It is useful to distinguish among several types of active control systems currently being used in practice. The term
hybrid control generally refers to a combined passive and active control system as depicted in Fig. 1d. Since a portion
of the control objective is accomplished by the passive system, less active control effort, implying less power resource,
is required.

Similar control resource savings can be achieved using the semi-active control scheme sketched in Fig. le, where
the co|u>t(rol actuators do not add mechanical energy directly to the structure, hence bounded-

u)y=__
m

and Eqg. (3) becomes input/bounded-output stability is guaranteed. Semi-active control devices are often viewed as
controllable passive devices.

A side benefit of hybrid and semi-active control sys-
MX~+CX+Kx+x=—mX,. (5)

It is seen that the effect of feedback control is again to modify the structural properties. In comparison with passive
control, however, an important difference is that the form of 'x is now governed by the control law chosen for a given
application, which can change as a function of the excitation. Other advantages associated with active control systems
can be cited; among them are:

1. enhanced effectiveness in response control; the degree of effectiveness is, by and large, only limited by the capacity
of the control systems;

. relative insensitivity to site conditions and groundmotion;

3. applicability to multi-hazard mitigation situations; an active system can be used, for example, for motion control
against both strong wind and earthquakes; and

4. selectivity of control objectives; one may emphasize, for example, human comfort over other aspects of structural
motion during noncritical times, whereas increased structural safety may be the objective dur- ing severe dynamic
loading.

N

While this description of active control is conceptually in the domain of familiar optimal control theory used in
electrical engineering, mechanical engineering, and aero- space engineering, structural control for civil engineer- ing
applications has a number of distinctive features, lar-tems is that, in the case of a power failure, the passive components
of the control still offer some degree of pro-tection, unlike a fully active control system.

3. Passive energy dissipation

A large number of passive control systems or PED devices have been developed and installed in structures for
performance enhancement under earthquake loads. In North America, PED devices have been implemented in
approximately 103 buildings and many bridges, either for retrofit or for new construction. Fig. 2 gives a distri- bution
of these buildings as a function of the year in
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Fig. 2. Implementation of PED in North America for seismic appli- cations.
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which PED systems were installed. Discussions presented below are centered around some of the more common
devices which have found applications in PED.

Metallic yield dampers

One of the effective mechanisms available for the dis- sipation of energy input to a structure from an earth- quake is
through inelastic deformation of metals. Many of these devices use mild steel plates with triangular or X shapes so that
yielding is spread almost uniformly throughout the material. A typical X-shaped plate damper or ADAS (added
damping and stiffness) device is shown in Fig. 3. Other configurations of steel yielding devices, used mostly in Japan,
include bending type of honeycomb and slit dampers and shear panel type. Other materials, such as lead and shape-
memory alloys, have also been evaluated [11]. Some particularly desirable features of these devices are their stable
hysteretic behavior, low-cycle fatigue property, long term reliability, and relative insensitivity to environmental
temperature. Hence, numerous analytical and experi- mental investigations have been conducted to determine these
characteristics of individual devices.

After gaining confidence in their performance based primarily on experimental evidence, implementation of metallic
devices in full-scale structures has taken place. The earliest implementations of metallic dampers in structural systems
occurred in New Zealand and Japan. A number of these interesting applications are reported in [12,13]. More recent
applications include the use of ADAS dampers in the seismic upgrade of existing build- ings in Mexico [14] and in the
USA [15]. The seismic upgrade project discussed in [15] involves the retrofit of a Wells Fargo Bank building in San
Francisco, CA. The building is a two-story nonductile concrete frame struc-ture originally constructed in 1967 and
subsequently damaged in the 1989 Loma Prieta earthquake. A total of seven ADAS devices were employed, each with a
yield force of 150 kips. Both linear and nonlinear analyses were used in the retrofit design process. Further, three-
dimensional response spectrum analyses, using anapproximate equivalent linear representation for the ADAS elements,
furnished a basis for the redesign effort. The final design was verified with DRAIN-2D nonlinear time history analyses.
A comparison of com- puted response before and after the upgrade is shown in Fig. 4. The numerical results indicated
that the revised design was stable and that all criteria were met. In addition to the introduction of the bracing and ADAS
dampers, several interior columns and a shear wall were strengthened.

A variation of the devices described above but operating on the same metallic yielding principle is the
tension/compression yielding brace, also called the unbonded brace [16,17], which has found applications in Japan
and the USA. As shown in Fig. 5, an unbonded brace is a bracing member consisting of a core steel plate encased in a
concrete-filled steel tube. A special coating is provided between the core plate and concrete in order to reduce friction.
The core steel plate provides stable energy dissipation by yielding under reversed axial load- ing, while the surrounding
concrete-filled steel tube resists compression buckling.

Friction dampers
Friction dampers utilize the mechanism of solid fric- tion that develops between two solid bodies sliding rela-tive to

one another to provide the desired energy dissi- pation. Several types of friction dampers have been developed for the
purpose of improving seismic response
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Fig. 3. ADAS device [11].
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of structures. An example of such a device is depicted in Fig. 6. During cyclic loading, the mechanism enforces
slippage in both tensile and compressive directions. Gen-erally, friction devices generate rectangular hysteretic loops
similar to the characteristics of Coulomb friction. After a hysteretic restoring force model has been vali- dated for a
particular device, it can be readily incorpor- ated into an overall structural analysis.

