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ABSTRACT

ABSTRACT

This dissertation focuses on a basic understanding of the behaviour of
Magnetorheological elastomers (MREs) and their application as MRE bearings for
vibration controlling the structural systems. MREs are an important member of the
group of smart materials and as such have attracted increasing interest because their

modulus can be controlled by an external magnetic field.

Because MRE based devices usually work in a dynamic mode, the study of MRE
properties under these conditions is essential for its practical application. The
relationship between the dynamic shear stress and shear strain in various magnetic
fields, including different strain amplitudes and frequencies, were measured. The
stress-strain data forms elliptical curves which show that MRE behaves as if it

possessed linear viscoelastic properties.

Based on these experimental results, a viscoelastic solid model with four parameters
was proposed to predict the performance of MRE. In this model a spring element was
placed in parallel with a 3-parameter standard viscoelastic solid model. A MATLAB
optimization algorithm was used to identify the four parameters under various working
conditions (magnetic field, strain amplitude and frequency). A comparison between the
experimental results and the model predictions proved that the four-parameter

viscoleastic model can accurately predict the performance of MRE.

A building model, three stories high, was constructed using MATLAB SIMULINK to
evaluate the performance of an MRE device in structural control. Three controllers,
passive on, passive off and bang-bang control strategy were used to compare the
response of each storey to displacement and acceleration. In addition, the performance
of an MRF damper and an MRE device in structural control, where the resultant peak
force was selected as a criterion in the evaluation process, was compared and discussed.

The effectiveness of an MRE bearing in structural control was well justified.
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CHAPTER 1: INTRODUCTION

CHAPTER 1
INTRODUCTION

1.1 BACKGROUND AND MOTIVATION

The tragic consequences of earthquakes will cause a tremendous loss in an economy.
The recent earthquakes in Japan and China have underscored, in terms of both human
and economic factors, the importance of the way in which building and bridges respond
to them. For several decades significant efforts have been devoted to the possibility of
using various smart materials in the design of engineering structures to increase their
safety and reliability in strong earthquakes. Various semi-active devices have been
developed to reduce the response of the structural system. Some examples that have
been considered for civil engineering applications include variable orifice dampers,
controllable friction braces, controllable friction isolators, variable stiffness devices,
and electro-rheological (ER) dampers. Moreover, in Japan, variable stiffness systems

have already proven their effectiveness.

Nowadays, smart materials such as Magneto-Rheological (MR) are used because their
rheological properties change under a magnetic field. MR materials can generally be
classified into two main groups, MR fluids and MR elastomers. Although MR fluids
have wide applications in mechanic and civil engineering, MR fluids have distinct
shortcomings because liquid leakage can result in environmental contamination and
particle residue can degrade the performance of MR devices. These shortages are
mainly due to the liquid state of MR fluids. MR elastomers, the solid analogs of MR
fluids, may be a good solution to overcome the disadvantages of MR fluids. MR
elastomers (MREs) are smart materials where polarised particles are suspended in a
non-magnetic solid or gel-like matrix. Polarised particles can be arranged as chains in
polymer media such as silicon rubbers and natural rubbers. The viscoelasticity of MRE

is changed by controlling the external magnetic field.
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Until now, not too many models have been developed to investigate MR elastomers.
However, there are models such as the dipole model and phenomenological model
which can accurately express the behavior of MR fluid. This thesis presents a
four-parameter viscoelastic model, a phenomenological model, to perform the
characteristics of MRE materials and MRE devices. Then, based on the experiments
and verification of the MRE material and devices, a three storey building model was
simulated to use the MRE devices in the area of structural control. Although there has
been a lot of research into structural control with an MR fluid damper, an MRE device

is not widely used to control the response of buildings to deformation.

1.2 AIMS AND OBJECTIVES

The objectives of this study consist of fabrication, testing, modelling MRE and
studying its applications in structural control. The project is divided into several parts in
terms of the functions of the different components of the system. The specific

objectives are as follows:

1) Fabrication and testing MRE materials
2) Development and test of the mechanical performance of an MRE device

3) Simulation and evaluation of a building structure incorporating an MRE device

1.3 THESIS OUTLINE

This thesis begins with a literature review on MRE material, MRE property, and a
mathematical model for MRE and MRE applications in Chapter 2, which gives a
comprehensive overview of the achievements of previous research and the aim of this
project. Chapter 3 gives a deduction of a four parameter viscoelastic model based on
experiments with samples of MREs materials. The detailed experimental procedures
and verification of the four parameter viscoelastic model are also explained in this
chapter. Chapter 4 explains the development and study of an MRE device and the

applications of a four parameter viscoelastic model to express the behaviour of MRE

.
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devices. Chapter 5 addresses the simulated three storey building model that
incorporates an MREs device. An evaluation of the performance and a comparison
between an MR fluid damper and the proposed MRE device are discussed in Chapter 6.
In this chapter, the performance of an MRE device and an MRF damper for controlling
displacement and acceleration, with criteria of peak control force, are verified. Chapter
7, concludes with a review and summary of the project and suggestions for further

research work.



CHAPTER 2: LITERATURE REVIEW

CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

The purpose of this study is to develop an effective Magnetorheological elastomers
(MREs) device for use in structural control. Thus, this literature review deals with the
combined technologies of MRE material, MRE property, approaches to modelling, and

applications of MRE.

MRE material consists of suspensions of polarised particles in a non-magnetic solid or
gel-like matrix. These polarised particles can be arranged in chains in polymer media
such as silicon rubber and natural rubber [1, 2, 3]. When a magnetic field is applied
MRE materials can perform a controllable shear modulus with the magnetic field.
Although many mathematical models for applications of MR materials [4, 5, 6] have
been developed, they have not often been used to express the character of MRE
materials. In this study, a four-parameter phenomenological model was proposed to

investigate different approaches to modelling MRE materials.

2.2 MRE MATERIALS

2.2.1 MRE Material components

Three components, the matrix, particles and additives are used in the sample of MRE [4,
7]. The physical phenomena seen in MR elastomers are very similar to those in MR
fluids. MREs are materials that have polarised particles arranged in chains in polymer
media such as silicon and natural rubbers. However, the particle chains within the
elastomer composite are intended to operate in the preyield regime, whereas MR fluids
typically operate within a postyield continuous shear or flow regime [8]. Thus a typical
MRE consists of viscoelastic materials, powdery solids (metals) and viscous liquids.

All these have either a zero or limited mutual solubility or compatibility, even if they

-4 .



CHAPTER 2: LITERATURE REVIEW

can be thoroughly dissolved into each other. The interaction between the matrix and the
filler particles can be either strong or weak and will influence the rheological and

mechanical properties of the composite.

A) Particles

Spherical carbonyl iron particles are generally used as the filler material to fabricate
MREs. They were prepared by a thermal decomposition of iron pentacarbonyl and the
general size of each particle is a few microns. Iron has one of the highest saturation
magnetisation values of metallic elements with Ms = 2.1 Tesla. It also has high
permeability, low remnant magnetisation and high saturation magnetisation. High
permeability and saturation magnetisation are thought to provide high inter-particle
attraction and thereby a high MR effect. A low remnant magnetisation is also
recommended because the highly remnant particles will stick together when the

magnetic field is turned off [9, 10]. The magnetostriction of iron particles is also low

[11].

B) Matrix

Typical matrixes are natural rubber and silicone rubber. Natural rubber is an elastomer,
an elastic hydrocarbon polymer that originally derived from a milky colloidal
suspension or latex, found in the sap of some plants. The purified form of natural
rubber is the chemical polyisoprene which can also be produced synthetically. Heat is
normally required to vulcanise silicone rubber. The silicone rubber and a vulcanising
silicon sealant (at room temperature), is mixed with silicon oil to changing its ductility.
The silicon oil is selected on the basis of preliminary studies with different elastomers.
Polydimethylsiloxanes (PDMS) is one example of silicon rubber. Elastosil M4644 and
M4601 are two-component high strength PDMS that vulcanise at room temperature.
The silicones have different values of hardness, M4644 has a Shore A hardness of 41
and M4601 has a Shore A hardness of 28. The advantage of these silicones is that the

moulded samples do not shrink during curing. The PDMS have a low surface tension
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and are capable of wetting most surfaces. The stability and chemical neutrality of the

system also enables the adhesive to bond to the metals [12, 13].

C) Additives

In addition, additives are used to decrease the basis modulus of MRE materials. When
the molecules of additives enter into rubber, the gaps between the molecules of rubber
are increased and the conglutination of molecules is decreased. The additives not only
increase the plasticity and fluidity of the matrix, they also average the distribution of
internal stress in the materials, which makes them ideal for fabricating MRE materials

[14].

2.2.2 Fabrication a sample of MRE
The general procedure for fabricating an anisotropic MR elastomer with natural rubber
is similar to conventional rubber. Normally, the ingredients are natural rubber, zinc

oxide, stearic acid, sulfur, and iron particles. After all the ingredients are evenly mixed
in a mixing machine under a high temperature such as 120°, the mixture is packed in a

mould and then cured under an electric-magnetic field for some time. The samples are
then left at the room temperature for more than one day prior to testing. The chain
formation results from the anisotropic magnetic forces among the particles. The MREs

fabricated with this method are called anisotropic MREs.

However, MREs fabricated under an external magnetic field using conventional
methods have many shortcomings which greatly limit their industrial applications.
Firstly, the conventional rubber-producing equipment must be modified in order to
provide a magnetic field during crosslinking. Secondly, thick MREs cannot be
fabricated practicably because the density of the magnetic flux will decrease sharply as
the thickness of the MRE increases. Thirdly, the chain direction of the anisotropic MRE
must be considered when it is to be used in a particular device. In order to overcome

these drawbacks, some attempts have been tried to prepare isotropic MREs without

-6 -
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external fields [15]. By using special particles and high concentration of particles the
absolute MR effect in isotropic MR rubbers is larger than previously reported. However,
these materials with such high concentrations of iron particles have a high zero-field
modulus so that the relative MR effect is quite low. This means there are many

challenges remaining for the study of isotropic MREs.

2.3 MRE PROPERTY

2.3.1 Steady-state and dynamic properties of MRE

MREs contain viscoelastic properties. The shear modulus is changed by controlling an
external magnetic field. Compared to other parameters, the flux density of magnetic
energy, which is perpendicular to the magnetic field, can change significantly and so
too can the shear properties of MREs. MRE materials generally operate at the pre-yield

region and behave the same as material with viscoelastic properties [3].

The MR effect of MR elastomers is described as a reversible change in modulus in an
applied magnetic field. This has been confirmed in several studies [16, 17, 18, 19, 20].
Aligned MREs have mostly been characterised at relatively low frequencies (1 to 20 Hz)
to measure the changes in the dynamic shear modulus induced by the external magnetic
field [3, 21]. Ginder et al. [21] found a substantial MR effect over the entire frequency
range studied. The increase in the shear modulus varied initially with the strength of the
magnetic field but saturated at higher strength fields. When the magnetic field was
increased from 0 to 0.56 Tesla the consequent increase in shear modulus was nearly 2
MPa and the frequency of the resonance was shifted upward by over 20%. Zhou et al.
[3] started that the changes of dynamic shear storage modulus can be over 50%, while
Gong et al.[1] said it can be over 100%. Lokander et al. [9, 17] studied the dynamic
shear modulus for isotropic MR elastomers with different filler particles and matrix
materials. They measured the MR effect as a function of the amplitude of strain and
found that the MR effect decreases rapidly with increasing strain within the measured

range, and is not dependent on the frequency of testing. The fact that the absolute MR

-7 -
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effect is independent of the matrix material means that softer matrix materials will

show a greater relative MR effect.

