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Abstract

This work addresses the way in which a viscoelastic granular medium dissipates
vibration energy over broad ranges of frequency, amplitude and direction of

excitation.

The viscoelastic properties (modulus and loss factor) of polymer particles are
obtained experimentally both by deriving the master curve of the material and by
measuring the stiffness of these spherical particles at different frequencies using a
test rig designed for this purpose. Three dimensional Discrete Element Method
(DEM) is used to develop a numerical model of the granular medium and is
validated by comparison with experimental results. Despite the simplifications the
model was found to be in good agreement with experiments under vertical and
horizontal vibrations with different numbers of particles over a range of frequencies

and amplitudes of excitation.

The study is extended to investigate different phases that occur under vibrations of
granular materials. The low amplitude vibrations when the particles are permanently
in contact without rolling on each other is called solid phase. In this phase, most
energy is dissipated internally in the material. A theoretical/numerical approach is
considered for this phase and it is validated by experiment. At higher amplitude
vibrations when the particles start to move and roll on each other (the convection
phase) there is a trade-off between energy dissipation by friction and
viscous/viscoelastic effects. Energy dissipation is relatively insensitive to the
damping of individual particles. At extremely high amplitude vibrations particles
spend more time out of contact with each other (the particles are separated from each
other — gas region). It can be seen the particles with lower damping reach the gas
region earlier because they are less sticky and more collisions can happen so

although the damping for each individual particle it less, the total damping increases.



The effect of parameters of particles on energy dissipation is also studied using
sensitivity analysis. The benefit of doing this is to better understand how each

parameter influences the total system damping.
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Introduction

1 Introduction

It is often desirable to reduce the weight of structures and machines for performance
and economic reasons. However, reducing the weight can, at times, cause vibrational
problems. The control of vibrations is therefore vital in designing many structures.
Failure to address vibrations issues can lead over a period of time, to catastrophic
failure due to fatigue. To eliminate or reduce the vibrations to an acceptable level,
damping may be added to a structure to remove energy from the system and dissipate
it as heat.

There are many passive vibration reduction techniques available. Vibration isolation
is one of the techniques used to reduce vibrations between structures and vibrations
source. The airplane landing gear is an example of vibration isolation, however it
needs the source of the vibrations to be separated from the body which is not
possible in all cases. Vibration absorption technique is another technique that stores
the energy in a separate mass-spring system and applies to discrete frequencies. An
absorber requires tuning and if the system moves away from the target frequency, the
absorber may amplify the vibrations. The use of viscoelastic material layers attached
to structures is another technique which is used to increase damping. In this
technique, bending deformations of the base structure cause deformations in the
viscoelastic material that dissipate vibration energy [1]. However applying layer
damping treatments to large surface areas can be expensive, add weight to the

structures and require complex shapes for practical applications. In some cases, the
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high strain areas may not be accessible making the use of viscoelastic layer dampers
difficult.

Particle dampers are an alternative technique for damping structural vibrations and
are particularly suitable for hollow structures. A particle damper comprises a
granular material (e.g. polymer spheres or metallic beads) enclosed to the structure.
Figure 1.1 is an example of a spacecraft structure with integrated particle dampers

that were located at the points of highest acceleration.

v | N il

NN AV AV av Vil
',_ \?’_ \’} %_”,T}'_ ‘_H ;

Figure 1.1: Spacecraft structure with integrated particle dampers [2, 3].

Granular materials are found in a variety of forms and are used in many applications.
In a general sense, the term granular refers to several discrete particles. Unlike other
materials, the behaviour of granular materials, when excited, often resembles various
thermodynamic phases (solids, liquids and gases) [4, 5]. Therefore, it is complicated
to describe their behaviour. During the various phases, different levels of elastic and
plastic interactions and frictional contact occur. Vibration energy is dissipated
through these inelastic collisions and also from the friction between the particles
making them suitable for damping of vibrationally excited structures.

One particular advantage to granular materials is their level of compliance. Because
they possess fluid-like properties, they can easily be used for filling structures with
complex geometries such as by placing them within the voids in honeycomb and
cavities in hollow structures. To extend this, they can easily be removed too making
them serviceable. Using granular materials as dampers can also increase damping
without significant compromise to the design or increasing total mass of the

structure.
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Damping strategies that use granular materials to attenuate structural vibrations
generally rely on one of two very different mechanisms for dissipating energy. For
low vibration amplitudes, where particles remain in contact and do not slip relative
to one another, damping depends on the ability to maximise energy dissipation
within individual particles [6, 7]. However, if the excitation is such that separation
and slip between particles does occur, optimisation of the energy loss at the contact
points becomes important and even particles with low internal loss, for example steel
ball bearings, can give vibration suppression exceeding that of the material with high
loss factor. Traditionally, particle dampers utilise low-loss hard spheres, such as
metal particles, that are small in diameter. These dampers generally work well for
large temperature ranges since the material is not as sensitive to temperature as

viscoelastic materials [8-10].

In practice, it is often desirable to have good damping performance over a wide
range of amplitudes. For low amplitude vibrations, the most effective particles tend

to be made from low modulus materials with a high loss factor.

Viscoelastic materials (VEM) are widely used as amplitude-independent damping
elements in engineering structures. It has been shown that viscoelastic particles are
effective as granular fillers for low amplitude vibrations for hollow structures. One
of the advantages for this kind of filler is that they are low density, minimising the
added weight to structures. At low vibration amplitudes, a granular viscoelastic
medium behaves as a highly flexible solid through which stress waves travel at low
velocity. A filler of this kind reduces the resonant vibrations in the structure over
frequency ranges in which standing waves are generated within the granular
medium. A characteristic of particle dampers is that noise can be produced from the
collisions of the particles. When metal spheres are used this has been shown to be
higher than for viscoelastic particles. This also holds for the reception of acoustic
noise [11, 12].

It is necessary to study the dynamic behaviour of viscoelastic particle dampers (PD)
as they have high levels of damping and their properties change with frequency.
Very little information is currently available for systems based on moderately large

particles made from materials with significant internal energy dissipation capacity.
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This thesis will focus on the behaviour for VEM particles under different excitation
levels and under vertical and horizontal excitations. In this work, experiments are
performed and validated using simulations. The simulations are based on the
Discrete Element Method (DEM). DEM is a numerical method to simulate this
medium and is based on the application of Newton’s Second Law to the particles and

force-displacement law at the contacts.

1.1 Aimsand Objectives of this Research

The current research aims to understand the behaviour of granular systems
comprising viscoelastic particles within a structure subjected to sinusoidal vibration

excitation.
The main objectives of this research are listed below.

e Investigate existing methods for predicting and measuring the vibration
damping performance of viscoelastic granular systems at low vibration
amplitudes where the medium behaves as a solid.

e Design and manufacture a test rig to measure the properties of individual
viscoelastic particles.

e Use the Discrete Element Method to develop a model that predicts the energy
dissipation of a granular medium consisting of spherical polymeric particles.

e Investigate the behaviour of viscoelastic granular systems at higher
amplitudes, where the particles collide with each other.

e Consider the sensitivity of the power dissipated by a granular medium to

physical parameters.

1.2 Brief Summary of Chapters
This thesis is structured as follows:
Chapter 2

In Chapter 2, the available literature on the topic is reviewed. Research on granular
materials in different scientific fields such as physics and agriculture are briefly
mentioned. Benefits and limitations and also different parameters which are effective

4



Introduction

in the behaviour of existing granular materials as particle dampers are addressed
followed by different applications in the structures. A modelling strategy of this
medium by using the Discrete Element Method is described. As this research
ultimately utilises polymeric particle dampers (high-loss), recent developments in
this field are explained. At the end, the use of polymeric particles as a low density

and low-wave speed medium is reviewed.
Chapter 3

Different models for viscoelastic materials are discussed. The viscoelastic properties
namely, Young’s modulus and loss factor of the principal polymer to be studied in
this work are extracted by experiment at different frequencies and temperatures. The
Master curve for properties is developed. A suitable Prony series model to represent
viscoelastic behaviour is fitted to the data. Two different approaches for measuring
of damping of the granular systems and individual particles which were used in this

thesis are also explained.
Chapter 4

Chapter 4 provides the understanding regarding the effect of low-amplitude
excitation on the energy dissipation of viscoelastic granular medium. In this case it
has been shown that the medium can be approximated as a solid homogenous
material attached to the host structure. Energy is dissipated by the generation of
internal standing waves within the granular medium. A theoretical/numerical
approach was taken. In this approach the equivalent elastic properties of the medium
were estimated and then used in conjunction with finite element analysis. In low-
amplitude vibration the particles are in contact without sliding and behave as an
equivalent solid zone. In this case properties of medium change significantly over
the frequency range considered. This chapter is concluded by drawing a comparison

between approach taken including numerical analysis and experiment is presented.
Chapter 5

The stiffness contact properties in both normal and tangential direction for individual
spherical particles are further explored by using finite element analysis and

compared with related theories. The models were validated using impact/rebound
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and steady-state tests. A test rig was designed to measure the properties of spherical
particles. This chapter is concluded by measurement of the dynamic stiffness and
damping for individual particles which are used for the numerical modelling of the

granular medium in Chapter 6.
Chapter 6

A numerical approach based on Discrete Element Method (DEM) is introduced to
identify the behaviour and energy dissipated of granular medium. The three-
dimensional DEM used here is based on the commercial software, PFC3D v4.1. All
steps in order to build the model are explained. This chapter is concluded by
simulating the granular medium which was validated by experiments in Chapters 4

and 7 and further discussion by parametric studies.
Chapter 7

The purpose is to understand the performance of high-loss granular fillers at higher
amplitude vibrations. The approach taken involves experimental and numerical
studies and relates observed behaviour to existing understanding. Validation of the
numerical model for predicting energy dissipation in vertical vibration (same
direction as gravity) of a granular medium comprising several hundred particles is
described. The validated model is then used to investigate the importance of different
parameters and discussed on results. Finally, new conclusions regarding the

behaviour of this type of granular system are presented.
Chapter 8

A sensitivity approach is taken to investigate the effectiveness of particle properties
including, stiffness, damping ratio and friction coefficient on energy dissipation of
the granular medium. Furthermore to understand of the behaviour and effects of
friction better, a simple SDOF sliding system is modelled. It was shown that the
power dissipated of the system is more sensitive to very low friction coefficient and

damping ratio.
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Chapter 9

Comprehensive conclusions are detailed, and areas for the future work are

recommended.
The main contributions to the knowledge:

e Understanding of the behaviour of a granular damper made from viscoelastic
particle and excited at different frequencies and amplitudes.

e Development of the DEM to model this type of damper.

e Investigation on theory/numerical approach of viscoelastic granular medium
when it is subjected to low amplitude vibration (the particles are permanently
in contact and without any rolling on each other).

e Understanding of effective particle properties (coefficient of friction, loss
factor and stiffness) on the energy dissipation of the granular medium.
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2 Literature Review

2.1 Aspects of a Granular Medium

Granular materials consist of grains in contact and surrounding voids [13]. These
grains can be made of nearly any material and can be nearly any morphology.
Materials in granular form are widely employed in various industries such as mining,
pharmaceutics and agriculture. The study of granular materials has long been an
active area of research. In 1895 when considering grain silos, Janssen [14] proposed
a model based on a coefficient describing the redirection of gravity-induced forces
toward the wall and derived an equation for the relationship between pressure on the
walls and depth of grains. Describing the flow of the granular material has been a
consistent problem that still persists [15, 16]. The mechanics of granular materials is
often studied by formulating the macro-behaviour in terms of micro-quantities [16],
where the dynamic behaviour is derived from the analysis of individual particles.
Researchers have studied the granular medium for different purposes — some

important topics are described in this section.
2.1.1 Segregation, bed depth, heaping and arching forms

Granular materials display several phenomena when exposed to dynamic loading,
such as: segregation, heaping and arching. Segregation occurs when materials of
either varying size or densities exist and the materials with like sizes and densities
are attracted to one another. The first recorded explanation of the segregation
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phenomenon in three-dimensions was provided by Oyama [17]. He studied two
granular materials differing by their density, shape and size to find the fundamental
laws governing the physics of the segregation process. Wassgren [18, 19]
investigated the different behaviour of granular materials under vertical vibrations.
He identified different behaviours in deep particle beds. In his work, a deep bed was

defined as,

hO

—>4 2-1

q (2-1)
where h,is initial depth and d the diameter of particles. He also found that the

particle bed behaved differently at different levels of dimensionless acceleration,

defined as,

(2-2)

where X is the displacement amplitude, @ is the excitation frequency in rad/s and

g is the acceleration due to gravity. Where I"~ 1.2 a phenomenon known as heaping

was observed. Heap formation results from the convection flow of particles as shown
schematically in Figure 2.1. As I"was increased to 2.2 (this value changes slightly
depending on the bed depth value) small-amplitude surface waves began to appear
on the slope of the heap. Increasing I further causes the heap to disappear and
surface waves become clearer. As I"approached 3.7, the sections of the particle bed
could oscillate out-of-phase producing the behaviour known as arching where nodes

and antinodes appear on the bed.
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Figure 2.1: Heap and the convection roll of a vibrated container, a) cylindrical
container. b) Initial height ho and h(r,t) is height of pattern formation at any position
and time. ¢) Downward heap and convection current profile. d) Upward heap and

convection current profile [20].

2.1.2 Phases in granular material beds

Some researchers have identified different phases in granular material beds subjected
to vibration — it is anticipated that similar phases may be present in particle dampers.
The subject of the onset of fluidization for vertically vibrated granular materials was
presented by Renard et al. [21]. They proposed that there are several phases in
granular materials subjected to vertical vibration. The first phase is similar to a solid
that moves as a block with one layer surface in contact with the container. This
occurs whenI" <1. As I increases, the bulk of the bed will remain nominally solid
but some of the particles on the surface may begin to fluidise. The next phase is a
bouncing bed where the particle bed leaves the lower surface exciting the bed and is

temporarily airborne. In this phase, critical dimensionless acceleration is defined as,

B r(l-¢g,)

© (1+gp) 23)
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where £, is the coefficient of restitution for collisions with the container. The next

phase reported is a granular gas, where the particles in the bed move about randomly

in relation to one another [4,5, 22].