In recent years, there have been a number of structural applications of friction dampers aimed at providing enhanced
seismic protection of new and retrofitted struc- tures. This activity in North America is primarily asso- ciated with the
use of Pall friction devices in Canada and the USA [18]; and slotted-bolted connection in the USA [19]. For example,
the applications of friction dam- pers to the McConnel Library of the Concordia Univer- sity in Montreal, Canada are
discussed in [20]. A total of 143 dampers were employed in this case. A series of nonlinear DRAIN-TABS analyses
were utilized to estab- lish the optimum slip load for the devices, which ranges from 600—700 kN depending upon the
location within the structure. For the three-dimensional time-history analyses, artificial seismic signals were
generated witha wide range of frequency contents and a peak ground acceleration scaled to 0.18g to represent expected
ground motion in Montreal. Under this level of excitation, an estimate of the equivalent damping ratio for the structure
with frictional devices is ca 50%. In addition, for this
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library complex, the use of the friction dampers resultedin a net savings of 1.5% of the total building cost.
Viscoelastic dampers

Viscoelastic materials used in structural applications are usually copolymers or glassy substances that dissi- pate
energy through shear deformation. A typical VE damper, which consists of VE layers bonded with steel plates, is shown
in Fig. 7. When mounted in a structure, shear deformation and hence energy dissipation takes place when structural
vibration induces relative motion between the outer steel flanges and the center plates. Sig- nificant advances in research
and development of VE dampers, particularly for seismic applications, have been made in recent years through analyses
and experimental tests (e.g., [21-23]).

A seismic retrofit project using VE dampers began in1993 for the 13-story Santa Clara County building inSan
Jose, CA [24]. Situated in a high seismic risk region,the building was built in 1976. It is ca 64 m in heightand nearly
square in plan, with 51 mx51 m on typicalupper floors. The exterior cladding consists of full-heightglazing on two
sides and metal siding on the other twosides. The exterior cladding, however, provides littleresistance to structural
drift. The equivalent viscousdamping in the fundamental mode was <1% of critical. The building was extensively
instrumented, providing invaluable response data obtained during a number ofpast earthquakes. A plan for seismic
upgrade of thebuilding was developed, in part, when the response dataindicated large and long-duration response,
includingtorsional coupling, to even moderate earthquakes. Thefinal design called for installation of two dampers
perbuilding face per floor level, which would increase the
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Fig. 7. Typical VE damper configuration.
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equivalent damping in the fundamental mode of the building to about 17% of critical, providing substantial reductions
to building response under expected levels of ground shaking. A typical damper configuration is shown in Fig. 8. More
recent installations include the use of VE dampers to upgrade a concrete structure [25] and their use in a new
construction [26].

In Japan, the Hazama Corp. developed similar devices by using similar materials, and the Shimizu Corp developed
VE walls, in which solid thermoplastic rubbersheets were sandwiched between steel plates.

Viscous fluid dampers

The viscous fluid (VF) devices developed recentlyinclude viscous walls and VF dampers. The viscous wall,
developed by Sumitomo Construction Company, con-sists of a plate moving in a thin steel case filled with
highly VF. The VF damper, widely used in the militaryand aerospace industry for many years, has recently been
adapted for structural applications in civil engineering.A VF damper generally consists of a piston within a

damper housing filled with a compound of silicone orsimilar type of oil, and the piston may contain a numberof
small orifices through which the fluid may pass fromone side of the piston to the other [27]. Thus, VF dam-pers
dissipate energy through the movement of a pistonin a highly VF based on the concept of fluid orificing. Viscous
fluid dampers have in recent years been incor- porated into a large number of civil engineering struc-tures. In
several applications, they were used in combi-nation with seismic isolation systems. For example, in1995, VF
dampers were incorporated into base isolationsystems for five buildings of the San Bernardino CountyMedical
Center, located close to two major fault lines,in 1995. The five buildings required a total of 233 dam-

Vs 1 g

Fig. 9. San Bernardino County Medical Center—damper—base iso- lation system assembly [27].

pers, each having an output force capacity of 320 000 Ib and generating an energy dissipation level of 3000 horse- power
at a speed of 60 in/s. A layout of the damper- isolation system assembly is shown in Fig. 9 and Fig. 10 gives the
dimensions of the viscous dampers employed.
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Tuned mass dampers

Early applications of tuned mass dampers (TMDs)have been directed toward mitigation of wind-induced
excitations. Recently, numerical and experimental stud-ies have been carried out to examine the effectivenessof
TMDs in reducing seismic response of structures. Itis noted that a passive TMD can only be tuned to a singlestructural
frequency. While the first-mode response of aMDOF structure with TMD can be substantially reduced,the higher
mode response may in fact increase as thenumber of stories increases. For earthquake-type exci-tations, the
response reduction is large for resonantground motions and diminishes as the dominant fre-quency of the ground
motion gets further away from thestructure’s natural frequency to which the TMD is tuned.lIt is also noted that the
interest in using TMDs for vibration control of structures under earthquake loadshas resulted in some innovative
developments. An inter-esting approach is the use of a TMD with active capa-bility, the so called active mass damper
(AMD) or hybridmass damper (HMD). Systems of this type have beenimplemented in a number of tall buildings in
recent years

in Japan, and they are described in the next section.
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Fig. 10. Dimensions of VF damper for San Bernardino County Medi-cal Center [27].