2.3.2 Influence factors of MRE

2.3.2.1 Influence of magnetic field

The magnetic field is a key parameter in the effect that MR has on MR elastomers.
Filling an elastomeric material with magnetised particles influences the mechanical
properties of the composite when an external magnetic field is applied. The origin of
the field dependence of these properties is the existence of field-induced dipole type
magnetic forces between the separate particles. The behaviour of MR elastomers is
thought to be a combination of the properties of the matrix and the internal network of
magnetised particles. Because these magnetic particles interact the elastomers exhibit a
field dependent modulus at low strains. A field-induced increase in shear modulus
reaching over 60% has been reported for applied magnetic field strength values of

about 0.8 Tesla [4, 22].

2.3.2.2 Influence of the matrix material
When the material in the matrix is magnetic, the polarisation of the particles will be less
effective and the MR effect therefore smaller. The addition of magnetically active

additives (other than MR particles) decreases the MR effect [9, 22].

The overall properties of the elastomer composite are also influenced by the additives,
as the filler material causes the volume to increase, so the previous effect also increases.
Lokander et al. [17] have shown that the absolute effect of MR (the difference between
the zero-field modulus and modulus measured under an external magnetic field) is
independent on the matrix material. However, the zero-field modulus can be much
higher for hard matrix material, where materials with high volume fraction of iron
already have a high zero-field modulus, which means that the relative MR effect is

quite low [9, 17].
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2.3.2.3 Influence of particle size, shape and volume fraction

In conventional MREs the size of the particle varies typically from 0.1 to 10 um and is
from one to three orders of magnitude larger than typical particles of colloidal
ferrofluid. Typical micron-sized MR filler particles will support hundreds of magnetic
domains. Larger particles allow for obtaining stable, highly magnetic materials and
reversible particle aggregation. Thus the particles should be large enough to support at

least several magnetic domains in order to have a substantial MR effect.

Lokander et al. [9, 17] have shown experimentally that the shape and size of the particle
has an influence on the properties of MR. They measured the magnetorheological effect
for isotropic nitrile rubber MRE with varying sizes and content of iron particles. The
MR effect was larger for materials with ASC300 iron (particle size < 60 um) than for
materials with carbonyl iron (particle size 3.9-5.0 um). For particles larger than 60pum,
the MR effect appeared to be slightly smaller. Demchuk and Kuzmin [23] have also
studied the effect that the size of the filler particles has on the shear storage modulus
and loss of isotropic and aligned MR elastomers. They found that without the field the
modulus for MRE with larger particles (13 um) was smaller than for fine particles (3.5
um). Under a magnetic field the situation was reversed because as that the field strength
increased the modulus of the MRE with larger particles exceeded the modulus of the
MRE with fine particles significantly. Alternatively the loss factor decreased as either
the magnetic field became stronger or the filler particles increased in size. According to
Lokander et al. [9], if the air is replaced by an elastomer, then the critical particle
concentration is defined as that at which the particles are in touch with each other and
the voids between them are completely filled with the elastomer. But at concentrations
higher than critical particle concentration there is not enough elastomer to fill all the
voids between the particles and therefore the mechanical properties of the composite
will be poor. The stiffness of the material due to an increased filler content will also
increase substantially and therefore the relative MR effect will not increase

significantly.
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The optimal particle volume fraction for the largest relative change in modulus at
saturation was predicted to be 27% [7]. Shiga et al. [18] measured the increase in shear
modulus as a function of the particle volume fraction. For aligned MREs the change in
shear modulus increases with an increasing particle volume fraction. When the
concentration of filler is higher than 30 vol.%, the mechanical properties of the
composite deteriorate rapidly and the stiffening of the material is larger than the
increase of the MR effect. Lokander et al. [9, 17] measured the tensile strength of
isotropic MR elastomers and found that the fracture stress as a function of the content
of iron was almost constant when the iron contents were up to approximately 30% by

volume. When the content if iron is higher, the fracture stress was much lower [9].

Moreover the filler materials influence the overall properties of the elastomers without
an external magnetic field. This influence can increase when the volume of the filler
material increases. Lokander et al. [17] have shown that the absolute MR effect of
isotropic MREs (the difference between the zero-field modulus and the modulus
measured under an external field) was quite independent of the matrix material.
However, the zero-field modulus can be much larger for a harder matrix material which
means that softer matrix materials may show a greater relative MR effect. Materials
with a high volume of rigid filler material already have a high zero-field modulus so the
relative MR effect can be quite low [17]. In addition, tensile tests by Lokander et al. [9]
showed that increasing the filler over 30 vol.% would deteriorate the mechanical
properties of the elastomer composite [9]. Bellan and Bossis [24] noted that in the
absence of an external magnetic field the Young’s modulus was much higher for the
aligned material in the chain direction than for the homogeneous material with the same
volume of filler. Homogeneous MREs with a random distribution of particles can be
considered as isotropic materials. A solid, which is isotropic in its elastic constants, is a

material where the elastic moduli are not dependent on directions [20].
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2.3.2.4 Influence of working modes on the MREs properties

Borcea and Bruno [16] and Dorfmann and Ogden [25] have shown theoretically that the
existence of a magnetic field stiffens the shear response of an isotropic MRE. Farshad
and Benine [26] characterised isotropic and aligned MREs in tension and compression.
The aligned MREs were either longitudinally or transversely oriented to the applied
load. They found that the direction of alignment influences the tensile properties of the
MRE. Samples aligned longitudinally to the direction of the tensile load exhibited the
highest tensile strength. In shear static compression the applied magnetic field
increased the stiffness of both isotropic and aligned MREs. The results of Shiga et al.
[18] suggest that the increasing shear modulus in aligned MREs is quadratically
dependent on the strength of the magnetic field. Bellan and Bossis [24] also considered
aligned MREs to be analogous to fibre-reinforced composites. In MREs, the fibres
consist of chains of particle whose stiffness is sensitive to the amount of polymer in the
gaps between the particles. The stiffness of the fibres formed by particles is increased
when a magnetic field was applied while the stiffness of the composite depends on the

cross section of the number of chains per unit.

According to Yalcintas and Dai [19], the external magnetic field will affect the strain
amplitude, loss factor, and natural frequency of the vibrating MRE system when
dynamically testing in the pre-yield regime. When the strength of the magnetic field
increases, the strain amplitude decreases and natural frequencies shift to higher values.
The loss factors (tan 6) were found to increase with the strength of the magnetic field in
every vibration mode. When an external magnetic field but no mechanical loads was
applied the MREs deformed slightly. Borcea and Bruno [16] showed theoretically that
an isotropic MRE would expand in the direction of the applied magnetic field while an
aligned MRE will compress if the field is parallel to the oriented structure. Zhou and
Jiang [20] proved this experimentally and also stated that the deformations are related
to the strength of the field applied. The magnetically induced deformation of an aligned
MRE in the direction of the chain only changes slightly with different volumes of filler.
The deformation of an aligned MRE driven by an external magnetic field is smaller
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than an isotropic MRE of the same volume. This means that aligned MREs are stiffer

than isotropic MREs [20] in the direction of the chain.

2.4 MODEL STUDIES OF MREs

Similar to MRF studies, models such as an equivalent linear model and

phenomenological model were developed to simulate the behaviour of MR elastomers.

2.4.1 Dipole model

Most models of MR material behaviour are based on the magnetic dipole interaction
between two adjacent particles in the chain. These inter-particle interactions are then
averaged over the entire sample to yield a model of the bulk magnetorheological
behaviour. Jolly et al. [4] proposed a quasi-static, one-dimensional model that assumed
that a magnetic interaction only occurs between the adjacent particles within a chain.
On the basis of this point-dipole model, the MR effect was studied as a function of
particle magnetisation. This model was based on previous studies of MR fluids.
According to the model the ferrous particles are magnetised linearly and it was assumed
that in MR materials the strength was related to particle magnetisation quadratically.
Figure 2.1 shows the chart of a dipole model and Figure 2.2 shows particle saturation

model
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Figure 2.1. Particle saturation model [4]
(a) Geometry of two particles of diameter d within a particle chain. Adjacent

chains are a distance y apart and h = ry/d. (b) Magnetic interaction of the two
particles modelled as dipole moments m and sheared with respect to one another.
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In this model the average particle polarisation J, is the dipole moment magnitude per
unit particle volume, | M | = J,Vi, where V; is the volume of the particle. The pre-yield
modulus G of the particle network is stress divided by strain and can be expressed as
oJ,
2pu

where g is the relative permeability of the medium, e=x/ry is defined as the scalar

G= £<0.1 (2.1

shear strain of the particle chain. ¢ is the volume of particles in the composite and # is

an indication of the gap between the particles in a chain.

W

Figure 2.2. Particle saturation model [4]
Quantities are consistent with those defined in figure 2.2. Letters in parentheses
indicate different regions: (s) region where particle is saturated (shaded), (u)
region where particle is unsaturated, (m) matrix region with assumed relative
permeability p, = 1. Letters in parentheses also correspond to subscripts used in
theory development.
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_ 3/2(s/7)’B+(1—(s/7r)*)J,

7p=) 1+3/24(s/ 1)’ 22

where J; is the saturation polarisation of the particles, B is magnetic flux density, s/ is

the ratio of the unsaturated gap and diameter of the particle.

Furthermore the maximum possible field induced change in stress (and modulus)
occurs when the aligned particles become magnetically saturated, i.e. when J, = J;. It
can be seen that the maximum field-induced stress rises quadratically with saturation

magnetisation J; of the particle material.

Gong et al.[1] fabricated MREs without the help of a magnetic field. Carbonyl iron
particles are mixed with silicon oil before being blended with rubber material. The
silicon oil helps the particles to attach to each other and self-assemble a partial
microstructure. This is because of the surface tension of the additive. To analyse the
influence of the assembled structure on the absolute variation of shear modulus of this
kind of isotropic MRE, a simple self-assembled model was proposed. The increase in

the shear modulus AGy, can be expressed as equation 2.3.

3

R
367201, 1,8 H; (dj &
AG,, = ~1.4AG,, (2.3)

2-B

where 14 is the vacuum permeability, S=(t4,-n)/(1t204n), 1, 1s the relative

permeability of particles and g, is the relative permeability of the matrix. For carbonyl

iron particle and silicone rubber, £,=1000, z,~1 and  =1.

The point-dipole model is basically quasi-static and one-dimensional and it
concentrates on the magnetomechanical properties of parallel chains of magnetically
permeable spherical particles. A magnetic field was applied parallel to the chains and
the shear strength caused by inter-particle forces was conducted. It was assumed that
these particle chains were then embedded within a viscoelastic material and the

viscoelastic properties of the composite were the sum of the viscoelastic properties of
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the composite with no field applied and the elastic/plastic properties were induced by
inter-particle forces [4]. Jolly’s model suggests that MR material stress is quadratically
related to particle magnetisation. Since the model was quasi-static the particles were
assumed to be uniformly distributed, homogenous spheres that can be magnetically
modeled as identically induced dipole moments. It was also assumed that the particles
were aligned in perfect chains and that quasi-static shear strains and associated stresses

were distributed uniformly over the length of each particle chain [4].

It was stated that the stress-strain relationship in the point-dipole model was
independent of the size of the particle but the length of the gap between the particles in
a chain was a very important parameter and the magnetic field- induced stress was
inversely proportional to the third power of this gap. Therefore it is useful to select
filler materials with high saturation magnetisation [4, 9]. The model by Jolly et al. [4]
included a theory developed on the basis that saturation begins in the particle’s polar
regions at very low applied field strengths and increases towards total particle
saturation as the strength of this field increases. Average particle polarisation is then
calculated as a function of average composite flux density [4]. In reality however, the
magnetic interaction between adjacent particle chains and packing arrangements is
more complex than that occurring in simple linear chains. If the particles are spherical
with the same size particles they will probably form face-centred cubic (FCC) and
hexagonal close packed (HCP) microstructures [4]. Furthermore, a common weakness
in modelling MR materials is still a lack of understanding of how magnetic flux density

distributes itself within the particle network.

