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ABSTRACT

Fixed base structures subjected to earthquake forces are prone to problems like attraction of
greater forces to structure, amplified accelerations to non-structural components, expensive
design for better seismic performance etc. Base isolation applied at foundation of the
vulnerable structures is a radical bypass from the conventional approaches utilized by structural
engineers. But practical implementation of Passive Base Isolation is constrained by factors like
large displacements at isolation level, uplifting forces at isolators and vulnerability to

unpredictable and versatile earthquakes.

This study is focused on the development of MRE based adaptive seismic isolator and
evaluation of smart base isolation system under various harmonic and earthquake loadings. The
proposed system employs a magneto-rheological elastomer (MRE) based adaptive isolation
layer under the building structure. The building is idealized as 5 degree-of-freedom (DOF)
structure with the mass lumped at each storey. The stiffness of MRE isolation layer is adjusted

using Linear Quadratic Regulator (LQR) optimal feedback control algorithm.

A total of 36 simulations have been performed for fixed base, passively isolated and MRE
based isolated structures under various harmonic and earthquake loadings for analyzing a total
of 612 responses of the structures. The simulation results show that MRE based isolation has
significantly reduced all the responses compared to passively isolated structure for most of the
earthquake loadings. For harmonic loading however, the passively isolated structure

outperformed the MRE isolated structure in terms of storey drift and acceleration responses.
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Chapter 1: Introduction

1.1 Base Isolation in Structures

Earthquakes around the world have caused much of a damage to human lives, infrastructure
and economy apart from wars and pandemics over the years. For buildings located in moderate
to high seismic zones, a territory host to a substantial portion of world population, earthquake
loading becomes prime factor to be considered for structural design of buildings. For the case
of fixed base RCC buildings whose fundamental period of vibration falls in the range of
predominant time period of earthquakes, the governing earthquake forces demand a very stiff
structural system, the design of which becomes impractical and inefficient for functional use
of structure. Moreover a stiff fixed base system tend to attracts more forces to the structure and
amplify ground motion. An effort to minimize this amplification require higher rigidity or a
superior damping. High rigidity implies bulky structural members and amplified accelerations
to non-structural members that may include sensitive equipment and delicate facilities while a

superior damping implies damage to the system and expensive design.

With a view to strike a balance between construction cost and efficient performance of structure
and constructed facilities against the destructive environmental forces, efforts have been made
in the field of structural engineering to come up with a new and better systems. Base isolation
using elastomeric or sliding bearing system applied at foundation of the vulnerable structures
is a radical bypass from the conventional approaches utilized by structural engineers. This
technique allows the engineers to control damage for both the structural and non-structural
elements in events of moderate and large earthquakes at a significantly lessened cost. Base
isolation is carried out by introducing a soft layer at the base of the building. The horizontal
stiffness of the layer is much lower compared to the structure above it due to which the structure
gets decoupled from the ground vibrations. This modified system attains a time period much
higher than the original fixed base structure and consequently higher than the predominant
earthquake time period. Thus, the fundamental mode of vibration of the building involves the
deformation only at the isolation layer, leaving the structure above remaining almost rigid.
Higher modes responsible of producing deformation in the structure are orthogonal to 1% mode
and consequently to the ground motion. As a result, these higher modes, typically possess low
modal participation factors so that in case of high energy in the ground motion at the higher

modal frequencies, a minimum energy is transmitted to the structure.
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Despite significant success in improving the seismic performance of structures, practical
implementation of base isolation technique is still constrained by factors like large relative
displacements in isolation layers, possibility of uplift of isolators under severe earthquakes and
vulnerability to unpredicTable and versatile earthquakes because once implemented, the
parameters of passively isolated structures may never be changed. Studies have been carried
out on Hybrid Base isolation Systems to address the short comings of passive isolation. They
eliminate excessive base drift by providing additional damping through an active or semi-active
actuator. But this complementary damping does not change stiffness of passively isolated
structure and thus its fundamental time period of vibration. Moreover, this extra damping
brings problems such as transmitting energy at high modes in superstructure, instability, high
cost, periodic maintenance and high power consumption. Thus a base isolation system, whose
lateral stiffness and consequently the fundamental period of the structure can be controlled at
any time instant with relative ease, becomes highly desirable that enables the structure to

instantly decouple from earthquake excitations.

1.2 Magneto Rheological Elastomers (MRES)

Magneto-rheological Elastomer (MRE) is a smart material with magnetic sensitive particles
dispersed in an elastomer matrix. It possesses a controllable shear modulus under application
of magnetic field and upon removal of the magnetic field original state of properties can be
reclaimed. Thus the physical state of the material adjusted from a soft elastomer to semi-solid
depending upon the extent of applied magnetic flux. Owing to its key features mentioned
above, MRE has found its applications in devices like vibration absorbers (suspension
bushings, engineering mounts), vibration isolators (seat vibration isolator, adaptive seismic
isolators), controllable valves, and adaptive beam structures with a potential to contribute to
smart braking systems and haptic devices etc. The application of MR elastomers civil
engineering structures, especially for a base isolation system has drawn a lot of interest of the

researchers especially in addressing the shortcomings of passive and hybrid isolation systems.

1.3 Problem Statement

There is a need to develop large scale smart base isolator which can support larger vertical
loads and respond to a wider range of earthquake excitations so that the performance range of
conventional base isolation systems can be increased. Comprehensive testing on MRE based

seismic isolated structures needs to be conducted using standardized parameters for a
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convincing demonstration of the effectiveness and versatility of the seismic protection strategy

under various seismic activities.

1.4  Research Objectives
This research is conducted with the view to achieve following objectives:

e Development and experimental testing of highly adaptive magneto-rheological
elastomer (MRE) based seismic isolator for its performance evaluation.

e Investigation of the response of magneto-rheological elastomer (MRE) based 5 degree-
of-freedom (DOF) isolated structure with vibration control under sinusoidal excitation
using MATLAB simulations.

e Investigation of the response of magneto-rheological elastomer (MRE) based 5 degree-
of-freedom (DOF) isolated structure with vibration control under the available strong
motion earthquake excitations using MATLAB simulations.

e Comparison of the response between fixed base, passive and MRE controlled base

isolation systems.

1.5  Scope of Research

This research is aimed at the study and development of large scale MRE based seismic isolator
and investigation of MRE based isolated structure under harmonic excitations as well as under

the historic near fault and far fault earthquakes.

1.6 Thesis Organization

The first chapter provides a brief introduction of the base isolation and MR elastomers. The
second chapter provides an insight into the available literature. The third chapter deals with the
materials and equipment. The fourth chapter discusses the methodology of simulation. The
fifth chapter presents the results and discussions. The sixth chapter deals with conclusions and

recommendations.
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Chapter 2: Literature Review

Base isolation is an effective technique to protect civil engineering structures like buildings
and bridges against harmful ground excitations, as in the case of an earthquake. Different base
isolation systems have been developed and used in the recent past. Base isolation systems are
generally installed in the base of a structure to decouple the structure from horizontal
components of ground excitations in the frequency range most vulnerable to the structure. In

addition, this is a cost-effective technique to reduce inter-story drifts and floor accelerations.

2.1  Base Isolation Systems

Base isolation system, or simply base isolator, primarily consists of rubber pads sandwiched
between lamination sheets, with metallic plates at both ends to connect with the structure to

be isolated as shown in Figure 1.
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Figure 1: Laminated Rubber Bearing [10]

Following are the main types of base isolation systems.

2.1.1 Passive Base Isolation Systems

Passive Device (Rubber Bearing)

Figure 2: Passive Base Isolation [9]
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Passive base isolation is the most widely used base isolation technique. It consists of a
conventional base isolator installed at the base of a structure. Passive base isolation is simple
and economical. Though the technique is quite effective, but there are some limitations. It tends
to increase the natural period as well as the base displacement of the structure. This results in
increased cost problem as the isolation system requires considerable seismic gaps between the
structure and the ground. Moreover, the non-adaptability of passive base isolation systems to

different ground excitations is another drawback.

2.1.2 Hybrid or Active Base Isolation Systems

To improve the performance of passive base isolation systems, hybrid or active base isolation
systems were developed. Hybrid base isolation systems are similar to passive base isolation

systems with the addition of actuator.

Actuator
Sensor
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Comtral Computer |
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Figure 3: Hybrid Base Isolation System [9]

Hybrid base isolation systems eliminate the excessive base displacement of the structures by
providing additional damping. Hybrid base isolation systems have high performance for
mitigating vibrations and they are highly adaptable to various ground excitations. However,
there are few drawbacks of hybrid base isolation systems, which include reliability, instability,

high cost, periodic maintenance and high power consumption.
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2.1.3 Smart or Semi-Active Base Isolation Systems

In smart or semi-active base isolation, some semi-active device is used instead of the actuator.
Smart base isolation has the quality of robustness or adaptability and stability. Thus, it
possesses qualities of both passive and hybrid base isolation systems. Moreover, they have
relatively small power requirements as compared to hybrid systems. MR fluid damper based
base isolation system is an example of smart or semi-active base isolation system. This type of

base isolation has limitations like unidirectional properties of MR damper and environmental

pollution by liquid leakage.
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Figure 4: Smart or Semi Active Base Isolation System [9]
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Figure 5: Schematic diagram of (a) hybrid isolation system combining passive base isolation with supplementary dampers;
(b) “smart” base isolation system with controllable isolators [10]
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2.2  Development of Magneto Rheological Materials

MR materials fall in the category of innovative or smart materials whose rheological properties
can be controlled by changing the applied external magnetic field [15]. MR materials comprise
of micro-sized iron particles dispersed in elastic matrix, which is non-magnetic in nature. When
a magnetic field is applied, the rheological properties of these materials can be rapidly and
reversibly changed [16]. This phenomenon is due to alignment of magnetic particles present

within the elastic matrix as shown in Figure 6.
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Figure 6: Composition of Magneto Rheological Materials [32]

The development of MR materials can be traced to mid-twentieth century. In 1948, MRFs were
discovered at the US National Bureau of Standards by Rabinow [17]. MRFs are suspensions
which can alter their phase between liquid and solid in the presence of a magnetic field. MRFs
have qualities like quick response to magnetic field, rapid reversibility and controllable
performance. This makes MRFs excellent for use in applications in which controlled energy
dissipation is needed. Examples of these applications are brakes and clutches for exercise
equipment [18, 19, 20] and controllable dampers for vehicle suspensions [9, 10, 11].

MREs are solid analogues of MRFs. In comparison to MRFs, MREs exhibit sTable MR
performance because the particles do not undergo sedimentation with the passage of time, as it
happens in MRFs. Moreover, the thermal stability of MREs is also higher. Also their resistance
to degradation is greater. It has been observed [24] that the response time of an MRE is less
than milliseconds. In addition, MRFs have a magnetic field dependent yield stress whereas

MREs have magnetic field-dependent elastic modulus. Comparing their use, MRES being solid
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in nature, are used in stiffness controllable devices, whereas MRFs are used in viscosity

controllable devices.

2.3 Microstructure of MREs

MREs can be prepared with or without presence of magnetic field during the process of curing.
The former technique results in anisotropic or structured MREs [25] whereas the latter results
in isotropic or homogenous MRESs [26-29] as shown in Figure 7 and Figure 8. When a magnetic
field is applied, the magnetic particles get magnetized and magnetic dipoles are formed. The
dipoles tend to move along magnetic field lines to form chain like structure in the matrix.
Various factors influence the distribution of magnetic particles in MREs including orientation
and strength of magnetic field, volume fraction of magnetic particles, temperature and

magnetic interaction forces between particles.
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Figure 7: Fabrication of isotropic and anisotropic MR elastomers [31]

Figure 8: SEM Images of MREs cured at a) 0T, b) 0.2T, c) 0.4T, d) 0.6T, e) 0.8T, f) 1.0T [33]
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24 MR Effect

MREs can be categorized as viscoelastic materials. Their properties are described by equations
typical for viscoelastic materials, with some additional parameters to account for the influence
of external magnetic field on the rheological properties. The MR effect can be defined as the
change in the viscoelastic properties of an MR material when subjected to magnetic field. This
is one of the most important properties of MR materials. It was observed that MR effect is
related to the tendency of magnetic particles to change their position when subjected to a
magnetic field [34]. The magnetic field introduces dipole movements in the magnetic particles.
This movement of particles causes deformations in the elastomer, which results in increase in

shear modulus and stiffness of the material.

2.5  Factors affecting Properties of MREs

It has been observed that the shear strength of isotropic and anisotropic MREs increases in the
presence of an external magnetic field. Moreover, maximum increase in shear modulus is
obtained when iron particles are fully magnetized [35]. The increase in the shear modulus is
shown to be proportional to the magnetic field strength, at low or moderate magnetic flux
densities [36, 37]. It was noticed that the increase in magnetic field results in increase in the
stiffness of MREs [38], as shown in Figure 9.
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Figure 9: Variation in stiffness of MRE with magnetic field [41]

Magnetic particles are significant component of MREs. The size, shape and type of magnetic
particles greatly influence the properties of MREs. The effect of size of magnetic particles on
shear storage and loss modulus of isotropic and anisotropic MREs was studied [39]. It was
observed that, without magnetic field, the larger sized magnetic particles had modulus less than
smaller sized magnetic particles. Whereas, in the presence of a magnetic field, the field induced
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modulus was higher in MREs with larger particles and it exceeded significantly compared to

MREs with smaller particles.

It has also been observed that the composition or type of magnetic particles has an effect on
mechanical properties of MREs. The magnetic particles with low carbon content show high

field induced shear modulus than high carbon content magnetic particles [40].

The behavior of MREs has generally been studied in low frequency range of 1-50 Hz. [42]
found significant MR effect at higher frequencies, with frequency range over 1 kHz and 27%
iron particles by volume. Similarly, it was observed [38] that increase in frequency of loading

results in an increase in strain rate effect of MREs.

Strain amplitude is also an important factor which influences mechanical properties of MREs.
Generally, the shear modulus of anisotropic MREs decreases by increasing the strain amplitude
[43, 44]. This happens because the molecules of elastic matrix begin to slide when the strain is
increased. As the distance between ends of two molecule chains increased, the chains were

easily separated upon application of shear stress [43].

Additives also effect properties of MREs. It has been observed [44] that the additives like
paraffin oil can reduce stiffness of the composite and produce a stronger MR effect. It was
found [45] that the addition of silicon oil resulted in increase in MR effect. The addition of
silicon oil results in increased wetting of iron particles due to which adhesion between iron
particles and the elastic matrix increases and thus preventing agglomeration of iron particles
[46].