The phases in horizontally excited granular beds are less clearly defined because
particles are under different static pressures along the plane perpendicular to the
direction of excitation. This results in different behaviour at different vertical
positions in the particle damper under excitation. The first reported phase is a glassy
solid phase which occurs whenI" <<1. The second phase transition is to a liquid like
phase where convection occurs. It is not entirely clear whether this is a phase in itself
or just a transition between solid and gas phases. The final phase is a gas phase
which the particles move randomly in relation to one another [8, 23, 24].

Tennakoon et al. [25, 26] also performed experimental observations of the onset of
flow for a horizontally vibrated granular system. They observed in convection flow
that grains rise up in the middle of the container and flow transversely along the
surface towards the side walls and then sink at the wall boundaries giving the top
surface of the liquefied layer a dome shape. They showed that the initial acceleration
for transition depends on whether vibration is increasing or decreasing. If, when
increasing vibration level, a critical value I is reached, a dome is formed. Reduction
in amplitude reduces the height of this dome but does not remove it until the
amplitude drops below a second critical value T,after which flow stops. They
explained that this phenomenon happens because the onset of flow must occur by the

breaking static friction.

Tennakoon and Behringer [27] studied the flow characteristics that appear in a
granular bed subjected to simultaneous horizontal and vertical sinusoidal vibrations.
The heap formation and the onset of flow are captured. They showed that, for
instance, in the case that there is no phase difference in horizontal and vertical

vibrations as I, (horizontal dimensionless acceleration) is increased at fixed
I, =068 (vertical dimensionless acceleration). In this case the vertical acceleration

is less than 1; therefore no convective flow occurs due to purely vertical shaking.

Static heap is gradually formed between 0.39 <I, <0.6 when I, exceed from 0.6,
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the top layer along the slope liquefies and starts to decreasing the average slope. A
simple Coulomb friction model was used to capture the features observed in
experiments. The friction model simply considered a block static friction coefficient
which is placed on a surface inclined at a heap angle. King [28] investigated the
stability conditions of the surface of a granular pile under horizontal and vertical
harmonic vibrations and the relation between the effective coefficient of friction and
the slope angle. The experimental findings were interpreted within the context of a
Coulumb friction model that showed that there are deviations from the predictions of
the Coulumb model at higher frequencies and small grains (75-150 micron). From
this, a parameter was introduced that is a function of the frequency. This parameter is
used as a factor to reduce the effective magnitude of the horizontal and vertical

forces.
2.1.3 Packing and bulk density

One of the key parameters controlling the performance of a granular medium is its
packing density. Often, this can be approximated by sphere packing theories —
studied in many fields including; condensed mater physics [29], to investigate the
different configurations due to crystals; computer science and mathematics on
group/number theory [30,31]. From this, it has been shown that a random
arrangement results in an amorphous structure with a packing factor of 0.64 [32] or
less while crystalline packing results in higher density with face-centred cubic (FCC)

structures (See Figure 2.2) achieving a packing factor as high as 0.74.

Figure 2.2: Face-centred cubic (FCC) lattice, this is the highest fraction of space
occupied by spheres, theoretically is equal to 0.74 [33].
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The arrangement of particles in a granular medium affects the bulk density of the
medium. This is important in industries that involve transportation and packing. The
identification of the factors that affect bulk density is important. A common way to
increase bulk density is to employ vibration. Knight and Nowak [34, 35] considered
that the way in which the density of a vibrated granular system slowly reaches a final
steady-state value. They found an experimental equation that explained the related
bulk density of the granular medium to the amplitude and frequency of acceleration
which were applied to the container. Zhang and Rosato [36] showed that for a vessel
filled deeply with acrylic spheres, when the ratio of excitation amplitude to the
diameter of spheres is between 0.06 and 0.1, the maximum in bulk density is

achieved using 5<TI" <7 with improvement more than 5%. By increasing I', the

improvement in the bulk density slightly decreases.
2.1.4 Other applications

Due to the similarities of flowing granular materials to fluids, some researchers use
hydrodynamic models such as conservation of energy and constitutive models
(relation between stress field and energy flux) to deal with granular material
behaviours [37, 38]. Some researchers model granular gases by hydrodynamic
equations of motions. Analogous to definitions of different phases for granular
materials, in the case of molecular gases/liquids, the macroscopic field also has been
defined by expressions such as granular temperature. Granular temperature is
defined as the ensemble average of the square of the fluctuating velocity of the
particles [39].

2.2 Traditional dampers containing metal spheres

An important application of granular materials is in passive damping of vibration. A
particle damper comprises a granular material enclosed in a container that is attached
to or is part of a vibrating structure. There are two types of dampers: an impact

damper and a particle damper. An impact damper is composed of a container with
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one large mass whereas particle dampers consist of a large number of smaller masses

—see Figure 2.3.

Figure 2.3: Impact damper (left) and particle dampers (right), | is the gap inside the
container [40].

There has been considerable research attention given to amplitude-dependent
behaviour in particle dampers where the granular material is in the form of small
metal spheres [41-43]. The main advantage of metal spheres is temperature
independence and they can be used in harsh environmental conditions. However,
metal spheres can increase the total weight of the system and during the impact
process the impact loads transmitted between the particles and the walls can cause
high levels of noise. These also can create large contact forces resulting in material

deterioration and plastic deformation.
2.2.1 Impact damper

Impact dampers are used in special applications. They should be tuned for a specific
frequency and specific amplitude of excitation [40]. Because of this limitation, this
type of damping rarely is used especially for applications in which operating

conditions change.

The impact of a single particle, in a container with a ceiling, under the influence of
gravity and harmonically base excited was studied by Ramachandran et al. [44]. The
effects of various parameters such as the gap clearance (Figure 2.3) on damping were
investigated. It was concluded that the damping increases by increasing the gap.
However for higher gap values, the dynamics of the particle becomes very complex

and damping decreased. There is an intermediate range with optimum high loss
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factors. Popplewell et al [45] discussed analytically on the effectiveness of damping
in a SDOF system (host/primary structure) using an impact damper. The procedure
for an optimum impact damper showed that under sinusoidal excitation, damping
increases by increasing the mass of the damper and also by decreasing the damping
ratio of the host structure. Li [46] studied the effect of an impact damper in MDOF
primary system. One of his results showed that only for the first mode, the higher
mass ratio is better for damping performance while for the second mode, it is worse,

in contrary with an SDOF system.

2.2.2 Metal particle dampers and their applications

Particle dampers can be added to a structure by attaching them to the outer surface
or, for hollow structures, by filling voids. The first method is a quick-fix [10]
solution for an existing design and the latter method saves space and does not

compromise the structural integrity.

Honeycomb structures are convenient for use with particle dampers as they have
large number of voids that can be filled. Vibration attenuation was achieved without
significantly shifting the natural frequency of a laminated honeycomb cantilever
beam [47]. It was concluded that in order to avoid increasing mass, particles should
be inserted into particular cells where the maximum amplitude normally occurs. In
sandwich structures, partial filling with sand within the honeycomb core achieved

increase by factor of 10 in the damping, although weight increased about 75% [48].

Simonian et al. [49-51] employed more standard applications of particle dampers by
mounting a hollow base plate to a structure. The base plate had machined cylindrical
cavities that were filled by different type of particles. It was shown that there is an
optimum fill ratio for particles and effectiveness, which drops at very high
frequencies (>1000 Hz). Tungsten powder generally showed better performance than
2mm tungsten spheres. As another application analogous to SDOF systems, a piston-
base particle damper under free vibration was studied [52]. In this case the piston
was attached to the system from one side, and the other side was submerged in a
container consisting of particles. It was concluded that the piston immersion depth
was a crucial parameter for damper design and that there is a critical length above

which its effect on the damping is less significant. It was also found that nanometre
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size particles showed a poor damping because the piston displacement caused a hole
in this medium during vibration due to adhesion effects (Van der Waals forces) and

the particles could not flow properly.

2.2.3 Metal particle dampers and design procedures

There are many studies for characterization of particle dampers and design
procedures. Papalou and Masri [53-55] studied key parameters such as container
dimensions and the level of excitation. They introduced design procedures based on
an equivalent single particle damper, under random excitation. One of their results
showed that the response amplitude reduces by increasing the distance between walls
which are perpendicular to the direction of excitation although there is an optimum
for this clearance.

A design methodology for particle dampers was recommended by Fowler et al. [56].
They showed that, particle mass has a significant effect on the damping, but
coefficient of friction does not. Also modelling and analytical techniques of particles
as vibration control devices (vibro-impact dynamics) have been considered [57]. The
optimum design strategy for maximizing the performance (i.e., response attenuation
capability) of particle damping under different excitations was discussed and showed
that properly designed particle dampers (vertical and horizontal) can significantly
attenuate the response of lightly-damped primary systems (SDOF and MDOF) [58].

2.2.4 Metal particle dampers under vertical excitation

Hollkamp et al [59] performed experimental work on a cantilever beam with 8 holes
along its length and filled with particles. Their findings showed that the value of
damping strongly depends on the excitation amplitude. The damping increased with
amplitude to a maximum and then decreased by a further increase in amplitude. The
optimal location of the particles is the area of highest kinetic energy and it is not
linearly cumulative so that the summation of damping which obtained from placing
particles individually in chambers is not comparable to that obtained those same

chambers are simultaneously filled.
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Extensive analysis of the behaviour of particle dampers was performed by Friend
and Kinra [60-61]. An analytical approach was derived for a cantilever beam with
particle dampers attached at the tip. The performance also was estimated as an SDOF
model. It was found that the damping was highly nonlinear, amplitude dependent
and depends on the clearance (particle fill ratio) inside the enclosure on the particle
dampers. It was shown from three different clearances that the higher clearances
gives higher damping (total mass was kept constant and1<I <25). The previous
work was extended and investigated on different materials (steel, lead and glass with
similar diameter and clearance) and showed that the normalised specific damping

capacity with total particle mass is independent of those materials [62].

The Power Flow method was first used by Yang to find damping from experimental
analysis of particles in an enclosure under vertical excitation [40]. In this application,
the average power dissipated as active power (terms borrowed from electrical
engineering) and maximum power trapped (e.g. kinetic energy of particles) named as
reactive power, by the vibrating particle damper can be estimated directly by cross

spectrum of the force and response signal of the particle dampers [10].

2.2.5 Metal particle dampers under horizontal excitation

Experimental work on small metal spheres in a disc shape container whose axes
were horizontal and parallel to the applied sinusoidal vibration was carried out by
Tomlinson et al [63,64]. They examined the behaviour of particles in a damper
attached to a SDOF system under different amplitudes of excitation. It was observed
that by increasing the excitation level, the damping rises dramatically and the
resonance frequency of the SDOF system shifts gradually towards that measured
with the empty particle damper (dashed line — Figure 2.4). It also can be seen that at
the very low amplitude level (0.1g) the particles behave as an added mass and
therefore the resonance frequency of the system decreases from around 246 Hz
(empty container) to 234 Hz. It was shown that the cavity geometry has a very
important role in the particle behaviour. By increasing the aspect ratio (length
divided by the diameter of the cylindrical damper container) particle fluidisation

appeared at a lower excitation level and so more FRF curves shifted from left to right
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(see Figure 2.4). Also it was shown that for smaller aspect ratio, higher excitation
amplitudes cause better damping and conversely at higher aspect ratio, smaller
excitation amplitude could give better damping. Nonlinear behaviour of metallic

particle dampers also observed experimentally in the literature [65].
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Figure 2.4: Dynamic behaviour of SDOF system with a PD, FRF marked 1-11

shows different acceleration amplitude from 0.1g to 40g and aspect ratio 0.4, [63]

The influence of mass ratio and container dimensions of particles were studied in
multi-unit cylindrical containers (vertically seated on a primary support — as a base —
which has horizontal harmonic motion). The results showed that in containers with a
smaller radius, when the mass ratio of the particles is lower, better damping in the
system appears. This happens because for the higher mass ratio it is more difficult
for the granular particles to move as the cavity radius decreases. It was also shown
that there is an optimum cavity radius [66]. In transient vibrations on a cantilever
beam with particle dampers attached on the tip, it was concluded that the damping

capacity significantly increase for 0.25 <T" <1 and decreases for greater than 1 [67].
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A new concept named effective momentum exchange (EME) was used to
quantitatively characterise some of the physics of particle dampers. It was shown
that lower damping ratios lead to less reduction of the primary system’s response in
small-size container and more reduction in large-size container, compared to higher
damping ratio. This phenomenon also can be seen in this thesis that in gas region
(particles moving completely separated — analogy to large-size container) particles

with lower damping ratio give higher total damping [9].

2.2.6 Metal particle dampers under centrifugal excitation

Some researchers considered particle damping for applications where high
centrifugal loads exist such as turbine and fan blades. The performance parameters
of particles under centrifugal loads were investigated [2,68]. A rotating cantilever
beam filled with steel particle dampers in an aluminium container attached at the tip
was tested. The tip of the beam was remotely activated vertically with a cam (the
beam was in a free decay vibration mode) [2]. It was concluded that the ratio
between the peak vertical vibration acceleration and the centrifugal acceleration is a
fundamental property of the performance of particle dampers under centrifugal
loads. It was shown that there are two zones of damping for low and high damping
factor which these zones depend on that ratio. Zones are limited in terms of
centrifugal loading beyond which the particles can not operate if the vibration

amplitude is fixed.
2.3 Numerical Modelling for granular medium

There are many reasons for simulations of granular materials. One of the main
reasons is that there is no comprehensive analytical theory on granular materials for
example to reliably predict the behaviour of machinery in powder technology before
they are produced. Experiments are expensive, time consuming and even sometimes

dangerous [69]. Many researchers have studied the simulations of granular medium.
2.3.1 Event-Driven Method

The Event-Driven method in particle dynamic simulation methods uses the hard

spheres model where particles are assumed rigid. In fact an event driven method is
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used so that the particles undergo an undisturbed motion under gravity until an event
(collision, particle-particle or particle-wall) occurs [70]. This method does not
consider contact mechanics and the only needed properties are the coefficient of
restitution for particle-particle and particle-wall impact and the mass and size of
spheres. This method is useful where the typical duration of a collision is much
shorter than the mean time between successive collision of a particle [69] and
particles are only contact not more than one other particle, for example very dilute or
granular gases. The principal assumption for using this method is at any time instant
in the system one collision occurs of infinitesimal duration. By this method the
simulation speed can significantly be increased. However only in cases where the
assumption of isolated instantaneous collision can be justified can this method be

applied.