Tuned liquid dampers

The basic principles involved in applying a tuned liquid damper (TLD) to reduce the dynamic response of structures
is quite similar to that discussed above for the TMD. In effect, a secondary mass in the form of a body of liquid is
introduced into the structural system and tuned to act as a dynamic vibration absorber. However, in the case of TLDs,
the damper response is highly non- linear due either to liquid sloshing or the presence of orifices. TLDs have also been
used for suppressing wind-induced vibrations of tall structures. In comparison with TMDs, the advantages associated
with TLDs include low initial cost, virtually free of maintenance andease of frequency tuning.

The TLD applications have taken place primarily in Japan for controlling wind-induced vibration. Examples of
TLD-controlled structures include airport towers and tall buildings.

4. Active, hybrid and semi-active control systems

The rapid growth of research interest and development of active/hybrid and semi-active structural control sys- tems is
in part due to several coordinated research efforts, largely in Japan and the USA, marked by a series of milestones listed
in Table 2. Indeed, the most chal- lenging aspect of active control research in civil engin- eering is the fact that it is an
integration of a number of diverse disciplines, some of which are not within the domain of traditional civil engineering.
These include computer science, data processing, control theory, material science, sensing technology, as well as
stochas- tic processes, structural dynamics, and wind and earth- quake engineering. These coordinated efforts have
facili- tated collaborative research efforts among researchers from diverse backgrounds and accelerated the research-
to-implementation process as one sees today.

As alluded to earlier, the development of active, hybrid, and semi-active control systems has reached the stage of
full-scale applications to actual structures. Table 3 lists these installations in building structures and tow- ers, most of
which are in Japan. In addition, 15 bridge towers have employed active systems during erection [28,29]. Most of these
full-scale systems have been sub- jected to actual wind forces and ground motions and their observed performances
provide invaluable infor- mation in terms of:
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1. validating analytical and simulation procedures usedto predict actual system performance;
2. verifying complex electronic-digital-servohydraulicsystems under actual loading conditions; and
3. verifying capability of these systems to operate orshutdown under prescribed conditions.
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Table 2

Active structural control research — milestones

Year Event

1989 US Panel on Structural Control Research (US-NSF)

1990 Japanese Panel on Structural Response Control (Japan-SCJ)

1991 Five-year Research Initiative on Structural Control (US-NSF)

1993 European Association for Control of Structures

1994 International Association for Structural Control

1994 First World Conference on Structural Control (Pasadena, CA, USA)
1996 First European Conference on Structural Control (Barcelona, Spain)
1998 Chinese Panel for Structural Control

1998 Korean Panel for Structural Control

1998 Second World Conference on Structural Control (Kyoto, Japan)

2000 Second European Conference on Structural Control (Paris, France)
2002 Third World Conference on Structural Control (Como, Italy)
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Described below are several of these systems together, in some cases, with their observed performances. Also
addressed are several practical issues in connection withactual structural applications of these systems.

Hybrid mass damper systems

As seen from Table 3, the HMD is the most common control device employed in full-scale civil engineering
applications. An HMD is a combination of a passive TMD and an active control actuator. The ability of this device to
reduce structural responses relies mainly on the natural motion of the TMD. The forces from the control actuator are
employed to increase the efficiency of the HMD and to increase its robustness to changes in the dynamic characteristics
of the structure. The energy and forces required to operate a typical HMD are far less than those associated with a fully
AMP system of com- parable performance.

An example of such an application is the HMD system installed in the Sendagaya INTES building in Tokyo in 1991.
As shown in Fig. 11, the HMD was installed atop the 11th floor and consists of two masses to control transverse and
torsional motions of the structure, while hydraulic actuators provide the active control capabili- ties. The top view of the
control system is shown in Fig. 12 where ice thermal storage tanks are used as mass blocks so that no extra mass was
introduced. The massesare supported by multi-stage rubber bearings intended for reducing the control energy consumed
in the HMD and for insuring smooth mass movements [30,31].

Sufficient data were obtained for evaluation of the HMD performance when the building was subjected to strong
wind, with peak instantaneous wind speed of 30.6 m/s. An example of the recorded time histories is shown in Fig. 13,
giving both the uncontrolled and controlled states. Their Fourier spectra using samples of 30-s dur- ations are shown in
Fig. 14, again showing good per- formance in the low frequency range. The response at the fundamental mode was
reduced by 18 and 28% for translation and torsion, respectively.

Variations of such an HMD configuration include multi-step pendulum HMDs (as seen in Fig. 15), which have been
installed in, for example, the Yokohama Landmark Tower in Yokohama [32], the tallest building in Japan, and in the
TC Tower in Kaohsiung, Taiwan. Additionally, the DUOX HMD system which, as shown schematically in Fig. 16,
consists of a TMD actively controlled by an auxiliary mass, has been installed in, for example, the Ando Nishikicho
Building in Tokyo.

Active mass damper systems

Design constraints, such as severe space limitations, can preclude the use of an HMD system. Such is the case in
the active mass damper or active mass driver (AMD) system designed and installed in the Kyobashi Seiwa Building in
Tokyo and the Nanjing Communi- cation Tower in Nanjing, China.