2.6 Engineering Application

Due to magnetic field dependent properties of MREs, they have various applications in
different fields of engineering. These applications include adaptive tuned vibration absorbers
(suspension bushings, engineering mounts) [47-53, 73], stiffness tunable mounts [54],
vibration isolators (seat vibration isolator, adaptive seismic isolators) [14, 55-63], controllable

valves [68], adaptive beam structures [69-72] and dampers [64].
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Figure 11: Schematics of MRE seat isolator [73]

In civil engineering field, MREs have found their applications in the development of adaptive
seismic isolators [1, 13, 65-66]. The results suggest that the MRE based seismic isolators have
the potential to overcome the limitations of traditional seismic isolators particularly in reducing
the responses of structures during seismic excitations [13].

2.7 MRE in Base Isolation

Studies [1, 65] have been conducted to investigate the suitability of MRE based isolation using
numerical simulations. The results validated that MR elastomer base isolation outperforms the
traditional passive system in terms of response improvement during earthquake excitations.
Jung et al [13] developed a single degree-of-freedom scaled model above an MR elastomer and
performed experimental testing on the system under harmonic excitation and earthquake time

histories.
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Figure 12: Experimental setup. (a) Fixed structure (b) smart isolated system (c) MR elastomer and electromagnets [13]

Behrooz et al [14, 74] developed a variable stiffness and damping isolator (VSDI) for base
isolation of a civil structure; see Figure 13. Four MRE samples, each 12 mm thick and
trapezoidal in shape were proposed in the design with a shim dividing them. Four
electromagnetic coils were provided on the top and bottom of MRE samples to generate the
magnetic flux. The coils were covered with two steel caps along with steel cores. The overall
dimensions of VSDI is 128 mmx 64 mmx 110 mm. The number of turns in a single coil is 800,
and the power required for each device is 234.2W at 4 A current. A maximum increase of 57%
was reported in shear mode. However, a main drawback for this design of the isolator for civil

structures is the limited loading capacity in vertical direction.
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Figure 13: VSDI proposed by Behrooz and Experimental Setup [14, 74]

Li et al [66, 75] put forward, for the first time, a laminated MRE base isolator containing 47
sheets of MR elastomer each 2 mm thick with the diameter of 140 mm; see Figure 14. Every
MRE layer is accompanied with a 1mm thick steel sheet of same diameter with a total of 46
steel sheets. This configuration makes the laminated structure 140 mm high. An
electromagnetic coil was positioned outside the laminations. An enclosed magnetic path is
formed with the steel plates at top and bottom, the hollow steel yoke, the cylindrical steel block
and the laminated structure also forming the core of the electromagnetic coil. The benefits of
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the laminated design are: greater vertical loading capacity of the isolator and an improved
magnetic conductivity of the structure and the widely practiced design of base isolator. This
device can take a maximum load of 370 kg in compression for its weakest state, i.e. 0 magnetic
flux and at a maximum design displacement of 26 mm. An even greater vertical loading
capacity is expected under the application of magnetic field. This loading capacity furnishes
the minimum requirements for its use in the seismic isolation of civil structures. Experimental
tests on a shake Table demonstrated an effective stiffness increase of 37% and a 45% that of
force under a designed maximum current of 5A. The uniformed magnetic field of 0.3 T is

estimated to energize all of the MR elastomer layers in the device.
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Figure 14: Laminated MRE base isolator [66, 75]

Furthermore, an MR elastomer of highly adjusTable nature with laminated structure was
developed and experimentally tested by Li et al [63] using a soft MRE. The device contains 25
sheets of MR elastomer, each 1 mm thick with diameters of 120 mm. The MR elastomer used
in the new device can produce force increase of 1479% and stiffness increase of 1630%, when
the magnetic field varied from OT to 0.44T.

Yang et al [60] conducted a study on design and experimental testing of a novel MRE based
isolator with hybrid magnetic system. This hybrid magnetic system is capable of generating a
magnetic field that is the superposition of a permanent magnetic field and an electromagnetic
field as shown in Figure 15, 16. A negative stiffness change in the isolator has been reported
due to the incorporated hybrid magnetic system. Stiffness of the isolator can be increased or
decreased based on the direction of current in proposed isolator design as shown in Figure 15,
16.
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Figure 16: Working modes of hybrid magnetic system [60]
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Chapter 3: Materials and Equipments

This chapter gives details about different materials, processes and equipment used to fabricate,
assemble and experimentally test the base isolator. The base isolator can be categorized into
four major components i.e. steel plates, steel laminations, elastomer, and magnetic coil. A
schematic diagram of the isolator is presented in Figure 17. The details of components are

discussed in proceeding sections.
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Figure 17: Schematics of base isolator
3.1  Steel Plates

The top plate is provided at top of the laminated structure to support vertical loads from and
transmit horizontal loads from shake table to the super structure. It provides the platform for
the models to get connected to the isolator. It is 260mm diameter with 5mm thickness, made
up of mild steel grade A-36 which also contribute to an enclosed path of magnetic flux to

laminated structure.

Figure 18: Steel Top Plate
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Similarly, the bottom plate is also a mild steel grade A-36 plate with 5mm total thickness
provided at the base of the laminated assembly. It supports all the assembly of the isolator,
provides a fixture to connect to shake Table and facilitate the magnetic flux towards MRE

laminations.

Figure 19: Steel Bottom Plate

A steel yoke, extending to full height of electromagnetic coil, has also been designed which is

placed firmly outside the coil with the purpose to complete the magnetic flux path.

Figure 20: Steel Yoke
The configuration of these steel plates have been selected to provide an optimized magnetic
flux within the laminated structure for a given electric current to the coil after a thorough

analysis and numerous trials using FEMM software.

Figure 21: FEMM Output for Optimized Parameters
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3.2 Steel Lamination Sheets

The isolator make use of the laminated design of traditional rubber bearing isolators. There are
17 x MRE sheets 1-2mm thick bonded onto 17 x steel plates of 1mm thickness. This laminated
structure provides advantages like heavy load carrying capacity in vertical direction, prevention
of lateral bulging of the rubber and attraction of magnetic flux towards themselves and thus to
the non-magnetic elastomer sheets thus ensure high magnetic conductivity of the laminated

structure.

Figure 22: Steel Lamination Sheets and Laminated Structure

3.3 Elastomer

MR elastomer sheets were fabricated using silicon rubber, silicon oil and iron particles mixed
in an optimum proportions. The mix composition used for MRE sample is presented in Table
1.

Table 1: Mix Composition of MR Elastomer

Silicon Rubber 160ml
Silicon Oil 160ml
Iron Particles (3-4um) 4409
Iron Particles (10um) 189¢g
Iron % by Volume 20%

3.3.1 Silicon Rubber

Silicon rubber has been used as an elastic matrix for the fabrication of elastomer. The main
reason for using the silicon rubber was that the MR phenomenon can be significantly observed
in silicon rubber based elastomer.
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Table 2: Technical Parameters of Silicon Rubber

Model HY-E605

Colour Translucent
Hardness 5+ 2 Shore A
Curing Time 4-5 hrs.

Tensile Strength 3.5+ 1MPa
Viscosity 12 + 5 KN/m
Shrinkage Rate 3000 + 1000 mPa.s
Elongation 400%

Figure 23: Silicon Rubber

A two part silicon rubber has been used which gets hardened within 24 hours once both the
parts get mixed in equal proportions. Silicon Rubber was procured from ShenZhen Hong Ye
Jie Technology Co. Ltd. China. It is mainly used in mold making. The technical parameters

of silicon rubber are listed in Table 2.
3.3.2 lron Particles

Iron powder was obtained from Chengdu Best New Materials Co., Ltd. China. Literature
indicates that micron sized iron particles depicts enhanced MR phenomenon in comparison to
larger sized iron particles. Therefore, the micron sized iron particles were selected for
fabrication of elastomer. Other technical parameters of iron powder are listed in Table 3.
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Table 3: Technical Parameters of Iron Particles

Bulk Density 1.32 g/cc
Fe 98.49%
Carbon 0.87%
Oxygen 0.54%
Nitrogen 0.1%

L
Figure 24: Iron Particles

3.4  Electromagnetic Coll

An electromagnetic coil is placed around the laminated assembly. The coil consists of a non-
magnetic reel 148mm to 210mm diameter and 5mm thick made up of POM plastic around

which the magnetic wire is wound. The non-magnetic reel is shown in Figure 25.

Figure 25: Non-magnetic Reel (148mm to 210mm dia, 5mm th.)
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The magnetic wire is 1mm in diameter with an ampacity of 2.4-4 Amp. A total of 1000 turns
have been accommodated within the reel. The wire is made up of copper with total length of
magnetic wire is 827m and the total resistance of the electromagnetic coil is 17.7 Q. The coil
is shown in Figure 26.

Figure 26: Electromagnetic Coil

This electromagnetic coil upon the input of current forms the magnetic core and the laminated
structure together with top plate, bottom plate and steel yoke forms a complete path for the

magnetic flux.
3.5  Casting of Magneto Rheological Elastomer and Laminated Structure

The fabrication of magneto-rheological elastomers requires an elastic matrix and magnetic
particles. The elastic matrix used in this study was combination of silicon rubber and silicon
oil whereas iron particles were used as magnetic particles. First of all silicon oil with the
required volume as mentioned in Table 1 was poured in a beaker. Then the iron particles were
weighed according to the requirement and mixed with the silicon oil with the help of stirring

rod.
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Figure 27: Iron Particles, Silicon Oil and Mixture

The part A of silicon rubber was then measured in required proportion and poured in the blend
of silicon oil and iron particles. The mixture is then placed into an ultrasonic cleaner bath
sonicator (Model: DSA150-SK2, size: 5.7L) for uniform mixing, dispersing and de-
agglomerating and of iron particles in a mixture of silicon rubber part A and silicon oil.

Sonication was done for 30 minutes.

Figure 28: Sonication of the Mix

After sonication, part B of silicon rubber was added and mixed thoroughly with the help of
stirring rod. Then a mixture is poured into an exclusive casting mold that is a container with
cylindrical wall bonded to a base plate made up of hardened acrylic with the help of water
proof super glue (Figure 29). The diameter of container is kept as 210mm equal to that of
laminated structure.
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Figure 29: Casting Mold

After the pouring of mixture into casting mold, the steel plates and aluminum rings were placed
one by one into the casting mold that is now partially filled with liquid elastomer. This

placement of plates and rings ensured the MR elastomer sheets with required thickness once
the mixture is hardened after 24 hrs.

Figure 30: Steel Sheets and Aluminum Rings

After the lapse of hardening time of silicon rubber, the laminated structure was removed from
the mold and laminations were separated from each other. Aluminum rings were extracted out
from hardened MR elastomer sheets after which the steel plates and MRE sheets were attached

permanently to each other with the help of high strength epoxy. The final laminated structure
is shown in Figure 31.
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Figure 31: Laminated Structure

3.6 Experimental Testing

So far, the details regarding fabrication and arrangement of the components of adaptive base
isolator have been discussed. These components can easily be arranged as per the schematics
presented in Figure. For experimental testing of the isolator, the MRE base isolator is firmly
fixed above the shake Table and the movement of its base will be along the shake Table
vibration as shown in Figure 32. During testing, the load cell and the top plate of the isolator
remain still thus eliminating any undesirable forces that may develop by the movement of top

plate.

Load Cell

N
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MRE Base
solator

Reacton Floor [ 1
Shake Table motion
o

Figure 32: Sketch Map of Experimental Setup

Load cell would be installed to link the MRE base isolator and a fixed reaction rig outside of
the Table to measure the lateral load applied to the isolators. Load cell has been developed
exclusively for the experimental testing. It consists of a force sensor, data acquisition controller
and controller modules linked together with exclusive circuit design and computer
programming. Force sensor has a maximum sensing capacity of 200N with a sensitivity of
0.001N. One end of the load cell will be connected to top plate and the other would be
connected to the reaction rig through a bench-fitting job. In this way, the force induced at plate
end (connected to top plate) relative to the fixed end (connected to reaction rig) would be

measured. The data of the load cell is stored in memory card that can be transferred to computer
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once the experiment is finished for post processing. The components of load cell are shown in
Figure 33.

Force Sensor Controller Data Acquisition
Modules Controller
Circuit Design and
Programming

Figure 33: Load Cell

A power supply, preferably DC, with the rated capacity of 6A provides current to the magnetic
coil. During testing under dynamic loading, a series of harmonic excitations at various
frequencies ranging from 0.5Hz to 3.0Hz, the amplitudes of the input motion and values of
input current to electromagnetic coil can be varied for a comprehensive evaluation of isolator

under different kinds of vibrations.

Due to the pandemic situation in the country and subsequent decisions regarding
educational/research institutes, the experimental work could not be performed and thus the
objectives of this research related to experimental evaluation of MRE base isolator could not

be achieved.
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Chapter 4: Methodology

This chapter discusses the methodology employed for carrying out the simulation. A process
flow chart showing the complete process of simulation adopted during this study is shown in
Figure 35.

4.1 Structure Parameters and Characteristics

A benchmark 5 storey building structure [1,2] has been used for evaluating the structural
response. The building structure can be idealized as 5 degree-of-freedom (DOF) model with
mass lumped at each storey. The simple representation of the idealized model is shown in
Figure 34.

7007777707777

Figure 34: Building structure idealized representation [1]

With addition of isolation layer, the model can be treated as 6 degree-of-freedom system for
both passive and MRE controlled isolated structural models. In Figure 34, M, K and C represent
mass, stiffness and damping while their subscripts represent the level at which the given values
are applicable. For example My is mass at isolation layer. Similarly, Ky is stiffness and Cp, is
damping coefficient at isolation level. Since MRE controlled isolation has the tendency to

change its stiffness at any time instance, the stiffness is denoted as K(t).

The parameters of building model used in simulation are adopted from [1,2] and presented in
Table 4.
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Table 4: Structure Parameters

Storey Mass (kg) S(Efo?ris)s I(le,iln Sp/'r?]?
1 5897 33732 67
2 5897 29093 58
3 5897 28621 57
4 5897 24954 50
5 5897 19059 38

The parameters of isolation layer used for simulation are adopted from [3] and presented in

Table 5.

Table 5: Base Isolation Parameters

Stiffness 232 KN/m
Damping 3.74 KN.s/m
MR Effect 137%

Using above parameters, the corresponding structure characteristics like time periods, natural

frequencies can be worked out as they are the Eigen values depending on the mass and stiffness

of the structure. These as are tabulated in Table 6.

Table 6: Structure vibration characteristics

Fixed Base Passive BIS
Mode Frequency T_ime Frequency T_ime
(Hz) Period (s) (H2) Period (s)
1 3.20 0.31 0.40 2.5
2 8.72 0.11 5.47 0.2
3 13.62 0.07 10.30 0.1
4 17.61 0.06 14.73 0.07
5 20.92 0.05 18.41 0.05
6 - - 21.32 0.04
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Similarly, mode shapes can be plotted from the Eigen vectors of the system matrices depending
on the mass and stiffness values of the structure. Mode shapes of fixed base structure and

isolated structures are shown in Figure 36 and 37 respectively.