2.3.2 Discrete Element Method

The Discrete Element Method (DEM) which attempts to replicate the motion and
interaction of individual particles [71,72] has increasingly been used to analyse

particle damper behaviour.

The calculations performed in the DEM alternate between the application of

Newton’s second law to the particles and a force-displacement law at the contacts.

Contact conditions used in DEM studies can vary in complexity. For calculation
speed and simplicity, linear spring and dashpot representations and simple Coulomb
friction elements have usually been used to describe the normal and tangential
contacts between metal particles [8-10]. There is some evidence to show that
appropriate linearization of the elastic contact forces does not significantly affect the

calculated power dissipation [10].

For small metal spheres, DEM has been used to simulate damper performance under

different vibration excitations.

In the steady-state vibration, two-dimensional DEM performed to simulate power
dissipated in a granular medium consisting of beads up to 1mm in diameter and are

compared with experiment. It was reported that the DEM simulation was able to

21



Literature Review

qualitatively reproduce major features found in the experimental data. However,
quantitative agreements between experimental and DEM values were only possible
within a small range of accelerations — high accelerations, and suggested that it is
required further investigation [73]. The influence of mass ratio, particle size and
cavity dimensions were investigated in horizontal excitation by DEM [74]. Other
researchers also studied on particle dampers performance using three-dimensional
DEM under steady-state vibrations [9,10, 75].

In transient vibration also simulations were performed on dissipation mechanisms of
non-obstructive particle damping (NOPD) by using DEM and showed that how
energy dissipated during inelastic collision due to momentum exchanged of particles
and friction between them. NOPD is a vibration damping technique where placement
of numerous loose particles inside any cavity built-in or attached to a vibrating
structure at specific locations, based on finite element analysis to find energy
dissipation through momentum transfer and friction [43]. The particles will damp the
vibration for specific mode(s). The results showed great adaptability of NOPD to a
wide frequency band. Also, they showed that for very small particle size, most of
energy was dissipated by friction however for greater size (0.2 mm and same
packing ratio) the impact energy dissipation is more than friction. They explained
that the reason for the above phenomenon is that with the particle size increasing, the
number of particles and, therefore, the number of contacts between particles and host
structure and between particles has to decrease. This would cause lesser friction
energy dissipation. Meanwhile, with the size increasing, according to the momentum
principle, the impact force will increase [76]. Also by using three-dimensional DEM,
simulations provided information of particle motions within the container during
different regions and help explain their associated damping characteristics during
transient vibration under different excitation amplitude [77].

Many researchers have used DEM for granular medium for other purposes. Two-
dimensional DEM was used to simulate in a quasi-static granular flow in order to
find pressure on walls of a silo during filling and discharge [78]. The flow pattern
during filling and discharge in a silo with a hopper was predicted by DEM and
velocity at different levels and pressure distribution on the walls was evaluated.
Observations showed the importance of particle interlocking to predict a flow pattern

and that was similar to real observations. Two types of particles, single-sphere and
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paired-sphere (formed by clustering two spheres with aspect ratiol.5) were used.
One of the results showed that paired-sphere produced flow pattern closer to the ones
observed in the experiments [79-81]. The behaviour of particle interaction level is
increasingly popular [82,83]. Determination of parameters of grains which are
required for simulation in DEM was performed [84]. The volume of grains
approximated to a regular geometrical shape and mechanical properties of grains
measured by designing different apparatus and explained the uncertainty due to
irregular particle shapes.

Studying and investigation of the damage to particles and segregation phenomenon
in granular medium are other applications that researchers used simulation by three-
dimensional DEM [85-89].

2.4 Vibration of granular materials comprising high-loss

polymer particles

Viscoelastic polymers are widely used as amplitude-independent damping elements
in engineering structures [90]. Figure 2.5 shows the behaviour of a general
viscoelastic material whose properties change with frequency and temperature. At
high temperature, the internal energy of the molecules allows them to move more
freely, making the material softer. Softening also occurs at low frequency, because
larger scale molecular deformation can occur. Conversely, at low temperature the
internal energy and hence the mobility of molecules is low, resulting in high values
of modulus. At high frequency, the modulus is also high because there is not
sufficient time for large scale deformations to occur. In the transition zone, the loss
factor is high because the modulus changes quickly and the material is unable to
respond at the same rate as the excitation and a significant phase lag occurs.
Therefore this transition zone is the best operating region for high damping
viscoelastic material.

Commonly used treatments such as free and constrained layer damping for
continuous or distributed mass structures are designed to operate in the transition
region for optimum effectiveness [91]. However, dampers based on single or

multiple surface layers perform less well on hollow tube and box sections because
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effectiveness requires the damping layer to have significant stiffness in comparison
to the substrate which is difficult to achieve [12]. Instead for such structures, high

levels of damping can be achieved using high loss, flexible granular fillers [92].

rubbery transition glassy

log scale

\
- loss factor, n

—
—

low temperature or high frequency
Figure 2.5: Variation in complex modulus of a typical viscoelastic material

Significant damping of structural vibration can be obtained by using viscoelastic
spheres especially in hollow structures. One of the main advantages of the polymeric
particles (fillers) is very low weight added to the host structure. Test results for box
section beams filled with viscoelastic spheres have also been presented by Pamley et
al. [11] and Oyadiji [93] and have shown to match theoretical predictions [12].
Oyadiji measured experimentally inertance frequency response functions of the
beam in horizontal and vertical directions under free boundary conditions. This
measurement was performed both with the cavity empty and with the cavity filled
with different sizes of viscoelastic spheres. When the cavity was empty, the modal
loss factors of the hollow steel beam were found to be between 0.2% and 1%.
However when it was filled with the viscoelastic spheres the modal loss factor

increased to a range of 2% to 31% .

For low amplitude vibrations (when the particles are in contact permanently), the
most effective fillers tend to be made from low modulus materials with high loss
factor [6]. Rongong [12] performed an experimental test on polymeric particle
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dampers filled in a long glass tube (glass material because of small background
damping). It was shown that at very low amplitude, the damping is high. However
when the amplitude exceeds 1g, the decompaction of particles occur (causing the
particles to lose contact with one another temporarily) and the damping drops
significantly. At these higher amplitudes, interface friction becomes an important
loss mechanism allowing the use of harder materials with low internal loss such as
metals.

Walton [94] derived an analytical method to find the effective elastic modulus and
effective Poisson ratio of a random packing for identical elastic spheres when they
are in contact permanently (analogous to low amplitude vibration). The results are
applicable for initial boundary conditions which cause compressive forces between
any spheres in contact, this could include hydrostatic compression. The results are
for two types of spheres, rough or perfectly smooth.

Viscoelastic granular fillers can also be used to absorb airborne noise. It was shown
that the use of low-density granular materials can reduce structure borne vibrations.
Granular materials utilise the effect of low sound speed in these structures without

the problems of heavy added weight. [95].

2.4.1 Damping using low-density and low-wave speed medium

Experiments indicate that low-density materials can provide high damping of

structural vibration if the wave speed in the material is sufficiently low.

Cremer and Heckel [96] discussed the transmission of waves in granular materials.
They showed that using sand as a granular material and filled within an structure, it
can be modelled as a continuum material and damping can be changed by adjusting
dimensions so that standing waves happens in the granular medium at the resonant
frequencies of the structure. Richard [97] performed experiments on sand-filled
structures and studied the influence of different directions and amplitude of
excitation. He also showed that maximum damping can be obtained at frequencies
where resonances occur in granular particles. An aluminium beam coupled with low

density foam layer under impact showed that the loss factor as high as 5% can be
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obtained [98]. Another experiment performed with hollow beam filled with powder

(average diameter 65 micron) showed high damping performance [7].

At low vibration amplitudes, a granular viscoelastic medium behaves as a highly
flexible solid through which stress waves travel at low speeds. A filler of this kind
can reduce resonant vibrations in the host structure dramatically over frequency
ranges in which standing waves are generated within the damping medium [1,98].
Exploiting the flexible solid analogy, House [6, 99] used viscoelastic spheres in this
way to damp vibrations in freely suspended steel beams. He explained that damping
effect of viscoelastic layers is affected by motion of the layer in its thickness
direction and can be improved by increasing the layer thickness or increasing the
density of layers (reducing the wave velocity in viscoelatic material). This can also
be achieved by reducing the effective modulus of the viscoelastic layer (making the

layers as foam).

2.5 Summary

The key findings in the literature survey shows that granular medium has different
patterns and different phases such as solid, fluidization and gas phases during
vibrations which depend on the amplitude and direction of vibrations. Packing
density is also one of the parameters that controls the performance of the medium.
Granular particles can have effects on the damping of structural vibrations. DEM is
one of the powerful numerical approaches that are used for modelling the granular
medium. Viscoelastic particles as low weight added to the host structure and as a
high level of damping in hollow structures have been proposed and used by a few
researchers although with different methods and ways than this thesis [6,12,93]. At
low amplitude vibrations, it is shown that viscoelastic particles behave as highly
flexible solid which can cause high level of damping in the structures.

This thesis studies the amplitude-dependent energy dissipation of a granular system
composed of moderately large polymeric spheres that display significant
viscoelasticity. Its purpose is to understand the performance of granular dampers

whose properties lie between those of classical particle dampers and high-loss
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granular fillers. The prediction of power dissipated is studied when the granular
medium is at low amplitude excitation (steady-state horizontal excitation) where the
particles are randomly dropped in a container. As the vibration amplitude increases,
particles in granular systems temporarily lose contact or slide relative to each other
and the flexible solid analogy no longer holds. In these conditions, it has been
demonstrated that experimentally, damping levels decrease significantly. To date
however, there has been no methodical study that explains the important parameters
controlling such behaviour. The approach taken involves experimental and numerical
studies and relates observed behaviour to existing understanding. The three-

dimensional DEM model has been created to predict the behaviour of such medium.
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3 Viscoelasticity and Damping

3.1 Introduction

In this chapter different viscoelastic models aiscualssed. Two particular methods
for measuring the damping (power dissipated andehgsis loop methods) which
are used in next chapters are explained. As viastielproperties of the material of
spherical particles are needed in the next chapteesefore the procedure for master
curve extraction is discussed. In order to measheeviscoelastic properties of
particles and extraction the master cure, a safmpie particle’s materials is made
and insert in Dynamic Mechanical Thermal AnalysBM{TA) equipment, the
procedures are discussed thereafter. By usingrémter cure one can obtain the
viscoelastic properties (Young’s modulus and legsdr) at any temperature and any
frequency. The Prony series which are fitted toemal properties of the viscoelastic
sphere are derived. Those Prony series are useBirfde Element modelling of
spheres in Chapter 5.
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3.2 Viscoelastic properties of materials

A material is termed viscoelastic if it can simakausly store and (through viscous
forces) dissipate mechanical energy. Most commanpitag materials displaying
viscoelastic behaviour are polymers such as pkand rubbers, however significant
viscoelasticity can also be detected in ceramich &1$ glass at high temperatures.
Deformation of a viscoelastic material causes tisighation of vibrational energy as
heat.

A polymeric material consists of a carbon atomiuudure which is connected
together firmly as long molecular chains. The damgparises from relaxation and
recovery of these chains after deformation and elted to frequency and

temperature.

By attention to the selected temperature and frecueones the proper viscoelastic
material for specific application can be manufagtiur

3.2.1 Constitutive equation — Boltzmann equation

A constitutive equation expresses the behavioua ahaterial and specifies the
properties of the material in a manner which isspehdent of the geometry of the
body and depends only on its material nature.

In general, the response of a viscoelastic matayiddading at any time is not only
affected by the current conditions, but also by amgvious load or deformation
history. Boltzmann'’s principle of superpositionimegral form can be used to define

the relationship between the stresét) at the current time and each individual

strain £ (r) applied at a historic time [100].

o) = [, G lt-1) (3-1)

The weighting functionG  (t — 1), is the value of the relaxation modul@, (t) at
the elapsed timét — r) for each applied strain. The Fourier transform barmapplied
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to the convolution integral (Equation 3.1) to obthequency domain behaviour. For
steady-state harmonic oscillations the strainigatkefined as,

% = e (r) (3-2)
T

where « is the cyclic frequency angl =+ —1. The Fourier transform of Equation 3-

1, for the infinite time, is given as,

o) =["[i0[76, - newadr [ a (3-3)

Using the convolution theorem for Fourier transform,
o(w) = jwj_“”c;rd (e " “dte(w)

= jaG(w)é(w) (3-4)
= GHw)&(w)

where G™(«) is the complex modulus. The complex modulus isesgnted as,

G =G @+ jn) (3-5)
Gimag

= 3-6

=3 (3-6)

where G, (&) is the real part of complex modulus and is aldteddhe storage

modulus andy(«) is the loss factor.

The inverse transform can be used to find the atlar modulus from the complex
modulus,

1 +°°GD w, i
G.O=5- _w%ewtdw (3-7)
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3.2.2 Viscoelastic models

Perfectly elastic materials do not dissipate eneatgsing deformation so that if a
load applied and then remove, all the energy isvex@able. Constitutive equation for
the elastic case, is expressed as,

o(s) = Ge(s) (3-8)
g9 =€, s=ja (3-9)

For the viscous case (cyclic stress is proportie@mdhe rate of strain), is expressed

as,

(3)10

where v is the dynamic viscosity.