2.4.2 Equivalent linear model

Another kind of model was developed that depended on the hysteresis loop of
deformation-force behaviour of the MREs [6]. This method was widely used to analyse
a number of materials. Shown in Figure 2.3, the MREs express a linear viscoelastic

characterisation in a certain magnetic field and strain. The deformation-force behaviour
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of MREs at an applied magnetic field can be modelled by an equivalent linear model

through effective elastic stiffness and viscous damping.

90
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Figure 2.3 Hysteresis loop of MRE bearing in a different magnetic flux density [6]

The linear force developed in the isolation system can be expressed as

|y =k,x, +c,x, (2.4)
where £, is the effective stiffness, the slope of the main axis of the force-displacement
ellipse loop; c. 1is the effective viscous damping constant.
The equivalent linear elastic stiffness for each cycle of loading is calculated from the
force-deformation curve of MREs. The effective viscous damping coefficient of the

isolator unit calculated for each cycle of loading is specified as

EOO
g =—2 (2.5)

Cor = 2
7,5 A

where Ej,,, 1s the energy dissipation per cycle of loading, . is the angle frequency and

A 1s the test displacement amplitude.

2.4.3 Phenomenological model

Although the dipole models are capable of describing the force-displacement behaviour
of MR materials reasonably well they cannot describe the non-linear force-velocity
behaviour of the damper [27]. To overcome this deficiency different dynamic models
have been developed. In order to develop a high-fidelity model for MR fluids, many

phenomenological models such as the Bingham model [28, 29, 30, 31], the viscoelastic
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model [32] and the Bouc-Wen model [33] have been used in the design and analysis of
structural control with an MRF damper. Although these phenomenological models were
widely used to predict the behaviour of an MR fluid damper [25, 34, 35, 36], there is

not much investigation in modelling MRE materials and devices.

Koo et al. [5] recently developed a phenomenological model to capture the dynamic
behaviour of MREs under compression loadings. Three key parameters were used in
their model to predict the characteristics of MRE materials. These parameters (ky, k;
and ¢y), were expressed with various external magnetic flux densities (B) in (2.6). The

schematic figure of the model is shown in figure 2.4. and the parameters are listed in

table 2.1.
/]
/)
/]
/]
/]
/]
/)
/]
/
Figure 2.4 MRE phenomenological model [5]
k, =k, +k, B
k =k, +k,B (2.6)
c,=c, +c,B
Table 2.1 Parameters of an MRE phenomenological model [5]
Parameters Coa Cob koa ko kia kip

Values 0.8342 0.2670 4.1072 1.2435 0.1677 0.0002
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2.5 APPLICATIONS OF MRE

Until now there were many applications of MRF damper in structural control. Spencer
et al. [37] developed a three-storey benchmark building incorporating an MRF damper
to control the structural response stemming from the excitation of external ground.,
Many researchers have now done a lot of investigation into structural control

incorporating MRF damper [38, 39, 40, 41] based on this benchmark.

Although MRF damper has been widely used for structural control there are not many
applications of MRE materials and devices although they have been used in other
different areas. One application for MRE 1is to use variable stiffness or resonance
tunability which are countless, among these are dynamic vibration absorbers (DVA)
invented by Frahm [42], which are a classic solution to suppress vibration in machines
and structures. Ginder et al. [21] did pioneer work on the development of an adaptive
tuneable vibration absorber (ATVA) using MREs. This device was not only used to
explore the performance of such tuneable components but also to extend the
measurement of the shear module of these materials to much higher frequencies than
has previously been reported. Meanwhile, tuneable stiffness mounts and suspensions
are other applications of MREs. The application of MR elastomers include automotive
bushings and engine mounts where significant changes in the spring constant due to an
applied magnetic field can be used to dynamically control stiffness and damping
properties [10]. Additionally, MREs have also been used to construct new devices such
as sandwich beams [43]. Zhou et al. [44] indicated that the sandwich configuration is an
alternative to developing smart structures because it takes advantage of the
field-controllable shear modulus of MRE and enhances the bulk flexural rigidity

through the skins.
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2.6 CONCLUSION

In this chapter the recent advances in various aspects of MR elastomers were described
and reviewed. They include MRE materials, MRE properties, approaches to modelling
MREs and applications of MRE. MR elastomers are now classified as smart materials
particularly well suited to provide effective performance in structural control. The MR
properties of MRE materials relate directly to practical applications of MRE. Therefore,
on going research based on previous researches of MR elastomers and MR fluid will
investigate a suitable model to represent the MR properties of MRE materials and
devices, and evaluate its performance in structural control that incorporates an MRE

device.
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CHAPTER 3
STUDY OF VISCOELASTIC PROPERTIES OF MRES

3.1 INTRODUCTION

MRE devices generally operate at dynamic loading where they are subject to harmonic
loading and therefore a study of their dynamic performance is crucial. As with MRFs,
MRE:s act as viscoelastic properties at harmonic loading. This chapter aims to study the
properties of MRE under dynamic loading. Experimental studies were conducted using
an MR rheometer from which it was proposed that a four-parameter viscoelastic model
be made to study the results. The four parameters were identified by using a MATLAB
optimisation tool box. A comparison between the experimental studies and the

predictive values from the model were discussed.

3.2 EXPERIMENTAL

3.2.1 Materials

In this project there were three material components, including particles, matrix and
additives, were used to fabricate a sample of MRE. The particles used were carbonyl
iron power, C3518 (Sigma-Aldrich Pty LTD) with a mean particle size of
approximately Sum. Silicone rubber (HB Fuller Pty. LTD) was used for the matrix of
MR elastomers. The particles were wetted with silicone oil (DC 200/200cs, Dow
Corning Corporation, U.S.A.) and then mixed with silicone rubber and silicone oil. All
the ingredients were stirred in a beaker for about 5 min at room temperature. The
mixture was put into a vacuum case to remove the air bubbles and then poured into a
mould. After being cured for approximately 24 hours at room temperature under a
constant magnetic flux density of 1 Tesla (electromagnetic system, Peking
EXCEEDLAN Inc., China), the MR elastomer samples were prepared. The weight of

the particles, silicone oil, and silicone rubber was in a ratio of 3:1:1.
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3.2.2 Magneto-rheological Measurement

The mechanical properties of the MREs was measured with a rotational rheometer
(MCR 301, Anton Paar Companies, Germany) and a Magneto Rheolgical Device
(MRD 180), equipped with an electromagnetic kit that can generate a magnetic field
perpendicular to the direction of the shear flow. A 20mm diameter parallel-plate
measuring system with 1 mm gap was used. The samples were sandwiched between a
rotary disk and a base. In this study a steady-state rotary shear and oscillatory shear

were both used for the experiments.

The schematic of the experimental setup is shown in Figure 3.1. The stress and stain
signals were output from two ports which were detected and processed by a Data
Acquisition (DAQ) board (Type: LABVIEW PCI-6221, National Instruments

Corporation. U.S.A) and a computer.

Rheometern
Computer ~
DAQ board
[
[ g |

Figure 3.1: A diagram of the experimental setup

In this experiment the magnetic flux density of the sample of MRE (Bmgg) in the
measuring gap depends not only on the current (I) applied to the samples, but also on

the magnetic properties of MRE materials.

Figure 3.2 shows the dependence of the magnetic flux density (Bmrg) with the
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measuring gap on current (I) for the sample of MRE. The relationship between Byrg

versus I is found to be:

where the units of Byrg and I are in mT and amp (A), respectively.

BMre
800

700 1 Bwmre=2201
600 -
500 1
400 -
300 -

Magnet

200 1
100 ~
0

0 1 2 3 4
Current (A)

Figure 3.2 Plot of magnetic flux density (Bygrg) versus current (I) for the samples of

MRE

A. Steady-shear testing
Under rotary shear the shear stress and shear strain of MREs under fields varying from
0~3.5A were measured. The MR effect was evaluated by measuring the shear

strain-stress curve of the sample with and without a magnetic field applied.

B. Dynamic testing
In order to obtain the dynamic mechanical behaviour of MRE, the strain-stress
hysteresis loop of MRE at different magnetic flux densities were measured with the

oscillation mode. Once the set-up was completed the computer was then used to
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transmit the input sine waveform to the test machine. To ensure the homogeneity of the
MR elastomers, the experiments were carried out at different amplitudes of oscillation.
These amplitudes were selected input stains at 1%, 5%, 10% respectively. Five sets of
data were collected for different amplitudes of oscillation, according to the various

magnetic fields input to the sample of MR elastomers.

Seven different magnetic fields, 0, 125, 250, 375, 500, 625 and 750mT, were used in
this experiment. The current intensities in the coil are ranged from 0 to 3.5A. Three
amplitudes of shear strain, 1%, 5%, and 10%, and three input frequencies, 1, 5 and
10Hz, were used. The real time strain and stress signals were recorded by the PC and

then used to reconstruct the hysteresis loop.

3.2.3 Experimental results

3.2.3.1 Steady-state results

Figure 3.3 shows the strain-stress curve of the sample at 7 different magnetic field
intensities ranging from 0 to 750mT. The slope of the strain-stress curve is the shear
modulus of the material. As the figure shows, the shear modulus of the increased with
the magnetic fields, proves that the MREs exhibited obvious MR effects. The shear
stress shows a linear relationship with the shear strain when the strain is within 10%.
This means the MRE acts with linear viscoelastic properties when the strain is below
10%. This finding is totally different from MR fluids where the linear viscoelastic
region is generally below 0.1% [15]. This also demonstrated that MREs generally
operate at the pre-yield region while MRF operates at the post-yield region. When the
strain is above 10%, the modulus reaches a saturation (maximum value) and decrease

steadily. This could be due to sliding effect.
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Figure 3.3 Strain-stress curve of sample in different magnetic fields

3.2.3.2 Dynamic performances

A. The effect of a magnetic field

A typical relationship of shear stress versus shear strain under various strength
magnetic fields of MR elastomers is shown from Figure 3.4. The results show that such
materials have controllable mechanical properties. An increase in the stress-strain loop
area with the magnetic field demonstrates that the damping capacity of the MR
elastomers is a function of the applied magnetic field. When the strain amplitudes are
1% and 5% with a 1Hz frequency input the experimental results also show the same
characteristics. These two figures are shown in Appendix A. These experimental results
demonstrate that not only are the areas dependent on the magnetic fields, the shape of
the ellipse loops are also different. In particular, the slope of the main axis of the
elliptical loops varies with the magnetic field. This is totally different from MR fluids

[45] where the slope of the ellipse loops represents elastic properties.
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Figure 3.4 Stress-Strain relationship of 10% amplitude input

B. The effect of strain amplitude

Figure 3.5 shows the relationships between shear strain and shear stress for 1%, 5%,
10% and 50% inputs of strain amplitude when a 1000mA current is applied to the MRE
sample. Here the maximum stress tends to increase and the slope of the main axis
shows the positive value when strain amplitude is below 10%. However, when strain
amplitude is 50% the slope of the main axis changes from positive to negative, which
could be due to the effect of sliding. When the strain is above 10%, the modulus

reaches the saturation (maximum value) and increases steadily.
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Figure 3.5 Stress-Strain relationships for different strain amplitudes in 1000mA
(a) 1% Strain amplitude (b) 5% Strain amplitude (c) 10% Strain amplitude (d)

50% Strain amplitude

C. Effect of frequencies

Figure 3.6 shows the effects of shear strain frequency inputs on MRE performance. The
slope of the main axis of the elliptical loops increased with an increasing shear strain
frequency inputs while the maximum stress amplitudes of different strain frequency
inputs changed steadily. The shear strain frequency inputs mainly influences the slope
of main axis of the ellipses. When the strain frequency inputs change from 1Hz to 5Hz,
the slope of the main axis increases steadily. When the strain frequency inputs change

from 5Hz to 10Hz, the slope of the main axis can increase slightly.
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Figure 3.6 Stress-Strain relationships for different frequency inputs in 1000mA

3.3 MODELLING MR ELASTOMERS

The effects of magnetic field, amplitude and frequency on the properties of MRE were
discussed in the section above. Obviously, except for very large strain amplitudes
(50%), the stress-strain plots are excellent elliptical loops which indicate that MREs
behave with linear viscoelastic properties. A linear Kelvin-Voigt model was used to
model the viscoelastic properties of MR fluid [46]. MREs, unlike MR fluid, also
depend on a magnetic field for the modulus on stiffness. To this end we proposed a
four-parameter viscoelastic model to describe the properties of MRE because it is an
extension of the Kelvin-Voigt model. A spring is included in the model to represent
change in the field dependence modulus. Figure 3.7 shows the plot of the four

parameter viscoelastic model for MR elastomers.