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

. 5 r 5 . 5 . 5 T
4 4 4t 4 4
3 3 3r 3 3
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Figure 36: Mode Shapes of Fixed Base Structure
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Figure 37: Mode Shapes of Base Isolated Structure
4.2  Equation of Motion and System Matrices
Assuming linear structure properties and representing the displacements relative to the ground
as

X :]_xh X1 X2 X3 X4 X5]T

the equation of motion for structure reduced into matrix form can be expressed as
[M]{E(E)} + [Clx(D)} + [K]{x(0)) = [y]{u(®)} + [8]x,

The mass, stiffness and damping matrices for fixed base system are 5x5 matrices and can be

given as
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mgy 0 0 0 O
0 mm 0 0 0O
M =Massmatrix= | 0 0 my 0 0
0 0 0 mg O
0 0 0 0 mg
cq+c —0 0 0 0
€3 '€+€3 —C3 0 0
C = Damping matrix = 0 —€3 C3+C4 —Ca 0
0 0 —C4 C4+C5 —Cg
0 0 0 —Cg Cg
k 0 k2 —k2 0 0 0
—kz k 9.+ k3 —k 3 0 0
K = Stif fness matrix = 0 —kzy  ky+ksy —ky 0
0 0 —k4 k4 +k 5 —ks
0 0 0 —ks ks

The mass, stiffness and damping matrices for base isolated structure are 6x6 matrices and can

be given as
my, 0 0 0 0 0
0 mqm 0 0 0 O
. 0 0 mp 0 0 O
M = M f.T =
ass matrix 0 0 0 m 0 0
0 0 0 0 mg O
|0 0 0 0 0 ms
cp+c1 —C1 0 0 0 0
—€f: €16y =0 0 0 0
C = Damping matrix = g —82 62_13‘:3 C3—-|C-3c4 _24 g
0 0 0 —C4 C4+Cg —Cg
0 0 0 0 —C5 C5 |
kb + k1 —k] 0 0 0 0
—k1 ki+ky —ko 0 0 0
i i 0 —k2 k2 + k’; —k3 0 0
K =St 2SS trix = e
if fness matrix 0 0 i Hall ofw 10
0 0 0 —k4 k4 + k5 _kS
0 0 0 0 —ks ks |

v is the force location matrix to be used only for MRE based isolated structure model. For fixed
base and passive isolated models, y would be a null matrix. Similarly u(t) is the applied force

and applicable only to MRE isolated structure model.
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¥ =nxr force location matrix=[-1 0 0 0 0 0]

w(t)= [uled, wltdy, wiedy, wledy wit), ult)]

o is the coefficient vector for earthquake ground acceleration, x;. & will be 5x1 for fixed base

structure model and 6x1 for isolated structure models.
S=[mimzmzmsms]" - For fixed base structure.

S=[mpmimzmzmams]’ - For isolated structures.

4.3 State-space Representation

Equation (1) can be re-arranged in terms of structural acceleration as
(20} = - [MIT'[CE(®) — IMI'[KIx(0)) + [M]7 [yu(®) + M1 (0%, (1)

The equations can now be re-written in the form

{{fm}}:l [0] [ l{x(f}}l+l [0] {(f)}+‘ [0] lgg(t}

i Sren] o) [ () )

The second-order equation of motion (1) can be cast to its first-order state-variable

representation by defining the following state-vector in an effort to apply linear control theory

developed for first order dynamic systems [4,5,6,7].

- ()

Then equation (2) can be expressed as

(Z(O) = [ANZO)} + [Bullu®)} + (Br}ip() 3)

where

()
z} = {{ﬂm}

Matrix [A] in equation (3), also known as plant matrix would be 10x10 matrix for fixed base

structure and 12x12 matrix for isolated structure models and will be expressed as:

[0 1
A= [—[M]—luﬂ —[M]*[CJ

[Bu] would be null matrix for fixed base and passive base isolated structure model and 12x1

matrix for MRE isolated structure model and will be expressed as:
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T
[B.] _[ (M1~ [7] }

[Br] would be 10x1 vector for fixed base structure and 12x1 vector for both passive base

isolated structure and MRE isolated structure models. It can be expressed as:

- {0)

4.4 LQR Feedback Control

Equarion (3) cannot be solved directly because the number of equations, 12 is less than the
number of unknown variables, 13 in case of base isolation i.e. 12 x response outputs Z(t) and
1 x control force u(t). So, one more equation in this case is needed in an effort to solve the
control problem. This 1 equation is referred as the feedback control law. There are 3 control
outlines through which the feedback control law can be implemented [4,5,7] to the smart

structure model i.e.

e Open-loop feedback control
e Closed-loop feedback control

e Open-closed loop feedback control

For open loop feedback control the control force is determined by a feedback of excitation at
the base, such as sinusoidal motion or earthquake ground motion. The input information for its
control law is only the base excitation data acquired with the help of accelerometers etc. The
obtained information is then used to calculate the required control force. The schematics of

open loop control is shown in Figure 38.

Disturbance
Control 2 Disturbance |

computer Sensors R

Control

algorithm

v v Controlled
Control forces response

Actuator »  Structure >

Figure 38: Schematics of open loop feedback control [8]
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For closed loop feedback control, the control force is determined by a feedback of structure
responses at each or some degree-of-freedom. The input information for its control law consists
of the structure responses such as velocities or relative displacements with the help of sensors.
The acquired information is then used to calculate the required control force. The schematics

of closed loop control is shown in Figure 39.

Disturbance

!

Controlled response

Control forces
Actuator > Structure >
Y
Control Response
computer sensors

Figure 39: Schematics of closed loop feedback control [8]

The open-closed-loop scheme is a combination of both the closed loop and open-loop control
schemes. It can obtain information of both the ground motions and the structure responses.
Schematics of open-closed loop control are shown in Figure 40. The control force is

dependent on ground motion, displacement and velocity responses.

Disturbance
B Dhsturbance
sensors
. . + Control
Control Control algorithm Control forces response
L ! ™
computer Actuator Structure —————»
&
¥
Response

SENSOTS

Figure 40: Schematics of open-closed-loop feedback control [8]
Utilizing one of the above discussed control schemes, equation (3) can be solved
mathematically. For structure with closed-loop feedback control, the control force matrix is
determined by using the measurements of response values and feeding them back to the

equation. In this way, the feedback law will be given as
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()} = -Gl {ZB)} ... (4

In case of MRE base isolated model, u will be a single value of force applied at isolation level.
G is 1x12 matrix of feedback gain. Hence, the key parameter to make equation (3)
mathematically solvable is gain matrix G. In current study, the gain matrix is obtained by using

Linear Quadratic Regulator (LQR) algorithm and discussed ahead.

Once G is obtained, the closed-loop system takes the form as expressed below
(Z(0)} = [ANZ(1)} + {Br)ip (1)

Where Ac is the closed loop plant matrix obtained through substitution operation of equation

(4) into equation (3) and expressed as
[Ac] = [A] = [By]IG]

Linear Quadratic Regulator (LQR) algorithm for structural control is an optimal control
algorithm. The key objective of LQR is to minimize the following quadratic cost function J
with respect to the control force input u(t).

J = b[[:"‘uj.g:ut.+u"‘uj.feuut.].:xz
0
In regulator type algorithm problems, the system is idealized to be in equilibrium, and LQR
control algorithm serves the purpose of maintaining that equilibrium regardless of the fact that
the system is subjected to turbulences or of minimizing the response of the system under
consideration from any sorts of disturbances [9].

The parameters Q and R in the quadratic cost function J are used as design parameters to
penalize the state variables and the control signals respectively. The larger these values are, the
more will be penalizing of these signals. Choosing a large value for R means system is intended
to get stabilized with less (weighted) force. This is usually known as expensive control strategy.

On the other hand, choosing a small value for R means the control force will not be penalized.

Similarly, a large value for Q means the system is intended to get stabilize with the least

possible changes in the states and small Q implies less concern about the changes in the states.

So Q and R are basically the tuning knobs requiring the adjustments to strike a balance between

state response and control force.
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There is an exclusive function of ‘Iqr()’ in MATLAB [91] to calculate the gain matrix from the
input of closed loop plant matrix Ac and By along with Q and R values. The syntax is shown

below.

(G, 5,E]=1qgr (ci,Bu,Q,R);

45 Control Force

In this study, the MR elastomer is idealized as a linear stiffness element. Though the
assumption of linear behavior does not represent the actual characteristics of MR elastomers
but it does denotes the general dynamics of the material in a small strain range and permits a

rather simple approach to investigate the controllable isolation system [1].

The stiffness of the MR elastomer is expressed as K(t), which is the sum of actual (zero field)
stiffness and the varying stiffness that is dependent on the external magnetic field or the current

value through electromagnetic coil. The MRE stiffness can be written as
K(t) = K, + Kq(u(b))

where Ko is the actual (baseline) stiffness of MREs and Ki(u(t)) denotes the variation in
stiffness with time due to the command input u(t) at any time instant. In current study, an MR
elastomer material with MR effect of 137% has been adopted as reported in [3]. Hence, the

maximum values of the stiffness that can be physically achieved is
Klymax =1.37K,

Thus, K(t) will vary from 0 to 2.37K,. This maximum achievable stiffness value provides an
upper limit to the control force that is
U(B)max < K()max * Xn

For ensuring the optimal performance of the system, the control force u(t) has to be approaching
the limit. If the control force is considerably lower than its upper limit, then the isolator would
be underperforming and if it is higher than the limit, then isolator will not be able to generate
the required force. So some trials have to be performed, for every excitation loading, by varying
Q and R parameters of LQR algorithm until a control force equal to its limit is obtained.

4.6 Excitation Data

The fixed base, passively isolated and MRE controlled isolated structures are subjected to

sinusoidal and earthquake excitations in form of acceleration for analyzing their responses.
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4.6.1 Sinusoidal Excitation

The harmonic loadings selected for the loading are tabulated below, Table 7. Fundamental
frequencies of fixed base and isolated structures are selected to analyze the response of all 3
structures. Intermediate frequencies have also been selected to gauge the response over the

range of frequencies. The peak acceleration has been selected as 0.18g for all the cases.

Table 7: Harmonic Excitation Data

Frequency of Comments
Vibration

0.4 Hz. Fundamental frequency of passively isolated structure.

1.2 Hz.

2.0 Hz.

2.7 Hz.

3.2 Hz. Fundamental frequency of fixed base structure.

3.7 Hz.

The selected sinusoidal excitation time histories are shown in Figures 41-46 below:

Acceleration (m/s2)

Time (s)

Figure 41: Excitation at 0.4Hz.
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Figure 42: Excitation at 1.2Hz.
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Figure 43: Excitation at 2.0Hz.
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Figure 44: Excitation at 2.7Hz.
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Figure 45: Excitation at 3.2Hz.
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Figure 46: Excitation at 3.7Hz.

4.6.2 Earthquake Time Histories

In current study, near-fault earthquake ground motion [76-90] time histories have been selected
from 1999 Chi-Chi, 1979 Imperial Valley and 1999 Kocaeli earthquakes. These records are
taken from stations Taichung, Brawley Airport and lzmit respectively [78]. Furthermore,
another set of earthquake time histories, which are recorded from the same earthquakes events,
at the same site geological conditions with fault located at a distance far away from the site, is
selected to demonstrate far field ground motion characteristics [76-90]. The properties and
description of all the adopted time histories are presented in Table 8.
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Near Fault Far Fault
Distance Distance
Event M, Station PGA (El?ﬁ:} to fault Station PGA (:f‘ﬁ] to fault
(km) (km)
Chi-Chi (1999) | 7.6 Taichung 0.2g 36.3 9.50 llan 0.2¢g 11.8 49
Imperial Valley Brawley
(1979) 6.9 Airport 0.16g | 36.6 8.50 Compuertas | 0.15g 9.5 35
Kocaeli (1999) 1.8 lzmit 0.17g 22.6 4.8 Fatih 0.16g 12 64.5

Table 8: Earthquake Parameters
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The ground motion time histories are adopted from the PEER Strong Motion Database [78].

It has been aimed to acquire two time history records with same peak ground acceleration of
each earthquake (Chi-Chi 1999, Imperial Valley 1979 and Kocaeli 1999) for a more accurate
and a fair comparison of the results [76]. So, the selection of records have been made with more
diligence. If the ground motion time histories of each earthquake were selected randomly
(different peak acceleration values and/or site conditions), the meaningful comparison of the
responses could not have been established with confidence. So, it is aimed to eliminate this
contradiction by selected ground motion records with same peak acceleration values at same
site conditions [76, 78].

The acceleration, velocity, and response spectra records of the adopted earthquake time
histories are shown in Figures 47, 48 and 49. Same vertical scale in the plots have been adopted
for near fault and far fault records to demonstrate the difference between the earthquakes. These
figures show the significant velocity pulses for the near-fault ground motions compared to far-
field records [77] despite have same peak ground acceleration, that are one of the main

characteristics of destructive near field earthquake records [76-90].

In this way, a total of 12 simulations have been performed for each of the fixed base, passively
isolated and MR elastomer based isolated structures using MATLAB [91]. The cumulative
number to simulations for all the 3 structures and 12 load cases sums up to 36. A total of 612
responses were compiled and analyzed after which the results are processed, compared and
presented.
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Figure 47: Near-fault and far-fault ground motions recorded at Chi-Chi earthquake 1999. a Acceleration time histories for
near-fault and far-fault earthquake record. b Velocity time-histories for near-fault and far-fault earthquake record. ¢

Response spectra for near-fault and far-fault earthquake record [78].
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Figure 48: Near-fault and far-fault ground motions recorded at Imperial Valley earthquake 1979. a Acceleration time

history for near-fault and far-fault earthquake records. b Velocity time-

history for near-fault and far-fault earthquake

records. ¢ Response spectra for near-fault and far-fault earthquake records [78].
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Figure 49: Near-fault and far-fault ground motions recorded at Kocaeli earthquake 1999. a Acceleration time histories for

near-fault and far-fault earthquake record. b Velocity time-histories for near-fault and far-fault earthquake record. ¢
Response spectra for near-fault and far-fault earthquake record [78].
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Chapter 5: Results and Discussions

This chapter presents the results of simulations performed and discussions regarding those

results. First off, the displacement, storey drifts and acceleration responses along with the

representative time histories of sinusoidal excitations are presented and compared. Then the

responses for the case of earthquake excitation time histories are analyzed and discussed.

5.1 Sinusoidal Excitation

As discussed in chapter 4, six loading frequencies have been selected for evaluating the

response of structures. The responses against those frequencies are discussed below.