In a viscoelastic material, viscous and elasticalvedur are combined. Therefore this
kind of materials has both behaviours. The simptEsnbinations are shown in
Figure 3.1. As it can be seen the mechanical motielpredict response under
different loading conditions, are Maxwell modelrisg and dashpot in series), and
Kelvin/Voigt model (spring and dashpot in parallel)

P=K

Figure 3.1: Mechanical models for viscoelastic materials, KgWoigt model
(left), Maxwell model (right).

The constitutive equations for materials baseches¢ models are,
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a(s) = (G +vs)(s)

(3-11)
=G@L+m)e(s)
for the Kelvin/Voigt model and for the Maxwell mdde
Grs
= == 3)12
0@ =( 22 Jets @

U . )
wherer :6 , IS a time constant.

The behaviour of real viscoelastic materials iofmodelled by combinations of
Voigt and Maxwell models [100]. One of the famoummbinations is shown in
Figure 3.2, and is known aeneralised Maxwell model. The constitutive equation
is,

=ml+7,.S

o(s) = (Ge + i G”T"S}s(s) (3-13)

u, - N . :
where 7, :G—”ls the relaxation time constar,is the relaxation modulus for the

n

n" element.G,is called as equilibrium or long-term modulus, afiee viscoelastic

material model having been subjected to a constaain for a very long time, the

response settles down to a constant st@sand G, are shown in Figure 3.2.

Figure 3.2:The Generalised Maxwell model

In frequency domain, the constitutive equationiveqg as,
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o
Gl =G, +Y Sl (3-14)
n=1 1+ ]OJI'n

And in time domain, the relaxation modulus is,

t

Gt)=G,+) Ge " (3-15)

n=1

The constitutive equation is also known as a Pregnyes. The fitting of a Prony
series model to experimental data is discusseditathis chapter.

3.3 Master curve derivation

Polymeric materials demonstrate viscoelastic behaviThis can be seen in Figure
2.5). This section describes the measurement amtlna@veloped for the polymer
used as a particle.

In order to present the complex modulus of a maltdfoss factor and Young’'s
modulus) in a simple way, these data are presentde form of Master Curve. For
viscoelastic material a master curve can be gesgfadm a limited number of test
results that allow estimation of properties at matifferent combinations of
temperature and frequency.

The following subsections explain the steps that meeded to obtain the master
curve. For viscoelastic materials, an equivalernge in material properties can be
achieved by altering the temperature or the frequethis named as temperature-
frequency superposition principle. Material propstcan be transformed between
the temperature and frequency domain. Measurentaken over the available
frequency range at a number of different tempeestean be shifted according to the
temperature-frequency superposition principle, i@ grequency dependent values
at all range at any reference temperature. The wamied out in this thesis involved
of high loss synthetic rubber. The procedure of terasurve extraction for this
polymeric material is discussed in the followingosections. A specific chemical
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description of the material was not available areterm “blue” is used to refer it in
this thesis.

3.3.1 Method of reduced variables

The method of reduced variables is based on thepdature-frequency
superposition principle [101]. In this method tHfeet of a change in temperature on
viscoelastic properties is to multiply the frequgicale by a shift factor constant for

a given temperature.

In reduced modulus stage, because of changing déilme of a viscoelastic material
with temperature so to generate a master curvergfieeence temperaturgfrom a
bunch of curves ofE at different temperatures. It should be reduced the values

of E at temperaturd, to the valuek,at T, bymeans of equation,

E= ETOT (3-16)

This is due to dependency of stored energy upoipeesiure as would be predicted
by the theory of rubber elasticity.

The loss factor has no reduced form because itr&i@ of reduced modulus. This
step shows a vertical shift of the data at theregfee temperature.

A temperature shift curve is constructed for eaghod reduced modulus and loss
factor. Each data curve is then shifted horizopt@gdarallel to the frequency axis for
higher or lower frequency), to produce a singlevedor modulus and a single curve
for loss factor. The approach which has been ueedliifting the data along the
frequency axis is named WLF (William-Landel-Fermsguation. William-Landel-
Ferry have shown empirically that the shift fadtmrpolymers is given by [91],
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loga; = G(T ~To) (3-17)
Cz + (l_ _To)
wherea, = % is temperature shift functiof, is reduced frequency at temperature

T,, fis frequency at temperature

C,andC, are constant values, provided the reference termperd, is taken to be an

adjustable parameter.

As an example [102], Figure 3.3 illustrates theeadsly of the master curve for the
Young's modulus based on frequency-temperature rpopition principle. Data
obtained in a range of temperaturésto Te are shifted along the log-frequency axis
to form a master curve over an extended frequeange at a reference temperature
T4. The shift along the log frequency axis requiregiperimpose data measured at
temperaturd on the master curve is also shown.
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Data as collected
log modulus

\ﬁ
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Figure 3.3: Production of the master curve for Young's modulssed on
frequency-temperature superposition principle. ajabcollected at temperaturés
to Tes in the frequency range of 100-1000 Hz are superge@oon theT, curve by
applying horizontal shifts to each isothermal curt®¢ The value of each shift
required to construct the master curve. c) Thetioglaof shift factor and
temperature. [102]

In this work for blue rubber a reference tempemtaf -30°C is adjusted to be
around the glass transition temperature (the highakie of loss factor) and by
translating the experimental curve along tbhg frequency axis and temperature
difference, the constant values are chosen wheh batves merge smoothly.
C;=8.99, G=97.30. Figure 3.4, shows the variation of shiftda with temperature
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logq Car )

-80 60 -40 =20 0 20 40 G0
ternperature, *C

Figure 3.4: Temperature shift function versus temperature fier material of blue
spherical particles

3.3.2 Data collection

This section demonstrates how the temperature éregusuperimpose method was
used to obtain a master curve for the polymer urséis work.

A sample of viscoelatic material was prepared. Hample was assembled in the
test rig (Metravib Viscoanalyser — Figure 3.5), thst temperature were monitored.
Principle parameteK ™ (complex stiffness) directly is obtained. Compléiffrsess is

obtained from magnitude and phase difference ofsared force and displacement
from specimen.

The material was characterised using Dynamic Mech&nThermal Analysis
(DMTA) equipment to generate the master curves diefine properties at different
temperatures and frequencies. As it can be seégure 3.5 and 3.6, in order to
measure the material properties, a sample from repparticle was prepared
(prismatic shape) and inserted in the chamber offBMnachine. Specimen was
glued from upper and lower face to the fixture éimekmocouple is used to monitor
the temperature. The chamber should be closed &ed that the temperature
changes, for this material measurement were matEngterature in a range +70

Test was carried out at a number of frequenciesdmt 1 and 60 Hz. In order to
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justify of DMTA test data over the range of freques mentioned, loss factor was
plotted against Young’'s modulus. In Appendixit is shown that there is a close
correspondence between the two.

Figure 3.5: Viscoanalyser machine (DMTA) to measuring matgnaperties

3 lForceinput
LVDT —p

accelerometer
III -«

prismatic specimen
thermocoupl

chamber

force transducer

S/
rigid frame

Figure 3.6: Sketch of the test rig and specimen inside it

Input sinusoidal excitation is subjected by a hutlcaactuator to the specimen.
Force and displacement signals were used to estithat complex stiffness of the
specimen. From this the complex Young’s modulushtained by using the shape
factor of the geometric of specimen.
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KL
E=——
Al +25%)

whereA, L are area of contact and length of specimen res@dgtiS is shape factor
which is the area of one face in contact dividedHgyarea of surrounded.

The collected test data are shown in Appendix A.afissexample a few original
unshifted data for loss factor and Young’'s modwatesgiven in Figure 3.7.

9
. —T=-35C

=T=30C ;
+T=45C L R T
T=-18C

-T=9C

Youngs' modulus

10 1 1 i i3 i I . ] | ¥ i I i i i
10 10" 10
frequency

Loss factor

-

=)
s
b

10 7 i i S o il v h 3 i i i s

10 10 10
frequency

Figure 3.7: Samples of original data collected at differeamperatures at DMTA

As mentioned in the previous section, each seesifdata was then shifted to form a
single curve for Young’s modulus and a single cudordoss factor Figure 3.8.
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Iog,lo( loss factor )
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Figure 3.8: Master curve showing Young’s modulus and lossoia@t reference
temperature -3C.

3.3.2 Master Curves ( International plot)

A Reduced Temperature Nomogram sometimes refersethtarnational plot or
master curves. Master curves display the dynanapeties (Young’s modulus and
loss factor) can be read off in a same time at @mbination of temperature and
frequency. This method of representation has afgignt advantage that all the data
can be extracted quickly. Figure 3.9, shows theoefastic master curve for particle
dampers which used in experiments. The uneven dpdiegonal lines represent
constant temperature. These lines are given blpgaithmic form as,

log f, =log f +loga; (81
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The reduced frequency axi§ is the lower logarithmic horizontal axis. If fony
value of frequency (e.g. 200Hz) and specific terapee (e.g. 10°C) the viscoelastic
properties are needed, one can draw a horizontafiom that frequency to intersect
the specific temperature and then from that inttise, a vertical line which
intersects the respective master carves shows daheess of loss factor (0.7) and
Young’s modulus (7MPa). These values can readrofhfleft vertical logarithmic

axes of nomogram.

1E10 (1E2) ¢ 1E5

1E9 (1E1) | 4 1E4

1E8 (1E0) | 4 1E3

{zH) Aouanbaig

1E7 (1E-1) = 1E2

E' (full line ), Loss Factor (----)

1E6 (1E-2)E 1 1E1

1E0

1E5 (1E-3)

Figure 3.9:master curves for viscoelastic spherical particles

Provided that the changing af;respect to temperature is known, the interval

between each temperature can be calculated.
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3.4 Prony series calculations

In order to simulate viscoelastic materials in tidm@main Finite Element analyses,
viscoelasticity is implemented through the use @bny series. Prony series
representation of viscoelastic models offers aigititborward fitting approach to

experimental data. As mentioned earlier the vissiel properties can be
implemented by Equations 3-14 and 3-15 in frequeam@ytime domain respectively,
these sum of exponentials are known as Prony saéviiethod for fitting data using

the Prony series is explained in this section.

The real and imaginary part of the Equation 3-14 loa rewritten as,

Greal (C()) = Ge +GOZN:(gn(M—n)2J

n=1 1+ (aj[—n)2

X (3-19)
Gimg () = GOZ(gn LJ

n=1 1+ (aj[-n)2

where g, and 7,, n =1,2,..., N, are Prony series constant parameters that can be

named as a Prony pairs. The loss factor can alsobb&ined by the ratio of
imaginary to real part.

The shear relaxation modulus can be written in dsmmmless form,

G(a)

5, -28)

9, (@) =

whereGy is the instantaneous or initial shear moduBsis given by replacing=0
in the Equation 3-15 as,

G, =G, +>.G, (3-21)

By Using Equation 3-20 and 3-21, equilibrium modulr long term modulus is

given as,
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G, =GO(1—Z'\_|:gn) ()2

This equation also implies that the summation @ imput relative modulusg,

must be less than or equal to 1.

In order to fit Prony series parameters to the dempnodulus an optimisation
routine is used. The range of frequency in the emastirve is divided by even
spacing. The minimum and maximum values of modahesspecified from master

curve, therefore the values fgrandr could be estimated for each space/transitions.

These constants then are used in the Equation t8.1&lculate new values of

modulus and loss factor. By applying mean squamedr doetween the complex

modulus defined by the Prony series parametersdafided values from master

curve, is calculated. This is repeated to minintise error. If one approximated the
master-curves by e.g. three Prony terms the fiigngpt accurate (see — Figure 3.10)
by increasing the number of Prony series, bettiéndi can be obtained.

In this thesis, Prony series parameters (Pronyspaire approximated for twenty
terms. This provides good fitting of viscoelastioerties curves (see — Figure
3.11). The Prony parameters/pairs for twenty paiesshown in the Table 3-1.
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Figure 3.10: Three Prony terms fitted to viscoelastic propsr{iesomplex modulus
and loss factor), the poor fitting can be seencd@dastic properties derived from
experiment (solid curves) and from Prony serie’y.("e
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Figure 3.11: Twenty Prony terms fitted to viscoelastic proptjcomplex modulus
and loss factor). Viscoelastic properties derivieaih experiment (solid curves) and
from Prony series ("*").
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20°C in the Figure 3.8.

n gi () T (s)

1 0.10030x10° 0.89615

2 0.39967x10™ 0.25396

3 0.73353x10™ 0.071969
4 0.76854x10™ 0.020395
5 0.21459x10° 0.57797x10
6 0.30055x10° 0.16379x10
7 0.65413x10 0.46416x10°
8 0.12727x10 0.13154x10°
9 0.25167x10 0.37276x10™
10 0.55635x10 0.10564x10™
11 0.010475 0.29936x10°
12 0.023394 0.84834x10°
13 0.036909 0.24041x10°
14 0.068200 0.68129x10”
15 0.091604 0.19307x10”
16 0.11987 0.54714x10°®
17 0.15757 0.15505x10°®
18 0.13724 0.43940x10°°
19 0.16450 0.12452x10°
20 0.17875 0.35287x10™*°

3.5 Damping calculation methods and energy dissipated

There are different methods to estimate damping wibrated system. In this work
two methods have been used; one involves calcglatie dissipation to the whole
structure containing the granular medium whiledtieer is based on measurement of
the hysteresis loop for each individual particle.this section those methods are
explained.
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3.5.1 Power dissipated Method

In this method, the damping of particles are meaum terms of power dissipated
(rate of energy dissipation) in the system. In gitzed methods the damping is
commonly measured by analysing the frequency respohthe structure around its
resonance frequencies and therefore the dampingumezaents are limited to the
natural frequencies of the system.

Power dissipation measurements can be made atreqyeihcy and amplitude and
can be applied to any structure. This method was dised for particle dampers by
Yang [40] and has subsequently been taken up Brofth0].