-27 -



CHAPTER 3: STUDY OF VISCOELASTIC PROPERTIES OF MRES

k2
X M £
* ki ﬁ
£ . . e
2 *
g4 g4 g
ko

AAYAYA

Figure 3.7: Four-parameter viscoelastic model for MR elastomers

In this model, k;, k; and ¢, are for a standard solid and £k, is placed from on a
viscoelastic theory so the relationship of shear stress and shear strain can be represented
as:

o*=ke*+o (3.2)

o =keé& (33)

We may use a complex stress-strain equation for representation

o =ki(e*—&)+ce*—¢) (3.4)
Where k;, k; and c; are the three parameters in the Kelvin-Voigt model respectively, ki,

is the stiffness of spring which is in a parallel connection with the Kelvin-Voigt model,

and¢ and O are represented as shear strain inputs and shear stress outputs respectively.

g1 and 0 are the shear strain and shear stress for the internal node.

It was suggested that the equations be simplified so from equation (3.2) we can obtain
the following equations (3.5) and (3.6):
on=0*-ke* (3.5)

o = *—kig* (3.6)
From equation (3.3) we can obtain following equations (3.7) and (3.8):

5120'1//(1 (37)
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e=o/lk (3.8)

By substituting equations (3.5), (3.6) into (3.4), the shear strain and shear stress for the

internal node can be eliminated

G+ k.o kit oo o = hog *eag * (3.9)
As such, all the shear strain and shear stress for the internal node can be eliminated by

substituting equations (3.5) and (3.6) into (3.9)

(+k:/ k)0 *—ke*) + (g —kg ¥)/ ki = ke * +cog * (3.10)

Similarly, equation (3.11) can be derived by an arrangement of equation (3.10)

(+k:/ kYo *+c:a* k= (ko + k) o+ k2)e * +ex(L+ ko / ki) * (3.11)
Because the materials behave with linear viscoelastic properties the stress-strain

relationship is given by

o*=G*e*=(G +iG)e* (3.12)

o*=G*gx (3.13)
Hence, by substituting equations (3.12) and (3.13) into (3.11), the items related to g

can be eliminated. After arrangement, equation (3.11) can be expressed as
[(1+k2/kl)G*_kh_khk2/kl —kz]g* = (Cz + ki | ko _CZG*/kI)(;‘* (314)

Suppose the input strain ¢ is harmonic, which is given by

e*¥ =g (3.15)
£ *=iweie” (3.16)
Where w and g, are angle frequency and amplitude of the strain, respectively. By

substituting equations (3.15) and (3.16) into (3.14), the complex modulus G~ can be

expressed as

_ (kh"’khkz/kl+k2)+(C20)+Cza)kh/kl)i
(1+k2/k1)+02(l)i/k1

G*

(3.17)

Comparing equation (3.12) and (3.17), the storage and loss modulus of MRE are given
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by equation (3.18) and (3.19), respectively

_ (klkh+k2kh+klk2)[(kl +k2)2 +c)’ a)z]+022a)2k12

G - (3.18)
(k1+k2)[(k1+kz)2 +sza)']
Gom GOk (3.19)
[(ki+ k) +c’' @]
Suppose that the strain input € is a harmonic input
£(t) = evsin(wt) (3.20)
The steady-state response of the strain can be obtained as
o(t) = &G +G> sin(wt + @) (3.21)

where ¢ is the phase angle difference between the input and output, which can be

calculated as ¢ =tan(G./G)).

3.4 SYSTEM IDENTIFICATION

3.4.1 Parameter Identification

The proposed viscoelastic model includes four parameters, i.e. ks, k;, k2, . The model
uses the shear strain as an input, calculates the modulus G; and G, needed for the model,
and then gives the shear stress, given by the equation (3.21). The four parameters are
estimated on the base of the least squares method to minimise the error between the
model-predicted stress of Sm and the experimental result of Se. The error in the model

is represented by the objective function J given by

7= (Sm —Se) (3.22)

where N is the experimental number of one loop. Sm is the shear stress value as
predicted by equation (3.22). This optimisation was done with the MATLAB

optimisation function.

Difterent groups of four parameters can be identified for each experimental case. Table
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3.1 shows these four parameters ks, k;, k», c; for different shear strain input and current

input.
Table 3.1 Identified parameters

[ (mA) ky (kPa) k; (kPa) k> (kPa) ¢z (kPas)
0 1.8809 39.164 0.3222 0.3905
500 2.5703 40.4525 0.6477 0.8716
1000 3.657 46.7411 1.0463 1.487
1500 4.293 56.9859 1.533 2.0786
1750 5.0697 63.642 1.9357 2.8359

(a) 1% Strain amplitude.

I (mA) ky (kPa) k; (kPa) k> (kPa) ¢ (kPas)
0 3.3692 216.3603 0.385 0.7124
500 3.7867 250.1231 0.6002 0.9852
1000 5.1198 282.2121 1.2942 1.5042
1500 59124 332.3151 2.577 2.1967
1750 6.861 393.6399 4.2381 3.5514

(b) 5% Strain amplitude.

I (mA) ky (kPa) k; (kPa) k> (kPa) ¢z (kPas)
0 3.1211 514.3752 1.6998 0.9632
500 3.9307 557.1895 1.9307 1.3598
1000 4.604 564.2137 2.406 1.7294
1500 5.9847 578.1652 2.9161 2.4605
1750 8.11 621.3341 3.919 4.1876

(c) 10% Strain amplitude.

From table 3.1 we found that the four parameters &, k;, k>, c; increase steadily with an
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increase in current. Similarly, the four-parameter viscoelastic model can also be used to
identify parameters for other cases such as the SHz and 10Hz frequency inputs. The
strain amplitude input chosen for these two cases was 10%. Similar results were also

1dentified and shown in table 3.2.

Table 3.2 Parameters identified for different frequencies with strain amplitude of 10%

I (mA) ky (kPa) ki (kPa) k> (kPa) ¢ (kPas)
0 2.2753 76.7461 2.4739 1.0848
500 2.7546 81.9691 2.855 1.5438
1000 3.4167 86.8016 3.2278 2.1046
1500 3.8057 98.2675 3.4332 2.7632
1750 4.5669 130.2478 3.5331 4.4902

(a) SHz frequency input.

I (mA) ky (kPa) ki (kPa) k> (kPa) c2 (kPas)
0 2.1115 88.7629 3.2691 1.1681
500 2.5278 90.0953 3.4262 1.4958
1000 3.1703 95.2552 4.1533 2.1012
1500 3.8967 109.9699 4.5025 2.6982
1750 5.5704 122.4474 4.6711 4.2005

(b) 10Hz frequency input.

3.4.2 Comparison between experimental results and modelling predictions

Using the parameters estimated from the system identification process, the stress versus
strain was reconstructed and compared with the experimental data curve. Figures 3.8
(a), (b), and (c) show the reconstructed stress versus strain loops compared with the
practical experimental curves. It can be seen from the plots that the model can simulate

the experimental data very well.
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Figure 3.8: A comparison between experimental data with model-predicted results.
(a) Amplitude input with 1%. (b) Amplitude input with 5%. (c) Amplitude input
with 10%.

Similarly, the process for identifying the parameters can also be implemented with
different frequency inputs. From figure 3.9 (a) and (b), it can be seen that the model can

simulate the experimental data very well.
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Figure 3.9: A comparison between experimental data with model-predicted results:
(a) Strain frequency input with SHz. (b) Strain frequency input with 10Hz.

From table 3.1 listed in the previous section, we can obtain G, and G, based on
equation (3.18) and (3.19). Figure 3.10 shows the relationship of the storage and loss
modulus of MRE with current inputs. These figures show that when the current inputs
increase from OmA to 2000mA, the storage modulus (G;) and loss modulus (G>) both
increase steadily. This trend exists in all strain amplitude inputs such as 1%, 5% and
10%. Moreover, the strain amplitude also influences the storage modulus (G;) and loss
modulus (G,). When the strain amplitude changes from 1% to 10%, the storage

modulus (G/) and loss modulus (G>) both increase slightly.
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Figure 3.10: The relationship of current inputs with the storage and loss modulus:
(a) Storage modulus (G1). (b) Loss modulus (G>).

On the other hand the effect of frequency on the storage modulus (G;) and loss modulus
(G,) were shown in figure 3.11. We find that when an MRE sample was applied at the
same amplitude of strain input, both the storage modulus (G;) and loss modulus (G>)

increased steadily with increasing frequency inputs.
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Figure 3.11: The relationship of frequency inputs with the storage and loss
modulus: (a) Storage modulus (G1). (b) Loss modulus (G>).
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3.5 CONCLUSION

In this chapter the steady state and dynamic state characteristics of MRE materials were
studied experimentally. A four-parameter viscoelastic model was proposed to describe
the performance of MR elastomers. When the parameters of the four-parameter
viscoelastic model were identified and compared there was a tendency to increase with
the current. The strain amplitude and frequency were changed for different cases and
the results from the experiments and those predicted by the model matched very well
except where the strain amplitude inputs were over 50%. Thus the four-parameter

viscoelastic model can represent the MRE performance affectively.
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CHAPTER 4
PHENOMENOLOGICAL MODEL OF MRE BEARINGS

4.1 INTRODUCTION

This chapter presents the experimental and modelling study of MRE bearings. A
multi-layer MRE bearing was fabricated and its mechanical performance under
harmonic loadings at various magnetic fields was tested experimentally. The damping
and stiffness of MRE bearings were also discussed. A four-parameter
phenomenological model was proposed to describe the performance of MRE bearings.

The link between MRE materials and MRE based devices were discussed.

4.2 EXPERIMENTAL

4.2.1 Design and fabrication of MRE bearings

In this project a scaled MRE bearing was fabricated. The dimensions are given in figure

4.1. The bearing consists of 6 - 6mm thick MRE bearings. The bearing was ¢ 90mmX

43mm and had a 45mm diameter gap in the centre. Each layer was separated by a Imm
thick steel plate. The MRE material was fabricated with the same weight ratio of
components as discussed in Chapter 3. The core supports the bearing and an electro-

magnetic coil was used to generate a magnetic field.
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Figure 4.1: Schematic cross-section of the MR elastomers bearing

4.2.2 Experimental setup

The purpose of this experiment is to characterise the dynamic performance of the MRE
device. Its equivalent stiffness and damping properties will be studied experimentally. A
schematic of the experimental setup was shown in figure 4.2. In the experiment the
MRE device was installed in an electro-magnet (S&T 139802) which can generate
varying magnetic fields. A force sensor (CA-YD-106 53317) was placed on the MREs
device to measure any changes in the force on it. A sensor (CA-YD-106 50798 &
50837) was used to measure displacement at different magnetic fields and an
electro-magnetic shaker (SINOCERA JZK-5) was used to generate excitation to it. The
electro-magnetic shaker was controlled by computer connected to a DAQ board
(SCB-68). LABVIEW software was used to program the excitation interface and a
Tesla-meter (IMADA HT201) to measure different magnetic flux. A photograph of this

experimental setup was shown in figure 4.3.

In this study a harmonic loading was applied to the MRE bearing. The amplitude and
frequency selected were Smm and 1Hz, respectively. Five different magnetic fields, 0,
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100, 200, 300 and 400mT were selected. The force and displacement responses were

recorded.

