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ABSTRACT

In vertical isolation, the lateral load resisting system igdéi into two substructures
which are stiff with less system mass and flexible with more system mass. As the
system experiences an earthquake, vertical isolation benefits from the prominent
difference between the periods of the two-sybtems and the daing mechanisms
placed between them across the height. Though effective passive isolation techniques
are still susceptible to seismic source characteristics. In this study, thadcemi
controlled strategy by using the magnetorheological dampers watigated in a 3D

state in 6, 9, and 1&tory buildings, with skeletons divided into two inner and outer
subsystems as stiff and flexible parts. The lumped mass 3D models of the buildings
are introduced to MATLAB and subjected to 7 bidirectional groundians. The
analysis results showed that the passive control of viscous dampers is only effective in
harnessing the stiff subystem response to nearly half of the uncontrolled building.
However, in the soft subystem, the intestory drift on average isGlpercent greater

than the uncontrolled building. The seaative control, however, at the stiff sub
system has a maximum roof displacement, acceleration, angtotgrotation nearly

to 10, 40, and 14 percent of the uncontrolled ones. In additiomayvtdrage response

for the soft suksystem remained less than half

Keywords: Vertical isolation, Seractive control, MR damper, Performangzased

design
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Chapter 1

INTRODUCTION

Seismic risk reduction of buildings, particularly higke structures, is increasingly
intertwined with control strategies. Structural damage, either by dampingpbsed

force or shifting the predominant period of the structure, can be prohibited. Tuned
mass dampers (TMDs) and seismic isolatior
lower amounts corresponding to fewer spectral accelerations. This allowsdpaiild

with more efficient crossections to be built using higdirength and less ductile

materials. These methods, however, require lateral flexibility at the isolation layer,

which can cause large displacement at the base. To address this issue, a damping
mechanism is commonly used at the base; however, this approach could trigger higher
modes in severe earthquakes and make the system less responsive to smaller ground

motions

The other procedure to control the base displacement at the base isolasorgis u

hybrid control strategies such as tuned mass dampers and tuned liquid column
dampers. Regarding this philosophy of design,-stady isolation and subtructure

isolation were investigated. This, either used for retrofitting an existing building or
designing a new one, can change the upper portion of the structure to TMD with great
mas s decreasing t he base I sol atasedn 6 s d
approaches to benefit from a period shift is vertical isolation. In vertical isolation, the

laterd load resisting system is divided into two substructures, one stiff with less system



mass and the other flexible with more system mass. As the system experiences an
earthquake, it benefits from the prominent difference between the periods of the two

subsygtems and the damping mechanisms placed between them across the height

In addition to period shift, dissipating the seismic energy by dampers can control the
lateral response. Case sensitivity of passive dampers and the need for a severe power
supply andhe probability of structural instability in active control have prompted an
increase in studies on seagtive control, which uses a limited amount of energy to
adjust the dynamic characteristics of the system. &ethie control comprises a range

of danpers, including a variable orifice, adjustable tuned liquid, variable stiffness, and
controllable fluid dampers. The magnetorheological (MR) damper is robustly grown

in structural control and can provide a high level of energy at a lower voltage, has fast
control response, simplicity of design, and passive control during a power cut or

control algorithm.

Semtactive control of MR dampers, although at conventional structures, even
adjacent buildings were studied, still vertical isolation was not investigateg semi

active, especially with MR dampers. In this study, the sagtive control strategies

by using the magnetorheological dampers were investigated in a 3D state in 6, 9, and
12- story buildings, with the skeleton divided into two inner and outbsystems as

stiff and flexible parts. The lumped mass 3D models of the buildings are introduced to
MATLAB and subjected to 7 bidirectional ground motions. The modified Bb'ea

model is employed to model the hysteretic behavior of the MR dampers. Theepass
control of viscous dampers was only effective in harnessing stiff subsystem response.
The semiactive control, however, reduces the maximum roof displacement,

acceleration, and interstory drift for both sstbuctures for all ground motions

2



Chapter 2

MR DAMPER

These deformable materials are from the smart material categories. The mechanical
property and viscosity of this material are affected by the magnetical field. Considering
the crystalline structure of materials, magnetic particles, magnetic liquid,|detrof

MR Foam, and Elastomer are in this category.
2.1 Magnetic Materials and Electromagnet

Based on the crystal structure and how the electrons are placed in the valence layer,
materials as subjected to the magnetic field, respond differeAitgording to the
response to the magnetic field, materials can be classified into paramagnetic,

diamagnetic, ferromagnetiand norferromagnetic[1, 2]

Ferromagnetic materials have the abilitygtee uptheir magnetic properties afténe

magnetic fields removed Among them, we can mention iron manganese.

Based on the shape tife hysteresis curve, magnetic materials can be classified as
hard, such as iron oxide, and soft, sucla @slenoigd which iscirculatingaroundan
iron core In the hard model, due to the larger area of the hysteresis curve, it retains

the magnetic pragrty caused by the electromagnetic application for a longer time.



Figure2.1: a) Hysteresis cycle for a ferromagnetic material; b) Comparing the
hysteresis cycle of hard and soft magnetic matgkjal

The flow of electric current in a solenoid tuten impose magnetic field. Faraday's

law of electromagnetic inductiovan beusedto describe this phenomenon

i \ APy
N A | I".. -

Figure2.2: Solenoid tube wir¢l]

2.2 Fluid Controlled Damper

Materials such ashapememory alloy, piezoelectricand...due to thecrystaline
structure by applying stress, temperatatestric or magnetiéield changetheir crystal

structureandshow different physical properties. Fluedntrolled dampers are a widely

used type of this branch; which will be examimedhis study.