The Kyobashi Seiwa Building, the first full-scale implementation of active control technology, is an 11- story
building with a total floor area of 423 m” As seen in Fig. 17, the control system consists of two AMDs where the
primary AMD is used for transverse motion and has a weight of 4 ton, while the secondary AMD has a weight of 1
ton and is employed to reduce torsional motion. The role of the active system is to reduce build- ing vibration under
strong winds and moderate earth- quake excitations and consequently to increase comfort of occupants in the
building.

In the case of the Nanjing Communication tower (Fig. 18), numerous physical constraints had to be accounted for in
the system design of the mass damper. The physi- cal size of the damper was constrained to a ring-shaped floor area
with inner and outer radii of 3 and 6.1 m, respectively. In addition, the damper was by necessity elevated off the floor
on steel supports with Teflon bear-ings to allow free access to the floor area. The final ring

Table 3
Full scale implementation of active structural control

Year Number of

Location Building Buiding use Type of vibration
completed stories control device®

Japan Kyobashi Seiwa Building, Tokyo 1989 Office 11 AMD

Kajima Research Laboratory No. 21, Tokyo 1990 Office 3 SAVS

Shimizu Technology Laboratory, Tokyo 1991 Laboratory 7 AMD

Sendagaya INTES Building, Tokyo 1992 Office 11 HMD

Elevator Technology Laboratory 1992 Laboratory (60 m) AGS

Hankyu Chayamachi Building, Osaka 1992 Office/Hotel 34 HMD

Kansai International Airport, Osaka 1992 Control Tower (88 m) HMD

Land Mark Tower, Yokohama 1993 Office/Hotel 70 HMD
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Osaka Resort City 200, Osaka 1993
Long Term Credit Bank, Tokyo 1993
Ando Nishikicho Building, Tokyo 1993
NTT Kuredo MotomachBuilding, Hiroshima 1993
Penta-Ocean Experimental Building, Tokyo 1994
Shinjuku Park Tower, Tokyo 1994
Dowa Fire and Marine Insurance, Osaka 1994
Porte Kanazawa, Kanazawa 1994
Mitsubishi Heavy Industry, Yokohama 1994
Hamamatsu ACT Tower, Hamamatsu 1994
Riverside Sumida, Tokyo 1994
Hotel Ocean 45, Miyazaki 1994
RIHGA Royal Hotel, Hiroshima 1994
Hikarigaoko J City Building, Tokyo 1994
Osaka WTC Building, Osaka 1995
Dowa Kasai Phoenix Tower, Osaka 1995
Rinku Gate Tower Building, Osaka 1995
Hirobe Miyake Building, Tokyo 1995
Plaza Ichihara, Chiba 1995
Herbis Osaka, Osaka 1997
Nisseki Yokohama Building, Yokohama 1997
Itoyama Tower, Tokyo 1997
Otis Shibyama Test Tower, Chiba 1998
Bunka Gakuen, Tokyo 1998
Daiichi Hotel Oasis Tower, Ohita 1998
Odakyu Southern Tower, Tokyo 1998
Kajima Shizuoka Building, Shizuoka 1998
Sotetsu Takashimaya Kyoto Building, Yokohama 1998
Century Park Tower, Tokyo 1999
USA Highway 1-35 Bridge, OK 1997
Taiwan TC Tower, Kaoshiung 1999
Shin-Jei Building, Taipei 1999
China Nanjing Communication Tower, Nanjing 1999

Office/Hotel
Office

Office
Office/Hotel
Experimental
Office/Hotel
Office
Office/Hotel
Office
Office/Hotel
Office

Hotel

Hotel
Office/Hotel
Office

Office
Office/Hotel
Office/Residential
Office

Hotel

Office
Office/Residential
Laboratory
School
Office/Hotel
Office/Hotel
Office

Hotel
Residential
Highway Traffic
Office
Office/Commerce
Communication

50 HMD
21 HMD
14 HMD
35 HMD
6 HMD
52 HMD
29 HMD
30 AMD
34 HMD
(212 m) HMD
33 AMD
43 HMD
35 HMD
46 HMD
52 HMD
28 HMD
56 HMD
9 HMD
12 HMD
38 AMD
30 HMD
18 HMD
39 HMD
20 HMD
21 HMD
36 HMD
5 SAHD
27 HMD
54 HMD
- SAHD
85 HMD
22 HMD
(310 m) AMD

® AMD, Active mass dampers; SAVS, semi-active variable stiffness; HMD, hybrid mass damper; SAHD, semi-active hydraulic damper.
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Fig. 11. Sendagaya INTES Building with hybrid mass dampers [30].
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Fig. 13. Response time histories (1993) [30].

design allowed the damper to move +750 mm from its rest position. Simulations indicate that this stroke is suf- ficient
to control the tower; however, a greater stroke would allow substantially more improvement in the

Fig. 16. Principle of DUOX system.

response. The strength of the observation deck limited the weight of the damper to 60 ton. Lack of sufficient lateral
space made the use of mechanical springs imprac-tical for restoring forces. Thus the active control actu- ators provide
restoring force as well as the damping con-trol forces.

The final design of the AMD is shown in Fig. 19, which uses three servo-controlled hydraulic actuators, each with a
total stroke of £1.50 m and a peak control
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Fig. 14. Response Fourier spectra (1993) [30].