The work done in a cycle to excite a mass is gagn

W = F.dx
W = F.% dt (3-23)
dt

)
W, = [ Pt
0

chcl e
Py = = (3-24)

where F(t) , x(t) and T are the force, velocity and time period of one eye], is the

average power transmitted. The average power digglgds given,

N
P, = %Z F..x, cos@, - 3,) (3-25)
n=1

a,andgf, are the phase of the force and velocity. Experiaignthis is achieved by

measuring the force applied to the system and #seilting acceleration. The
measured force and acceleration are used in freguéomain and then from the
Fourier transform of acceleration data, the veloa# calculated. The phase
difference between the velocity and force data,cateulated and the summation of
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all data are represented by the Equation 3-24. Wathod is based on the phase
difference and is used later in Chapters 4 andd/used by other researchers [10,
40].

3.5.2 Hysteresis Loop Method

Energy dissipation is usually calculated under @k of cyclic vibration. The
force-displacement relationship is depending of type of damping. In all cases
force-displacement plot shows an area referredsttha hysteresis loop which is
proportional to the energy lost per cycle. Figurg&23shows typical hysteresis loop
for a viscously damped system.

Fd+kX A

Figure 3.12: Typical hysteresis loops

The energy dissipated per cycle due to a dampirgefm a viscous model, is given

as,
W = j F, dx (3-26)

The damping force is,

on
1

(04 (3-27)
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wherec, is the damping constant. With the harmonic sirdadalisplacement,

x=Xsin(t-¢)

X = X cost — ¢) (3-28)

By replacing the above equations the final equabomenergy dissipated is given by,

W = me.w.X? (3-29)

By substituting the equation for velocity in theuadjon 3-27 and elliptic shape from
relation between force and displacement is appearkeidh the equation is,

Fo Y L (xY
(o) *3) = @

In this case, the spring force which kx not taking account because it does not
dissipate energy and it is only the elastic portiBy adding the forcekx of the
spring the hysteresis loop is rotated from horiabrshape to the new position
(Figure 3.12) it is obvious that the loop area Wwh& energy dissipated by viscous
does not change.

An alternative definition of loss factor is theicabf energy dissipated per radian to

the peak strain energy,

(3-31)

_1..
U e = S KX (3-32)

To allow comparisons to be made, it is sometimes/enient to use an equivalent

viscous damping,, which is by any system to that dissipated by aots damper.

TC X 2 =W, -33)
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W =— (3-34)

whereW, is the total energy dissipated valuated from otigees of damping force,

f is excitation frequency which is defined a$,=a /27 and P is the power

dissipated. By combination of Equations 3-32 ar@33:quivalent damping can be

given as,

P

Ca = 2tk )7 (3-35)

3.6 Chapter Summary

In this chapter, different models for viscoelastiaterials were introduced. Also two
methods for damping measurement which used in ¢heclmpters were discussed.
The viscoelastic properties of the material of dplerical particles are extracted by
using master curve. The procedure to derive mastere was explained by details.
For this purpose an experiment with viscoanalysachime was performed to obtain
the properties. This master curve/nomogram expaheslimited number of test
results in a graph at any given combination of terajure and frequency. In order to
fit the master curves by the viscoelastic modehégalised Maxwell equation), the
parameters which named Prony parameters are daldul@hese Prony series are
used to define the material properties of the ldpéerical particles in the FE
analysis in the Chapter 5.
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4 Granular Material in Low

Amplitude Vibration

4.1 Introduction

In order to predict energy dissipated in a granumedium, one approach which
many researchers have used is modelling each lpamticthe granular medium
individually. In this method properties of partislen contact conditions at each
contact point (such as radial and shear stiffnemsg, impact conditions between
particles should be considered as a part of a hraeching analysis. Although this
method gives considerable insight into the dynaroicgranular materials, it is not
always desirable; for example, large hollow streesumight be filled with hundreds

of thousands of particles leading to a high comtal cost.

When the granular medium is subjected to low amditvibration (the particles do
not collide and move with each other and they areantact permanently), the
medium is said to be in the solid phase/regions Ipossible to approximate the
granular medium as a solid and predict energy mhsisin accordingly. In this work
theoretical/numerical method is explained and igreaxmated for many complex
structures. This suitability for making predictiorss demonstrated by comparison

with experimental results.
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The study was conducted for an open topped reclkanbox with rigid walls and
cavity area 190x120 mm that was filled to a nomaegth of 35 mm. The granular
medium consisted of 15.1 mm diameter spheres meaal@ & blue synthetic
elastomer with assumed 0.45 in Poisson’s ratio. ddwsity of polymeric spheres
which used in this study is 1170 kg/niThe effectiveness of this system in
dissipating vibration energy was studied for dyrafarcing applied horizontally.

42 Modd for low amplitude vibration of granular

medium

It has been shown that the damping of structurabmances can be increased
significantly if standing waves are induced in &ached medium with high energy
dissipation capacity [1]. The approach taken ingslwepresenting the granular
medium as an equivalent solid using Finite Elenagatlysis.

4.2.1 Effective material propertieson equivalent homogenous solid

A granular medium subjected to a confining pressumck vibrating at low amplitude,
such that particles remain in contact, can be apmated as a homogeneous solid,
with equivalent spherical properties and effectuék modulus.

For uniform and identical spheres with random pagland rough contacts, Walton
[94] derived expressions for bulk modulus and ¢ffecPoisson’s ratio. Assuming
the spheres are made from homogeneous and isotvoicelastic material. In a
hydrostatic pressure environment the effective i{gdent) bulk modulus is given
by,

(4-1)

:} 3E2¢72n2p 1/3
6\ 72 (L—V2)?

where,
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= the dynamic Young’s modulus of the polymer

m

¢ = packing fraction of spheres

n =the number of contact points

p = the hydrostatic confining pressure
Vg = the effective Poisson’s ratio
For rough spheres (i.e. coefficient of friction the effective Poisson’s ratio is

given by [94],

- V -
Vg = —2(5 ey (4-2)

wherev is the Poisson’s ratio for the sphere.
The effective Young’s modulus and effective densifyequivalent homogeneous

medium are,
Es =31-2v)K (4-3)

Pet = PP (4-4)

The longitudinal wave speed can be obtained as,

E
Cy = et (4'5)

As an example from wave speed equation, and usange spolymer as used in
experiment, a wave velocity about 11 m/s is obthifoe an effective density of 702

kg/n? at 100 Hz, therefore the wavelength should berifD
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4.2.2 SpherePacking

The packing arrangement affects the packing fractib spheres¢ and also the

number of contact points (geometric coordinatiomhbar) for each sphere. In
geometry, a sphere packing is an arrangement obxeriapping spheres within a
containing space. A typical sphere packing probleno find an arrangement in
which the spheres fill as large a proportion of $pace as possible. The proportion
of space filled by the spheres is called the dgmdithe arrangement.

A lattice arrangement (commonly called a regulaarmgement) is one in which the
centres of the spheres form a very symmetric pattéor one sphere per lattice
point, in a cubic lattice with cube side lengththe sphere radius would B& and
the atomic packing factor turns out to be abou24.3n geometry the face-centred
cubic (FCC) structure (also called cubic close padg¢kas a packing factor of 0.74.
This can be, the highest average density — thahdsgreatest fraction of space
occupied by spheres.

Arrangements in which the spheres do not form #céat(often referred to as
irregular) Experiments have shown that the most pamnway to pack spheres
randomly gives a maximum density of about 0.64.[32]

For the work presented here the spherical partatesrandomly dropped into the
box and shaken, they form an amorphous arrangemitimta packing fraction of
0.64 (random packing) and coordination number [&2).

4.2.3 Confining pressure

In a cavity filled with particles, even under statonditions, the pressure (and hence
the deflection) varies with depth because of gyaleiading. One way to estimate the
relationship between pressupeand depthh in a granular fill subject to gravitational
acceleratiory is to use Janssen’s model [14]. The German engillsessen was one
of the first researchers who found the maximum gneswith depth in a grain silo.
He derived an experimental equation which assuim&ickihe walls sustain part of the
weight in a granular medium. For granular materigarticles) in a container,

according to Janssen’s model the normal pressuis,
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Pea 9
K.S

r

p = (1-e =) (4-6)

where p is the effective densitys the shape factor is the ratio of the container

perimeter to its area. In a vertical cylinder wistdiusr this is given as [12],

S= 2 (4-7)
r
And in a horizontal box section beam of lengptand widthw ,
S= M (4_8)
bw

K, is the redirection factor (vertical stresses ardirected horizontally) and often

assumed using 0.7 based on experimental work [14].

The pressure value from Janssen’s model has besmsio be less than would be
with the hydrostatic assumption (pressure causedrhyity g in a fluid) and it
reaches to a saturation pressure and more depth dok affect by pressure
increasing [12]. The pressung caused by gravity g in a fluid at depthwhich is

given by,
P = O 9N (4-9)

Figure 4.1 shows the effect of depth on pressulailezged using the Equation 4-9
and Janssen models. The calculations are basedowmnséction cavity with
dimensions that used in this work.
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Figure4.1: Effect of depth and redirection factor on presdarea cavity with same
cross-section of the one used.

4.3 Standingwaves

For this work, standing waves are considered fétocuating the energy dissipation
from the system. The reason for this is that stapdvaves produce the highest
displacement on the viscoelastic material and fbezethis is where the maximum

energy dissipation occurs. This is also consideredher research work [47,96].

Standing wave information (i.e. natural frequeneyde shape and effective mass
for horizontal motion) was obtained for the intdroavity (granular medium) using a
standard elastic eigenvalue extraction routine ragsy an effective Young’'s
modulus based on properties at 100 Hz.

4.3.1 Modal analysis of homogenous material

ANSYS v12.1 (workbench) was used as finite elemeoatfsware. Solid elements
(Solid 186 - quadratic brick 20 nodes) were usedhtalel the fill medium and the
material was assumed to be fixed rigidly at akkfaontacting walls.

56



Granular Material in Low Amplitude Vibration

To match conditions in experiments (See section thd average height of particles
in the container was set as 35mm. Being viscoelaite Young’s modulus of the
polymeric particles change with exciting frequenityis a factor not accommodated
in standard FE routines. In this work, frequencyeatelence was approximated
instead by scaling natural frequency according to,

Eactual ( 4_ 10)

a)n = a)n 100Hz E
100Hz

Where the final value ofw,was attained by iteration. The relative change in

frequency for the material considered is showniguie 4.2.
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Figure 4.2: Ratio of natural frequencies over natural frequeatyl00Hz, versus

excitation frequencies.

As part of the approximation, mode shape and effeehass were assumed not to
change with material Young’s modulus. Typical mo#asing high effective mass
and their properties are shown in Figure 4.3. Ttleskt of properties of these mode
shapes are provided in Appendix B.
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120.36 Max
106,99
93.615
80.241
66,563
53494
40.121
26.747
13.374
0 Min

Mode 1: 67Hz, 0.302} Mode 71: 165.1Hz0.032k¢
Figure4.3: Typical mode shapes with significant horizontahiribution (Mode 1
and Mode 71 from left to right respectively).Yousghodulus 88.26 kPa, at 100Hz

4.3.2 Baseexcitation

In this work, a rigid container was filled with sgital particles and subjected to
sinusoidal vibration in the horizontal directionhig is equivalent to applying base
excitation to the contents of the container. Thee wf an equivalent solid

approximation and modal analysis allowed represiemaf the granular system as

many decoupled SDOF units. In SDOF umits,, and k, . are the effective mass and

stiffness of each mode € 12... ) as shown in Figure 4.4,

The dampers of each mode can be approximated as,

Ciat = 24 \[Kigq My 4-11)
n=2¢ (4-12)

wherec , and { are damping constant and damping ratio respdgtive is the

loss factor of the viscoelastic material at thattipalar frequency. As the granular
system subjected to base motion, each mode movaslliferent amount, expressed

as a relative displacement, wheze= x. —y as,
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W’
R (4-13)
kierf _wzmerf * ] G

where a and w, are the excitation and natural frequency respegtive
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Figure4.4. Base excitation for decoupled system

The total power dissipated is obtained from the paat of the total complex power
[10, 40] from all SDOF units and is calculated gs|ih03],

N
Total power dissiapnr;m:Z%ci w0(z)? (4-14)

i=1

wherei = 1,...,N, N is number of modes. The summation of all powesidated in
each individual SDOF system provides the total podigsipated in the system.

4.3.3 Analysis method

In this subsection the process of how the FE masigbopulated with data is
explained. For the FE model, effective Young’s madu effective density and
effective Poisson’s ratio are needed. These valtesalculated by following steps:

» Effective Poisson’s ratio from the Equation 4-2.

* ¢ andn, are constant values and defined from sectior24sphere packing).
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» Effective density from the Equation 4-4.

 The average confining pressure of filling particlss calculated by the
Equation 4-6 or Equation 4-9 (with the hydrostassumption).

* Young’s modulus E) of particle material is derived from master curve
(Chapter 3). It is obvious that this value shou& updated each time by
changing the excitation frequency.

* Bulk modulus from the Equation 4-1.

» Effective Young’s modulus from the Equation 4-3.

4.4 Experimental validation

In this section, the test rig for damping measumr@mef granular medium in
horizontal vibration and low amplitude is explainedd experimental results will

compared by theory approach and also simulation.
4.4.1 Granular medium test rig for horizontal vibration

For the physical experiments the container wastoocted using blocks of Perspex
30 mm in thickness. This provided high rigidity agdod visibility as shown in
Figure 4.5. The container was suspended using riylerand light metal springs to
simulate free boundary conditions. Excitation wagvmled via an electrodynamic
exciter attached to base. It is assumed the camtas completely rigid. The
experiment was repeated for the case with the cet@mpty in order to find the
phase error due to the boundary conditions andreldcs. This error, although
relatively small (5% at 350 Hz), was subtractedrfrmeasurement to provide true

contribution of the granular medium.
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Figure4.5: Experimental set-up showing container and parti¢lestransparent
container suspended by nylon line and electrodyo&xgiter attached horizontally
to the base.