These dampers include magnetic or electric polarized particles suspended in oil that

can be changed from a smooth viscous fluid to a-sefid material, in which the yield

4



resistance can be controlled in a few milliseconds or vice versa by increasing or

decreasing the intensity of the magnetic or electric {i@lf]

Figure2.3: MR fluid damper and magneticefd effect[6, 7]

Among the advantages of flumbntrolled damperss the need for low energy,
mechanical simplicity (their only moving component is the piston); Reliable
performanceand no need for high maintenanéduid-controlled actuators can be
referred taastwo graups activated by magnetic field MR and electric ER.

2.2.1ER Fluid-Controlled Damper

These dampers start working under the electric field.

Disadvantages

The inability to achieve high yield stresses, the reduction of the capacity and ability of
the ER fluiddue to the introduction of impurities such as moisture during construction,
the need for maintenancand a relatively high operating voltage (about 4000 V) is

difficult and expensive to providé]
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Figure2.4: Effect of magnetic field8]

2.2.2Fluid Controlled Damper (MR)

Viscous liquid, such aSilicon oil, contains magnetally polarized particles, which

are polarized by the application of the magnetic current of the liquid and show
viscoplastic behavior. The possibility of momentary resistance against the intensity of
the magnetic field is one of their other properties.

‘Without Magnetic Fiald
— __ Wiith Magnetic Fald

Figure2.5: Magnetic field effec{3]

2.2.3Advantagesof MR VersusER Damper

The following advantages can be mentioned if@strumentscontaining these

materials

A High yield stress (about 50 to 100 kPa];

A Il mpurity does not affect the perfor man:

A The need f ornd12dov4 voltsand power fpss thanr50 watts



2.3MRE Damper

The two most widely used groups are MRF and MRE elastomers. In the first category,
they have the ability to change the tension with a high ratio. But the second category
shows the ability tehange the modulus under the magnetic field. MRP polymers are
another group, which has more MR capability than MRE and less precipitation than
MRF. These dampers are not suitable for civil engineering due to their low initial

modulus.

MREs have the abilityto increase their length up to 10%, but the change in
characteristics under the magnetic field is the main reason for their use. Among these
characteristics, we can mention the change in tegfiness damping, natural
frequency and viscosity. Unlike te magnetically controlled fluid damper, these
dampers do not have problems such as displacement, oil leakage, and environmental
pollution. [9-11]

2.3.1Structure of the MRE

An MRE generally consists of three parts: polarized magnetic components, plastic or
elastomer mesh, and additives. Magnetic components can be dispersed

homogeneously or form their crystalline structure in gel or elastomer.

Figure2.6: Structure of the MRE1L2]



2.3.2Polarizable Particles

These separable or magnetic components are dispersed im@agastic or gelike

solid. Among the effective factors in the selection of these components, one can pay
attention to the size, geometry and wettability of the componEatsexample, the

size of the components can be from a few micrometers to hundreds of micrometers,

which affects the behavior of MRE

Other factors involved are magnetic permeability, magnetizatownnant and
magnetizatiorsaturation. Increasing thmeagretic permeabilityncreases the effect of

MR and decreasing the level of the magnetic field causes the particles to separate after
magnetic loading and increases the reverse effect of MR. The most common separable
components are spherical iron carbonylfie§e components have the effect of
magnetic field and high magnetic saturation level and lemvniantmagnetic level.

[12]

2.3.3Network

The network or host material limits liquid leakage, corrosion problems and
accumulation of particles. The network has very little effect oratfigy to change

MRE, but choosing the right network is very important, especially in-terg use.
Natural plastic and silicone plastic are widely used networks.

2.3.4Additives

Additives are used to modify the behavior mechanism of MRE. Silicone oil, for
example, is very popular as an additive. These additives also spread the internal stress
in the material. Using black carbon improves the mechanical behavior and reduces the

damping coefficient13]



2.3.5Processing of MRE

Based on the manufacturing process, these materials are divided into two parts,
isotropic and no#sotropic. In the isotropic model, the behavioral characteristics are
similar in all directions. The reason for this is the homogeneithiedistribution of
polarizing particles in the entire network. On the other hand, in the heterogeneous
model, a chain of particles is formed due to the application of the magnetic field during

the construction.

:Ji}‘:; L
St & < %g -_:
fphs © R

Figure2.7: Magnetic field duing constructiorj12]

2.3.6Construction Process

In general, this process includes preparing materials, combining, processing and
polymerizing. To proceshomogeneousnaterials at room temperature (24°C), the
existing air must be evacuated using suction or applying heat. In some cases, a
temperatue of 120 degrees is also required for processing. Duringisodropic
processing, a strong magnetic field of more than 0.8 T is applied. After processing, the

particles remain fixed in the network and cannot move freely.