5.1.1 Displacement Responses

Displacement response is the total displacement of the storey at the corresponding degree-of-

freedom. The peak and RMS values of displacement responses against loading frequencies

for fixed base, passively isolated and MR elastomer based isolated structures are tabulated in

Table 9.

Table 9: Displacement Peak and RMS Values (Harmonic loading)

Fixed Base Passive BIS MRE BIS

Peak RMS Peak RMS Peak RMS
Storey

(cm) (cm) | (cm) (cm) (cm) (cm)
Base - - 645.14 | 339.37 | 19.99 | 13.98
1 0.17 0.11 | 648.76 | 341.28 | 20.12 | 14.07
T 2 0.33 0.22 | 652.12 | 343.05 | 20.24 | 14.15
S 3 0.45 | 0.30 | 654.68 | 344.40 | 20.33 | 14.21
4 0.55 0.36 | 656.65 | 345.43 | 20.40 | 14.26
5 0.61 0.40 | 657.93 | 346.11 | 20.44 | 14.29
Base - - 13.75 | 4.14 8.84 2.45
1 0.23 0.13 | 13.83 | 4.17 8.89 2.47
T 2 0.46 0.25 | 1390 | 4.19 8.94 2.48
N 3 0.63 0.34 | 1396 | 4.20 8.98 2.49
4 0.77 041 | 1400 | 4.22 9.01 2.50
5 0.87 046 | 14.03 | 4.23 9.04 2.51
Base - - 5.98 2.02 4.59 0.92
N 1 0.36 0.17 6.02 2.03 4.62 0.93
é_; 2 0.72 0.34 6.05 2.04 4.65 0.93
o 3 102 | 048 | 608 | 205 | 467 | 094
4 1.25 0.58 6.09 2.05 4.69 0.94
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5 1.41 066 | 6.11 2.06 4.70 0.95

Base - - 474 1.41 3.27 0.55

1 0.74 035 | 4.77 1.42 3.29 0.56

T 2 1.52 0.70 | 4.79 1.42 3.31 0.56
N 3 2.17 1.00 | 481 1.43 3.32 0.56
4 2.70 1.24 | 483 1.43 3.33 0.57

5 3.07 1.40 | 4.84 1.44 3.34 0.57

Base - - 3.85 1.16 2.75 0.42

1 3.33 227 | 3.87 1.17 2.77 0.42

N 2 6.92 471 | 3.89 1.17 2.79 0.42
oy 3 9.99 6.80 | 3.91 1.18 2.81 0.43
4 1256 | 855 | 3.92 1.18 2.82 0.43

5 1436 | 9.77 | 3.93 1.19 2.83 0.43

Base - - 3.17 0.99 2.32 0.33

1 0.67 026 | 3.19 1.00 2.33 0.33

T 2 1.41 056 | 3.20 1.00 2.34 0.34
o 3 2.06 0.83 | 3.22 1.01 2.35 0.34
4 2.62 1.06 | 3.23 1.01 2.36 0.34

5 3.01 1.23 | 3.24 1.01 2.37 0.35

Representative displacement time histories are shown in Figures 49, 50 and 51 below. It is clear

from the Figures that isolated structures vibrate at much lower frequencies and higher

amplitudes compared to fixed base structure. Lower frequencies of vibration is due to higher

value of fundamental time period for passively isolated structure. Higher amplitudes are due to

larger displacements at base level. Since 0.4 Hz and 3.2 Hz are the fundamental frequencies of

passively isolated and fixed base structure respectively, the displacements values of these

structures at corresponding fundamental frequencies are much larger compared to other

structures and is reflected in time histories.

Structural Displacements at Storey 1, 0.4 Hz
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Figure 49: Displacement time history at storey 1 for 0.4 Hz
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Structural Displacements at Storey 5, 1.2 Hz
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Figure 50: Displacement time history at storey 5 for 1.2 Hz.
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Figure 51: Displacement time history at storey 5 for 3.2 Hz.

The bar charts shown in Figures 43 to 48 below compares the displacement responses of
passively isolated structure and MRE based isolated structures.
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Figure 52: Peak Displacements at 0.4 Hz
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Figure 53: Peak Displacements at 1.2 Hz
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Figure 55: Peak Displacements at 2.7 Hz
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Figure 57: Peak Displacements at 3.7 Hz
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It is evident from the charts that MRE based isolated structure has significantly reduced the
total displacement response of the structure for all the excitation frequencies. The maximum
reduction can be seen for the case of 0.4 Hz which is the fundamental frequency of vibration
of isolated structure. Moreover, the displacement values show that the MRE based isolated
structure does not possess any fundamental frequency rather it adjusts its stiffness depending

on loading frequency and thus the fundamental frequency of the structure.
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Figure 58: Storey-wise total displacement (a) 0.4 Hz, (b) 1.2 Hz, (c) 2.0 Hz, (d) 2.7 Hz, (e) 3.2 Hz, (f) 3.7 Hz
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Storey wise line plots for total displacement response are presented in Figure 58. It can be
seen from the Figures that for the isolated structures, a major portion of total displacement
(96-98%) is absorbed at the isolation level due to relatively soft isolation layer and very
minimal displacement is being transferred to the superstructure. Whereas for the fixed base

model, all the displacement is transferred rather uniformly to the superstructure.

It can also be observed in Figure 58(a) that passive base isolated structure is showing
unrealistically large displacement. This is because 0.4 Hz is the fundamental frequency of
vibration of passively isolated structure and this large response can be attributed to resonance
phenomena. But when the adjustable layer of MR elastomer is introduced as isolator to the
same isolated structure, the system has successfully avoided the resonance. This validates the
adaptable nature of MR elastomer based isolator under severe loading cases. Similarly, MRE
based isolated structure has also shown nominal response at all other loading frequencies

including that of 3.2 Hz which is the fundamental frequency of fixed base structure.

Storey wise line plots for displacements relative to base are presented in Figure 59. It can be
observed that isolated structures are successful in significantly reducing the transmission of

displacements to superstructure compared to fixed base for all loading frequencies.
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Figure 59: Storey-wise displacement rel to base (a) 0.4 Hz, (b) 1.2 Hz, (c) 2.0 Hz, (d) 2.7 Hz, (e) 3.2 Hz, (f) 3.7 Hz
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Figure 60: Loading vs. peak displacement plot
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Figure 61: Loading vs. RMS displacement plot

Loading frequency wise peak and RMS displacement plots for the top stories of all the
structures are shown in Figures 60 and 61 respectively. It can be observed that for isolated
structures the displacements decreases as the loading frequency value increases. For fixed base
structure, the displacement increases with the increasing loading frequency up to 3.2Hz and
then the drop occurs in displacements. Furthermore, the MRE based isolated structure does not
show any resonance in displacement response over the frequency ranges encompassing the
fundamental frequencies of fixed base and passively isolated structures which validates the

adaptable nature of MR elastomers based seismic isolation.

5.1.2 Storey Drift Responses

Storey drifts refer to difference of displacement of two consecutive stories. The peak and
RMS values of storey drift responses against loading frequencies for fixed base, passively

isolated and MR elastomer based isolated structures are tabulated in Table 10.
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Table 10: Storey Drift Peak and RMS Values (Harmonic loading)

Fixed Base Passive BIS MRE BIS
Storey Peak RMS Peak RMS Peak RMS
(mm) | (mm) | (mm) | (mm) | (mm) | (mm)
1 171 | 113 | 36.18 | 19.04 | 2.01 | 1.42
N 2 160 | 1.05 | 3362 | 1770 | 1.87 | 1.32
- 3 124 | 080 | 2568 | 1351 | 143 | 1.01
S 4 096 | 061 | 1966 | 1035 | 1.09 | 0.77
5 063 | 040 | 1288 | 678 | 072 | 050
1 230 | 127 | 078 | 023 | 095 | 042
N 2 225 | 120 | 073 | 022 | 09 | 0.39
y 3 179 | 093 | 056 | 017 | 069 | 030
~ 4 141 | 072 | 043 | 013 | 053 | 023
5 095 | 048 | 028 | 009 | 035 | 0.15
1 350 | 173 | 034 | 011 | 054 | 0.19
N 2 362 | 169 | 032 | 011 | 051 | 0.19
= 3 205 | 135 | 025 | 008 | 039 | 015
o 4 2.37 1.07 0.19 0.06 0.31 0.12
5 161 | 072 | 013 | 004 | 020 | 0.08
1 742 | 346 | 027 | 008 | 039 | 013
N 2 775 | 356 | 026 | 008 | 039 | 0.13
T 3 6.48 | 294 | 020 | 006 | 032 | 011
o 4 533 | 240 | 015 | 005 | 026 | 0.09
5 368 | 164 | 010 | 003 | 0.18 | 0.6
1 3331 | 2267 | 022 | 007 | 033 | 011
N 2 3589 | 2442 | 021 | 006 | 035 | 0.12
- 3 3072 | 2090 | 017 | 005 | 029 | 0.10
™ 4 2569 | 17.48 | 0.13 0.04 0.25 0.09
5 17.94 | 1220 | 009 | 003 | 017 | 0.06
1 668 | 262 | 019 | 006 | 029 | 011
N 2 743 | 300 | 018 | 005 | 031 | 012
T 3 652 | 269 | 014 | 004 | 027 | 011
™ 4 556 | 232 | 011 | 003 | 023 | 0.09
5 394 | 165 | 007 | 002 | 017 | 0.07

The bar charts shown in Figures 62-67 below compares the storey drift responses of passively
isolated structure and MRE based isolated structures. It can be observed that the storey drifts
decreases as we move from bottom storey to top storey for both passively isolated and MRE
isolated structures. It can also be observed, like from the displacement responses, that passive

base isolated structure is showing unrealistically large storey drifts at excitation frequency of
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0.4 Hz which is the fundamental frequency of vibration of passively isolated structure. This
large response can be attributed to resonance phenomena. Similar to displacement response,
when the adjustable layer of MR elastomer is introduced as isolator to the same isolated
structure, the system has successfully avoided the resonance. This validates the adaptable

nature of MR elastomer based isolator under severe loading cases.

From Figures 62-67, it is clear, unlike displacement responses, that passive BIS has
outperformed MRE BIS for excitation frequencies other than 0.4 Hz. This behavior is typical
for hybrid base isolation systems where the supplementary force may forcefully confine the
base displacement of the passive base isolation system [10, 11], larger accelerations as well as

increase of inter-storey drifts may be introduced to the superstructure [10, 12].
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Figure 62: Peak storey drifts at 0.4 Hz
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Figure 63: Peak storey drifts at 1.2 Hz
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Figure 64: Peak storey drifts at 2.0 Hz
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Figure 65: Peak storey drifts at 2.7 Hz
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Figure 67: Peak storey drifts at 3.7 Hz
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Figure 68: Loading vs. peak storey drift plot
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Figure 69: Loading vs. RMS storey drift plot

Loading frequency vs. peak and RMS storey drift plots for the 1% stories of all the structures
are compared in Figures 68 and 69 respectively. It can be observed, that for isolated structures
the storey drift response decreases as the loading frequency increases. For fixed base structure,
the storey drift increases with the increasing loading frequency up to 3.2Hz and then the drop
in response occurs as also observed in displacement responses. Furthermore, the MRE based
isolated structure does not show any resonance in peak and RMS storey drift responses over
the frequency ranges encompassing the fundamental frequencies of fixed base and passively
isolated structures which validates the adaptable nature of MR elastomers based seismic

isolation.

5.1.3 Acceleration Responses

Acceleration response refer to the total acceleration occurring at corresponding degree-of-
freedom/storey. The peak and RMS values of acceleration responses against loading
frequencies for fixed base, passively isolated and MR elastomer based isolated structures are
tabulated below (Table 11).
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Table 11: Acceleration Peak and RMS Values (Harmonic loading)

Fixed Base Passive BIS MRE BIS
Peak RMS Peak RMS Peak RMS
Storey

(cm/s?) | (em/s?) | (em/s?) | (cm/s?) | (ecm/s?) | (cm/s?)
1 184.28 | 127.97 | 4105.21 | 2160.95 | 228.47 | 160.87
N 2 190.97 | 128.64 | 4126.45 | 2172.13 | 229.65 | 161.70
3_ 3 196.44 | 129.16 | 4142.67 | 2180.66 | 230.55 | 162.33
© 4 200.72 | 129.56 | 4155.08 | 2187.19 | 231.24 | 162.82
5 203.52 | 129.82 | 4163.22 | 2191.47 | 231.69 | 163.14

1 212.87 | 134.44 | 86.50 | 2598 | 102.74 | 44.02

N 2 24455 | 14134 | 87.98 | 2653 | 106.38 | 46.21
i_ 3 270.24 | 146.72 | 89.14 | 26.95 | 109.56 | 47.91
- 4 291.45 | 150.92 | 90.07 | 27.29 | 112.17 | 49.23
5 306.02 | 153.70 | 90.69 | 27.51 | 113.94 | 50.10

1 267.62 | 154.41 | 36.85 | 12.54 | 57.85 | 17.22

N 2 356.75 | 181.34 | 38.19 | 12.90 | 60.34 | 20.08
g_ 3 42755 | 202.89 | 3933 | 1321 | 61.76 | 22.36
~ 4 482.78 | 220.01 | 4029 | 13.47 | 63.63 | 24.17
5 521.33 | 231.54 | 4096 | 13.65 | 6567 | 25.39

1 422.77 | 226.15 | 28.98 8.71 31.75 8.66

N 2 678.02 | 328.86 | 30.29 8.99 38.15 | 12.26
,f_ 3 892.61 | 413.95 | 31.39 9.27 45.84 | 15.27
~ 4 1069.94 | 483.34 | 32.33 9.53 5239 | 17.75
5 1192.82 | 530.94 | 33.00 9.73 56.78 | 19.45

1 1357.15 | 924.00 | 23.17 7.18 27.70 5.08

N 2 2801.28 | 1906.01 | 24.50 7.40 31.35 9.69
i_ 3 4040.85 | 2749.13 | 25.76 7.69 39.29 | 13.79
« 4 5078.19 | 3454.78 | 26.89 7.99 4864 | 17.26
5 5802.47 | 3947.64 | 27.77 8.23 55.11 | 19.69

1 180.48 | 31.60 | 19.54 6.13 26.73 2.21

N 2 508.26 | 179.52 | 20.10 6.29 27.66 7.43
,f_ 3 819.28 | 322.63 | 21.45 6.60 34.60 | 13.19
« 4 1084.27 | 446.73 | 22.91 6.99 4473 | 18.25
5 1271.63 | 535.43 | 23.99 7.32 53.75 | 21.88

The bar charts shown in Figures 70-75 below compare the peak acceleration responses of

passively isolated structure and MRE based isolated structures at harmonic excitation

frequencies.
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Figure 70: Peak accelerations at 0.4 Hz

The peak acceleration response show similar trends as that of storey drifts i.e. passive BIS
outperforming MRE based isolated structure. This response is characteristic of hybrid base
isolation systems where the supplementary force may forcefully confine the base displacement
of the passive base isolation system [10, 11] at the expense of larger accelerations as well as

increased inter-storey drifts in the superstructure [10, 12].