Computer

Displacement
sensor

Electrical
magnetor
Force sensor

[
MRE
—=
‘ ~_ bearing
I:l 00000

Power amplifier

‘DAQ board

Electromagnetic
shaker

Figure 4.2 Schematic of experiment setup for MRE devices

Figure 4.3 Photograph of experiment setup for MRE devices
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4.2.3 Results and discussion

The force-displacements from the experimental studies which were shown in figure 4.4
forms elliptical loops, similar to the study on MRE materials. As the magnetic field
increases, so too does the area of the loops, which again proves that the damping

capability of MRE increases steadily.

olaa AA AA A AA AAA“ 400mT
A 300mT ’

A
A M AAAA
Wl s 200mA it sy A
A AAM M Aman,

Force (N)

AAAA‘MAAA A A M A4 e
A

A A

‘AMAMAA nt

16
TV

Displacement (mm)

Figure 4.4 Relationship of displacement and force for the MRE devices

The non-linear force-deformation characteristic of the isolator can be represented by an
equivalent linear model through effective elastic stiffness and viscous damping [47].

The linear force developed in the isolation system is expressed as equation (4.1)
Iy = ke‘th + cqff)'ch 4.1)

where k.yis the effective stiffness; c.yis the effective viscous damping constant.
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Here, the equivalent linear elastic stiffness for each loop was calculated from a
force-deformation curve obtained experimentally from the isolator and expressed
mathematically as equation (4.2)

Ff—F"

: 4.2
eff AJr _ A7 ( )
where F™ and F~ are the positive and negative forces at test displacements A™ and A",

respectively. Thus k. is the slope of the peak-to-peak values of the hysteresis loop.

The equivalent linear elastic stiffness for each cycle of loading is calculated from
obtained force-deformation curve of MREs. The effective viscous damping coefficient

of the isolator unit calculated for each cycle of loading is specified as

E
Cp=—" (4.3)
> 7w, . A

eff
where 4 is the test displacement amplitude, £y, 1s the energy dissipation per cycle of

loading and @, 1s the angle frequency.

The relationships between the effective stiffness and effective viscous damping
constant with the external magnetic flux density were identified from the experimental
results, as shown in figure 4.5 (a) and (b). With an increase in the external magnetic
flux density both the effective stiffness and viscous damping constant both tend to

increase.
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Figure 4.5 Relationship of effective stiffness and effective viscous damping
constant with external magnetic flux density: (a) Effective stiffness; (b) Effective
viscous damping constant.

For example, the effective stiffness changed from 0.47N/mm to 1.76N/mm when the
external magnetic field changed from OmT to 400mT. This approximate 4 fold increase
in effective stiffness was generated. For the effective viscous damping constant it

changed from 0.07 N-s/mm to 0.27 N-s/mm when the external magnetic field changed
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from OmT to 400mT. The effective viscous damping constant also increased about 4

times. This character was consistent in the study of MRE materials.

4.3 PHENOMENOLOGICAL MODEL

4.3.1 Modelling analysis

In figure 4.4 the loops of displacement and force not only increase the slope of the main
axis, they also increase the size of ellipses. Similar to the modelling MRE material, a
four-parameter viscoelastic phenomenological model was used to describe the character
of an MRE device. Figure 4.6 shows the plot of the four parameter viscoelastic model

for the MRE device.

ko

VA

Figure 4.6: The four-parameter viscoelastic model for the MRE device

In this model &;, k, and ¢, for a standard solid and 4; is placed viscoelastic theory. X"
and f are represented as inputs displacement and outputs force, respectively. The

relationship of displacement and force can be represented as:

(1+k2/k1)f*+€2f:*/k| = (kh+khk2/k1+k2)x*+cz(1+l€h/kl)x.* (44)

Where ki, k; and c; are the three parameters in the Kelvin-Voigt model respectively, ky

is the stiffness of spring which is connected parallel to the Kelvin-Voigt model.
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Because the MRE device behaves with linear viscoelastic properties, the

force-displacement relationship is given by

fr=K*x*=(K +iK,)x* (4.5)

fE=K*yx (4.6)

Suppose the input displacement X~ is harmonic, which is given by

x* = x.e" 4.7)

Where @ and x, are angle frequency and amplitude of the displacement, respectively.
By substituting equations (4.5), (4.6) and (4.7) into (4.4), the real and imaginary parts

of the complex stiffness K~ can be expressed as

_ (klkb+k2kb+klk2)[(k1+k2)2 +sza)2]+022a)2k12
(kl+k2)[(kl+k2)z +022(02]

K,

(4.8)

K.= Cza)kl2
) [(k|+k2)2+(:220)2]

(4.9)

Also the displacement is supposed to be a harmonic input again so the steady-state

response of the displacement can be obtained as
£(t) = xlK'+K> sin(t + ¢) (4.10)
where ¢ is the phase angle difference between the input and output, which can be

calculated as ¢ =tan” (K»/K)).
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4.3.2 Parameter Identification

The four parameter viscoelastic model for the MRE device also includes four
parameters, i.e. ks, k;, k2, c;. The model uses displacement as an input, calculates the
modulus K; and K, needed for the model, and then gives the force, given by the
equation (4.10). The four parameters are estimated using the least squares method to
minimise any error between the model-predicted force of Fm and the experimental

result of Fe. The error in the model is represented by the objective function J given by
J = (Fm - Fe) (4.11)
where N is the experimental number of one loop. Fm is the force value as predicted by

equation (4.11). This optimisation was also done with the MATLAB optimisation

function.
We can now identify a group of four parameters for each ellipse loop from the
experimental results. Table 4.1 shows the values of four parameters due to different

magnetic flux density inputs.

Table 4.1 Four parameters at different magnetic flux density inputs

B (mT) kp (N/mm) k; (N/mm) k> (N/mm) ¢2 (N-s/mm)
0 0.40 53.04 0.045 0.075
100 0.61 59.97 0.048 0.114
200 0.80 63.00 0.050 0.159
300 1.08 65.38 0.053 0.229
400 1.27 67.85 0.056 0.283

Then the relationship of these four parameters depending on different magnetic flux

density inputs can be shown in figure 4.7, respectively.
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Figure 4.7: The relationship of four parameters with magnetic flux density inputs.
(a) Experimental results and curve fitting results of &, (b) Experimental results
and curve fitting results of k; (c) Experimental results and curve fitting results of

k> (d) Experimental results and curve fitting results of ¢

Figure 4.7 shows the four parameters of &, k;, k> and c;, identified at various magnetic

flux levels. Also, the linear curve fitting was applied to all these four parameters. The

four parameters for each magnetic flux density can be determined from the curve fitting

and therefore the four parameters of the viscoelastic model for the MRE device can all
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be expressed as linear function of the input magnetic flux density, as shown in figure
4.7. The relevant parameters for different functions are listed in Table 4.2 below.
Similarly, expressions of the four parameters of viscoelastic model for the MRE device

can be shown in equation 4.12

k =k, +k B
kl = kl() + kllB

(4.12)
k, =k, +k B

¢,=c,+c,B
where B is the external magnetic flux density inputs. The relationship of magnetic flux

density and current intensity can be shown as the table in Appendix C.

Table 4.2: Identification of the function parameters for the viscoelastic model

No. Parameters of Function Identification Value
1 kpo (N/mm) 0.3926
2 kp; (N/(mm mT)) 0.0022
3 k19 (N/mm) 54.8437
4 ki (N/(mm mT)) 0.0350
5 k2o (N/mm) 0.0450
6 k2 (N/(mm mT)) 2.61E-05
7 ¢20 (N-s/mm) 0.0658
8 ¢2; (N-s/(mm mT)) 0.0005

4.3.3 A comparison between experimental and model

As with the MRE materials, a comparison between the results predicted by the model
and the experimental results were conducted to verify the effectiveness of the
four-parameter viscoelastic model. Figure 4.8 shows the comparison between the
experimental results and results from the analytical model. These hysteresis loops
effectively describe the behaviour of the MRE device. Based on the data collected, the
four parameter viscoelastic model can also be used to analyse the characteristics of the

MRE device. The loops of the four parameter viscoelastic model and the experimental
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hysteresis loops match very well.

— Model
2 Experimental

Force (N)

Displacement (mm)

Figure 4.8 Comparison of experimental results and analytical model results

4.3.4 Discussion of the MRE device

The complex stiffness reflects the effective stiffness k. and equivalent viscosity
damping coefficient c.y of the structure [48]. From equation (4.5) the real part (K;) of
the MRE device is equal to the effective stiffness of the device, and the ratio of the
imaginary part and real part (Ky/K;) is related to the equivalent viscosity damping
coefficient of structure. The relationship of this ratio and equivalent viscosity damping

coefficient can be expressed as

k..
=n-2 (4.13)
@

C

eff

where k.y is the effective stiffness of structure, @ is the frequency input of structure and

n is damping loss factor for structure which is expressed as

n=—= (4.14)
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With the four parameters now identified the real part (K;) and the imaginary part (K3)
of four-parameter viscoelastic model can be illustrated with the magnetic flux density
inputs. Figure 4.9 shows the relationship of the real part and the imaginary part with the

magnetic flux density inputs.
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(b)
Figure 4.9: The relationship of the real part and the imaginary part with magnetic
flux density inputs. (a) Real part K; (b) Imaginary part K,

Thus, from figure 4.9 the real part of the MRE device increases from 0.38N/mm to
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1.29N/mm with the magnetic flux density increasing from OmA to 1750mA. This
change was increased about 3.4 times of the initial stiffness. For the imaginary part of
the MRE device the value increases from 0.40 N/mm to 1.49 N/mm with increasing
magnetic flux density inputs. This is also about 3.7 times of the initial value, which
means the equivalent viscosity damping coefficient c.; of the MRE device increases
about 4 times with increasing magnetic flux density inputs. This finding is similar to the

results obtained from the effective stiffness and damping processes (section 4.2).

Obviously, the four-parameter viscoelastic model is an effective model for describing
the characteristics of the MRE device even though it is a scaled model due to
experimental limitations. Thus, although the change of effective stiffness and the
equivalent viscosity damping coefficient is significant, the effective stiffness of the
MRE device was too weak to be used on a building structure. In order to achieve the
effects on a scaled building structure, a large MRE bearing will be constructed for

future experiments.

4.4 CONCLUSION

In this chapter, the variable stiffness and variable damping coefficient of the MR device
were presented based on the experimental and modelling development. The elliptical
loops obtained by experiments on the MR device enabled the effective stiffness and the
effective viscous damping coefficient to be identified with application of
four-parameter viscoelastic model. By using curve fitting the four parameters for each
magnetic flux density input were identified. The effectiveness of the four-parameter
viscoelastic model was again verified by a comparison between the experimental and

predicted results of the MRE device.
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CHAPTERS
SIMULATED EVALUATION OF AN MRE BEARING FOR

STRUCTURAL CONTROL

5.1 INTRODUCTION

This chapter presents a simulated evaluation of an MRE bearing installed in a building
model under external ground excitations. There are two kinds of ground excitation data
used in this simulation. One is the El Centro-north-south component of the 1940
Imperial Valley, Calif. The other is the Northbridge-north-south component of the 1994
Northbridge Earthquake (magnitude 6.8) recorded at the Sylmar County Hospital
parking lot in Sylmar, Calif. Three controllers, passive on, passive off and bang-bang
control strategy, were used to compare the response of each storey with and without

control.

5.2 THREE STOREY BUILDING MODEL INCORPORATING AN MRE
BEARING

5.2.1 Model of multi-storied structures

Considering a general building structure with n-degree-of-freedom, as shown in figure
5.1, the building structure is modelled as a linear structure with a lumped mass-spring

system. Suppose that the building structure is subjected to a seismic ground

acceleration, which is a horizontal effect, expressed as ¥, (7).
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Figure 5.1 Idealised structural model
By considering the equilibrium of forces for each degree of freedom, the governing

equations of motion for an n-degree-of-freedom structure can be obtained by the theory

of system dynamics. It is assumed that the displacements (x;), velocities (x,) and

ground acceleration (X, (#)) can be measured in real-time by sensors for each storey.