After processing to make stabledadurablematerials using a chemical process called
polymerization, connections between individual polymers are applied in the
composition. Improving mechanical behavior and reducing adhesion are other goals

of polymerization. MR effect in neisotropic ehstomer is more than isotromoe

9



2.4 Mechanical Properties of MRE

These materials behave like materials with viscoelastic properties in ti®wre
regions. In addition to the t i f, thendarspsg of these materials is also affected by
the magnetic fieldalthough it is small. The strestrain diagram of these materials is
therefore directly related to the magnetic field. The figuBshows the stresstrain

diagram for different field412]

BEresa (W al

Stra %)

Figure2.8: MRE stressstrain diagram undedifferent magnetic fieldgl2]

The most common use of the MRE damper is as a seismic isolator, damper, in the car
suspension system and the use of this damper in the sandwich beam. They are used as
sensors in micr@lectromechanical systems, magnetometers, magnetic resjstadce

even as polymers with shape memory.

2.5Behavioral Modes

Because it is important to know the behavioral modes of the MR damper in modeling
it and makinga® n e-c g n s udenice.Oh e b enhodesg of this damper are

presented belowl14]
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Figure2.9: Behavioral modegL5]

2.5.1PressureMode

In thepressure modéhe MR liquidis placed in &.02inch-thick plate surrounded by

two paramagnetic plates; By changing the distance between two paramagnetic plates,
pressure is imposed on the cell. This mode of behavior is suitable for high dynamic

loads and low range (mm).
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Figure2.10: Pressure mode for MH]

2.5.2ShearMode

Unlike the pressing mode, in this mode, cutting is achieved by sliding or rolling two
plates on top of each other. The MR fluigsttime fits into a.015inch-thick plate.

The magnetic field is dependent on the direction of movement of these plates.
Examples of the application of this mode include brakes, clutches, dampers, and

building composites, which are suitable for relatively small loads.

11



it vie Lo Fad e

Fjar sthrumagr il Fiole

{:Elr.-...m-..a. F—

Figure2.11: Shear mode for M7]

2.5.3PistonMode

This mode is more widely used than the other two modes. In this mode, there are two
tanks of MR fluid that usea magnetic field to flow from one tank to another;
Composed. The current starts by reducing the pressure resistance and is controlled by

changing the magnetic current.

Figure2.12: Piston modé7]

2.6 Types of MRF Damper

In general, MRF dampers can be recognized in this grouping based on the type of

application and behavioral mechanigt6]
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Figure2.13: MR damperg16]

The widely used piston dampers, especially in earthquake engineering, are classified
into four groups, single tube, pair of tubewuble ends, and hybrid based on the

physical structure of the piston.

[FITY A —— i Frarwslic Yilvieg Secton Irmar Hosming Chiler Houaing

P P Fus P Pt Wi Dot Basaresii e Ban el Piwian Rod

Figure2.14: a) double end MR damper; b) MR hydraulic hybrid danipéf

2.7MR Damper in Buildings

In researctby Al- Fahdawi et al.the use of simpladaptivecontrol (SAC), under the

effect of noise andhanging parameters, was investigated in reducing the response of
two coupler structures. One of the advantages of this use is that it is able to respond
well to changes in dynamic characteristics such as stiffness and mass. Th.1i§ure

shows an nstructure and am#inz floor structure that are connected using NI]
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Figure2.15: Structuralmodel of the control systeft7]

Al-Fahdaviet al. investigated the load ponding in two structures of the same height
with the MR damper. Two structures of the same height with different dynamic
characteristics were coupled together in only 3 floors by the MR damper. SAC and
LQR algorithms were atsused for contro[18]

Building | Buddiaz 7

w1 meT)
o

@l

Figure2.16: Structurall4odelo fthe coupled buildingEL8]

In research, Yaniland AFDamir compared and used seaative MR damper after

removing the power supply in the active control system. Because one of the challenges
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of active control is the possibility ai sudden interruption of the system; In this
research, the combinatioof active tendon and seractive MR damper was
investigated. Far and near earthquakes, activator voltage and response delay were
considered in this research. In this research, the sudden stop has a significant effect on
the damping, as well as the deldyttee responsalid not have a negative effect on the
damping. In this model, the active tendon is located in all floors, but the MR damper

was placed only in the first floofl19]
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Figure2.17: INASA control system for +story structurgl19]

2.8MRE-TMD

Conventional adjustable mass damper shows less itxgdlyilchanging the dynamic
characteristics of the system; Therefore, the use of-getive systems is one of the
solutions for the proper use of this damper. Adjustable magmetic elastomeric
damper Although it is a passive damper; It has a bettbtyabian the conventional
adjustable mass damper. But in the saotive mode, adjusting the dynamic

characteristics of the system provides a suitable reduction for the response.
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The results of Jinchoet al. in the numerical modeling of asfory structure showed
that the use of this damper using se@ciive control greatly reduces the displacement

and acceleration responses of the structure.
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Figure2.18: Schemationodelof the TMD- MRE [20]
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Chapter 3

CONTROL STRATEGIES

Meeting operational and safety limit states can be achieved with structural control
methods, which are used to control the vibrations of structural members and the
structure itself. In this method, in order to control the structure's response to
earthquake, engineers must somehow limit the energy entering the structure from the
ground, ordissipatehis energy, or move the frequency of the structure away from the

frequency of the seismic load.

Structural controls are generally divided into several groups

1. Passive control

2. Semiactive control

3. Active control

4. Combined controls

3.1 PassiveControl

This system does not use any feedback or energy source to control earthquakes; It
depends only on the intrinsic characteristics of the tool, the shape obthandits
targeting, which reduces the response of the structure by wasting energy or changing

the dynamic characteristics of the structure.