Fig. 15. Yokohama Landmark Tower and HMD [32].
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force of 50 kN. These actuators are arranged 120° apart around ! AL trol

three degrees of freedom: two orthogonal lateraldirections of motion and torsional rotation, which is held
19. Design of AMD showing the mass ring and actuators.

to zero. Since the frictional force between the Teflon bearings and the mass can have a critical influence on the
response of the system, a detailed analysis was per- formed to verify system performance in the presence of friction
[33].

Semi-active damper systems

Control strategies based on semi-active devices com- bine the best features of both passive and active control
systems. The close attention received in this area in recent years can be attributed to the fact that semi-active control
devices offer the adaptability of active control devices without requiring the associated large power sources. In fact,
many can operate on battery power, which is critical during seismic events when the main power source to the
structure may fail. In addition, as stated earlier, semi-active control devices do not have
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Fig. 20. Schematic of variable-orifice damper.

the potential to destabilize (in the bounded input/bounded output sense) the structural system. Extensive studies have
indicated that appropriately implemented semi-active systems perform significantly better than passive devices and
have the potential to ach- ieve the majority of the performance of fully active sys- tems, thus allowing for the possibility
of effective response reduction during a wide array of dynamic load-ing conditions.

One means of achieving a semi-active damping device is to use a controllable, electromechanical, variable-ori- fice
valve to alter the resistance to flow of a conventional hydraulic fluid damper. A schematic of such a device is given in
Fig. 20. As described in Ref. [34], experiments were conducted in which a hydraulic actuator with a controllable orifice
was implemented in a single-lane model bridge to dissipate the energy induced by vehicle traffic (Fig. 21), followed by a
full-scale experiment con- ducted on a bridge on interstate highway 1-35 to demon- strate this technology [35-37], as
shown in Fig. 22. Thisexperiment constitutes the first full-scale implementationof active structural control in the USA.

Conceived as a variable-stiffness device, a full-scale variable-orifice damper in a semi-active variable-stiff- ness
system (SAVS) was implemented to investigate semi-active control at the Kobori Research Complex [38,39]. The
overall system is shown in Fig. 23 where

Fig. 22. Highway 1-35 Bridge with semi-active dampers [35].

SAVS devices were installed on both sides of the struc- ture in the transverse direction. The results of these ana- lytical
and experimental studies indicate that this device is effective in reducing structural responses.

More recently, a semi-active damper system was installed in the Kajima Shizuoka Building in Shizuoka, Japan. As
seen in Fig. 24 semi-active hydraulic dampersare installed inside the walls on both sides of the build- ing to enable it to
be used as a disaster relief base in post-earthquake situations [40,41]. Each damper con- tains a flow control valve, a
check valve and an accumu- lator, and can develop a maximum damping force of 1000 kN. Fig. 25 shows a sample of
the response analy- sis results based on one of the selected control schemes
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and several earthquake input motions with a scaled maximum velocity of 50 cm/s, together with a simulated Tokai
wave. It is seen that both story shear forces and story drifts are greatly reduced with control activated. In the case of
the shear forces, they are confined within their elastic-limit values (indicated by the E-limit in Fig. 25) while, without
control, they would enter the plas-tic range.

Semi-active controllable fluid dampers

Another class of semi-active devices uses controllable fluids, schematically shown in Fig. 26. In comparison with
semi-active damper systems described above, an advantage of controllable fluid devices is that they con- tain no
moving parts other than the piston, which makes them simple and potentially very reliable.

Two fluids that are viable contenders for developmentof controllable dampers are:

1. electrorheological (ER) fluids; and
2. magnetorheological (MR) fluids.

The essential characteristic of these fluids is their ability

1

Semi-active Hydrauhe per
(SHD)

Control compaters and
Unimerreptible power supply

Fig. 24. Kajima Shizuoka Building and semi-active hydraulic dampers [41].
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Fig. 26. Schematic of controllable fluid damper [42].

to reversibly change from a free-flowing, linear VF to a semi-solid with a controllable yield strength in millise- conds
when exposed to an electric (for ER fluids) or magnetic (for MR fluids) field. In the absence of an applied field, these
fluids flow freely and can be modeled as Newtonian. When the field is applied, a Bingham plastic model [42] is often
used to describe the fluid behavior. In this model, the plastic viscosity is defined as the slope of the measured shear
stress versus shear strain rate data. Thus, the total yield stress is given by

t=ty(fiela)SIN(g ) +hpg” (6)
where tygieiy 1S the yield stress caused by the applied field, g is the shear strain rate and h, is the plastic vis- cosity,
defined as the slope of the measured shear stress versus shear strain rate data.

Although the discovery of both ER and MR fluids dates back to the late 1940s [43,44], for many years research
programs concentrated primarily on ER fluids. Nevertheless, some obstacles remain in the development of
commercially feasible damping devices using ER fluids. For example, the best ER fluids currently avail- able have a
yield stress of only 3.0 to 3.5 kPa and cannot tolerate common impurities (e.g., water) that might be introduced during
manufacturing or use. In addition, safety, availability and cost of the high voltage (e.g.,
~4000 V) power supplies required to control the ERfluids need to be addressed.