It is also evident that the accelerations increase as we move from lower storey to higher storey
levels for both passively isolated and MRE isolated structures with minimum acceleration at
first and maximum acceleration at the last storey. Moreover, like for the case of displacement
and storey drifts, unrealistically large accelerations for passive base isolated structure have
been observed at its fundamental frequency of 0.4 Hz and MRE based adjusTable isolation

layer has managed to avoid the resonance in response.
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Figure 71: Peak accelerations at 1.2 Hz
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Figure 72: Peak accelerations at 2.0 Hz
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Figure 74: Peak accelerations at 3.2 Hz
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Figure 75: Peak accelerations at 3.7 Hz

Loading frequency vs. peak and RMS acceleration plots for the top stories of all the
structures are compared in Figures 76 and 77 respectively.
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Figure 76: Loading frequency vs. peak acceleration plot
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Figure 77: Loading frequency vs. RMS acceleration plot

The resonance of fixed base and passively isolated structures can be observed at their respective
fundamental loading frequencies. It is evident from the Figures 76 and 77 that for isolated
structures, the acceleration response decreases as the loading frequency increases. For fixed
base structure, the acceleration response increases with the increasing loading frequency up to
3.2Hz and then the drop occurs as also observed in displacement responses. Moreover, the
acceleration values show that the MRE based isolated structure does not possess any
fundamental frequency rather the isolation layer adjusts its stiffness depending on loading
frequency and thus changing the fundamental frequency of otherwise passively isolated

structure.

5.2  Earthquake Excitation

Six loading cases (time histories) for earthquake excitation [78] have been selected for
evaluating the response of structures out of which 3 are near field and 3 are far field [76, 77].
The details are given in Chapter 4. The responses against the earthquake excitation are

discussed below.

5.2.1 Displacement Responses

Displacement response is the total displacement of the storey at the corresponding degree-of-

freedom. The peak and RMS values of displacement responses against earthquake excitations
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for fixed base, passively isolated and MR elastomer based isolated structures are tabulated in

Table 12.

Table 12: Displacements peak and RMS values (earthquake excitations)

Fixed Base Passive BIS MRE BIS
Peak RMS Peak RMS Peak RMS
Storey
(cm) (cm) (cm) (cm) (cm) (cm)

Base 0 0 24.4812 | 6.71451 | 5.03011 | 1.17488
’Lzl? 1 0.41546 | 0.0673 | 24.6184 | 6.75214 | 5.06036 | 1.18198
E 2 0.85498 | 0.13922 | 24.746 | 6.78711 | 5.08803 | 1.18863
O 3 1.22605 | 0.20049 | 24.8434 | 6.81381 | 5.10884 | 1.19374
5 4 1.5332 | 0.2516 | 24.918 | 6.83425 | 5.12461 | 1.19768
5 1.74621 | 0.28726 | 24.9669 | 6.84765 | 5.13494 | 1.20027
Base | 0.0000 | 0.0000 | 9.1483 | 2.6868 | 2.5400 | 0.5443
E 1 0.3660 | 0.0459 | 9.1995 | 2.7019 | 2.5545 | 0.5474
E 2 0.7529 | 0.0946 | 9.2471 | 2.7159 | 2.5693 | 0.5504
Q 3 1.0781 | 0.1358 | 9.2834 | 2.7265 | 2.5809 | 0.5527
5 4 1.3439 | 0.1703 | 9.3112 | 2.7347 | 2.5909 | 0.5544
5 1.5248 | 0.1944 | 9.3294 | 2.7401 | 2.5974 | 0.5556
™ Base | 0.0000 | 0.0000 | 30.0560 | 13.9880 | 7.8714 | 1.6331
< 1 0.3527 | 0.0632 | 30.2243 | 14.0664 | 7.9227 | 1.6433
oy 2 0.7279 | 0.1313 | 30.3806 | 14.1393 | 7.9740 | 1.6528
‘_>" 3 1.0470 | 0.1897 | 30.4999 | 14.1949 | 8.0155 | 1.6601
S 4 1.3113 | 0.2387 | 30.5913 | 14.2375 | 8.0483 | 1.6657
E 5 1.4973 | 0.2730 | 30.6512 | 14.2654 | 8.0699 | 1.6693
o Base | 0.0000 | 0.0000 | 8.1303 | 3.4807 | 1.8339 | 0.5056
L 1 0.2690 | 0.0345 | 8.1759 | 3.5002 | 1.8446 | 0.5086
Fy 2 0.5622 | 0.0717 | 8.2182 | 3.5184 | 1.8554 | 0.5113
‘_>° 3 0.8176 | 0.1034 | 8.2506 | 3.5322 | 1.8640 | 0.5135
g'. 4 1.0368 | 0.1301 | 8.2754 | 3.5428 | 1.8708 | 0.5151
- 5 1.1950 | 0.1488 | 8.2916 | 3.5498 | 1.8753 | 0.5162
Base | 0.0000 | 0.0000 | 13.1110 | 2.9728 | 5.6498 | 1.4231
o 1 0.3739 | 0.0897 | 13.1847 | 2.9895 | 5.6831 | 1.4315
£ 2 0.7815 | 0.1852 | 13.2534 | 3.0050 | 5.7137 | 1.4395
@ 3 | 11415 | 0.2663 | 13.3060 | 3.0168 | 5.7377 | 1.4456
é 4 1.4473 | 0.3340 | 13.3462 | 3.0259 | 5.7558 | 1.4503
5 1.6637 | 0.3812 | 13.3726 | 3.0319 | 5.7680 | 1.4534
~ Base | 0.0000 | 0.0000 | 3.5789 | 0.8547 | 2.0372 | 0.3822
w 1 0.3999 | 0.0650 | 3.5990 | 0.8595 | 2.0483 | 0.3844
é 2 0.8179 | 0.1344 | 3.6179 | 0.8640 | 2.0581 | 0.3865
8 3 1.1704 | 0.1935 | 3.6323 | 0.8674 | 2.0657 | 0.3882
X 4 1.4706 | 0.2429 | 3.6435 | 0.8700 | 2.0711 | 0.3894
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| | 5 | 1.6797 | 0.2774 | 3.6508 | 0.8717 | 2.0746 | 0.3903

Representative displacement time histories for earthquake excitations are shown in Figures 78-
79 below. It is clear from the Figures that passively isolated structures, subjected to earthquake
loading time history vibrate at a lower frequency and higher amplitude whereas the fixed base
structure vibrate at a much higher frequency. It can be observed from time history plots that
MR elastomer based isolated structure does not vibrate at any single value of frequency rather
it responds by vibrating at a range of frequencies. Higher amplitudes of both the isolated

structures are due to larger displacements at base level.
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Figure 78: Displacement time history at storey 5 for Chi-Chi earthquake
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Figure 79: Displacement time history at storey 5 for Imperial Valley earthquake

Peak displacements relative to base for all 3 structures and both near and far field stations of
Chi-Chi earthquake are presented in Figure 80. Description of the legend is that green is fixed
base, blue is passively is and red is MRE BIS. Thicker lines with box markers show response
against near field earthquake whereas thinner lines with star markers show response against far
field time history.

From figure 80, it is clear that for both near field and far field time histories, MRE BIS has
lowest response while fixed base structure shows highest displacement response. Furthermore,
it can be observed that response against near field earthquake time history is higher than far
field earthquake time history for all the 3 structures under consideration despite having the

same peak ground acceleration values in their records.
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Figure 80: Peak Displacements, Chi-Chi Earthquake

Peak displacements relative to base for all 3 structures and both near and far field stations of

Imperial Valley earthquake are presented in Figure 81.

From figure 81, it is evident that for both near field and far field time histories, MRE BIS has
lowest response while fixed base structure shows highest displacement response. Furthermore,
it can be observed that response against near field earthquake time history is higher than far
field earthquake time history for all the 3 structures under consideration despite having the

same peak ground acceleration values in their records.
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Figure 81: Peak Displacements rel. to base, Imperial Valley earthquake

Peak displacements relative to base for all 3 structures and both near and far field stations of

Imperial Valley earthquake are presented in Figure 82.

From Figure 82, it is evident that for both near field and far field time histories, MRE BIS has
lowest response while fixed base structure shows highest displacement response. Furthermore,
it can be observed that response against near field earthquake time history is higher than far
field earthquake time history for all the 3 structures under consideration despite having the

same peak ground acceleration values in their records.
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Figure 82: Peak Displacements rel. to base, Kocaeli earthquake

Storey wise line plots for peak displacements are presented in Figure 83. It can be seen from
the figures that for the isolated structures, a major portion of total displacement (96-99%) in
the structure is absorbed at the isolation level due to relatively soft isolation layer and very
minimal displacement is being transferred to the superstructure. Whereas for the fixed base
model, all the displacement is transferred rather uniformly to the superstructure.

Higher base drifts for near fault earthquake time histories compared to far fault earthquake time
histories can be observed. A considerably lower response for Kocaeli earthquake far fault

earthquake time histories can also be seen compared to other cases.

Storey wise line displacement plots for displacements relative to base for all the earthquake
time histories are presented in Figure 84. It can be observed that isolated structures are
successful in significantly reducing the transmission of displacements to superstructure
compared to fixed base and MRE BIS showing the lowest response compared to other 2

structures for all earthquake excitations.
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Figure 83: Storey-wise total displacements
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Figure 84: Storey-wise displacements relative to base
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A comparison of peak displacement response for all the adopted earthquake time histories is
presented in Figure 85. Greater response for passively IS and greater subsequent reduction in
response can be observed for near field earthquakes compared to far fault ones. It can also be
observed that response of passively isolated structure against Kocaeli FF station is very low
compared to that of other responses, thus its response reduction of MRE BIS compared to

passively IS is also lower.
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Figure 85: Peak displacement response at top storey vs. earthquake cases

The average displacement response improvement of MRE BIS compared to passively IS is
presented in Figure 86. It is evident that response improvement is greater for near fault stations

compared to far fault ones.
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Figure 86: Average displacement response reduction

5.2.2 Storey Drift Responses

Storey drifts refer to difference of displacement of two consecutive stories. The peak and RMS

values of storey drift responses against loading cases for fixed base, passively isolated and MR
elastomer based isolated structures are tabulated below (Table 13).
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Table 13: Storey Drift Peak and RMS Values (earthquake excitations)

Fixed Base Passive BIS MRE BIS
Peak RMS Peak RMS Peak RMS

(mm) | (mm) | (mm) | (mm) | (mm) | (mm)
415 | 067 | 137 | 038 | 050 | 0.0

Storey

iZL, 4.40 0.72 1.28 0.35 0.49 0.10
5 3.71 0.61 0.98 0.27 0.40 0.08
‘= 3.07 0.51 0.75 0.20 0.32 0.06
© 2.13 0.36 0.49 0.13 0.22 0.04
o 3.66 0.46 0.51 0.15 0.24 0.04
> 3.87 0.49 0.48 0.14 0.26 0.04
'S 3.25 0.41 0.36 0.11 0.22 0.04
= 2.66 0.35 0.28 0.08 0.19 0.03
©)]

1.81 0.25 0.18 0.05 0.15 0.02
3.53 0.63 1.68 0.78 0.79 0.15
3.75 0.68 1.57 0.73 0.75 0.14
3.21 0.59 1.19 0.56 0.59 0.11
2.84 0.49 0.91 0.43 0.47 0.08
2.11 0.35 0.60 0.28 0.31 0.06
2.69 0.35 0.46 0.20 0.19 0.04
2.93 0.37 0.42 0.18 0.20 0.04
2.55 0.32 0.32 0.14 0.18 0.03
2.19 0.27 0.25 0.11 0.15 0.03
1.58 0.19 0.16 0.07 0.10 0.02
3.74 0.90 0.74 0.17 0.58 0.13

Imp. Valley
(NF)

Imp. Valley
(FF)

%—/ 411 0.96 0.69 0.16 0.58 0.13
T 3.60 0.81 0.53 0.12 0.47 0.10
§ 3.06 0.68 0.40 0.09 0.39 0.08
X 2.18 0.48 0.26 0.06 0.27 0.06
- 4.00 0.65 0.20 0.05 0.20 0.04
o 4.21 0.69 0.19 0.04 0.21 0.04
é 3.60 0.59 0.15 0.03 0.22 0.03
é 3.00 0.50 0.11 0.03 0.21 0.03

PR OINFP PR OIPNFPORWOINIFPIOIRIWINIPIORIWINIPFP OB WONPEF

2.09 0.35 0.07 0.02 0.16 0.02

Peak storey drift responses for both near and far field stations of Chi-Chi earthquake are
presented in Figure 87. Same legends have been adopted as discussed previously with green
blue and red representing fixed base, passively isolated and MRE BIS respectively and box
marker against near fault and star marker against far field earthquakes is used. Firstly, it is

evident that storey drift responses decrease as we move from bottom to top storeys. It can also
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be observed that for both near field and far field time histories, MRE BIS has lowest response
while FBS shows highest storey drift response. This validates the applicability of MRE BIS to
earthquakes of both types i.e. near field and far field. Similarly, it is evident that response
against near field earthquake time histories is higher than far field earthquake time histories for

all the 3 structures under consideration.

PEAK STOREY DRIFTS, CHI-CHI

Fixed Base (NF) —m=—Passive BIS (NF)-#=MRE BIS (NF)
Fixed Base (FF) —#—Passive BIS (FF) =«—MRE BIS (FF)
10.00

STOREY DRIFT (MM)
[EEN
o
o

0.10
1 2 3 4 5

STOREY

Figure 87: Peak Storey Drifts, Chi-Chi earthquake

Peak storey drift responses for both near and far field stations of Imperial Valley earthquake
are presented in Figure 88. Same legends have been adopted as discussed previously. It is
evident from the figure that storey drift responses decrease as we move from bottom to top
storeys. It can also be observed that for both near field and far field time histories, MRE BIS
has lowest response while FBS shows highest storey drift response. This validates the
applicability of MRE BIS to earthquakes of both types i.e. near field and far field. Similarly, it
is evident that response against near field earthquake time histories is higher than far field

earthquake time histories for all the 3 structures under consideration.
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PEAK STOREY DRIFTS, IMP. VALLEY
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Figure 88: Peak Storey Drifts, Imperial Valley earthquake

Peak storey drift responses for near and far field stations of Kocaeli earthquake are presented
in Figure 89. Same legends have been adopted as discussed previously. Somewhat different
trends are observed for this earthquake compared to previous two earthquake events. For near
field stations, FBS has the highest response while MRE BIS showing the lowest. For far field
stations however, an observation of passively isolated structure possessing minimum response
can be made. This might be due to the fact that response of passively isolated structure against
far field time histories is already very small and MRE BIS cannot improve it any further. This
phenomena can also be attributed to typical hybrid base isolation systems where the
supplementary force forcefully confine the base displacement of the passive base isolation
system for some cases[10, 11] at the expense of larger accelerations as well as increased inter-

storey drifts in the superstructure [10, 12] as discussed for harmonic excitation responses.
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PEAK STOREY DRIFTS, KOCAELI
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Figure 89: Peak Storey Drifts, Kocaeli earthquake

A comparison of peak storey drift response for all the adopted earthquake time histories is
presented in Figure 90. Greater response for passively isolated structure and greater subsequent
reduction in response can be observed for near field earthquakes compared to far field ones. It
can also be observed that storey drift response of passively isolated structure against Kocaeli
far field station is very low compared to that of other responses, thus its response reduction of
MRE BIS compared to passively isolated structure is also lower.