The randomness of the seismic loads applied to the structure and the constancy of the

inherent characteristic$ the passive control tool such as mass, stiffreass damping
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cause; these tools are affected by the seismic load frequency compared to the initial
assumption. But since these tools do not need external energy, they areastiow
approach. Shear wall dces, bending frame, base isolation system friction joints,
viscoelastic damper, viscous liquid damper, adjusted mass danp#éowing metal
dampers... are among many passive control methods of the structure.
3.1.1Advantages

1 No need for an external source

1 Lack of instability caused by external force

1 Low maintenance cost
3.1.2Disadvantages
Application limitation for specific stimuli due to having fixed dynamic characteristics

(mass, hardness, cycle tinamd damping).
3.2 SemtActive Control and Its Advantages

In thistype ofsystem control tools with a small force have the ability to change their
characteristics such as stiffness and damping in relation to the applied load or its
history.Semiactive adjusted mass damper, adjustable liquid column darapér,
variable nput damper... can also be considered smtive control methodsThe
purposeof this control is tgrotect the structure with limited energy

A Better performance than passive contr ol

A Mo soemoment adaptation (active control) with limitedergy

A Lack of i nsahextermalforcey caused by

A High reliability as a passive system

A Possibility of passive behavior in cas:

18



3.3 Types ofSemi-Active Control Systems

1. Damper with variable valve

2. Damper with variable haméss

3. Damper with balanced semctive mass
4. Damper with controlled liquid column

5. Damper with controlled fluid

Centrolled Disturbance
damping me—m————
Current I » MR ?;lrﬁ]élg r Force I Output
] drivers | damper | transducers | ————

- F() '—-——mm=—a

v Damper System  [*
controller Fa (1) controller
Command Desired
voltage : Measurement
= damping

noises
force

Figure3.1 Application diagram of MR damper control in seaative contro[16]

3.4 Active Control

These systems consist of three parts: measuring system, computer monitoring system
and control mechanism. This mechanism has the tasgadfing force to the structure

during the passage of displacement and acceleration of a certain limit. Depending on
the external stimuli and changes in the structure's response, they are divided into two

parts, open circuit or closed circuit.

These includ active stiffness damper, active mass system, active bracing system and

active cable control systerithe purposeof this control is to ptect the structure
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during an earthquakar wind. In this proces®ehavior of the building by applying an
external foce against the direction of the seismic fasceontrolled.

3.4.1Advantages

Compliance with incomingpad

3.4.2Disadvantages

The need focomplex systems and intelligent control to apply force and appropriate
algorithms to determine the optimal forisghe limitdion of this methodThe need

for a lot of external energyan lead tdhe instability of the structure

3.5Hybrid Controls

Active control, which mainly requires heavy computer processing and must be used
continuously, can be combined with a sexaiive control; This control is calldég/brid
control. Sucthybrid methods havéhe advantage, that when the computer processing

is uddenly out of reach, other systems perform their control capability.

3.6 Masslsolation

Sei smic i sol ation shifts a structureos
corresponding to less spectral accelerations. This allows buildings with more efficient
crosssections to be built using higdtrength and less ductile materials. Although
elimination of higheimode effects will cause the building behavior to be mostly linear

and more predictable in seismic events, the need for lateral flexibility at tagasol

layer can cause large displacement at the [2d4ddowever, designing large gaps is
economical} infeasible in urban environments. To address this issue, a damping
mechanism is commonly used at the base; however, this approach could trigger higher
modes in severe earthquakes and make the system less responsive to smaller ground
motions.[22] Base displacement also can be controlled using hybrid control strategies

such as tuned mass dampers and tuned liquid column daf23e25]
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The need to reduce base displacement is & @dcstructural design. Midtory and
multi-layer isolation can reduce base displacement by transmitting it to the upper
stories. This is efficient primarily for tall buildings surrounded by lower structures.
One practical use of misitory isolation is irthe retrofitting of the existing buildings.
When excavating for a base isolation system, temporary support works are normally
required. Midstory isolation can reduce the disruption of occupancy and the project

cost. It also can allow for an extra floorlie constructed on an existing building.

Mid-story isolation converts the upper structure to a tuned mass damper having a large
mass that is designed to control the lower portion of the stru¢ffileSkandaloset

al. used metaeuristic optimization and multiple layers of isolation to reduce the
seismic response of a building. Their study also suggested that isolation layers should

be installed at the lower portion of a buildifig7]

Ma et al. numerically analyzed conventional and base isolation systems with adding
stories. They compad the response of structures under dad neaffield pulselike
records and found that base isolation, by elongating the period, can effectively reduce
the seismic demand28] Becker and Ezazi reported that doulalger isolation
decreased the relative dispgament of the first story by 48%. This procedure also
increased uppestory displacement by 19%29] Kim and Kang used seraictive
control by a MRdamper and migtory isolation in tall buildings to decrease the

isolation layer and the intestory drift with multiobjective optimization[30]

Partial mass or vertical isolation can be used to addressidzdagon and TMD
drawbacks, especially when isolation of the whole structure is not efficiently feasible.
In their method, only one portion of the structure was isolated. An +gdpgr mega
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sub isolation system and floor isolation are examples of pipioach. In this process,

the mass of the structural elements is used as the tuning g étnajafi and Medina
analyzed 6 12 and 20story buildings under Kandiajimi filtered Gaussian white

noise excitation. The results indicatdtht the response reduction was similar to a
tuned mass damper and base isolation, decreasing the traditional deficiency of the base

isolation, without imposing any mass on the sys{&2j.