Recently developed MR fluids appear to be an attract- ive alternative to ER fluids for use in controllable fluid
dampers [45-47]. MR fluids typically consist of micron- sized, magnetically polarizable particles dispersed in a carrier
medium such as mineral or silicone oil. It is indi-

cated in Ref. [46] that the achievable yield stress of an b | T : : 5 T

MR fluid is an order of magnitude greater than its ER 00 e Max Magnetic Fleid (24} .

counterpart and that MR fluids can operate at tempera- 5

tures from —40 to 150°C with only modest variations in oot I IS T

the yield stress. Moreover, MR fluids are not sensitive to 100+

impurities such as those commonly encountered during " |

manufacturing and usage, and little particle/carrier fluid g

separation takes place in MR fluids under common flow g ok g

conditions. The size, shape and performance of a given =k

device is determined by a combination of tyieiqy and hy,.

The design equations for most controllable damper geo- L ]

metries indicate that minimizing the ratio hy/t} .. is . | .
200 7 i
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desirable. This ratio for MR fluids (=5x10~** s/Pa) is three orders of magnitude smaller than the corresponding ratio for
today’s best ER fluids. Thus, controllable devices using MR fluids have the potential of being much smaller than ER
devices with similar capabilities. Further, the MR fluid can be readily controlled with a low power (e.g., <50 W), low
voltage (e.g., ~12-24 V), current-driven power supply outputting only ~1-2 amps. Batteries can readily supply such
power levels.

While no full-scale structural applications of MR devices have taken place to date, their future for civil engineering
applications appears to be bright. A number of pilot studies have been conducted to assess the useful- ness of MR
dampers for seismic response reduction [48-53]. In Refs. [50-55], simulations and laboratory experi- ments have shown
that the MR damper, used in conjunc- tion with recently proposed acceleration feedback con- trol strategies,
significantly outperforms comparable passive configurations of the damper for seismic response reduction. In addition,
the design of a full-scale, 20-ton MR damper has been reported [49,56,57] (see Fig. 27), showing that this technology is
scalable to devices appropriate for civil engineering applications. At design velocities, the dynamic range of forces
produced by this device is over 10 (see Fig. 28), and the total power required by the device is only 20-50 W. More-

Thoarmal Exparsion
Accumulator

\ 3-Stage Paton '
[ f—
Ve MR Fluia
> g2y . :,]

Y

Rbeonetic™ Seismic Dampes

Fig. 27. Full-scale 20-ton MR fluid damper [53].
Fig. 28. Force—displacement loops at maximum and zero magnetic fields [53].

over, Sunakoda, et al. [58] have presented encouraging results regarding design, construction and commercial
production of large scale MR dampers, which should greatly accelerate the introduction of this technology into
practice.

5. Concluding remarks

An attempt has been made in this paper to introduce the basic concepts of passive and active structural con- trol and
to bring up-to-date their current development and structural applications in this exciting and fast expanding field.
While significant strides have been made in terms of implementation of these concepts to structural design and retrofit,
it should be emphasized that this entire technology is still evolving. Significant improvements in both hardware,
software and design procedures will certainly continue for a number of years to come.

The acceptance of innovative systems in structural engineering is based on a combination of performance
enhancement versus construction costs and long-term effects. Continuing efforts are needed in order to facili- tate
wider and speedier implementation. These include effective system integration and further development of analytical
and experimental techniques by which per- formances of these systems can be realistically assessed. Structural systems
are complex combinations of individ- ual structural components. New innovative devices need to be integrated into
these complex systems, with realistic evaluation of their performance and impact on the structural system, as well as
verification of theirability for long-term operation.

References

[1] ATC 17-1. Proceedings on seismic isolation, passive energy dissi-pation, and active control. Redwood City (CA): Appl. Tech.Council, 1993.
575



International Journal of Engineering Sciences Paradigms and Researches (IJESPR)
Volume 46, Issue: Special Issue of December 2017
An Indexed, Referred and Peer Reviewed Journal with ISSN (Online): 2319-6564
www.ijesonline.com
[2] Soong TT, Dargush GF. Passive energy dissipation systems in structural engineering. London: Wiley, 1997.
[3] Constantinou MC, Soong TT, Dargush GF. Passive energy dissi- pation systems for structural design and retrofit. Monograph No.
1. Buffalo (NY): Multidisciplinary Center for Earthquake Engin-eering Research, 1998.
[4] Hanson RD, Soong TT. Seismic design with supplemental energy dissipation devices. EERI Monograph No. 8, Oakland (CA): Earthquake
Engineering Research Institute, 2001.
[5] Soong TT. Active structural control: theory and practice. London/New York: Longman/Wiley, 1990.
[6] Suhardjo J, Spencer BF, Sain MK. Feedback—feedforward controlof structures under seismic excitation. Struct Safety 1990;8:69— 89.
[7] Housner G, Soong TT, Masri SF. Second generation on active structural control in civil engineering. In: Proc. 1st World Conf. on Struct.
Control. Pasadena (CA); 1994. FA2: p. 3-18.
[8] Housner GW, Bergman LA, Caughey TK, Chassiakos AG, Claus RO, Masri SF, Skelton RE, Soong TT, Spencer BF Jr, Yao TP. Structural
control: past, present, and future. J Engng Mech, ASCE1997;123(9):897-971.
[9] Kobori T. Future direction on research and development of seis- mic-response-controlled structure. In: Proc. 1st World Conf. on Struct. Control,
Pasadena, CA, Panel; 1994. p. 19-31.
[10] Dyke SJ, Spencer BF Jr, Quast P, Sain MK. The role of control- structure interaction in protective system design. J Engng Mech, ASCE
1995;121(2):322-38.
[11] Aiken ID, Kelly JM. Comparative study of four passive energy dissipation systems. Bull NZ Nat Soc Earthquake Engng1992;25(3):175-92.
[12] Skinner RI, Tyler RG, Heine AJ, Robinson WH. Hysteretic dam- pers for the protection of structures from earthquakes. Bull NZ Soc Earthquake
Engng 1980;13(1):22-36.
[13] Fujita T, editor. Seismic isolation and response control for nuclear and non-nuclear structures. Special Issue for the Exhi- bition of 11th Int.
Conf. on SMIRT, Tokyo (Japan); 1991.
[14] Martinez-Romero E. Experiences on the use of supplementalenergy dissipators on building structures. Earthquake Spectra 1993;9(3):581-624.
[15] Perry CL, Fierro EA, Sedarat H, Scholl RE. Seismic upgrade in San Francisco using energy dissipation devices. Earthquake Spec- tra
1993;9(3):559-79.