The average storey drift response improvement of MRE BIS compared to passively IS is
presented in Figure 91. It is evident that response improvement is greater for near fault stations
compared to far field ones. Whereas no reduction in average response for Kocaeli far field

station time histories can also be observed due to the discussed reasons in previous sections.
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Figure 90: Peak SD response at storey 1 vs. earthquake cases
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Figure 91: Average SD response reduction
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5.2.3 Acceleration Responses

Acceleration response refer to the total acceleration occurring at corresponding degree-of-
freedom/storey. The peak and RMS values of acceleration responses against earthquake time
histories for fixed base, passively isolated and MR elastomer based isolated structures are
tabulated below (Table 14).

Table 14: Acceleration Peak and RMS Values (earthquake excitations)

Fixed Base Passive BIS MREBIS |
Peak RMS Peak RMS Peak RMS
Storey (cm/s?) | (cm/s?) | (cm/s?) | (cm/s?) | (cm/s?) | (cm/s?)
~ 1 24212 | 34.02 | 15553 | 42.74 | 60.47 | 11.78
Z 2 367.34 | 58.61 | 156.41 | 42.95 | 61.02 | 11.85
= 3 501.57 | 8152 | 157.20 | 43.11 | 63.67 | 12.10
Z 4 611.55 | 101.34 | 157.90 | 43.24 | 65.13 | 12.56
© 5 688.29 | 115.78 | 158.43 | 43.32 | 69.82 | 13.15
~ 1 260.26 | 29.15 | 58.58 | 17.10 | 40.03 | 5.48
iy 2 332.01 | 43.67 | 58.68 | 17.19 | 4267 | 5.24
S 3 455.43 | 56.37 | 58.77 | 17.26 | 4367 | 5.26
< 4 542.28 | 68.47 | 5884 | 17.32 | 4577 | 5.79
© 5 584.90 | 79.94 | 59.00 | 17.36 | 4850 | 6.79
> 1 202.02 | 32.00 | 19143 | 89.03 | 89.72 | 16.98
<=>vs _ 2 32853 | 55.34 | 192.29 | 89.48 | 91.21 | 16.92
5z 3 446,19 | 77.30 | 192.94 | 89.82 | 91.53 | 17.07
g 4 539.51 | 96.88 | 193.40 | 90.09 | 9550 | 17.53
E 5 683.11 | 112.28 | 193.61 | 90.26 | 101.64 | 18.33
> 1 12794 | 1899 | 51.71 | 22.15 | 21.82 | 4.95
c=>vs N 2 213.86 | 31.07 | 52.00 | 2227 | 2274 | 471
S 3 323.07 | 4249 | 5223 | 2236 | 2345 | 478
g 4 42068 | 52.82 | 5242 | 2243 | 2939 | 5.25
£ 5 511.18 | 61.52 | 52.53 | 22.48 | 3363 | 6.01
~ 1 209.34 | 48.95 | 83.43 | 18.90 | 66.82 | 15.47
zZ 2 33852 | 79.68 | 84.25 | 19.02 | 72.07 | 15.16
= 3 462.98 | 108.86 | 84.73 | 19.12 | 77.32 | 1550
S 4 505.11 | 134.42 | 85.11 | 19.20 | 8257 | 16.58
X 5 707.05 | 153.90 | 85.41 | 19.26 | 86.41 | 18.12
_ 1 24438 | 3391 | 2246 | 544 | 3055 | 4.44
™y 2 | 39543 | 57.03 | 2283 | 547 | 3580 | 411
5 3 510.70 | 78.83 | 2322 | 550 | 41.05 | 4.34
S 4 50552 | 97.95 | 2361 | 555 | 46.30 | 5.22
X 5 676.47 | 112.30 | 23.90 | 559 | 51.53 | 6.30
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Peak acceleration responses for both near and far field stations of Chi-Chi earthquake are
presented in Figure 92. Same legends have been adopted as discussed previously with green
blue and red representing fixed base, passively isolated and MRE BIS respectively and box
marker against near field and star marker against far field earthquakes is used. Firstly, it is
evident that acceleration responses increase as we move from bottom to top storeys. It can also
be observed that for both near field and far field time histories, MRE BIS has lowest response
while FBS shows highest acceleration response. This validates the applicability of MRE BIS
for acceleration response reduction for earthquakes of both types i.e. near field and far field.
Similarly, it is evident that response against near field earthquake time histories is higher than
far field earthquake time histories for all the 3 structures under consideration.
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Figure 92: Peak Acceleration, Chi-Chi earthquake

Peak acceleration responses for both near and far field stations of Imperial Valley earthquake
are presented in Figure 93. Same legends have been adopted as discussed previously. It can be
observed that acceleration responses increase as we move from bottom to top storeys. It can
also be observed that for both near field and far field time histories, MRE BIS has lowest
response while FBS shows highest acceleration response. This validates the applicability of

MRE BIS for acceleration response reduction for earthquakes of both types i.e. near field and
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far field. Similarly, it is evident that response against near field earthquake time histories is

higher than far field earthquake time histories for all the 3 structures under consideration.
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Figure 93: Peak acceleration, Imperial Valley earthquake

Peak acceleration responses for near and far field stations of Kocaeli earthquake are presented
in Figure 94. Same legends have been adopted as discussed previously. Somewhat different
trends are observed for this earthquake compared to previous two earthquake events. For near
field stations, fixed base structure has the highest response while MRE BIS showing the lowest.
For far field stations however, an observation of passively isolated structure possessing
minimum acceleration response can be made. This might be due to the fact that response of
passively isolated structure against far field time histories is already very small and MRE BIS
cannot improve it any further. This phenomena can also be attributed to typical hybrid base
isolation systems where the supplementary force forcefully confine the base displacement of
the passive base isolation system for some cases[10, 11] at the expense of larger accelerations
as well as increased inter-storey drifts in the superstructure [10, 12] as discussed for harmonic

excitation responses.
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Figure 94: Peak acceleration, Kocaeli earthquake

A comparison of peak acceleration response for all the adopted earthquake time histories is
presented in Figure 95. Greater response for passively isolated structure and greater subsequent
reduction in acceleration response can be observed for near field earthquakes compared to far
field ones. It can also be observed that acceleration response of passively isolated structure
against Kocaeli far field station is very low compared to that of other responses, thus its
response reduction of MRE BIS compared to passively isolated structure is also lower.

The average acceleration response improvement of MRE BIS compared to passively isolated
structure is presented in Figure 96. It is evident that response improvement is greater for near
fault stations compared to far field ones. Whereas no reduction in average acceleration response
for Kocaeli far field station time histories can also be observed due to the discussed reasons in

previous sections.
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Figure 95: Peak acceleration response at top storey vs. earthquake cases
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Figure 96: Average acceleration response reduction
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6.1

Chapter 6: Conclusions and Recommendations

Conclusions

A Magneto-Rheological (MR) Elastomer based isolated structure has been modeled and the

stiffness of isolation layer was controlled utilizing linear quadratic regulator (LQR) optimal

control algorithm. Following conclusions can be drawn after analyzing the simulation results:

MR elastomer based seismically isolated structure does not possess the characteristic
fundamental frequency of vibration.

MR elastomer based isolated structure with LQR control shows superior performance
when excited at the fundamental frequencies of both passively isolated and fixed base
structure which indicates the adaptability of MR elastomer based isolated structure
(MRE BIS).

On the input of sinusoidal acceleration, displacement response reduction for MR
elastomer based isolated structure is better compared to its passive counterpart at all the
input frequencies. However, the reduction in storey drifts and structural accelerations
is more in passively isolated structure than MR elastomer based isolated structure.
This behavior is typical for hybrid base isolation systems where the supplementary
force may forcefully confine the base displacement of the passive base isolation system
[10,11], larger accelerations as well as increase of inter-storey drifts may be introduced
to the superstructure [10, 12]. A different control strategy may help in improving the
response of MR elastomer based isolated structure under sinusoidal excitation.

MRE BIS shows superior performance in reduction of all three responses evaluated for
all the near field earthquakes compared to passively isolated structure. Similarly,
displacements, storey drifts and structural accelerations have been reduced significantly
compared to fixed base structure.

MRE BIS shows superior performance in reduction of displacement response for all the
far field earthquakes compared to Passive BIS. Similarly, relative displacements, storey
drifts and structural accelerations have been reduced significantly compared to fixed
base system.

Apart from Kocaeli (FF) excitation time history, MRE BIS shows significantly better
performance in reduction of storey drift and acceleration responses compared to Passive

BIS for all far field earthquake excitations. The reasons have been discussed in detail

100



in Chapter 5. This response may improve on application of different control algorithm
on the structure.
e The average response reduction of MRE BIS compared to Passive for all the earthquake

cases is summarized in Table 15:

Table 15: Percentage response reduction, Earthquake excitations

Excitation Time Displacement Storey Drift Acceleration
History Reduction (%) | Reduction (%) | Reduction (%)
Chi-Chi (NF) 78.22 59.54 59.26
Imperial Valley (NF) 67.82 50.39 51.28
Kocaeli (NF) 54.93 9.98 8.98
Chi-Chi (FF) 69.77 37.51 24.93
Imperial Valley (FF) 75.20 46.61 49.82
Kocaeli (FF) 46.79 -51.71 -76.26

This improvement is in agreement with the trends outlined in previous studies. A

comparison is presented in Table 16.

Table 16: Comparison with previous studies

Parameter Usman et. al. Jung et. al. Ramallo et. This Stud
Reported (2009) [1] (2011) [13] al. (2014) [2] y
MR Effect 70% Not Reported 30% 137%
Structure 5 DOF 5 DOF
Type Benchmark 1 DOF Scaled | 2 DOF Scaled Benchmark
%_ny\geestlgatlon Numerical Experimental Experimental Numerical
Control .

Algorithm LQR Fuzzy Logic Lyapunov LQR
Displacement 0 0 0 0
Reduction Up to 45% Up to 41% Up to 35% Up to 78%
Acceleration 0 0 0 0
Reduction Up to 39% Up to 39% Up to 47% Up to 60%
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6.2

Future Recommendations

Experimental evaluation of the base isolator developed in current study under harmonic
loading and earthquake time histories using the shake Table.

Understanding the complicated behavior of magneto rheological elastomer devices is
critical for the future development and device applications. The behavior should be
studied using standard characterization tests for both static and dynamic loading cases
for all devices.

As of now, efforts on the mathematical modelling of MRE devices are also limited. An
MR elastomer based device that is well-understood, fairly simple and accurately
modeled and capable of taking full advantage of adjustable dynamic properties in its
applications is an area worth putting efforts into.

Though numerous small-scale testing have been conducted, i.e. on a single degree-of-
freedom building model with a total mass of 15 kg [13] and on a two degree-of-freedom
building model with total building mass of 68 kg [14], the behavior of tall civil
structures under severe earthquakes is a lot more complicated. Furthermore,
experimental investigations on civil structures should involve testing on standardized
building structures approved by international associations so that the results can be
accepted by the community.

Innovations employing MR elastomer based seismic isolator for structural response
improvement is also a topic that should be explored, such as storey isolation system or
segmental structures with smart isolations.

Development of control algorithms exclusive for smart base isolation system
employing MRE base isolator to optimize the structural response of the isolation

system.
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Appendix A: MATLAB Code for Simulation under Earthquake

Time History

clc; clear all; close all;

%% SYSTEM INPUTS

$Mass in kgs

mb=6800; %assumed mass of base isolation dof
ml=5897; m2=ml; m3=ml; m4=ml; m5=ml;

$Stiffness in N/m
kb=232e3;

k1=33732e3; k2=29093e3; k3=28621e3; k4=24954e3;

%$Damping in N.s/m
cb=3.74e3;
cl=67e3; c2=58e3; c3=57e3; c4=50e3; c5=38e3;

$Importing Excitation Data

data=load('Chi NF.txt'");
acc=data(:,2);acc=9.81.*acc'; %$Scale Factor
t=data(:,1);
R=6.42e-10*eye (1) ;
step=t (2) -t (1) ;

%% FBS SYSTEM

ki=[k1+k2 -k2 0 0 0;
-k2 k2+k3 -k3 0 0;
0 -k3 k3+k4 -k4 0;
0 0 -k4 k4+k5 -k5;
000 -k5 k5];

ci=[cl+c2 -c2 0 0 O;
-c2 c2+c3 -c3 0 0;
0 -c3 ¢c3+c4 -c4 0;
0 0 -c4 c4+c5 -c5;
0 0 0 -c5 c¢5];

o Ne N

[ N eoNeNoNe]
~

N
~.

% Frequencies and modes FBS
[modes, freql=eig(ki,mi) ;

wnu=diag (sqrt (freq)) ; $natural frequencies

k5=19059e3;

1.0g

$Weighting factor for Control

in rad/sec

tu=(2*pi) ./wnu; %time periods in sec.