Similar to coupled structurerertical isolation takes the mass of the structure under
consideration for isolation purposes, which reduces the design complexity at the base.
[33] In such a system, the structure should be divided into two substructures, one stiff
with less system mass and the other ductile witiie system masf34, 35] As the

system experiences an earthquake, it shows a prominent period shift, but benefits from
damping mechanisms placed between the two substructures across the height.
Milanchian and Hosseini udenonlinear, rather than linear viscous dampers for
vertical isolation and reported no significant difference in response reduction.
Nonetheless, the suitable ratio for mass and stiffness could reduce the substructural

drift. [36]
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Chapter 4

BEHAVIORAL MODELS AND CONTROL

ALGORITHM

4.1 Behavioral Models

Parametric and neparametric methods are used to model MR damper behavior. The
behavior of the nonlinear damper andtbyssis is obtained in the parametric model

by assimilating the behavior of the experimental structure and the arrangement of
springs and damperi§]

4.1.1Bingham Plastic M odel

One of the most common models for modeling the behavior of the MR damper is.
Behavior is rigid; As long as the stress exceeds the minimumsgreks, the behavior

of the material is linear. This model was first used for ER and then for MR. This model
is not able to describe the behavior of the damper when the signs of acceleration and
velocity are opposite and the magnitude of the velocityvis to model It also does

not cover the hysteresis behavior wgl7]
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Figure4.1: Bingham plastic modd6]

4.1.2Gamata and FliskoModels

One of the modifications to the Bingham model, which was first developed for ER
dampers and then for MR dampers, although it captures thedm@acement and
force-velocity relationship well; But due to the prevailing difficulty, its numerical

modeling becomes very difficuli38]
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Figure4.2: Gamata and Flisko modg3]

4.1.3Bouc-Wen Model
This model is veryadaptable and able to model hysteresis behavior. In this model,
when the signs of acceleration and speed are opposite and the size of the speed is low,

it does not match with reality39]
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Boue-Wen

Figure4.3: BoucWen mode[39]

4.1.4Modified Bouc-Wen Model

The BoueWen model initially was used by Spencer et al. to predict the behavior of
an MR damper. It then was modified by Spencer to accommodate nonlinearity more
accuratelj40]. The model depicted in Fig.4accommodates an extra dashpot and a
spring to compensate for defects in model prediction at low velocities and the effect

of the gas chambe[l]

Boic-Wen  —e
y Lysleress
Hia &
T H |
A -
7k
A

Figure4.4: Modified BoucWen model for MR dampef41]

The damping force of the MR damper is giveipdioy:

N80 0 H B O L

Where yis the internal pseuddisplacement andiizs the evolutionary variable.
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Q =S O [ US ) 0w [ s (3)

Where xis the displacement of th& floor, Ko and k are the accumulator stiffness

and the stiffness at large velocities, respectively,cans the initial displacement of
spring’Q. The viscous damping observed at higher and lower velocities are denoted
by co and @, respectively, antlis an evolutionary coefficient.

| 1o | aPNBp Opp OpNOn Ongy Orgd (4)
Where u is the output of the following firetder filter:

0 0 U )
and v is the command input voltage of the damper on'fior. The parameters of
the BoueWen phenomenological model for the 1000 kN MR damper are presented

in table 4.1

Table 4.1: Parameters of Bodd@/en phenomenological moddbr 1000 kN MR

dampers[42]
Parameter Value Parameter Value
Coa 50.30 kN sec/m Uh 8.70 kN/m
Cob 48.70 kN sec/m/V U 6.40 kN/m/V
ko 0.0054 kN/m 2 496.0 n?
Cia 8106.2 kN sec/m b 496.0 ¥
Cib 7807.9 kN sec/m/V Ac 810.50
k1 0.0087 kKN/m Nd 2
X0 0.18 m d 195 sed
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4.2 Control Algorithm

4.2.1Linear Quadratic Regulator
A linear quadratic regulator (LQR) is a classic, simple and-kvellvn method of
optimal control. The control vectshould be calculated to minimize the quadratic

cost function aq43]

SR (6)

0 WoOoUL WO 6 0Y 0 00QO0

The magnitude of decrease in the state variables and the control forces are balanced

by weighting matrices @ and Rqr. The values selected to tune the results were:

2
Fallhe)

UL (7

m 0

Y "0 i n" p pm? 8
4.2.2Fuzzy Logic Algorithm

Unlike conventional zero and one logic, in fuzzy logic variables can be continuous. In
the input stage, the sensor data is defined using equations (triangular, trapezoidal, bell
shape function) and the calculation process is perfounsed) a series of whds.

Zhou et al. used MR damper and fuzzy logic to control a single and-leudti
structure. In multiobjective optimization, Elavahat and Ramsavari used genetic
algorithm and fuzzy logic to control a benchmark structure undtérgeake and wind

load. Kim et al proposed a muitiput and multioutput fuzzy logic for smalscale
structural models; which was finally investigated in an egjbty structure equipped
with an MR damper.