[16] Wada A, Huang YH, Iwata M. Passive damping technology for buildings in Japan. Prog Struct Engng Mater 1999;2(3):1-15.

[17] Clark PW, Aiken ID, Tajirian F, Kasai K, Ko E, Kimura I. Design procedures for buildings incorporating hysteretic damping devices. In: Proc.
Int. Post-SmiRT Conf. Seminar on Seismic Iso- lation, Passive Energy Dissipation and Active Control of Vibrations of Structures, Cheju, South
Korea; 1999.

[18] Pall AS, Marsh C. Response of friction damped braced frames. ASCE, J Struct Div 1982;1208(ST6):1313-23.

[19] Grigorian CE, Yang TS, Popov EP. Slotted bolted connection energy dissipators. Earthquake Spectra 1993;9(3):491-504.

[20] Pall AS, Pall R. Friction-dampers used for seismic control of new and existing building in Canada. In: Proc. ATC 17-1 Seminar on Isolation,
Energy Dissipation and Active Control. San Francisco, CA; 1993. vol. 2, p. 675-686.

[21] Chang KC, Shen KL, Soong TT, Lai ML. Seismic retrofit of a concrete frame with added viscoelastic dampers. In: 5th Nat. Conf. on
Earthquake Engng, Chicago, IL; 1994.

[22] Shen KL, Soong TT, Chang KC, Lai ML. Seismic behavior of reinforced concrete frame with added viscoelastic dampers. Engng Struct
1995;17(5):372-80.

[23] Lai ML, Chang KC, Soong TT, Hao DS, Yeh YC. Full-scale viscoelastically damped steel frame. ASCE J Struct Engng 1995;121(1):1443-7.

[24] Crosby P, Kelly JM, Singh J. Utilizing viscoelastic dampers in the seismic retrofit of a thirteen story steel frame building. In: Struct. Congress
XII, Atlanta, GA; 1994. p. 1286-1291.

[25] Soong TT, Reinhorn AM, Nielsen EJ, Crosby P, Nickerson HD. Seismic upgrade of a reinforced concrete building using viscoel- astic
dampers. In: Proc. World Structural Engineers Congress, San Francisco, CA; 1998.

[26] Miranda E, Alonso J, Lai ML. Performance-based design of a building in Mexico City using viscoelastic dampers. In: Proc. Sixth US National
Conference on Earthquake Engineering, Seattle, WA; 1998.

[27] Constantinou MC, Symans MD. Experimental study of seismic response of buildings with supplemental fluid dampers. J Struct Design Tall
Buildings 1993;2(2):93-132.

[28] Fujino Y. Recent research and developments on control of bridges under wind and traffic excitations in Japan. In: Proc. Int. Workshop on
Struct. Control, Honolulu, Hawaii, 1994, p. 144— 150.

[29] Spencer BF Jr, Sain MK. Controlling buildings: a new frontier in feedback. IEEE Control Systems Magazine, Sp Issue Emerging
Technologies 1997;17(6):19-35.

[30] Higashino M, Aizawa S. Application of active mass damper sys- tem in actual buildings. In: Housner GW, Masri SF, editors. Proc. Int.
Workshop on Struct. Control, Los Angeles, CA; 1993. p. 194-205.

[31] Soong TT, Reinhorn AM, Aizawa S, Higashino M. Recent struc- tural applications of active control technology. J Struct Control 1994;1(2):5-
21.

[32] Yamazaki S, Nagata N, Abiru H. Tuned active dampers installed in the Minato Mirai (MM) 21 Landmark Tower in Yokohama. J Wind Engng
Indust Aerodyn 1992;43:1937-48.

[33] Reinhorn AM, Soong TT, Helgeson RJ, Riley MA, Cao, H. Analysis, design and implementation of an active mass damper for a
communication tower. In: Proc. 2nd World Conf. on Struct. Control, Kyoto, Japan; 1998. vol. 3, p. 1727-1736.

[34] Sack RL, Patten W. Semiactive hydraulic structural control. In: Proc. Int. Workshop on Struct. Control, Honolulu, Hawaii; 1993. USC
Publication No. CE-9311, p. 417-431.

[35] Patten WN. The 1-35 Walnut Creek Bridge: an intelligent high- way bridge via semi-active structural control. In: Proc. 2nd World Conf. on
Struct. Control, Kyoto, Japan; 1998. vol. 1, p. 427-436.