Initial tests showed that flexible modes of thetearer were above 500 Hz while the
rigid body modes were below 5 Hz. The container thias filled with 260 randomly
placed particles and testing carried out at varioeguencies and amplitudes. The
force and acceleration are measured and as exglameéChapter 3, the power
dissipated is calculated.

The raw data at 350 Hz for acceleration and foreeshown in Figure 4.6. Also the
power dissipated calculated versus frequency exanitgfor all measured data) are
shown in Figure 4.7. It should be noted that atesinequencies the experiment were
repeated in order to investigate the effect of &b dependency of medium.

Acceleration (mlszl
S N S - T S R~ A

I = i I L i I L i . B ! I L I . | I
0002 0004 0006 0008 001 0012 0014 0016 0018 002 0 0002 0004 0006 0008 001 0012 0014 0016 0018 002
time (s) time (s)

Figure 4.6: Typical measured values for force and acceleratid@3b0 Hz.
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Figure 4.7. Power dissipation measured at three differenitaban levels, in a

range of excitation frequencies.
4.4.2 Validation of theory approach by experiment

In this section, a comparison is made between thenpihg predicted by
theory/numerical method and experiments at very Bmplitudes. As a large
frequency range was of interest, results are coetpfr displacement amplitudes of
107, 10° and 10° metres depending on the frequency. These values sedected to

. . . X
ensure maximum accelerations remained lessltFaf.3. (I :Twz)

In Figure 4.8, the equivalent damping is calculasd

C, :—2(':;;')2 (4-15)
whereX, f are amplitude and frequency of excitation in Hz.itAsan be seen, the
results show that prediction method performs wellhe frequency range 80 to 400
Hz. At higher frequencies increased damping indkeeriment is thought to arise
from the presence of container wall resonancesovB&0 Hz, the wave approach
does not match the experiment as it only considensding waves — the lowest of
which is near this figure.
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As an investigation into how much the predictiommes if the material properties
were assumed not to change with frequency, wasumbed by assuming constant
properties at 100 Hz. The results show that asrierial properties do not change
by frequency, therefore the equivalent damping shemaller values than the other
curve with real properties (See — Figure 4.8).

450 - T
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-+ -experiment, 1e-6m : : ‘ o
400| -+ -experiment, 1e-7Tm ; e i
—*—theory, Janssen confining pressure § £
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-
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-

Ceq (Ns/m)
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frequency (Hz)

Figure 4.8: Comparison of equivalent damping for three différdisplacements
amplitude levels.

The effects of amplitude on the effective dampirgitation is summarised in Table
4.1. In each case, although the amplitude of etioitas increased by factor of 10,
the equivalent damping does not change dramatiealtlythe ratio is around 1. This
shows (as was expected) that the damping of theuiasystem at low amplitude is
amplitude independent [12].
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Table 4.1: Experimental results of damping ratio at differdréquencies and

excitation amplitudes.

Excitation frequency | Lower displacement| Higher displacement Damping ratio
Hz Xiow, M Xhigh, M Ceq (nighy/ Ceq (1ow)
120 10° 10° 0.88
300 107 10° 1.03
350 107 10° 0.91
400 107 10° 1.01

45 Chapter summary

This chapter has considered the damping from palgngganular materials under
low amplitude excitation. In this case it has be@own that the medium can be
approximated as solid homogenous material attatthéloe host structure. Energy is
dissipated by the generation of internal standiages within the granular medium.

A theoretical/numerical approach, in which the eglant elastic properties of the
medium were estimated using equations developedlvaifon were then used in
conjunction with a finite element analysis. Compan of the method with
experiment shows fairly good agreement. Little @ffef amplitude atl" < 0.3
excitation has been observed which is in agreemaht other research [12]. The
method could therefore be easily applied for mammlex structures.
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5 Propertiesof Individual Spherical

Particles

5.1 Introduction

The properties of individual particles have a cdeskble influence on the behaviour
of a granular system. These include dynamic pt@semwhich, for viscoelastic
particles depend on excitation frequency and teatpeg and contact properties at
the interface which are also affected by the geaoatshape. This work involves a
numerical study using Finite Element (FE) methotht@stigate the contact stiffness
of each particle and a comparison of those witlsteng theories and experiment. In
addition to FE method, in order to obtain the dymaproperties of individual
spheres a test rig was designed and used to metmumaoperties (stiffness and
energy dissipated) at different frequencies. Thép@ance of test rig was validated
using two specific cylindrical specimens. The reswdf this work are used in
simulation of the granular medium using the Disefelement Method in Chapter 6.
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5.2 Hertz contact theory

Contact mechanics is the study of the deformatiosotids that touch each other at
one or more points. The original work in the cobtaehaviour of spheres dates back
to work published in 1880 by Heinrich Hertz [104].

Hertz developed a theory to calculate the conteez and pressure between the two
surfaces and predict the resulting compressiorstneds induced in the objects. This
theory relates the circular contact area between spheres to the elastic
deformation properties of the materials. For cursadaces in contact the Hertzian
model through its equations allows calculation ohtact area, maximum and
average compressive stress and maximum deflection.
There are some assumptions in Hertzian theorysti@ild be noted.

* The strains are small and within the elastic limit,

* The area of contact is much smaller than the raafitise body.

* The surfaces are continuous and initial contaatpsint or a line.

* The surfaces are frictionless.
The first two assumption these assumptions impdyaki< R wherea is the contact
radius anR is the effective radius of curvature of the twdidso
A non-conforming contact is that under zero loatsy only touch at a point (or
possibly along a line). In the non-conforming ca#i®e contact area is small
compared to the sizes of the objects and the sgem® highly concentrated in this
area. Such a contact is called concentrated. lar&i§-1 two spheres in normal
contact are shown which the radius of contact sreescognised.
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Figure5.1: Two spheres (i, j) in normal contact wheres radius of the contact area
and a is displacement of each sphere after loading, ethdines show positions

before loading.

The contact surface between the spheres is cireutarradiusaand according to
Hertz equation [104,105] the pressure at a poioh fsA in the contact area, at a

distance from centreo is given as, (see Figure 5.2)

o(r) = pm,/l—(g)z (5-1)

where p,, is the maximum normal pressure accruing a0, by integratingp
over whole contact area and rearrangingpfor (this is related to normal force

contact)

3F
2rra’

|
N

Pm (5_2)

67



Properties of Individual Spherical Particles

Figure 5.2: The circular contact area in left side and normakgure distribution

with maximum valuep,,in the right hand side.

The normal force contactH) as a function of normal displacement approagdh (

was defined by Hertz’'s equation according to,

o=a,+a, (5-3)

_4 *~*05 £3/2
F, _EE R ™0 5-4)

where E and R’ are effective Young’s modulus and radius ahds the approach
between two bodies. For contact between Bodiegdn( 2 (j), these are given by,

1 _1-v? 1-v,°

— = 1 4 5-5
E E, E, (5-9)
S=lal 5-6)
R R R
The radius of contach is defined as,
a=(R'9)* 5-7)
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The maximum contact pressure can be also calculkted Equation 5-2 as a
function of normal displacement and radius of spaérparticle by replacing
Equations 5-4, 5-7. This could be used as an ipbant when yield and plasticity of

material is noticed.

For defining the radial stiffness of each spherenghiwo identical spheres are in
contact, one can differentiate from Equation (5-B), respect tod/2, the radial

stiffness for each sphere is given by,

k =4E'a (5-8)

For calculation efficiency, it is sometimes desieabo obtain a linear spring to

represent the nonlinear force-deflection behavidnactical experimentation has
shown that force deflection curves often deviatemfrHertz theory because of
roughness and contamination of the surface layar.ntetal particles, some authors
have used an equivalent linear spring that stdiessame amount of energy as a
Hertzian one up to the yield force of the contd€t, 106]. For flexible polymers, this

approach is unsuitable as material failure occtirswach larger strains than those

experienced. The approach taken here in this wotk use the average stiffnéss
up to a defined deflectiad). The stiffness from Hertz theory is obtained bling

the gradient of the force-deflection curve to get,

k, == [ 4E"JR" 5,d3,
5, b

(5-9)
= g knO

3

where Kk, is the stiffness at the maximum deflectidinis approach allows a linear

stiffness value to be estimated from the stiffr@essured during an experiment.
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5.2.1 FE analysisfor normal stiffness of spherical particle

The most common element shapes used in three diomahsare tetrahedral and
hexahedral. If the geometry of model is complex ahdnging, the tetrahedral are
better suited although it needs more elementdlitth& volume in comparison with
hexahedral with same edge length. Element type&l dmi low or high order. For
low- order elements, nodes are sited on verticas the interpolation functions
between those are linear. For high-order elemémet®tare additional nodes between
vertices and interpolations for three nodes on dawgith are quadratic. These high-
order elements usually have better results thaotiners.

In this work, the element used was a higher ordér, 30-node tetrahedral shape
(Solid 187 in ANSYS) [107]. This element has quadraisplacement behaviour
and is well suited to modelling irregular meshésoinsists of ten nodes having three
degrees of freedom at each node. A sketch of thment is shown in Figure 5.3.

Figure5.3: Tetrahedral solid element with ten nodes

The material was represented in FE using a hypsatielamodel. As unfilled polymers
are generally linear to large strain, the Neo-Haokeption was used — this has a
potential applicable strain range of 0-30%. In Nen-Hookean model, the form of

strain energy is given by,

TP R ]
U="( 3)+di(J 1) (5-10)

where

U = strain energy per unit reference volume

| = first deviatoric strain invariant
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G = initial shear modulus of the material
d. = material incompressibility parameter

J = determinant of the elastic deformation gradient

The material incompressibility is defined by,

(5-11)
where,

K :—3(1_ 2V) (5-12)

If the initial Young’s modulus and Poisson’s ratibthe material is known, one can
obtain the initial shear modulus using:

E
201+v)

(31

A comparison between FE and Hertz's equation waslected for a sphere with 15
mm diameter and Poisson’s ratio of 0.4 located betwtwo steel plates for
compressing up to 1.4mm. Recalling Equation 5-@ #guation relates to two
spheres in contact. However in this comparig®ns infinite and therefore this term
is equal to zero and can be remove making Equdiénvalid for plate/sphere
contact. In the FE model symmetrical boundariesewdtosen and the two middle
nodes in contact between plates and sphere westraoted to move only vertically
to prevent sliding. The element size in the conzacte was reduced to ORER is
the radius of particle). The convergence of thenkdtlel was checked by increasing
the number of nodes from 10455 to 35350 — in thsecthe normal force changed
from 10.00 to 10.26N. Considering the complexitdéshis FE model (e.g. contact
and geometric nonlinearities), this difference ammal force is insignificant.

Figure 5.4, shows the model in ANSYS v.12.1 — weridh.
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Figure5.4: Half model of sphere compressed to 1.4 mm, showiagased mesh
density around contact points.

5.2.2 Comparison with Hertz theory

The force-compression result from the FE model igufe 5.4 is shown in Figure
5.5. Note that the result is for one contact sige,half of the total compression, in
order to compare convergence with Hertz contaarthdt can be seen that at low
pressure, when the contact area is still small, tthe curves match fairly well
however at higher force levels the curves divelde reason for this is that at higher
force levels, the contact area increases and threrelbes not meet the Hertz theory

assumption of small contact area.
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Figure 5.5. Comparison of ratio of reaction force over Youwnghodulus in FE

analysis with Hertz theory approach.

5.3 Mindlin-Deresiewicz shear contact theory

For particle dampers not only do the particles hew@pressive loads but they also
have shear loads from adjacent particles. With H#reory only the compressive
loads are considered. Therefore the introductioshefir contact theory is necessary.

Theory concerning the shear displacement of sphrefave to the contact area was
developed by Mindlin [108] and was used by oth&@9] 110]. The shear force for a

sphere is given by,

(5-14)

F,= qu[l— (1—m—ax)3’2j

32-Vv)uF,

where G,a,V, i, are shear modulus, area of contact, Poisson’s eati friction

coefficient respectively.
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F, and F,are the forces applied in horizontal and vertigedctions respectively and
X represents tangential displacement. Shear stiffngssis calculated by

differentiating Equation (5-14), respectdpit is given by,

8Ga F. \1s3
=7 1-—"x 5-15
K=o, (5-15)
At zero shear force, the initial shear stiffnéggsis given by
8Ga
=—= 5-16
Ko =5 (5-16)

By replacing shear modulus from Equation 5-13, tago between initial shear
stiffness and normal stiffness (Equation 5-8) esdime,

P = ®

5.3.1 FE analysisfor shear stiffness of spherical particle

Much like Hertz’'s equation, Mindlin’s equation isited to small displacements for
linear materials. To validate that Mindlin’s equati holds for the material and
displacements used in this work, a comparison idemssing an FE model.

Since the FE model considers contact nonlineayitiesscomputational time is large.
This can however be reduced by using symmetric éaynconditions in which two
quarter spheres are in contact as shown in Fig8e BThe symmetric boundary
conditions are applied along the flat surfaces bmmthe z- axis. It is obvious that
another line of symmetry exists; however, sinceadlis applied in the tangential
direction, the symmetric portion will possess anadut opposite force making the
system to be in equilibrium. The properties usadiie spheres are the same as those
listed in section 5.2 while the coefficient of fian between the spheres is assumed
to be 1 (discussed further in Chapter 7).

The lower sphere is constrained in all degreesesdom (DOF) at its mid-plane that
is parallel to the x-z plane. The simulation isitsipko three loadsteps to provide the

74



Properties of Individual Spherical Particles

full compression displacement before applying @negential displacement. For, the
first loadstep, a linearly ramped displacement fi@mm to 0.1mm is applied to the
x-z mid-plane of the upper sphere in the negatkaxig. This displacement is held
for loadsteps 2 and 3. Loadstep 2 is a rest stapighused to provide time between
the ending point of loadstep 1 and the beginningdufitional loading in loadstep 3.
In loadstep 3 a linearly ramped tangential disptaeat from O mm to 0.01mm is
applied to the x-z mid-plane of the upper spherth@x-axis. Since the simulation is
nonlinear, each loadstep is split into multiple seps of 50, 5 and 60 for loadsteps
1, 2 and 3, respectively. The loadstep historh@a in Figure 5.7.