Governing equations of motion for structure are derived as follows:

m, X, +(c, +¢,)x, —o\ X, + (ky +k))x, —kx, + Fppp, = —m, X, (),
m¥, — ¢, x, + (¢, +¢,)% — ¢, %, —k,x, + (ky +ky)x, —kyx, = —m X, (1),

(5.1)

mnxn - Cn xn—l

+e,x, —k,x, +k,x, =-m3%,(t)
where m,, x, are the mass, displacement of the n™ storey with respect to the ground. k,,
¢, are the elastic stiffness coefficient, viscous damping coefficient for the n” storey. m;,
ks, cp are the mass of the MRE bearing, the original stiffness and damping coefficient of

the MRE bearing without control current. Fiu0- 1 the control force developed in the

MRE isolator which can be predicted by its mathematical model.
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By using the matrix-vector notation the system of equations given above in discrete
form can also be expressed as

MX(t) + KX(t) + CX(f) = —m¥ (t) + L - F, (5.2)

solator

where  X(f)=[x1,..., x,]' is the n-dimensional response vector denoting the

displacements (here T indicates the transpose of vector and matrix). M, C and K are
(n+1xn+1)-dimensional positive-definite matrices corresponding to the mass, viscous

damping and the stiffness of the structure, respectively, m=-[ my, mj,...,m,]". L is the
MRE bearing location vector and L=[-1,0,0.. .0]" for the case of base-isolated building.

The matrices M, K, C are mass, stiffness, and damping matrices.

5.2.2 A three-storied benchmark model incorporating an MRE bearing

Dyke et al. [37, 49, 50, 51] studied the response of a three-storey benchmark building
incorporating an MRF damper. In this study the same three-storey building model will
be used to study an MRE bearing. The MR elastomers device was rigidly connected
between the ground and the first floor of the structure. A schematic of the three storied

building model incorporating an MRE bearing is shown in figure 5.2(a).
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Figure 5.2 Schematic of a three storied building model incorporating an MRE
bearing: (a) Schematic of MRE bearing using in a three storied building (b) Block
diagram of simulation of MR elastomers.

As shown in figure 5.2(a), the control force of the MRE bearing was generated by the
displacement of an MRE bearing installed on the base floor and the current applied on
the MRE bearing. Currents applied to an MRE bearing can be directly changed by
control law. With the displacement input and current input of the MRE bearing, the

desired control force can be produced to structurally control the building. This control
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force is directly applied to the ground floor of the building. A typical block diagram of
the three-storey building model incorporating an MRE bearing is shown in figure 5.2(b).
The simulation was implemented with MATLAB SIMULINK, as shown in Appendix
D.

A diagram of the system simulation for the three-storey building is shown in figure
5.2(b). This model is a four-degree-of-freedom (4DOF) system because the ground
floor is also included. All the parameters for a three-storey fixed-base building were

used the same as the structural parameters [37, 49, 50] which were listed in Table 5.1.

Table 5.1. Structural model parameters [37, 49, 50]

Stiffness coefficient Damping coefficient
Level Fl k
eve oor mass (kg) (kN/m) (kNs/m)
Isolator mo=62.65 ko=1.31 co=0.04
1 m;=62.65 k1=104.81 ¢1=0.39
2nd my=62.65 k>=88.19 =0.27
31 ms=62.65 k;=85.19 ¢3=0.25

With the parameters shown in table 5.1, the matrices M ([m, m; m, ms]), K ([ky k; kp

ks]) and C ([cp ¢ €2 ¢3]) in the equation (5.2) are listed below.

62.65 0 0 0
0 62.65 0 0
0 0 62.65 0
0 0 0 62.65
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[ 106.12  —-104.81 0 0
| 710481 193 -8819 0 (/)
0 —88.19 173.38 —85.19
0 0 —85.19 85.19
044 -039 0 0
-039 066 -027 0
=l 0 _027 o052 —o02s| KNsm)
0 0 -025 025

5.3 SIMULINK IMPLEMENTATION AND ANALYSIS

The simulation work of a three-storey building structure and the external seismic
excitations and control laws should be determined. In this study two different external
excitations and three controllers for the three-storey building model incorporating an

MRE bearing on the base floor were investigated.

5.3.1 External seismic excitations

To investigate the response of the building installed with an MR elastomers isolator,
actual seismic data were applied in this simulated progress. Basically, the effective
ground excitations are the data varied with time. These external excitations are always

combined with the function of ground acceleration and time.

The isolated structures considered here were excited by a suite of ground motions that
are intended to encompass both moderate and severe events. For moderate events the El
Centro-north-south component of the 1940 Imperial Valley, Calif. earthquake
(magnitude 7.1) recorded at Imperial Valley Irrigation District substation in EI Centro,
Calif., was simulated, and for severe events the Northbridge-north-south component of
the 1994 Northbridge Earthquake (magnitude 6.8) recorded at the Sylmar County

Hospital parking lot in Sylmar, Calif, was simulated.

These kinds of seismic record data are considered as a record of any kind of historical
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earthquake, such as El Centro NS, Northbridge, and Kobe [52]. We selected a

frequency period from Os to 5s as the recorded period. The scaling factors for these two
earthquakes were 120%. During this time the amplitude of ground excitation was the
most significant part of the recorded period. Typical charts of the ground acceleration

with time for El Centro NS and Northbridge are shown in Figure 5.3(a and b).

0.4 T T T T T T T T T

0.21 b

Ground Acceleration (g)
(=
1

0.4 ! ! ! ! ! ! ! ! !
o 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Time (sec)

(@)

Ground Acceleration (g)

1
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time (sec)

-0.6 1 1 1

(b)
Figure 5.3 Time-scaled ground acceleration of a typical seismic excitation record.
(a) Time-scaled NS component of the ground acceleration for El Centro

earthquake. (b) Time-scaled NS component of the ground acceleration for
Northbridge earthquake.

-60 -



CHAPTER 5: SIMULATED EVALUATION OF AN MRE
BEARING FOR STRUCTURAL CONTROL

Additionally, the earthquakes are scaled by several magnitudes to better understand the
effectiveness of the isolation strategies for different strength earthquakes. Moderate
records are scaled from 0.5 to 2.0 times the historical record and severe ones from 0.5
to 1.5. Although magnifying the severe earthquakes might seem unnecessary, the results
using 1.5 times the historical records are included to show the behaviour of different

damping devices under extreme, but conceivable, events [53].

5.3.2 Three controllers
There are many conventional control logics used for applying MR materials but in this
study we selected the passive off, passive on, and Bang-bang control methods to

compare the effects of the MR elastomers device.

A: Passive off control logic

Two cases were considered in this study in which an MRE bearing was used in a
passive mode. The first was designated as passive-off which means that the command
current to the MR elastomers device was always held at 0 A. The MR elastomers device
is unable to work out its MR effect because there is no current supplied on MR

elastomers, it’s just like it was switched off.

B: Passive on control logic

In the second passive case the current to the MR elastomers device was held at the
maximum current level anytime and was denoted as passive-on. That means that the
MR elastomers device was always charged to the maximum current inputs, as if it was

switched on. This device can work out its MR effect without any intervals.

C: Bang-bang control logic
Kobori [54] described the seismic structural response process using the asymptotic
motion equation (5.3). This control strategy based on non-resonance theory was used to

control the isolator of MR fluid and MR elastomers [55].
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X0} =[EOIGSF@)} +{RF( - Ar)})

{x(@)} : Seismic structural response
[E()]=f(M(1),C(2),K()) : Transfer function
[SF(H)]= f(M(2), ¥()) : Instantaneous seismic force

[RE(t—At)]= f(M(1),C(2),K(t),X(t — At),

. : Instantaneous resonant force (5.3)
x(t —At),x(t — At)]

The time-varying transfer function [E(t)] implies a dynamically controllable property in
the seismic response control system. This isolator aims to reduce the current response
by altering the stiffness in [E(¢)], i.e. to avert resonance under any excitation. By
altering its parameters the system can avoid the build-up of dominant periodic
components of excitation, and therefore the input energy to the system and its response
can be reduced. Kobori suggested a control algorithm to shift the building frequencies
as far away as possible from the disturbance dominant frequencies. The main idea of

the algorithm was that the stiffness of the system should be increased if the product of

drift x(z) and velocity x(¢) is positive, i.e. if x(¢) and x(¢#) are in the same
direction. If x(#) and x(¢) are opposite to each other then the stiffness should be

decreased. For this simple control algorithm the long calculation of feed back signals
can be avoided and real time control can be obtained easily. In this study the control

was designed as

](t)z{lmax X, ()%, () > 0 (5.4)

]min xb(t)xb(t) SO

where /(?) was the control signal. 7,,,, was the maximum value of the input current and

while 7,,;, was the minimum value of the input current.
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In this control logic the switch of current supplier depended on the product of drift

x(t) and velocity x(¢#) on the ground floor. If this product was greater than zero,

which meant that the deformation drift and velocity of the ground floor were both in the
same direction, the current supplier for the MRE bearing should apply maximum
current to the device. Otherwise, when this product is equal to or less than zero, the
current supplier will switch off and apply minimum current to the device. On this
assumption we can develop the simulation based on this control logic in the MATLAB

SIMULINK program. The bang-bang control logic schematic is shown in figure 5.4.

time -
Control
Force
-
Xg

Phenomenological | |

™ x(t) > _/|__> Imax ™ Model

Bang-bang
Control Logic
; ; N Phenomenological
|_ L, Model

min

> x)

Figure 5.4 The bang-bang control logic schematic for the building

5.3.3 Performance evaluation

In this section, three different control logics were used to investigate the displacement
and acceleration on each floor of the three storied building. To simulate an MRE device,
a four-parameter viscoelastic phenomenological model was used in the program. In
order to compare its effectiveness with each control strategy, two kinds of curves
including a response with and without control are illustrated. Two recorded ground

excitations were used in this simulation, the El Centro NS and Northbridge. The
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performance of ground excitation at El Centro NS was compared in this section, while

the relevant performance of ground excitation at Northbridge is shown in Appendix E.

Case A: Passive off control logic

With the passive off control logic the current supplier for the MR elastomers device
was always switching off which meant that the current input of the four-parameter
viscoelastic model was a constant value of OA. In this case the MR elastomers device
can only inherently perform as initial effective stiffness and equivalent viscosity
damping coefficient to generate a control force on the building. Figure 5.5a-d shows the
displacement for each floor where an MRE device was installed. Figure 5.6 shows the

acceleration for each floor where an MRE device was installed.
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Figure 5.5 Displacement for each floor with an MRE device for passive off control
logic: (a) Displacement of ground floor. (b) Displacement of first floor. (c)
Displacement of second floor. (d) Displacement of third floor.
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Figure 5.6 Acceleration for each floor with an MRE device for passive off control

logic: (a) Acceleration of ground floor. (b) Acceleration of first floor. (c)
Acceleration of second floor. (d) Acceleration of third floor.

=]

The displacement and acceleration of each floor with passive off control logic are
shown in figure 5.5 and figure 5.6, respectively. The peak responses due to the EI

Centro NS record are listed in table 5.2.
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Table 5.2 Peak responses due to the El Centro earthquake (Passive Off)

Response x:(mm) Xi(g)

Floor Base ™ ond 3rd Base 1% ond 3rd

Uncontrolled 4.6 59 8.9 10.4 | 0.605 | 0.747 | 0.943 | 1.274
Passive-off 1.8 24 3.7 4.7 | 0.424 | 0.538 | 0.566 | 0.650

Reduction (%) | -60.9 | -59.3 | -58.4 | -54.8 | -29.9 | -28.0 | -40.0 | -49.0

Table 5.2 shows a reduction in displacement ranging from 54.8% on the 3 floor to
60.9% on the ground floor and a reduction in acceleration from 29.9% on the ground

floor to 49.0% on the 3 ™ floor.