[36] Patten W, Sun J, Li G, Kuehn J, Song G. Field test of an intelli-

gent stiffener for bridges at the 1-35 Walnut Creek Bridge. Earth-quake Engng Struct Dyn 1999;28(2):109-26.
[37] Kuehn J, Song G, Sun J. Experimental verification of a non-pro- truding intelligent stiffener for bridges (ISB). In: Proc. Int. Post- SMiRT Conf.
Seminar on Seismic Isolation, Passive Energy, Dis-sipation and Active Control of Vibrations of Structures, Cheju, Korea, 23-25 August; 1999.
[38] Kobori T, Takahashi M, Nasu T, Niwa N, Ogasawara K. Seismic response controlled structure with active variable stiffness sys- tem.

576



International Journal of Engineering Sciences Paradigms and Researches (IJESPR)
Volume 46, Issue: Special Issue of December 2017
An Indexed, Referred and Peer Reviewed Journal with ISSN (Online): 2319-6564
www.ijesonline.com
Earthquake Engng Struct Dyn 1993;22:925-41.
[39] Kamagata S, Kobori T. Autonomous adaptive control of active variable stiffness systems for seismic ground motion. In: Proc. 1st World
Conf. on Struct. Control, Pasadena, CA; 1994. vol. TA4, p. 33-42.
[40] Kobori T. Mission and perspective towards future structural con- trol research. In: Proc. of 2nd World Conf. in Struct. Control, Kyoto, Japan;
1998. vol. 1, p. 25-34.
[41] Kurata N, Kobori T, Takahashi M, Niwa N, Midorikawa H. Actual seismic response controlled building with semi-active damper system.
Earthquake Engng Struct Dyn1999;28(1):1427-48.
[42] Shames IH, Cozzarelli FA. Elastic and inelastic stress analysis. Englewood Cliffs (NJ): Prentice Hall, 1992.
[43] Winslow WM. Method and means for translating electrical impulses into mechanical force. US Patent No. 2,417,850; 1948.
[44] Rabinow J. The magnetic fluid clutch. AIEE Transact 1948;67:1308-15.
[45] Carlson JD. The promise of controllable fluids. In: Borgmann H, Lenz K, editors. Proc. of Actuator 94, AXON Technologie Con- sult GmbH;
1994, p. 266-270.
[46] Carlson JD, Weiss KD. A growing attraction to magnetic fluids. Machine Design 1994:61-64.
[47] Carlson JD, Catanzarite DM, St Clair KA. Commercial magneto- rheological fluid devices. In: Proc. 5th Int. Conf. ER Fluids. Shef- field (UK):
MR Fluids and Assoc. Tech., 1995.

[48] Spencer BF Jr, Dyke SJ, Sain M, Carlson JD. ldealized model of a magnetorheological damper. In: Proc. 12th Conf. on Analysis and
Computation, Chicago, IL, ASCE; 1996, p. 361-370.

[49] Spencer BF Jr, Dyke SJ, Sain MK, Carlson JD. Phenomenologi- cal model of a magnetorheological damper. J Engng Mech, ASCE
1997;123(3):230-8.

[50] Dyke SJ, Spencer BF Jr, Sain MK, Carlson JD. Experimental verification of semi-active structural control strategies using acceleration
feedback. In: Proc. 3rd Int. Conf. on Motion andVib. Control, Chiba, Japan, IIl; 1996. p. 291-296.

[51] Dyke SJ, Spencer BF Jr, Sain MK, Carlson JD. Modeling and control of magnetorheological dampers for seismic response reduction. Smart
Mater Struct 1996;5:565—75.

[52] Dyke SJ, Spencer BF Jr, Sain M, Carlson JD. Seismic response reduction using magnetorheological dampers. In: Proc. IFAC World Congress,
San Francisco, CA; 1996.

[53] Dyke SJ, Spencer BF Jr, Sain MK, Carlson JD. An experimental study of MR dampers for seismic protection. Smart Mater Struct 1998;7:693—
703.

[54] Baker GA, Johnson EA, Spencer BF Jr, Fujino Y. Modeling and semiactive damping of stay cables. In: Proc. 13th ASCE Engng Mech. Conf.,
Baltimore, MD; 1999.

[55] Spencer BF Jr, Johnson EA, Ramallo JC. Smart isolation for seis- mic control. In: Proc. Pioneering Int. Symp. on Motion and Vib. Control in
Mechatronics, Tokyo, Japan; 1999. p. 169-174.

[56] Carlson JD, Spencer BF Jr. Magneto-rheological fluid dampers for semi-active seismic control. In: Proc. 3rd Int. Conf. on Motion and Vib.
Control, Chiba Japan, 11, 1996; p. 35-40.

[57] Spencer BF Jr, Yang G, Carlson JD, Sain MK. Smart dampers for seismic protection of structures: a full-scale study. In: Proc. of 2nd World
Conf. on Struct. Control, Kyoto, Japan; 1998. vol. 1, p. 417-426.

[58] Sunakoda K, Sodeyama H, Iwata N, Fujitani H, Soda S. Dynamic characteristics of magneto-rheological fluid damper. In: Proc. of SPIE Smart
Struct. Mater. Conference, San Diego, CA; 2000.

577