4.2.3Simple Adaptive Controller

In this method, the sponse is optimized by forcing the controlled structure to behave

like the reference model with the desired trajectories. The control force is determined

by the feedback error between the plant and the reference model. Computation of the
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adaptive gains deenot require explicit system identification or observation. The linear

equation governing the reference model and the planidrie

WO O0wo 0606 060 QO 9)
wo O6wo V6o Qo (10)
w o0 0 wo 060 0 (11)
w o 0w o 000 (12)

The error and theontrol command are:

Qo0 wo wo (13)
0 0 UvOoio (14)
Where r(t) is the reference vector and is equal to:

i 6 ©Oo OO @ 06 o (15)

K(t) is the gain matrix made up of the integral and proportional gains, whicfare

44]

bo Vo U b (16)
b6 Qoio"Y 0o (17)
b 6 Qoioy (18)

In which T and T are tuning matrices which should be optimized by the operator to
modifyt he ada pt at-termcontairs sneall vallies and i$ used to prevent
divergence in the results of the equatidfigure 4.6 shows a block diagram

representing the adaptive control system.

28



Figure4.5: Block diagram of simple adaptive®ntroller. [8]

4.2.4Lyapunov Stability Theory-basedAlgorithm
Lyapunov theory of stability is a direct control strategy in a feedback controller design.
A positive definite Lyapunov function of the states of the system should be used to
control the stability of the system. One function previously used by Leitmajdibjs
D -A) 0 (19
Where the Fhorm of the system state is equal to:
A OF ®O0 0® (20
PLin Eq. () is a real, symmetriqositive definite matrix governed by the following
equation:
OO0 VO UL ™ (22)
In whichQL is a positive definite matrix that can be selected.
The derivative of the Lyapunov function of the solution of sg@ce and the control
law which will minimize it are:

n N \ 1 s Y 1 \ 1 5w 1 A} \ S Y \ 22
Uwo Eooouooo WO0ULOoQO wo LVLOw o (22)
0 ® O wo06Qo (23)
Where H(.) is the Heaviside function. This equation establishes that the control voltage

is either \hmax0r zero.
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4.3 Measurement

The uncontrolled, passively controlled asdmtactivdy controled gructureswere
analyzed under bidirectionalseismic records taken from tREER Ground Motion
Databasén line with FEMA P-695. [46] Roof displacement, interstory drift, and floor
acceleration were the performance measwsed. These performance criteria are

evaluated aq447]

, A os (29
®

., T A@ os (25
v Q

I A@dsos (26)
®

Where 4, %, and 3 are the displacement, acceleration, and drift criteria that establish
the efficiency of the control strategies. Hazus recommendations were used to evaluate

the structural performance as presentedbte 4.2.

Table 4.2: Structural performance levels for reinforced concrete momesnsting
frames [48]
Interstory drift at threshold of damage state

Slight Moderate Extensive Complete

0.0025 0.005 0.015 0.04
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Chapter 5

MODEL AND NUMERICAL EXAMPLES

5.1 One Story Modeling

In order to portray the dynamic characteristics of the system, lumped mass model at
the 3D state was used. In this model, masses are concentrated sitsseims floor

and eacHloor of the inner and outer subystem was joined with two translational
stiffness and damping at X and Y direction, and one torsional stiffness and damping.

The one story as depicted in the figbré contains 6 degrees of freedom.

" /ftﬂ%x A Dk 5T )E

|
ms ko X

Figure5.1: Schematic model of onestory building

The matrix equation of the structural system motion can be written as:

0 wo 0 wo U WO 0 Qo 0 YW O (27
Where M, K, and C are the mass, stiffness and damping matricée abupled
system, # is the MR damper force vector, and J is the matrix that defines the location

of the control forces. The mass and stiffness matrices can be expressed as:
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Wheremy, mg, by, ke, ch, and d are the massength, and widtlof each unconnected

sub systemsKi, ke, ks are the traslational and rotational stiffness of the stiff sub
structure and & ks, and k are theses stiffness for the soft sapstemKx, ky, and k

are the translational and rotational stiffness of the dampers.

5.2 n- Story Building

The n story building by considering the same procedure used to model tfetampe
building is modeled. Each stdystem, therefore, has 3n degrees of freedom n DoFs in
X and n DoFs in the Y direction and n rotational DoFs. The whole structure has 6n

DoFs.

Schematic figure of the structure and DoFs of the system &t tloeii is presented in

the figure5.2
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Figure5.2: a) Schematic model ai- story building b) DoF at i" floor

The 6n DoFsnass matrices of the system can be shown as

n’d 0 Il (30)
11 d "C) )
& i a0
1 a o 2
11 O . Y]
u ow

Where m, and m are the floor masses of the inner and outersyigbems. In is an eye

matrix. h can be calculated by the following formula.

D Q 31

0 w (31)
P C

® Q 32

- (32
P C

The stiffness matrix of the MDOF system can be expressed as:
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0 , (33)

11 Q 1l
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11 [¢)) M n

u ™m M U

This matrix is composed of two matrices. The first is the diagonal stiffness matrix of
the substructure anddlsecond is the effect of tdamper placed between the two-sub
systems|In this equation, kand k are the results of the mass, frequency ratio, the
number of stories in the substructures, and the stiffness obthsolated building.
They can be obtaed by coding in MATLAB Ix is the stiffness matrix of anstory

frame with a stiffness equal to one.

kq is the torsional stiffness of the system. As can be seen figtire 5.3,0.5 of the
system stiffness for x and y directions is concentrated dtth@ or 6 s cent er

the stiffness is concentrated on the other sides.