When two spheres come into contact, this is ingéal as a point. The stresses/strains
therefore quickly dissipate throughout the sph&he contact area is highly sensitive
to be able to accurately capture the behaviour.eAmrefinement is used in this area
with an element size equal to OR@hile the remaining mesh is OR5whereR is

the radius of the sphere. A similar method has bessd by Quoc [111] which
indicated a good correlation between analytical muntherical methods.
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Figure5.6: View of semi polymeric hemisphere in contact
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Figure 5.7: Displacement applied to the quarter of spheresugedsfferent steps,
solid line represents normal compression while ddshine represents shear

displacement which was applied during last stegp(&tto 3).

The normal pressure zone in contact area can be iseEigure 5.8. This shows
symmetric pressure distribution. The pressure asme in the first step (under
compression) and then keeps constant during she@om
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Figure5.8: Normal pressures versus time steps (top viewwéfsphere in Figure
5.6)

5.3.2 FE mode comparison with Mindlin theory

The force-compression result of FE model in Figbu@ has been shown in Figures
5.9 and 5.10. In Figure 5.9 the comparison withtHerth very small compression
is presented for the compression stage (step 1dh Bweoretical and numerical

methods are in good agreement. In Figure 5.10 timparison between Mindlin
theory and FE is shown.
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02 T T T
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Compression (m) x10°

Figure5.9: Vertical forces versus compression for two spheresntact as shown
in Figure 5.6, comparison between hertz theoryfaidmodel

Figure 5.10 represents the third step when thersiisplacement is applied. As it
can be seen, the theory is matched reasonablyaivé&dlv amplitude indicating that
Equation 5-15 holds. Since the shear stiffness eigeddent on the mesh, two
different mesh densities have been used to shovsehsitivity. Although the FE
result with 32029 elements varies from Mindlin’®alny, it does however represent
the same trend. When the elements are reduce®&) Bilinearity occurs where the
initial stiffness is higher than Mindlin theory, W the secant stiffness is the same
as the FE results with 32029 elements. This ind&an insignificant discretisation.
The difference between FE and Mindlin’s theoryxpexrted since Mindlin’s theory
does not account for all of the complexities sushchanges in the contact area.
However, these are considered be in good agreestitnt
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Figure 5.10: Lateral force applied spheres versus horizontaligpldcement,
comparison between theory approach and FE.

5.4 Drop test of spherical particle

A study of the impact response of viscoelastic ipiad was carried out to

investigates the ability of the Prony series madeteplicate real behaviour. This
simulation was performed as another validationis€aelastic particle at very short
times interval. Using the Prony series fitted te tieal properties of viscoelastic
material in Chapter 3, is applied and the transiesponse behaviour is compared
with drop experiment. The parameters for Pronyeseait 15°C is shown is Appendix
C.

54.1 Experiment using high speed camera

A high speed video camera was used to capture gged@s particles were dropped
onto a rigid heavy table. The camera was set tordeat 1000 fps in a 512x128 pixel
area. Two halogen flood-lights were used to prowaeugh light to capture the
image. The velocities before and after impact weadculated by tracking the
positions at the extreme diameter of the spherecdiynting the pixels and by
knowing the camera sampling rate. The pixel size walibrated by knowing the
diameter of the sphere and the number of pixelgtbe diameter. These results are
given in the next section where they are companéu nesults from the FE analysis.
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54.2 FE analysisand comparison with experiment

The FE model used for transient analysis is showifigure 5.11. In order to prevent
any deviation of the sphere during impact, fromnbemal direction (perpendicular
to the upper face of plate), the displacementfieftivo nodes at the top and bottom
of the sphere were constrained to move only innibrénal direction. The lower face
of the steel plate was fixed rigidly.
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Figure 5.11: Spherical particle in impact with steel plate

Figure 5.12 shows the material behaviour of theiges, the relaxation of the
Young’'s modulus versus time.

80



Properties of Individual Spherical Particles
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Figure 5.12: Changing invoung’smodulus vs. time at 20

All velocities are taken from the selected nodeclhivas positioned at the extreme
diameter, of the sphere, that lies in the planalfrto the impact surface. The
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velocity around the time of impact for two diffeteinitial velocities is shown in
Figure 5.13.

material behaviour at 20 centigrade
2500 I T T T T

[

\ : : ——-initial velocity 2424 mm/s
: : . |—initial velocity 1818 mm/s

2000
1500
1000

Velocity (mm/s)

-500

-1000} s i s -

-1500 | | I | | I I | I

Figure5.13: Velocity tracking at different initial conditioreg 20°C, positive
velocity values represent velocity toward the pkd negative values represent
velocity away from the plate.

The sensitivity of the model was also investigabgddecreasing the step size and
evaluating the velocity after impact. These resalts shown in Table 5.1 for an
initial velocity of 2424mm/s. Achieving perfect agrgence was found to be very
difficult and time consuming. In the Table 5.2, tebound velocity for two different
temperatures and different initial conditions anenpared.

Table 5.1: Comparison of velocity after impact for differestep sizes from an
initial velocity of 2424 mm/s.

Step siz  Velocity after impact mm

20C 100c
1000 935
2000 922
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Table 5.2: Comparison between experiment (with high speedecanHS) and FE
in different temperature, and different initial weities.

Initial velocity Velocity after impact (mm/

(mm/s) Experiment (HS FE (15°C FE (20°C
181¢ 65¢ 707 761

203¢ 66¢ 79C 84¢

216( 80C 837 897

2251 82t 871 932

242! 85t 93€ 98¢

The viscoelastic property of the particle showsdhanging in Young’s modulus in
time domain, Figure 5.12. It can be seen that wenthe time step is too large,
because of the steep gradient of the graph iné¢lgenhing, this part is missed. As the
steep gradient is associated with the zone of maxirdamping in the material, the
simulation shows less damping in comparison withegednent therefore the rebound
velocity is fairly higher than experiment, as indze seen in Table 5.2.

The deformation history at the contact with the Kasa initial velocity, used 1818

mm/s, is shown in Figure 5.14. It can be seen thatpeak deformation in this
particular case is 0.4 mm. At this deformation, ufgg 5.5 indicates that the FE
model is stiffer than the Hertzian model and migatanother reason for the higher
value of rebound velocity obtained form FE.

deformation {(mm)

3 ‘ | ‘ |

0 0.2 0.4 0.6 0.8 1
time (s) T

Figure 5.14: Deformation history during impact for initial leeity at 1818mm/s.
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For reference, it was considered useful to compa@edeformation seen in this text
with those typically experienced in a practicalmgriar damper — experiments of the
kind reported in Chapter 7 and an equivalent sitmariacarried out. From that

simulation the typical velocity of particle is shown Figure 5.15. As it can be seen
the highest velocity of the particle is around 20h/s which is lower than for the

impact test and the largest deformation is attai@gdb mm (Figure 5.16). This

suggests that the modelling approach used is f@lithe conditions studied later.

0.2

Velocity, m/s
(o]

01+

0% : 0.2 0.3

time, s

Figure 5.15: Typical velocity history of a spherical particlethin granular medium

deformtion {(mm)

0 0.2 0.4 0.6 0.8 1 1.2
time (s) x10°

Figure5.16: Deformation history during impact for initial veliby at 200 mm/s.
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5.5 Dynamic propertiesof individual polymeric spheres

Experiments were carried out in order to obtain tymamic properties of the
polymeric spheres used in this work. These area@xgdl here.

55.1 Test rig for measuring stiffness and energy dissipated of individual
particles

The polymeric particles used in this work are shanvhRigure 5.17.

Figure5.17: Polymeric spherical particles used in experiment

A test rig was constructed to measure the dynatifiness and loss factor of the
particles over an approximate frequency range 602-Hz with varying amounts of
static preload. A schematic drawing and photograph provided in Figure 5.18.
Three particles were tested simultaneously, corspre$o preset amounts between
the upper and lower plates. The lower plate wassssd slightly (three depressions
each 3 mm depth and 12.5 mm radius) to locate gestiequally in radial and
circumferential positions. Detailed drawings of tbpper and lower plates are
produced in Appendix D. The static deflection oé tparticles was adjusted by
altering the compression of the helical bias spusgg the threaded bolt. The bias
spring was made of stainless steel, with mass 2.3tiffness 19.77 N/mm, and
longitudinal resonance much greater than the frecjge of excitation. Sinusoidal

excitation was provided to the upper plate by a&ttebdynamic exciter via a 2 mm
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diameter stinger rod. The dynamic force appliedHgyshaker was measured using a
piezoelectric force transducer while the displaceimand acceleration of the upper

plate were measured using, respectively, a lassplatiement probe and an

accelerometer. Initial calibration tests that weeeried out included the use of a

miniature load cell in line with the bias springhid helped establish the spring

stiffness. Additionally, comparisons were made leswthe accelerometer and laser
signals to ensure that they were recording resaitsirately [112].

—1

threaded bolt ——

bias spring —_|
upper plate -_|

particles ——

lower plate —

stinger rod

force transduc

exciter

Figure 5.18: Test rig for measuring complex dynamic stiffnedsviscoelastic
particles.

The signal flow diagram for the experiment is shawfrigure 5.19. Data acquisition
was carried out using a four channel digital ogstbpe (Picoscope) linked to a
laptop PC. A sampling rate of 5 kHz was used.

From the measured time histories, the stiffnesslassl factor were obtained in the
following way. The forceF applied to the particles was calculated using,

F=F, Ky X=m X (5-18)

where k. is the stiffness of the bias spring,, is the reading from force transducer

and m, is the combined moving mass (including the platiéngsr rod and
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accelerometer) which was found to be 70+2 grams. quoted variability originated
from the uncertain effects of the accelerometerewi¥ariables xand X are
displacement and acceleration of the mass whilefdtee F, is the measurement
from force transducer. For sinusoidal excitatithe force-displacement curve for a

damped system forms a hysteresis loop. The dynatifiness and loss factor were
estimated from the loop.

Figure5.19: Experimental for properties of spherical parsglsignal flow diagram

In this work, average properties over the loop weguired for use in the DEM
model. The dynamic stiffness was therefore obtaibgdfitting a straight line
through the hysteresis loop, the stiffness beirg ghadient of this line. The loss
factor as explained by detail in Chapter 3, is ki as the ratio of average energy
dissipated from the system per radian to the maxirdynamic strain energy in the

cycleU,,.

In order to validate the performance of the tegt the elastic modulus and loss
factor for two different viscoelastic materials @oCorning DC3120 and
Sorbothane 60) were obtained using a Metravib \dsatyser VA2000 test
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machine, the data are presented in Appendix E.dyhamic stiffness and loss factor
for cylindrical specimens of each material was mted using,

k= EA @1+2S?%)
L 5-19)

Sis the shape factor (area of one face in contadtiell by the area of surrounded)

for the specimen [113].E,Aand Lare Young's modulus, area and length of

specimen, respectively.

Specimens were also manufactured (Figure 5.20)testéd on the test rig. Results
are presented in Table 5.3.

Figure 5.20: Test specimens (surface damage caused during réfmmvetest rig)
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Table 5.3: Test rig validation results (all measurements@C2and 10 Hz)

M aterial Specimen M aterial Lossfactor, Dynamic stiffness k,
dimensions, mm properties n N/mm
from
Viscoanalyser

lengtt inner outer Young's loss measured predicted measured

dia. dia. modulus, factor in test rig using  in test rig
MPa Equation
5.19

DC 312( 22 7.C 14.2 3.6+ 0.07 0.102+0.00 25+z 24 £ 1.¢
0.18  5z0.

007 (4% error)

Sorbothane 9.C 3.C 21.C 0.73t 043 0.479+0.0 431+ 46.8x0.
60 0.04  80.
004

It can be seen that there is good agreement bettheeresults. Careful observation
on the measurements, suggests that there is angavewerestimation of around
0.034 in the test rig results. This is assumedrisedrom friction in the test rig and

this value was subtracted from every subsequensunement. The hysteresis loops
for the two materials are presented in Figure 5.21.

5.5.2 Measurement of particle properties

Using the validated rig, tests were then carrietl @u spherical particles. These
particles were 15.1 mm diameter spheres make flamddastomer tested in Chapter
3. For testing carried out at 44 Hz, the forcedsashowing the three components in
Equation 5-18, are presented in Figure 5.22. Thdribmtion of the inertia of the
moving mass is evident. The resulting hysteresip land the linear fit applied are
presented in Figure 5.23. These indicate an averalge of approximately 29 N/mm
for the dynamic stiffness for three particles (aradlel).
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DC 3120

15

force, N

_1 5 1 1 1
displacement, mm
Sorbothane 60
15 .

force, N

displacement, mm

Figure 5.21: Hysteresis loops from test rig for DC3120 andb®thane 60
cylindrical specimens at 10 Hz

This gives an approximate normal stiffness of 9/mid for each sphere at this

compression level. Using Equation 5-9, the aversgeere stiffness was therefore
estimated to be 6.5 N/mm.

Properties of the spheres were measured at diffémreuency and pre-compression
levels. Results are summarised in Table 5.4. Nadé variability in the loss factor

measurements between individual cycles is around/%nge in stiffness values is
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guoted to give an indication of the level of unaerty from cycle to cycle variability
and underlying nonlinearity due to the shape ofgaeticles.