Case B: Passive on control logic

With the passive on control logic the current supplier for the MR elastomers device is
always switching on, which is opposite to the passive off control logic. This means that
the input of the four parameters viscoelastic model is a constant maximum value
current. In this case the MR elastomers device can only perform its extreme properties
such as maximum effective stiffness and equivalent viscosity damping coefficient to
generate a control force on the building. Figure 5.7 shows the displacement for each
floor with an MRE device and Figure 5.8 shows the acceleration for each floor with an

MRE device.
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Figure 5.7 Displacement for each floor with an MRE device for passive on control
logic: (a) Displacement of ground floor. (b) Displacement of first floor. (c)
Displacement of second floor. (d) Displacement of third floor.
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Figure 5.8 Acceleration for each floor with an MRE device for passive on control
logic: (a) Acceleration of ground floor. (b) Acceleration of first floor. (c)
Acceleration of second floor. (d) Acceleration of third floor.

The displacement and acceleration for each floor with passive on control logic are
shown in figure 5.7 and 5.8. The peak responses due to the EI Centro NS record are

listed in table 5.3.

Table 5.3 Peak responses due to the El Centro earthquake (Passive On)

Response x;,(mm) Xi(g)

Floor Base 1™ ond 3rd Base I ond 3rd

Uncontrolled 4.6 59 8.9 10.4 | 0.605 | 0.747 | 0.943 | 1.274
Passive-on 1.1 1.5 3.1 44 | 0516 | 0.607 | 0.725 | 0.831

Reduction (%) | -76.1 | -74.6 | -65.2 | -57.7 | -14.7 | -18.7 | -23.1 | -34.8

Table 5.3 shows a reduction in displacement ranging from 57.7% on the 3™ floor to
76.1% on the ground floor and a reduction in acceleration from 14.7% on the ground

floor to 34.8% on the 3™ floor.
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Case C: Bang-bang control logic

With bang-bang control logic the current supplier for MR elastomers device is
sometimes switching on and sometimes switching off, depending on the product of
displacement and velocity on the ground floor. This means that the current input of the
four parameter viscoelastic model can change at the maximum and minimum. In this
case the MR elastomers device can perform its extreme properties and inherent
properties while depending on different situations to generate a controlling force on the
building. Figure 5.9 shows the displacement for each floor of three storied building
incorporating an MRE device. Figure 5.10 shows the acceleration for each floor

incorporating an MRE device.
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Figure 5.9 Displacement for each floor with an MRE device for Bang-bang control
logic: (a) Displacement of ground floor. (b) Displacement of first floor. (c)
Displacement of second floor. (d) Displacement of third floor.
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Figure 5.10 Acceleration for each floor with an MRE device for Bang-bang control
logic: (a) Acceleration of ground floor. (b) Acceleration of first floor. (c)
Acceleration of second floor. (d) Acceleration of third floor.

The displacement and acceleration for each floor with passive on control logic are

shown from figure 5.9 and 5.10. The peak responses due to EI Centro NS record are

listed in table 5.4.

Table 5.4 Peak responses due to the El Centro earthquake (Bang-bang)

Response x:{(mm) Xi(g)
Floor Base 1 2nd 3 | Base 1 ond 31
Uncontrolled 4.6 59 8.9 10.4 | 0.605 | 0.747 | 0.943 | 1.274
Bang-bang 1.1 1.6 3.1 44 | 0443 | 0.541 | 0.603 | 0.672
Reduction (%) | -76.1 | -72.9 | -65.2 | -57.7 | -26.8 | -27.6 | -36.1 | -47.3

Table 5.4 shows a reduction in displacement ranging from 57.7% on the 3™ floor to

76.1% on the ground floor and a reduction in acceleration from 26.8% on the ground

floor to 47.3% on the 3 ™ floor.
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5.3.4 Discussion

Three control logics, passive off, passive on and bang-bang control logic were used in
this simulated evaluation process. The displacement and acceleration for each floor
with these three control strategies are shown from figure 5.5 to 5.10. The peak

responses due to El Centro NS record are listed in table 5.5.

Table 5.5 Peak responses due to the El Centro earthquake

Floor  Uncontrolled Passive-off Passive-on Bang-bang control

Base 4.6 1.8 | -60.9% | 1.1 -76.1% 1.1 -76.1%

x; 1* 59 24 | -593% | 1.5 -74.6% 1.6 -72.9%
(mm) 2nd 8.9 3.7 | -584% | 3.1 -65.2% 3.1 -65.2%
31 10.4 47 | -548% | 44 | -57.7% 4.4 -57.7%

Base 0.605 0.424 | -29.9% | 0.516 | -14.7% 0.443 -26.8%

3 1 0.747 0.538 | -28.0% | 0.607 | -18.7% 0.541 -27.6%
(2) 2nd 0.943 0.566 | -40.0% | 0.725 | -23.1% 0.603 -36.1%
31 1.274 0.650 | -49.0% | 0.831 | -34.8% 0.672 -47.3%

Here the passive systems are able to achieve a reasonable reduction in the structural
response of each floor. The displacement on each floor of the passive on system is
better than those of the passive off system but the acceleration of the passive on system
is often larger than the passive off system. For instance, the acceleration of the ground
floor and third floor in the passive on system are about 21.7% and 27.8% larger than
the passive off system, respectively. These increasing levels of acceleration are
disadvantageous for the building structure. This finding demonstrates that using a
passive device capable of generating large control forces is not always the best

approach.

The results of displacement and acceleration by using the Bang-bang control logic
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indicate that the semi-active control system was much better at reducing the structural
displacement and acceleration than the passive systems. At each level in the building,
the bang-bang controller was able to reduce the displacement and floor accelerations
much better than the passive on systems. The bang-bang controller reduced the
structural response in the excitation of El Centro NS record very well. Almost similar
results were obtained when the external excitation was the Northbridge record. The
table of peak responses from the Northbridge record earthquake are listed in Appendix
E. Although the bang-bang controller was not always able to reduce the displacement as
well as the passive on system it can help the structure reduce acceleration on each floor.
The response of the bang-bang controller to acceleration on the first and third floors
was 16.5% and 23.7% smaller than the passive on system, respectively. This control
logic can effectively reduce both the displacement and acceleration for each floor of the

building.
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5.4 CONCLUSION

In this chapter the three-storey building model was modelled by using the MATLAB
SIMULINK program. The four-parameter viscoelastic model was used to simulate an
MRE bearing for this structure. Three controllers, passive off, passive on and
bang-bang control logic were used to control the MRE device. Based on this simulated
model two conventional earthquake data from El Centro NS and Northbridge were used
to evaluate this system. A comparison of the displacement and acceleration on each
floor proved that these three controllers can effectively reduce the structural responses,
albeit the bang-bang controller performed best. This control logic can significantly
reduce displacement and also decrease the acceleration. Therefore, in comparison with
the passive control system, the semi-active controller is an appropriate approach to

structural control.
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CHAPTER 6
A COMPARISON BETWEEN THE MRF DAMPER AND

MRE ISOLATOR

6.1 INTRODUCTION

This chapter outlines a comparison between an MRF damper and MRE device in
structural control. The resultant peak force was selected as a criterion in this evaluation
process. The structural response including displacement and acceleration, were
evaluated when an MRF damper and an MRE device were incorporated into a three

storied building.

6.2 A STUDY OF AN MRF DAMPER

According to Dyke et al [51], an MR fluid damper is one of a number of effective
devices which are used to control the structural response in displacement and
acceleration. This damper can generate various control forces due to changes in the
external magnetic flux density. These sorts of control forces play very important roles

in controlling structures.

A Bouc-wen phenomenological model was developed to simulate the characteristics of
MR effects for MR fluid dampers [51]. A typical Bouc-wen model with a simple
mechanical idealisation is shown in Figure 6.1. This model is the first step in

developing an input/output model for an MR fluid damper.
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|_> y |_> X,
Bouc-Wen
c, +
T1
1]

Figure 6.1 A simple mechanical model of an MR damper [51]

The related equations governing the control force fpredicted by this model are given by

f:C|y+k1(XJ—XO) (61)

z=—ylii—ylzle = BG— )|z + AG - P) (6.2)

j/= 1 {aZ+Co)td+ko(Xd—y)} (63)
Co+ C

where z is an evolutionary variable that accounts for the historic dependence of the
response. The model parameters depend on the voltage v to the current driver as follows

a=a.+ou
c=cutcul (6.4)

Co = Coa+ Cosld

where u is given as the output of the first-order filter

u=-nu-v) (6.5)

Equation (6.5) is necessary to model the dynamics involved in reaching a rheological
equilibrium and driving the electro-magnet in the MR damper [33, 56]. A nominal set
of parameters based on the response of the MR damper was obtained in a series of
displacement-controlled tests. Then the optimised parameters required to fit the
generalised model of the MR fluid damper to the experimental data were determined.
One typical set of parameters are given in reference [51]: ¢gp,= 8 N's cm'l, cop=6N's

cm’! V'l, ko= 50 N cm'l, Cc1a=290 N s cm'l, cib=5Ns cm’! V'l, k;=12 N cm'], X0=
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14.3 cm, a,= 100, 0, =450 V', y =363 cm™, f=363 cm> A=301,n=2,1=190s".

By using the above 14 parameters the force-displacement curves were reconstructed
and shown in Figure 6.2, where the amplitude and frequency are Smm and 2.5Hz,
respectively. The relationship between displacement and control force for the MR fluid
damper illustrated in figure 6.2 was determined through the MATLAB SIMULINK
program. It was found that the peak control forces of the MR fluid damper are -624N at
0OV and -1699N at 2.25V.

2060

MRF Damper with Bouc-wen Model

1500
Passive On

1000

500

Passive Off

Force (N)
P

-500

-1000 f

-1500 f

znnn

AvAYA v

-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6
Displace ment (mm)

Figure 6.2 The relationship between displacement and force for an MR damper

6.3 SIMULATING AN MRE DEVICE

In order to achieve a peak force equivalent to the MR damper, the same frequency input
was applied to the MRE device. From the experimental results given in Chapter 4, the

resultant force of the MRE isolator was represented as
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£(6) = xl K +K3 sin(ot + ¢) (6.6)
where ¢ is the phase angle different between the input and the output, which can be

calculated as ¢=tan'1(K2/K 1)

The damping frequency of the MRF damper is 2.5Hz. To achieve the same frequency
input on the MRE device, the curve fitting mathematical method was used to evaluate
the related K; and K, at 2.5Hz frequency input. Linear exploration and the experimental
data of 5SHz and 10Hz were used in this study to find the values of K; and K. The

relationship between K; and K, with different frequency inputs is illustrated in Figure

6.3.
25 " Curve Fitting
» | & Experimental
_ f=2.5Hz
S 15 f
3
- 1 F
< K=KotK;f
05 | Passive Off
x=5mm
0
0 2 4 6 8 10
Frequency (Hz)
(2)
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Figure 6.3 The relationship between K; and K, with different

frequency inputs for

an MRE device: (a) K; with different frequency inputs. (b) K, with different

frequency inputs.

The values of K; and K, at a frequency of 2.5 Hz were found by using the linear

exploration method. The parameters (K9, K;;, K»p and K;) are listed in Table 6.1. The

related value of K; and K are listed in Table 6.2.

Table 6.1 Parameters of linear exploration for K; and K,

Case Ko (N/mm) K;; (N/'mm Hz) K, (N/mm) K (N/mm Hz)
Passive Off 0.3085 0.0973 0.4004 0.0427
Passive On 1.2254 0.0917 1.4455 0.1261

Table 6.2 K; and K, of MRE device at 2.5 Hz frequency input
Case K; (N/mm) K> (N/mm) Amplificatory Factor (K)
Passive Off 0.55 0.50 168
Passive On 1.45 1.76 149

With these parameters, the relationship between displacement and force for an MRE

device with a frequency input of 2.5Hz are reconstructed and
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From this chart we find that the peak control forces of the MRE device are -624N at 0A

and -1699N at 1.75A. These two peak control forces are the same as the MRF damper.