%% BI SYSTEM

kc=[kb+kl -k1 0 0 O O;
-kl kl+k2 -k2 0 0 O;
0 -k2 k2+k3 -k3 0 0;
0 0 -k3 k3+k4 -k4 0;
0 0 0 -k4 k4+k5 -kb;
0 000 -k5 kb];

Force
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cc=[cb+cl -c1 0 0 0 O;
-cl cl4+c2 -c2 0 0 0;
0 -c2 c2+c3 -c3 0 0;
0 0 -c3 c3+c4 -c4 0;
0 0 0 -c4 c4+c5 -c5;
0000 -c5 c5];

~e

mc=[

~e

O O O O
O O O oo
~e Ne

N,
~e

% Frequencies and modes BI system
[modescs, freqgcs]=eig(kc,mc) ;
wnc=diag (sqrt (freqcs)) ;
tc=(2*pi) ./wnc;

%% FBS Response

figure
uA=[zeros (5) eye(5);
-inv(mi)*ki -inv(mi) *ci];
uB=[zeros (5); eye(5)];
uC=[eye (5) zeros(5);
zeros (5) eye(5);

-inv(mi)*ki -inv(mi) *ci];
ubD=[zeros (15,5)1;
ucs=ss (uA,uB,uC,uD);
initial (ucs, zeros (10,1),t);
uf=[-acc; -acc; -acc; -acc; -accl;
[yunc]=lsim(ucs,uf, t);

close all
%% Passive BIS Response

figure
uA=[zeros (6) eye(6);

-inv (mc) *kc -inv (mc) *cc];
uB=[zeros (6); eye(6)]1;
uC=[eye (6) zeros(6);

zeros (6) eye (6);

-inv (mc) *kc -inv (mc) *cc];
uD=[zeros (18,6)1];

bis=ss (uA,uB,uC,uD) ;

fbis=[-acc; -acc; -acc; -acc; -acc;
[ybis]=1lsim(bis, fbis, t);

close all
%% MRE BIS Response

gb=[-1 1 zeros(l,4);
zeros(1l,1) -1 1 zeros(1l,3);

$natural frequencies in
%time periods in sec.

-acc];
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zeros(1l,2) -1 1 zeros(l,2);
zeros(1,3) -1 1 zeros(l,1);
zeros (1,4) -1 1;
zeros(1,5) -11; %$6x6 Matrix
ta=[1;
zeros(5,1)]; %$6x1 Matrix
g=gb*ta;
$LOR parameters
cA=[zeros (6) eye(6);

-inv (mc) *kc -inv (mc) *cc];
Bu=[zeros(6,1);inv(mc) *qg];
Q=eye (12);

Response
[K,S,E]l=1gr(cA,Bu,Q,R);
As=Bu*K;
Ac=cA-As;
Br=[zeros (6); -l*eye(6)];
C=[eye (6) zeros(6);

zeros (6) eye(6);

-inv (mc) *kc -inv (mc) *cc];
D=[zeros(18,6)];
css=ss (Ac,Br,C,D);
initial (css, zeros (12,1),t);
fcs=[-acc; -acc; -acc; -acc;
[yct]=1lsim(css, fcs,t);

—accy

c=1;
for i=0:step:max(t)
u{c}=K*yct(c,1:12)"

umax (c, 1)=u{c} (1);
c=c+1l;
end
u=u';
umax (:,2)=(1.375*kb) .*yct(:,1);

fck=max (abs (umax) ) ;
%% Response Data Processing

%$BIS Storey Displacements

(n x n)

(n x r)

$FBS plant matrix

$Bu for LQR control
$Weighting factor for System

-acc];

relative to Base

rbis(:,1)=ybis(:,2)-ybis(:,1);

rbis( ,2):ybis(: 3 -ybis(:,1);
rbis(:,3)=ybis(:, -ybis(:,1);
rbis(:,4)=ybis(:, 5 -ybis(:,1);
rbis(:,5)=ybis(:,6)-ybis(:,1);

%$BIS Storey Velocities relative to Base
rbis(:,6)=ybis(:,8)-ybis(:,7);

rbis( =ybis(:,9)-ybis(:,7);
rbis(:,8)=ybis(:,10)-ybis(:,7);
rbis(:,9)=ybis(:,11)-ybis(:,7);

rbis( 0)=ybis(:,12)-ybis(:,7);

$BIS Storey Accelerations relative to Base
rbis(:,11)=ybis(:,14)-ybis(:,13);

rbis( 2)=ybis(:,15)-ybis (: ,13);

rbis( 3)=ybis(:,16)-ybis(:,13);

rbis( 4)y=ybis(:,17)-ybis(:,13);

rbis( 5)=ybis(:,18)-ybis(:,13);

%$LOR Storey Displacements relative to Base
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rct(:,1)=yct(:,2)-yct(:,1);
rct(:,2)=yct(:,3)-yct(:,1);
rct(:,3)=yct(:,4)-yct(:,1);
rct(:,4)=yct(:,5)-yct(:,1);
rct(:,5)=yct(:,6)-yct(:,1);

$LOR Storey Velocities relative to Base
(:,6)=yct(:,8)-yct(:,7);
(:,7)=yct(:,9)-yct(:,7);

rct(:,8)=yct(:,10)-yct(:,7);
(:,9)=yct(:,11)-yct(:,7);
(:,10)=yct(:,12)-yct(:,7);

$LOR Storey Accelerations relative to Base

rct(:,11l)=yct(:,14)-yct(:,13);
rct(:,12)=yct(:,15)-yct(:,13);
rct(:,13)=yct(:,16)-yct(:,13);
rct(:,14)=yct(:,17)-yct(:,13);
rct(:,15)=yct(:,18)-yct(:,13);

sdu(:,1l)=yunc(:,1);
sdu(:,2)=yunc(:,2)-yunc(:,1);
sdu(:,3)=yunc(:,3)-yunc(:,2);
sdu(:,4)=yunc(:,4)-yunc(:,3);
5) (:,4)

sdu(:,5)=yunc(:,
$BIS Storey Drifts
sdbis(:,1)=rbis(:,1)
sdbis(:,2)=rbis(:,2) (
sdbis(:,3)=rbis(:,3)-rbis(:,
sdbis(:,4)=rbis(:,4) (
sdbis(:,5)=rbis(:,5) (

%$LOR Storey Drifts
sdct(:,1)=rct(:,1);
sdct(:,2)=rct(:,2)-rct(:,1);
sdct(:,3)=rct(:,3)-rct(:,2);
sdct(:,4)=rct (:,4)-rct(:,3);
sdct(:,5)=rct(:,5)-rct(:,4);

%% Plotting

%$Plot 1: Base Drift, Base Velocity and Base Acceleration
figure ('Name', 'Base Response')

subplot (3,1,1)

plot(t,ybis(:,1),t,yct(:,1))

title(sprintf ('Base Displacement/Drift'))

xlabel ('Time'), ylabel ('Drift (m)')

legend ('Passive BIS', "MRE BIS')

subplot (3,1,2)
plot(t,ybis(:,7),t,yct(:,7))

title (sprintf ('Base Velocity'))

xlabel ('Time'), ylabel('Velocity (m/s)"')
legend ('Passive BIS', '"MRE BIS')

subplot (3,1, 3)

plot(t,ybis(:,13),t,yct(:,13))

title(sprintf ('Base Acceleration'))

xlabel ('Time'), ylabel ('Acceleration (m/s2)")
legend ('Passive BIS', "MRE BIS')

% Plot 2: Storey Drifts
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figure ('Name', 'Storey Drifts')
for i=1:5
subplot (2,3,1)
plot(t,sdu(:,1))
title(sprintf ('Storey %d',1))
hold on
plot(t,sdbis(:,1))
plot(t,sdct(:,1))
legend ('FBS', "Passive BIS', '"MRE BIS')
xlabel ('Time (s)'), ylabel('Storey Drift
end

% Plot 3: Structural Displacements
figure ('Name', 'Structure Displacements')
for i=1:5

subplot (2,3,1)

plot(t,yunc(:,1))

title(sprintf ('Storey %d',1i))

hold on

plot(t,ybis(:,1+1))

plot(t,yct(:,1i+1))

legend ('FBS', "Passive BIS', '"MRE BIS')

xlabel ('Time (s)'), ylabel('Displacement
end

% Plot 5: Structural Acceleration
figure ('Name', 'Structural Acceleration')
for i=1:5
subplot (3,2,1)
plot(t,yunc(:,i+10))
title(sprintf ('Storey %d',1))
hold on
plot(t,ybis(:,1i+13))
plot(t,yct(:,1i+13))
legend ('FBS', "Passive BIS', '"MRE BIS')
xlabel ('Time (s)'), ylabel('Acceleration
end
$% MAX TIME HISTORIES

for i=1:5
max uu(i)=max (abs(yunc(:,1i)));
max uv(i)=max (abs (yunc(:,1+5)));
max ua (i)=max (abs(yunc(:,1i+10)));
max usd(i)=max (abs(sdu(:,1i)));
max mu(i)=max (abs(ybis(:,i+1)));
max mv (i)=max (abs(ybis(:,i+7)));
max ma (i)=max (abs (ybis ( ,i+13)));
max msd(i)=max (abs (sdbis(:,1))):
max cu(i)=ma x(abs(yct(.,1+1))),
max cv(i)=max (abs(yct(:,i+7)));
max ca(i)=max (abs(yct(:,i+13)));
max csd(i)=max (abs(sdct(:,1)));

end

max comp u=[max cu' max mu' max uu'];
max comp v=[max cv' max mv' max uv'];
max comp a=[max ca' max ma' max ua'l;
max comp sd=[max csd' max msd' max usd'];

(m/s2)
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figure ('Name', '"Maximum Responses')

subplot (2,2,1)

bar (max_ comp u)

title(sprintf ('Maximum Displacements'))

xlabel ('Storey'), ylabel('Displacements (m)")

legend ('MRE BIS', 'Passive BIS','FBS', 'Location', "'northwest')
subplot (2,2,2)

bar (max_comp v)

title(sprintf ('Maximum Velocities'))

xlabel ('Storey'), ylabel('Velocity (m/s)")

legend ('MRE BIS', 'Passive BIS','FBS', 'Location', "'northwest')
subplot (2,2, 3)

bar (max comp_ a)

title(sprintf ('Maximum Accelerations'))

xlabel ('Storey'), ylabel ('Acceleration (m/s2)")

legend ('MRE BIS', 'Passive BIS','FBS', 'Location', "'northwest')
subplot (2,2,4)

bar (max comp_ sd)

title (sprintf ('Maximum Storey Drifts'))

xlabel ('Storey'), ylabel('Storey Drift (m)")

legend ('MRE BIS', 'Passive BIS', 'FBS')

%% RMS Plots

for i=1:5
rms uu(i)=rms(yunc(:,1));
rms uv (i)=rms (yunc(:,1i+5));
rms ua (i)=rms(yunc(:,i+10));
rms_usd(i)=rms (sdu(:,1i));
rms mu (i)=rms (ybis(:,i+1));
rms mv (i)=rms (ybis(:,1+7));
rms ma (i)=rms (ybis(:,i+13));
rms msd(i)=rms (sdbis(:,1));
rms cu(i)=rms(yct(:,i+1));
rms cv (i)=rms(yct(:,i+7));
rms ca(i)=rms(yct(:,1+13));
rms csd(i)=rms(sdct(:,1));

end

rms_comp u=[rms cu' rms mu' rms_uu'];
rms_comp v=[rms cv' rms mv' rms uv'];
rms_comp a=[rms ca' rms ma' rms ua'l];
rms_comp sd=[rms csd' rms msd' rms usd'];

figure ('Name', 'RMS Responses')

subplot(2,2,1)

bar (rms_comp u)

title(sprintf ('Displacements RMS Values'))

xlabel ('Storey'), ylabel('Displacements (m)")

legend ('MRE BIS', 'Passive BIS','FBS', 'Location', "'northwest')
subplot(2,2,2)

bar (rms_comp v)

title(sprintf ('Velocities RMS Values'))

xlabel ('Storey'), ylabel('Velocity (m/s)')

legend ('MRE BIS', 'Passive BIS','FBS', 'Location', "'northwest')
subplot (2,2, 3)

bar (rms_comp_ a)

title(sprintf ('Accelerations RMS Values'))

xlabel ('Storey'), ylabel ('Acceleration (m/s2)")

legend ('MRE BIS', 'Passive BIS','FBS', 'Location', "'northwest')
subplot (2,2,4)

bar (rms_comp_ sd)

title(sprintf('Storey Drift RMS Values'))
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xlabel ('Storey'), ylabel('Storey Drift (m)")
legend ('MRE BIS', 'Passive BIS','FBS')

[

% Maximum displacements for line plots
maxd (3:7,1)=max (abs(yunc(:,1:5)))"'
maxd (2:7,2)=max (abs(ybis(:,1:6)))"
maxd (2:7,3)=max (abs (yct(:,1:6)))"';
dof=[-1 0 1 2 3 4 5]"';

figure ('Name', 'Displacements Line Plot');
subplot(1,2,1)

title(sprintf ('Total Displacements'))

’
I

plot (maxd(:,1),dof,maxd(:,2),dof,maxd(:,3),dof);

set (gca, 'YLim', [-1 517)

set (gca, 'YTick', (-1:1:5))

xlabel ('Total Disp.'), ylabel('Storey')

legend ('FBS', "Passive BIS', '"MRE BIS')

grid on

% Relative Displacements for line plot

subplot (1,2,2)

title(sprintf ('Displacements Relative to Base'))
plot ([0; max comp u(:,3)],[0 1 2 3 4 5]")

hold on

plot ([0; max comp u(:,2)], [0
plot ([0; max comp u(:,1)], [0
set(gca, 'YLim', [0 57)
set(gca, 'YTick', (0:1:5))
xlabel ('Disp. rel to Base')
legend ('FBS', '"Passive BIS', 'MRE BIS')
grid on

M)

12345
123 45]")

[

% Displacements relative to base
x1lu=[0 0 max(abs(ybis(:,1))) rms(abs(ybis(:,1)))

%$Storey Drifts

x1sd=[max usd' rms usd' max msd' rms msd' max csd'

$Accelerations

xla=[max ua' rms ua' max ma' rms ma' max ca' rms_ca'l;

max (abs (yct(:,1)))

rms (abs (yct(:,1))); max uu' rms uu' max mu' rms mu' max cu' rms cu'];

rms_csd'];
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Appendix B: MATLAB Code for Simulation under Sinusoidal

Excitation

clc; clear all; close all;

$% SYSTEM INPUTS

$Mass in kgs

mb=6800;

ml=5897; m2=ml; m3=ml; m4=ml; m5=ml;

$Stiffness in N/m
kb=232e3;
k1=33732e3; k2=29093e3; k3=28621e3; k4=24954e3; k5=19059e3;

%$Damping in N.s/m
cb=3.74e3;
cl=67e3; c2=58e3; c3=57e3; c4=50e3; c5=38e3;

t=0:0.01:50;

f=1.2*2*pi; $Excitation frequency definition

acc=18*sin (f*t);

R=9%9e-10*eye (1) ; $Weighting factor for Control Force

%% UNCONTROLLED SYSTEM

ki=[k1l+k2 -k2 0 0 O;
-k2 k2+k3 -k3 0 O;
0 -k3 k3+k4 -k4 0;
0 0 -k4 k4+k5 -k5;
0 0 0 -k5 k517

ci=[cl+c2 -c2 0 0 O;
-c2 c2+c3 -c3 0 0;
0 -c3 ¢c3+c4d4 -c4 0;
0 0 -c4 c4+c5 -c5;
0 0 0 -c5 c¢5];

% Frequencies and modes uncontrolled
[modes, freql=eig(ki,mi) ;

wnu=diag (sqgrt (freq)); $natural frequencies in rad/sec
tu=(2*pi) ./wnu; %time periods in sec.