0.5 kx| 0.5 ky

Figureb5.3: Stiffness distribution of the floors

0.25 ky
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Torsional stiffness of the stgdystem by assuming equal length for floors can be

evaluated by the following formulas.

L ) Q ‘ QT 1 (39
11 Q v Q 1l
K00 11 1l
11 _ on
L) Q :Q M
u T QU
. QP @ 3
Q ¢ P Q— P Q— (39
T 1T 1 1
. . 36
Q Q— (30)
T
The kd is the gamping matrix of the dampers and can be expressed as:
¥ O . §] (37)
] L0 5 1
™m 11 m 1l
] m 1
(] ]
u ¥

Kdi is the stiffness of the damper at tiesiory of the system.

For the passive control, the viscous damping criteria introduced at the FEMA 356 is
used to calculate the damping effect between two substructures (American Society of
Civil Engineers 2000). The damping matrix of&an be calculated as:

o) T (39

The damping coefficients between floors is assumed to be equal amgpersseads:

i AGvpRY; B o ngy 10 (39
" T“Ba>n
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5.3 Numerical Example

In this study, multistory building with 6,9, and 12 stories with the predominant period

of 0.6991, 0.9476, and 1.1758 respectives modeled in MATLAB.The lumped

mass model with the mass placed at the center of the floors was used to model the
building. Adjacent floors of the sutructures were connected by the dampers. Each
substructure contains 3n degrees of freedom any Y direction and rotational
displacement. The whole structure, therefore, contains 6n degrees of freedom. The
floors are rigdly connected by dampers. Any effect of soil on the structure was

neglected and the plans of the structures were considered to be symmetric

In order to reduce the analydisne, the statespacewas used. Due to sequential
environment of the semactive control, the MATLAB software was used to calculate

the control force and displacement at estelp
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Chapter 6

RESULT AND DISCUSSION

In this chapter, the time history response of the three 6 9, astd2structures were
analyzed. The roof displacement, acceleration, and interstory rotation of each building
acquiring passive and seiactive control compared with an uncontrolled alatinre.

6.1 Six-Story Building

The time history analysis of the sstory building delineates that passive mass
isolation can reduce the engineering demand parameters (EDP) namely, roof
displacement and acceleration by 2 3 times regarding the record applibd to
structures. On the other hand, the seautively controlled structure can contain by 10
times reduction in its EDP. The graphs easily reveal the acceleration reduction which
Il ncreases the residentodos c¢omf otassmuchasg her
the displacement reduction

6.1.1Time History of Roof Displacement

Displacement (m)

1 I}
30 40 50 60 [} 10 20 40 50 60
Time (s) Time (s)

Figure6.1: Roofdisplacement aX dir; b) Y dir subjecltéa to record 1
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Figure6.4: Roof displacement & dir; b) Y dir subjected to recordl
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Figure6.5: Roof displacement & dir; b) Y dir subjected to record
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Figure6.6: Roof displacement & dir; b) Y dir subjected to record
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Figure6.7: Roof displacement & dir; b) Y dir subjected to record

As has been provided in table 6.1 in ¥ndirectionthe passive stiff sutand soft sub
structures have 0.3705, and 0.7284 of the average roof displacement of the
uncontrolled structure respectively. These numbers for the average of 7 records for
roof displacements are 0.1056 and 0.2752. These reductiolvsdioectionfor the
average of the 7 records are 0.3422, and 0.7803 for the passive controlled. Inthe semi
active control case, the roof displacement of the twessulzctures are 0.0970, and

0.2949 of the uncontrolled structure

Table6.1: Max roof displacemenX- dir

Record| Uncontrolled| Passive Sub | Passive Sub ] LOR Sub 1| LOR Sub 2
1 0.1351 0.0489 0.1115 0.0147 0.0439
2 0.0880 0.0438 0.0807 0.0100 0.0278
3 0.0243 0.0094 0.0210 0.0034 0.0088
4 0.1249 0.0316 0.0671 0.0090 0.0244
5 0.0517 0.0254 0.0426 0.0073 0.0160
6 0.1293 0.0492 0.0724 0.0151 0.0315
7 0.1190 0.0408 0.0944 0.0115 0.0326

Table6.2: Max roof displacement - dir
Record| Uncontrolled| Passive Sub | Passive Sub | LOQR Sub 1| LQR Sub 2
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1 0.1922 0.0814 0.1964 0.0203 0.0622
2 0.1017 0.0437 0.1181 0.0105 0.0356
3 0.0265 0.0096 0.0287 0.0024 0.0112
4 0.0652 0.0406 0.1035 0.0114 0.0297
5 0.1394 0.0366 0.0615 0.0098 0.0249
6 0.1666 0.0422 0.0709 0.0113 0.0622
7 0.1949 0.0493 0.1126 0.0203 0.0356

The bar chart in figure 6.8asily portrays that using control, especially saative
control reduces both inner and outer-ssistems displacements. The seftbsystem
as inherent a long period gain more displacement for both controls, which are still less

than the uncontrollecesponse
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Figure6.8: Average max displacement regarding control and directions

6.1.2Time History Acceleration
The graphs depict that utilizing a control strategy, especially-aetivie control

decreases the roof accelerationew subjected to the ground motion. This reduction
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plays a substantial role to increase the comforts of the owners. The table also reveals,
unlike displacement the stiff and soft sstibuctures experience the quite same
reduction in their average maximumsponse for their maximum acceleration at the
roof. The ratig of the max average accretion for soft, and stift sifuctures subjected

to the 7 bidirectional records for the passive control are 0.6456, and 0.5531
respectively. This rat®for the semi actively controlled structure are 0.4057, and

0.3794 respectively.