PV .0
«UUU

MRE device with phenomenological model

15 )
Passive On

1000

Passive Off

Force (N)

f=2.5Hz

Displacement (mm)

Figure 6.4 The relationship between displacement and force for an MRE device

6.4 PERFORMANCE EVALUATION

6.4.1 Dissipated energy of an MRF damper and MRE device

In order to compare the dissipation energy of an MRF damper and MRE device, the
hysteresis loops in Figures 6.2 and 6.4 were combined together for cases of passive off
and passive on, respectively. Figure 6.5 shows the combined illustration for the MRF

damper and MRE device.
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Figure 6.5 The relationship between displacement and force for an MRF damper

6 -5 -4

and MRE device: (a) Passive off. (b) Passive on.
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The dissipation energy of an MRF damper and MRE device were calculated using the

finite difference method and the results are listed in Table 6.3.

Table 6.3 Dissipation energy of an MRF damper and MRE device

Case Energy of MRF  Energy of MRE
Percentage (%)
(N mm) (N mm)
Passive Off 9663 8130 -16.0
Passive On 32123 24022 -25.0

6.4.2 Structural responses evaluation

(A) An MRF damper

According to Dyke et al. [51], the peak responses for a three storied benchmark
building incorporating an MRF damper were listed in Table 6.4 where the external

ground excitation selected was a 120% EI Centro earthquake.

Table 6.4 Peak response due to the El Centro earthquake (MRF)

Uncontrolled Passive-off Passive-on
7.1 2.4 -66.2% 1.3 -81.7%
x;(mm) 10.7 3.6 -66.4% 3.1 -71.0%
12.5 4.4 -64.8% 4.2 -66.4%
0.90 0.68 -24.4% 0.94 +4.4%
i (g) 1.13 0.73 -35.4% 0.82 -27.4%
1.53 0.82 -46.4% 0.91 -40.5%
(B) An MRE device

For an MRE device we also applied a ground excitation of a 120% EI Centro
earthquake to the building and the peak control forces generated by the MRE device

were kept the same as those generated by an MRF damper. The displacement and
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acceleration on each floor of the building are illustrated in Figures 6.6 to 6.9 below
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Figure 6.6 Displacement for each floor with an MRE device for passive off control
logic: (a) Displacement of first floor. (b) Displacement of second floor. (c)
Displacement of third floor.
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Figure 6.7 Acceleration for each floor with an MRE device for passive off control
logic: (a) Acceleration of first floor. (b) Acceleration of second floor. (c)
Acceleration of third floor.
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Figure 6.8 Displacement for each floor with an MRE device for passive on control

logic: (a) Displacement of first floor. (b) Displacement of second floor. (c)
Displacement of third floor.
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Figure 6.9 Acceleration for each floor with an MRE device for passive on control
logic: (a) Acceleration of first floor. (b) Acceleration of second floor. (c)
Acceleration of third floor.

The peak response for a three storied building model incorporating an MRE device is

listed in Table 6.5.
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Table 6.5 Peak response due to the El Centro earthquake (MRE)

Floor Uncontrolled Passive-off Passive-on
1 7.1 2.6 -63.4% 1.5 -78.9%
x{(mm) ond 10.7 4.0 -62.6% 34 -68.2%
3rd 12.5 4.8 -61.6% 4.5 -64.0%
1 0.90 0.72 -20.0% 0.80 -11.1%
Xi (g) ond 1.13 0.78 -31.0% 0.88 -22.1%
31 1.53 0.87 -43.1% 0.99 -35.3%
6.5 DISCUSSION

A comparison of the responses for a three-storey building is listed in Table 6.6

Table 6.6 A comparison between an MRF damper and MRE device

Case MRF MRE Percentage
Dissipation Passive Off 9663 8130 -16.0%
Energy (N mm) Passive On 32123 24022 -25.0%
_ 1™ -66.2% -63.4% -2.8%
Passive nd -66.4% -62.6% -3.8%
o 31 -64.8% -61.6% -3.2%
itmm) . 1% -81.7% -78.9% -2.8%
Passive 2nd -71.0% -68.2% -2.8%
on 31 -66.4% -64.0% -2.4%
' 1% -24.4% -20.0% -4.4%
Passive 2nd -35.4% -31.0% -4.4%
ot 31 -46.4% -43.1% -3.3%
w® 1 +4.4% -11.1% +15.5%
Passive 2nd -27.4% 22.1% -5.3%
on 31 -40.5% -35.3% -5.2%
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From table 6.6, we find that the dissipation energy of an MRE device are both less than
the MRF damper with the peak control force criteria, especially the passive on control
logic where dissipation energy in the MRE device was about 25% less than the MRF
damper. However, the control performance of the MRE device is slightly inferior to the
MRF damper. For example the control performances are between 2% to 5% less than
the MRE device which demonstrates that the control performances of the MRE device
in acceleration and displacement has almost the same effect as those applied by the
MRF damper. In addition, the MRE device controlled first floor acceleration better than
the MRF damper when the passive on control logic was applied. First-floor acceleration
increased by 4.4% when the passive on control logic incorporating MRF damper was
operating, had a negative effect on building. However, a building that incorporates an
MRE device can still reduce the acceleration on the first-floor by 11.1% by using the

passive on control logic.

-96 -



CHAPTER 6: A COMPARISON
BETWEEN THE MRF DAMPER AND MRE ISOLATOR

6.6 CONCLUSION

In this chapter the performance of an MRF damper and an MRE device in controlling
the structure of a three storied building was compared and evaluated using the
equivalent peak control force as the criteria in this evaluation process. In other words
the peak value of the forces due to the MRF damper and MRE isolator were assigned
the same. By applying related parameters in a viscoelastic model to the MRE device,
the displacement and acceleration of a three storied building were compared with the
responses of an MRF damper. The dissipation energy of an MRF damper and MRE
device were also compared. The dissipation energy of an MRE device is about 25% less
than a MRF damper, but the displacement and acceleration of a structure incorporating
the MRE device are slightly inferior to the MRF damper. This comparison again

demonstrated the effectiveness that the MRE bearing has in structural control.
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CHAPTER 7
CONCLUSIONS AND FUTURE WORK

The MRE devices presented in this thesis are proposed to be applied to structural
control. This project attempted to explore MRE material as smart materials to control
the structural displacement and acceleration for different types of ground excitation. In
the first part of this chapter, the main contributions of this project will be summarised
and the characteristics of this system will be outlined. The second part will suggest a

direction for further research work.

7.1 SUMMARY

The main contributions of this project can be divided into four parts: 1) An
experimental study of a multi-layer MRE bearing, 2) A four-parameter viscoelastic
phenomenological model proposed to describe the behaviour of MRE materials and
devices, 3) A simulation program of a typical three-storey building incorporating MRE
devices on the ground floor, and 4) An evaluation of the performance of an MRE device

and MRF damper incorporated into a three-storey building.

7.1.1 An experimental study of a multi-layer MRE bearing

Experimental studies of the steady and dynamic properties of MRE materials and MRE
device were presented in this thesis. Factors such as strain amplitude, magnetic density
and frequency input were studied and typical characteristics of MRE materials and

devices were discussed.

7.1.2 A four-parameter viscoelastic phenomenological model

A four-parameter viscoelastic model was proposed to describe the behaviour of MRE

materials. The characteristics of MRE materials were studied by applying the
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four-parameter phenomenological model based on hysteresis loops obtained from
experimental results. Furthermore, this phenomenological model was extended to
describe the performance of an MRE device. A comparison between the analytical and
experimental results showed that the four parameters viscoelastic model to be an

effective model for MRE materials, a finding that is very useful for structural control.

7.1.3 A simulation program for building structures

The study of dynamic performance for a typical three storied building installed with
MRE devices on the ground floor was another goal of this thesis. This work was based
on previous research on MR fluids damper used to control structural responses. Our
simulation program was developed using the MATLAB SIMULATION program. The
four parameter viscoelastic model was also used to simulate an MRE device installed
on the ground floor of the building. By comparing the results of simulating the
displacement and acceleration for different ground excitations, the results of effective

control can be clearly shown.

7.1.4 Performance evaluation

Based on the equivalent peak control force, the performance of building model
incorporating an MRE device and an MRF damper were compared by using the
MATLAB SIMULINK program. The dissipation energies of the MRF damper and
MRE device were also compared. The displacement and acceleration of a structure
incorporating an MRE device are slightly inferior to an MRF damper, but the
dissipation energy of the MRE device is about 25% less than the MRF damper when
the passive on control logic was applied. Thus, the MRE device demonstrated its

effectiveness in the area of structural control.
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7.2 FUTURE WORK

To verify the positive effects of displacement and acceleration for buildings, related
experiments should be implemented in the future. By comparing the responses of
displacement and acceleration on each floor, the advantages of MRE devices can be

shown. Future work for this project is divided into three main parts:

(1) A scaled MRE isolator will be developed to control practical building model. This
MRE isolator will be installed on the ground floor of the building and can generate

a force sufficient to control the structural responses.

(2) Implement and find optimal control logics for structural control. By comparing the
structural responses of displacement and acceleration on each floor with different
control logics, a reasonable control logic with satisfactory control will be selected

and studied.

(3) Find an industrial partner to apply this technology for commercialisation (domestic
and international). The commercial implementation of MRE technology is also
considered to be a key work in the future. MRE technology still requires the

support of industrial applications to achieve effective structural control.
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APPENDICES

Appendix A:
The Stress-Strain relationship of 1% and 5% amplitude input
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Appendix B:

MATLAB Program of four-parameter viscoelastic model

function J=myfunc (coef)
A=csvread('H:\MREmaterial\strainstress.csv');
time=A(:,1)/1000;
stress=A(:,2);
timel=0:0.001:0.99;
[row,col]l=size (A);
sassume a model
J=0;
w=2*pi*10;
for i=l:row
kb=coef (1) ;
kl=coef (2);
k2=coef (3)
c2=coef (4);
Gla= (k1*kb+k2*kb+k1*k2) * [ (k1+k2) "2+ (c2*w) *2]+c272*% (w 2) * (k1) ~2;
Glb= (k1+k2) *[ (k1+k2) "2+ (c2*w) ~2];
Gl=Gla/Glb;
G2=(c2*w*k1*kl) /[ (k1+k2) 2+ (c2*w) 2] ;
Gmo= (G1"2+G2"2) " (0.5) ;
Gphi=atan (G2/G1) ;

’

’

stressm(i)=10*Gmo*sin (w*timel (i) +Gphi) ;

J=J+ (stressm (i) -stress(i))"2;

end
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Appendix C:

The relationship between magnetic flux density and current intensity

The relationship between Magnetic Flux Density and Current Intensity

No. Current Intensity (mA) Magnetic Flux Density (mT)

1 0 0

2 500 118
3 760 191
4 1000 233
S 1500 347
6 2000 459
7 2260 533
8 2500 576
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Appendix D:

The simulation program of a three-storey building model
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Appendix E:

Peak response of building structure due to Northbridge earthquake

Peak response due to the Northbridge record earthquake

Floor  Uncontrolled Passive-off Passive-on Bang-bang control

Base 15.3 83 | -458% | 43 -71.9% 5.1 -66.7%

X 1* 19.5 10.2 | -47.7% | 5.6 -71.3% 6.3 -67.7%
(mm) nd 23.8 139 | -41.6% | 7.8 -67.2% 8.0 -66.4%
31 26.4 152 | -424% | 99 -62.5% 10.8 -59.1%

Base 1.34 0.72 | -46.3% | 0.97 | -27.6% 0.77 -42.5%

3 1™ 1.49 0.84 | -43.6% | 1.14 | -23.5% 0.92 -38.3%
(g) nd 1.72 097 | -43.6% | 1.29 | -25.0% 1.09 -36.6%
3" 1.85 112 | -39.5% | 144 | 222% | 121 | -34.6%
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