%% BI SYSTEM

kc=[kb+tkl -k1 0 0 0 0O;
-kl kl+k2 -k2 0 0 0O;
0 -k2 k2+k3 -k3 0 0;
0 0 -k3 k3+k4 -k4 0;
0 0 0 -k4 k4+k5 -kb;
0 000 -k5 k515

cc=[cb+cl -c1 0 0 0 O;
-cl cl+c2 -c2 0 0 0;
0 -c2 c2+c3 -c3 0 0;
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0 0 -c3 c3+c4 -c4 0;
0 0 0 —c4 cd+c5 -c5;
0000 -c5 c5];

~e

mc=[

~e

o~

S O O O O
U O O O o o
~

N,
~e

m
0

% Frequencies and modes BI system
[modescs, freqgcs]=eig(kc,mc) ;
wnc=diag (sqrt (freqcs)) ;

%% Uncontrolled Response

figure

uA=[zeros (5) eye(5);
-inv(mi)*ki -inv(mi) *ci];

uB=[zeros (5); eye(5)];

uC=[eye (5) zeros(5);
zeros (5) eye(5);
-inv(mi)*ki -inv(mi) *ci];

uD=[zeros (15,5)];

ucs=ss (uA,uB,uC,uD);

initial (ucs, zeros (10,1),t);

uf=[acc; acc; acc; acc; accl;
[yunc]=1lsim(ucs,uf,t);

close all
%% Passive Response

figure
uA=[zeros (6) eye(6);
—-inv (mc) *kc -inv (mc) *cc];

uB=[zeros (6); eye(6)];
uC=[eye (6) =zeros(6);

zeros (6) eye(6);

-inv (mc) *kc -inv (mc) *ccl;
uD=[zeros (18,6)1;

bis=ss (uA,uB,uC, uD) ;

fbis=[acc; acc; acc; acc; acc; accl;
[ybis]=1lsim(bis, fbis, t);

close all
%% Controlled Response
gb=[-1 1 zeros(l,4);
zeros(l,1) -1 1 zeros(l,3);

zeros(1l,2) -1 1 zeros(1l,2);
zeros(1,3) -1 1 zeros(1l,1);
zeros(1l,4) -1 1;

zeros(1,5) -11; $6ox6 Matrix

$natural frequencies in rad/sec
tc=(2*pi) ./wnc; $time periods in sec.

(n x n)
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ta=[1;

zeros (5,1)1; %$6x1l Matrix (n x r)

g=gb*ta;

$LQR parameters
cA=[zeros (6) eye(6);
-inv (mc) *kc -inv (mc) *cc];

Bu=[zeros(6,1);inv(mc) *qg]; %Bu for LQR control
Q=eye (12); $Weighting factor for System
Response

[K,S,E]l=1gr (cA,Bu,Q,R);

As=Bu*K;
Ac=cA-As;
Br=[zeros (6); —-l*eye(6)];
C=[eye (6) zeros(6);

zeros (6) eye(6);

-inv (mc) *kc -inv (mc) *cc];
D=[zeros(18,6)];
css=ss (Ac,Br,C,D);
initial (css, zeros (12,1),t);
fcs=fbis;
[yct]l=lsim(css, fcs,t);

c=1;
for 1i=0:0.01:max (t)
u{c}=K*yct(c,1:12)"';
umax (c,l)=u{c} (1
c=c+1;
end
u=u';
umax (:,2)=(1.375*kb) .*yct(:,1);
fck=max (abs (umax) ) ;
%% Response Data Processing

%$BIS Storey Displacements relative to Base

rbis(:,1)=ybis(:,2)-ybis(:,1);
rbis(:,2)=ybis(:,3)-ybis(:,1);
rbis(:,3)=ybis(:,4)-ybis(:,1);
rbis(:,4)=ybis(:,5)-ybis(:,1);
rbis(:,5)=ybis(:,6)-ybis(:,1);

%$BIS Storey Velocities relative to Base

rbis(:,6)=ybis(:,8)-ybis(:,7);
rbis( =ybis(:,9)-ybis(:,7);
rbis(:,8)=ybis(:,10)-ybis(:,7);
rbis(:,9)=ybis(:,11)-ybis(:,7);
rbis ( 0)=ybis(:,12)-ybis(:,7);
$BIS Storey Accelerations relative to Base
rbis(:,11)=ybis(:,14)-ybis(:,13);
rbis( 2)=ybis(: 15) -ybis (: ,13);
rbis( ,13):ybls( ,16)—ybls(',13);
rbis(:,14)=ybis(:,17)-ybis(:,13);
rbis(:,15)=ybis(:,18)-ybis(:,13);

$LQR Storey Displacements relative to Base
rct(:,l)—yct(' 2)-yct(:,1

)
rct(:,2)=yct(:,3)-yct (: ,l);
rct(:,3)=yct(:,4)-yct(:,1);
rct(:,4)=yct(:,5)-yct(:,1);

suncontrolled plant matrix
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rct(:,5)=yct(:,6)-yct(:,1);

$LOR Storey Velocities relative to Base

rct(:,6)=yct(:,8)-yct(:,7);
(:,7)=yct(:,9)-yct(:,7);
(:,8)=yct(:,10)-yct(:,7);

rct(:,9)=yct(:,11)-yct(:,7);
(:,10)=yct(:,12)-yct(:,7);

$LOR Storey Accelerations relative to Base

rct(:,11l)=yct(:,14)-yct(:,13);
rct(:,12)=yct(:,15)-yct(:,13);
rct(:,13)=yct(:,16)-yct(:,13);
rct(:,14)=yct(:,17)-yct(:,13);
rct(:,15)=yct(:,18)-yct(:,13);

%US Storey Drifts

sdu(:,1l)=yunc(:,1);

sdu(:,2)=yunc(:,2)-yunc(:,1);
sdu(:,3)=yunc(:,3)-yunc(:,2);
sdu(:,4)=yunc(:,4)-yunc(:,3);
sdu(:,5)=yunc(:,5)-yunc(:,4);

$BIS Storey Drifts
sdbis(:,1)=rbis(:,1)

sdbis (:,2)=rbis(:,2) (
sdbis(:,3)=rbis(:,3)-rbis(:,
sdbis(:,4)=rbis(:,4) (
sdbis(:,5)=rbis(:,5) (

%$LOR Storey Drifts
sdct(:,1)=rct(:,1);
sdct(:,2)=rct(:,2)-rct(:,1);
sdct (:,3)=rct (:,3)-rct(:,2);
sdct(:,4)=rct (:,4)-rct(:,3);
sdct(:,5)=rct(:,5)-rct(:,4);

%% Plotting

%Plot 1: Base Drift, Base Velocity and Base Acceleration
figure ('Name', 'Base Response')

subplot (3,1,1)

plot(t,ybis(:,1),t,yct(:,1))

title(sprintf ('Base Displacement/Drift'))

xlabel ('Time'), ylabel ('Drift (m)"')

legend ('Passive', 'Controlled’")

subplot (3,1,2)
plot(t,ybis(:,7),t,yct(:,7))
title(sprintf ('Base Velocity'))

xlabel ('Time'), ylabel('Velocity (m/s)"')
legend ('Passive', 'Controlled')

subplot (3,1, 3)

plot(t,ybis(:,13),t,yct(:,13))

title (sprintf ('Base Acceleration'))

xlabel ('Time'), ylabel ('Acceleration (m/s2)")
legend ('Passive', 'Controlled')

% Plot 2: Storey Drifts
figure('Name', 'Storey Drifts')
for i=1:5
subplot (2,3,1)
plot(t,sdu(:,1))

121



title(sprintf ('Storey %d',1i))

hold on

plot(t,sdbis(:,1))

plot(t,sdct(:,1))

legend ('Uncontrolled', 'Passive', 'Controlled')

xlabel ('Time (s)'), ylabel('Storey Drift (m)'
end

)

[

% Plot 3: Structural Displacements
figure ('Name', 'Structure Displacements')
for i=1:5
subplot (2,3,1)
plot (t,yunc(:,1i))
title(sprintf ('Storey %d',1i))
hold on
plot(t,ybis(:,1+1))
plot(t,yct(:,1i+1))
legend ('Uncontrolled', 'Passive', 'Controlled")
xlabel ('Time (s)'), ylabel('Displacement (m)''
end

)

[

% Plot 5: Structural Acceleration

figure ('Name', 'Structural Acceleration')

for i=1:5

subplot (3,2,1)

plot (t,yunc(:,1i+10))

title(sprintf ('Storey %d',1i))

hold on

plot(t,ybis(:,1i+13))

plot(t,yct(:,1i+13))

legend ('Uncontrolled', 'Passive', 'Controlled’)

xlabel ('Time (s)'), ylabel('Acceleration (m/s2)")
end
$% MAX TIME HISTORIES
for i=1:5
max_uu(i)=max (abs (yunc(:,1i)));
% max_uv (i) =max (abs (yunc(:,1+5)));
max ua (i)=max (abs (yunc(:,1i+10)));
max usd(i)=max(abs(sdu(:,1)));

max mu (i)=max (abs (ybis(:,1i+1))
max mv (i) =max (abs (ybis(:,1+7
max ma (i)=max (abs (ybis (:,1i+13)
max msd(i)=max (abs (sdbis(:,1))
)

)

)

)

oe

));
).

’

max_cu(i)=max (abs (yct (:,1i+1))
% max cv(i)=max(abs (yct (:,1i+7
max_ca (i)=max (abs (yct(:,1i+13)
max_ csd(i)=max (abs (sdct(:,1))
end
max comp u=[max cu' max mu' max uu'l];
% max _comp v=[max cv' max mv' max uv'];
max comp a=[max ca' max ma' max ua'];
max comp_ sd=[max csd' max msd' max usd'];

’

figure ('Name', '"Maximum Responses')

subplot(2,2,1)

bar (max comp u)

title(sprintf ('Maximum Displacements'))

xlabel ('Storey'), ylabel('Displacements (m)")

legend ('Controlled', 'Passive', 'Uncontrolled’', 'Location', '"northwest"')
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subplot (2,2,2)

subplot (2,2, 3)

bar (max comp_ a)

title(sprintf ('Maximum Accelerations'))

xlabel ('Storey'), ylabel ('Acceleration (m/s2)")
legend ('Controlled', 'Passive', 'Uncontrolled’', 'Location', "northwest"')
subplot (2,2,4)

bar (max comp sd)

title(sprintf ('Maximum Storey Drifts'))

xlabel ('Storey'), ylabel('Storey Drift (m)")
legend ('Controlled', 'Passive', 'Uncontrolled')
%% RMS Plots

for i=1:5
rms_uu(')= (yunc(. i));

% rms_uv (i) =rms (yunc(:,i+5));
rms_ua(')= (yunc(.,i+10));
rms_usd(i)=rms (sdu(:,1i));
rms_mu (i)=rms (ybis(:,1i+1));

% rms_mv (1) =rms (ybis (:,i+7));
rms_ma (i) =r ms(ybls(.,1+13)),
rms_msd (i)=rms (sdbis(:,1));
rms_cu(i)=r ms(yct(.,1+1)),

% rms_cv (i)=rms (yct(:,1+7));
rms_ca(i)=r ms(yct(.,1+13)),
rms_csd(i)=rms(sdct(:,1));

end

rms_comp u=[rms cu' rms mu' rms_uu'];
% rms_comp v=[rms cv' rms mv' rms uv'];
rms_comp a=[rms ca' rms ma' rms ua'];

rms_comp sd=[rms_csd' rms msd' rms usd'];

figure ('Name', 'RMS Responses')

subplot(2,2,1)

bar (rms_comp u)

title(sprintf ('Rel. Displacements RMS Values'))

xlabel ('Storey'), ylabel('Displacements (m)")

legend ('Controlled', '"Passive', 'Uncontrolled’', 'Location', "northwest"')

subplot (2,2, 3)

bar (rms_comp_ a)

title(sprintf ('Accelerations RMS Values'))

xlabel ('Storey'), ylabel ('Acceleration (m/s2)")

legend ('Controlled', "Passive', 'Uncontrolled’', 'Location', "northwest"')
subplot (2,2,4)

bar (rms_comp_ sd)

title(sprintf ('Storey Drift RMS Values'))

xlabel ('Storey'), ylabel('Storey Drift (m)")

legend ('Controlled', '"Passive', 'Uncontrolled’)

[

% Maximum displacements for line plots
maxd (3:7,1)=max (abs (yunc(:,1:5)))"'

maxd (2:7,2)=max (abs (ybis (: )))'

maxd (2:7,3)=max (abs (yct (: 1 6)))';

dof=[-1 0 1 2 3 4 5]"';

figure ('Name', 'Displacements Line Plot');
subplot (1,3,1)

title('Total Displacements')

plot (maxd(:,1),dof, 'g',maxd(:,2),dof, 'b',maxd(:,3),dof, "'r");
set(gca, 'YLim', [-1 5])

set(gca, 'YTick', (-1:1:5))

xlabel ('Total Disp (m)'), ylabel('Storey')
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o)

% legend('Uncontrolled', 'Passive', 'Controlled"')
grid on

[

% Displacements relative to base

xlu=[0 0 max(abs(ybis(:,1))) rms(abs(ybis(:,1))) max(abs(yct(:,1)))
rms (abs (yct(:,1))); max uu' rms uu' max mu' rms mu' max cu' rms cu'];
%Storey Drifts

x1lsd=[max usd' rms usd' max msd' rms msd' max csd' rms_csd'];
%$Accelerations

xla=[0 0 max(abs(ybis(:,13))) rms(abs(ybis(:,13))) max(abs(yct(:,13)))
rms (abs (yct (:,13))); max ua' rms ua' max ma' rms ma' max ca' rms ca'l;
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Appendix C: Earthquake Ground Motion Parameters and Frequency Content

Parameter CHI-CHI Imperial Kocaeli CHI-CHI Imperial Kocaeli
(NF) Valley (NF) (NF) (FF) Valley (FF) (FF)
Velocity RMS: (cm/sec) 7.14 7.77 5.37 2.24 1.65 2.38
Displacement RMS: (cm) 12.58 6.64 3.57 2.08 0.89 4.65
Arias Intensity: (m/sec) 0.67 0.31 0.56 0.60 0.18 0.67
Specific Energy Density (cm?/sec) 4593.10 2288.74 866.27 453.37 154.40 453.75
Housner Intensity (cm) 77.40 89.06 89.56 54.34 27.48 33.95
Predominant Period (sec) 0.30 0.26 0.28 0.14 0.26 0.38
Bracketed Duration (0.05ag) 's' 20.76 11.63 15.90 15.70 13.74 34.27
Significant Duration (5-95% Arias) 's' 22.11 14.92 15.07 17.16 28.73 33.81
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