This number for th&' directionreduced more than thedirectionwhich are equal to
0.5739, and 0.5426 for the passive-stioictures. For the semactively controlled

structure the ratiare 0.3318, and 0.2334 respectively
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Figure6.9: Roof acceleration aX dir; b) Y dir subjected to recordl
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Figure6.10: Roof acceleration & dir; b) Y dir subjected to record
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Figure6.11: Roof acceleration & dir; b) Y dir subjected to record
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Figure6.12: Roof acceleration & dir; b) Y dir subjected to record
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Figure6.13: Roof acceleration aX dir; b) Y dir subjected to recorfl
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Figure6.14: Roof acceleration aX dir; b) Y dir subjected to recor@
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Figure6.15: Roof acceleration & dir; b) Y dir subjected to record
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Table6.3: Max roof acceleratioiX dir

Acceleration (m/s?)

20 o 2 4

6

8 10 12
Time (s)

Record| Uncontrolled| Passive Sub | Passive Sub ] LOR Sub 1| LOR Sub 2
1 19.2087 12.6035 8.9596 7.2530 7.5782
2 8.5489 6.4534 5.8476 3.9265 2.7824
3 2.6277 3.3296 2.8208 2.4937 2.2239
4 14.4654 9.2389 6.2918 5.7842 5.2175
5 7.2549 5.4819 3.5460 3.6937 3.3555
6 15.2319 8.9876 9.8697 5.2193 5.2650
7 13.0109 5.7748 7.1015 4.2247 4.0641
Table6.4: Max roof acceleratiotY dir
Record| Uncontrolled| Passive Sub | Passive Sub | LQR Sub 1| LQR Sub 2
1 17.0564 9.6179 11.8388 9.3713 8.0604
2 9.5278 7.7883 5.7458 4.0535 3.5976
3 2.7467 1.6519 1.6526 1.5814 1.2893
4 12.7710 8.9286 7.5387 5.5442 4.6927
5 14.4451 6.3184 6.3917 3.7461 3.1531
6 15.9626 6.6480 6.8236 5.3453 0.0260
7 16.8661 10.3394 8.5075 0.0124 0.0382
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As it can be seen in figure 6.16 seactive control ighe best alternative to provide

comfort to design and both sskructures in both directions and for both controls had

same accelration
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N & o ®© o N &
I I
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B X- Direction 1
BY- Direction
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Controlling Strategy
Figure6.16. Average max acceleration regarding control and directions

LQR Sub 2

The other seismic parameter investigated through the analysis was the interstory drift

of the uncontrolled and passively and seactively controlled structures. The

recommendations introduced at the Hazus can assess the damage states. The table

easily depcts the passively controlled structure on average for 7 records has the

interstory drift ratio of 1.0578, and 0.4522 for its soft and stiffsmbctures. Which

for the soft sukcomponent is a little higher comparing with the uncontrolled one. On

the otler hand, for the sentactively controlled suistructure, the ratios for the

interstory drifts are 0.4143, and 0.1275 respectively for the twestsubtures. The

amount of maximum average interstory rotation for each case also is depicted in the

bar charbelow.

Table6.5: Interstory rotation

Record

Uncontrolled

Passive Sub

Passive Sub

LOQR Sub 1

LQR Sub 2
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1 0.0100 0.0142 0.0061 0.0048 0.0017
2 0.0065 0.0095 0.0033 0.0033 0.0009
3 0.0020 0.0023 0.0007 0.0011 0.0002
4 0.0096 0.0076 0.0030 0.0027 0.0009
5 0.0036 0.0050 0.0027 0.0026 0.0008
6 0.0097 0.0059 0.0031 0.0026 0.0009
7 0.0088 0.0086 0.0038 0.0037 0.0010

The bar chart in figure 6.17 also reveals the softsygbem at passive control has
interstory rotatiorof 0.76 percent which is greathian the uncontrolled structungth

0.72 percent.
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Figure6.17: Average max interstory rotation regarding control and directions

6.2 Nine-story

The 9story structure also expatiates the EPDs were reduced substantially like the 6
story one as the seractive control was introduced the system. The reduction ratios

for the passive subtructures at theX direction were 0.4260, and 0.823. These
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numbers for the seractive controlled one are 0.0922 and 0.2479. the average
reduction ratios for the passive ssibuctures at the¢¥ direction are 0.5918, and
1.0329. Utilizing the semactive control strategies reduce these ratios to 0.1061, and
0.2982 respectively.

6.2.1Time History Displacement
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Figure6.18: Roof displacement & dir; b) Y dir subject;d to record 1
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Figure6.19: Roof displacement & dir; b) Y dir subjected to record
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Figure6.20: Roof displacement & dir; b) Y dir subjected to record

Figure6.21: Roof displacement & dir; b) Y dir subjected to record
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