The effect of changing static pre-compression oa shiffness of particles is
presented in Figure 5-24. It can be seen thatttfieess increases considerably with
pre-compression while the change in loss factorraitively small. This is
reasonable as viscoelastic materials are expectdek tlinear with strain and the
stiffness is affected by the change in geometrye €ffect of changing excitation
frequency can be seen in Figure 5-25.

frequency 43.04 Hz

inertia
bias spring
restoring force

time, s

Figure 5.22: Time history of force terms (Equation 5-18) for@heres under 0.64

mm pre-compression

Note that at higher frequencies, the displacememtlitude was reduced to keep the
power output of the shaker at a nominally simieuel. The results (Table 5-4) show
that the stiffness varies only slightly over thedguency range considered while the

increase in damping is more significant.
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initial stiffness 29 N/mm

force, N

displacement, mm

Figure 5.23: Hysteresis loop for three viscoelastic particleglétiz and 0.64 mm

pre-compression

H— | ! ! |

-0.2 -01 0 0.1 0.2
displacement, mm

Figure 5.24: Measured hysteresis loops at 44 Hz with two déffieédevels of

static pre-compression
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4ol ; ; ; ;
-0.2 -0.1 0 0.1 0.2

displacement, mm

Figure 5.25: Measured hysteresis loops at five different fexguies with static
pre-compression 0.64mm

Table 5.4. Measured dynamic stiffness for blue spheres udifi@rent conditions.

Pre-
compression | Frequency | Lossfactor Stiffness ( N/m)
(mm) (Hz)
Min Average M ax

0.64 24 0.21 23.4 29.2 30.6
0.64 44 0.36 24.1 29.0 30.8
0.64 90 0.45 28.7 33.9 34.2
0.64 110 0.55 29.4 33.1 33.2
0.64 130 0.53 28.4 34.4 40.3
1.39 44 0.43 38.9 39.5 44.9

5.6 Chapter summary

In this chapter, It was shown that the FE modelthe spherical particle with

hyperelastic property was in good agreement witlhtz-Heontact theory also shear
stiffness and relation with normal stiffness, the model shows fairly well with

Mindlin theory.
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A study of the impact response of viscoelastic ipled was carried out to test the
ability of the Prony series in conjunction with tii& model to replicate real
behaviour. The velocities before and after impaetesmracked and recorded. Also
the drop test was performed and the velocities lpgdore and after contact were
measured using a high speed camera. The compd@&areen velocities in model
and experiment shows a fairly good agreement, agthothe FE model has less
damping than experiment. This discrepancy arisem fthe steep gradient of the
Young’'s modulus relaxation curve, as the time stégses.

The properties (dynamic stiffness and loss faadd@ach individual sphere particle
were measured via a calibrated designed test hgs@ measured values are used in

DEM simulations in next chapter.
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6 The discrete element method for
modelling the vibration of a granular

medium

6.1 Introduction

The discrete element method (DEM) also called aindis element method was
introduced by Cundall [66] for the analysis of radlkechanics problems. DEM is a
numerical method for computing the motion of a éangumber of particles of
micrometre-scale size and above. Today, DEM is lyidecepted as an effective
method of addressing engineering problems in gesrarid discontinuous materials,

especially in granular flows, powder mechanics, o mechanics.

The discrete element method can be computatiomainsive, which limits either
the length of a simulation or the number of paesclThe dynamic behaviour is
represented numerically by a time stepping algorith which it is assumed that the
velocities and accelerations are constant withichdane step. The method is the
same as a finite-difference algorithm.

The calculations performed in the DEM alternateweein the application of
Newton’s second law to the particles and a forepldcement law at the contacts.
Newton’s second law is used to determine the matioeach particle arising from
the contact and gravity, and the force-displacent@ntat the contact defines the

forces cause by the relative motion at each cantact
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Particle flow code (PFC) is commercial software ethis based on DEM [114]. PFC
in three-dimensional mode has been used in thik v@rsimulate the granular

medium.

Use of two force-displacement law and law of motialong with time step
determination is explained in this chapter. Thetacihmodel and the approach used
to define each parameter such as stiffness and idgngwe also discussed. The
procedure used for polymeric particles is also &ixygd. At the end, to better
understand of the behaviour of granular medium aveside range of amplitude of

excitation, a parametric study is performed.

6.2 DEM calculation procedure

The DEM software employed uses a time steppingrilhgo involving the equations
of motion for particles and the contact force agsifrom interaction between
particles and walls. These contacts between araeirand broken automatically.
The force-displacement law is then used in eachacbmo update the contact forces
based on the relative motion between the two interg bodies. The law of motion
is applied to each particle to update its veloaitg position arising from the contact
force and any other body forces (e.g. from graviG9ntainer positions that define

the walls are updated for input velocities to tradisv

6.2.1 Contact force

The contact force (force-displacement) law arisesthe contact area between
particles and between particles and walls. The amtnforce is projected to two
components; one in the normal direction alapgector (unit normal vector to the
contact plane) and the other component is in thgeatial direction which lies on

the contact plane.
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The contact force is therefore expressed by twopomants,
F=F +F, (6-1)

where F, and F,are normal and shear componeettors of the contact force.

The normal contact force vector is given by,

I:n = kndoni 'Zys

where Kk, is the normal stiffness at the contact ads the overlap of two entities

(particle-particle or particle-wall). For nonlineamontact the Hertz equation is

considered and the modulus and Poisson ratio shautt:fined.

The contact velocity, of the two entitiesa andb, is the relative velocity of each

entity to the other, at the contact point.

V= (Xc)b _(Xc)a (6'3)
V= (X| +60; (X o~ Xk))b - (X| +650; (KXo~ Xk))a (6-4)

which consists of translational and rotational edlo The subscriptt stand for

contact point,&is angular velocity of the particle arej, is permutation symbol is

defined as,

+1,if , (i, j,k)is(1,2,3), (31,2)or (2,31)
ex =-Lif (i, j,k)is (1,3,2), (3,21)or (2,1,3) (6-5)
0,if ,i=j,or j=k,or k =i

V=V, +V (6-6)
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where v and v, are normal and shear component vectors of the com&ocity

respectively.

During each time stepAt the increment of shear displacement component is

calculated using the shear velocity component as,

Ad, = v.At (6-7)

This is used to calculate the shear force incremector as,

AF, =k Ad, (6-8)

whereksis the shear stiffness at the contact.
6.2.2 Application of Newton’s second law

The motion of each particle in a granular mediurnakulated from the summation
of forces and moment vectors applied to it. Theiomobf particle is described as
translational and rotational motion. The equatibrmation for translational vector
can be expressed as,

F=m(X-9) 6-9)

where F,,m, g are the resultant force, mass of particle andityragspectively.X is

acceleration of centre of mass.

The equation of rotational motion for a sphericattigle is given by,

M =1d (6-10)

where M,l,a are the resultant moments, moment of inertia andulan

acceleration respectively. The moment of inertiadspherical particle with radius
R is given as,
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| = % mR? (6-11)

The equations of motion are integrated using cdrfinéte difference method in time
step At. The accelerations at time is calculated based on velocities at mid -

intervals. The accelerations are,

% () = i(xi (t+At/2) - % (t—At/2)) (6-12)

@ (1) :i(a), (t+At/2) - (t-At/2)) (6-13)

By substituting Equations (6-12), (6-13) in equasicof motions (6-9), (6-10) and

calculating velocities at time+ At /2one can obtain,

% (t+At/2) = )Q(t—At/2)+(F}]gt) +g)At (6-14)
W +At12) = @t -at12)+ MOy (6-15)

These velocities are used to update the positidgheoparticle centre by,

X (t+At) = x (1) + % (t + At /2) At (6-16)

In PFC3D when analysing a system with many pagidecritical time step is
determined automatically. This value is chosenaaheiteration step. The critical
time step is proportional to the highest naturagjfrency in the system, so to perform
a global eigenvalue analysis of the system is esipen Therefore a simplified
approach is taken to estimate the critical timg.stesimple analysis of a decoupled
multi degree of freedom system of linear springd arasses lead to a critical time

step which is defined by,

(6-17)

_ N mmin / ktrans!atioal
tcrit -
V l min / krotational
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where m_,and . are the smallest mass and moment of inertia insystem

n

respectively while K, guiona and k are highest effective stiffness in

rotational
translational and rotational directions from evelggree of freedom. The final
critical time step is taken to be the minimum dfaitical time steps computed for
all degrees of all bodies.

The actual time step is taken as a multiplicatibthes estimated value by a safety
factor. In this work the safety factor, is set jodefault as 0.8.

6.2.3 Contact model

Contact conditions are defined in the normal arehskirections as shown in Figure.
6.1. The symbolan, kand c stand for mass, stiffness and damping, respectively
and the subscript®r and s refer to normal and shear directions. The follayin
subsections explain the simplifications employed #me resulting nature of each
element used in this study. In general particlelweaéractions have a similar form
although the effective mass is replaced by partidss and the stiffness, friction and

viscous damping elements have different valuesdestribe particle-wall contact.

6.2.3.1 Viscoelasticity

The particles considered in this work are made olymers that exhibit
viscoelasticity. Representation of realistic vidagéc behaviour in the time domain
analyses is always challenging as simple modelh aag the standard linear
viscoelastic model do not match the propertieseal materials particularly well
while more complex multi-element models such as @Generalised Maxwell

(represented as a Prony series) significantly asmehe calculation cost.

The approach taken here is to use the Kelvin-Voigtlel that comprises a spring
and dashpot in parallel. The advantage of thisegugr is that the model is standard
for most commercial DEM software — see Figure @rirformal and shear contact

models between particles. However, use of just speng and dashpot is a
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considerable simplification and some considerat@eds to be given as to

suitability for granular viscoelastic

®

normal direction shear direction

Figure 6.1: Contacts elements in DEM

In a viscoelastic materiethe Young's modulug& and the loss factc/; are frequency
dependent. Use of a Kel-Voigt model requires the selection of a spring a
dashpot whose properties do not depend on frequeRog model is therefol
completely accurate at only one frequency. Cletimiyselection of this frequency
an impatant part of obtaining the most representative eho®ne approach is
assume that intgrarticle interactions are dominated by the impuésponse of th
bodies momentarily in contact. In this case, propgerare those at the natu
frequency of thetouching particles. An alternative approach, whemsodering
mono{frequency, harmonic excitation is to use the exoiafrequency. In eithe
case, it is important to note that for the Ke-Voigt model, the equivalent lo:

factor is given by,

=" (6-18)

where n,k,c and aare loss factor, stiffness, damping constant amdjuency

respectvely. Hence it can be seen that the equivalent fas®r increases wit
frequency. Figure 6.2 shows typical shapes of tleelulus and loss factor wes

obtained using mu-element Prony series and the Kel¥pigt model. It is
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interesting to note that while the Kelvin-Voigt neds only exact at one frequency,
it provides a reasonable estimate to the curvevetd frequencies i.e. if the effective

temperature is some way above the glass transition.

loss factor

Young’'s modulus

frequency frequency

Figure 6.2 Comparison Kelvin-Voigt model (dash line) withdAy series (solid

line)

As it was shown in Chapter 5, the maximum deforamtof particles in the
operating zone (experiment) is very small therefaemal and shear behaviour were
assumed linear, this also could lead to reducedpatetional costs in PFC3D. The
zone in which the viscoelastic material operates also affect the Poisson’s ratio
[115] and the coefficient of friction [116]. Ratheéhan attempt complicated
experimental activities to measure these propetiey are assumed constant in this

work. Poisson’s ratio equal 0.45 and coefficientrmftion equal to 1 are assumed.
6.2.3.2 Stiffness normal and tangential to the contact sdace

The contact stiffness is defined by normal stiff@s, ) and shear stiffnesk(). For

a linear system the stiffness of the two contacpiagicles or particle and wall act in

series, the contact normal stiffness is given by,

K, = M (6-19)
(kn)a + (kn)b

where notationsa,b indicate each entity. Similar equation for the emntshear

stiffness is given by,

k — (ks)a(ks)b

= 6
° (ks)a +(ks)b 2 )
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6.2.3.3 Viscous damping

In the contact model employed, the normal and sdeahpots are parallel to the
associated springs. Damping force is added to cbifdace, both shear and normal

components create force which is given by,

F =cv

(6-21)

¢, is damping constant which for normal casejgand for shear case g and v, is

the relative velocity at contact and as explair@ddamping constant, it depends on

which direction it is, it could b&, or v;.

In PFC3D, the damping constant is not defined tlyeand instead of that the

damping ratio is used. It is given as,

(= -28)

where k; is the contact stiffness € n,normal s,sheajand mis effective mass. For

particle-wall contact it is taken as particle massl in the case of particle-particle

interaction it is defined as,

-_m.m -
My = o (6-23)

wherem and m, are mass of particle 1 and 2 respectively.

The damping for a viscoelastic material is usualharacterised in terms of loss

factor. The coefficient of an equivalent viscous damper at a given frequents,

all (6-24)
w

cC =

n
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If instead, it is assumed that the behaviour is idated by the contact resonance,

this becomes,

C, =N Jmgk, (6-25)

Note that stiffness and damper terms are in genasslumed to be different in
normal and shear directions. In the shear directibare is no consensus on the
correct expression for damping. Some have igndrsdtérm completely [38], others
have assumed that the viscous damping coefficretite tangential direction is the
same as the one in the normal direction [108]. \#seoelastic particles, the energy
dissipated is directly proportional to the losstéaanultiplied by the stiffness. Thus

the shear damping coefficient can be written as,

S

k
c.=c — 6-26
"k, ( )

As already mentioned in PFC3D, damper coefficieams input as a fraction of

critical damping. Hence,
_n
7 = 6-27
"2 (6-27)

And hence the shear damping ratio is given by,

LS 6-28
. Zn\/; (6-28)

The viscous force is applied after sliding chedkpaf the contact is sliding so that
the shear contact-model force has reached the @dulionit, then the viscous shear

force is reduced to zero.
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6.2.3.4  Friction force

Friction is estimated using the Coulomb equatiomctviis a relation between normal
and shear force, such that two bodies in contagtsiia on each other. In the model,
slipping is always active. The slip is explained thne friction coefficient at the

contact which is taken as minimum friction coe#iai of the two particles or particle

and wall.

The contact is checked for sliding conditions byating the maximum allowable
shear contact force which is given by,

Fs max: ,LI I:n,i (6)2

where u is friction coefficient. If the applied shear fortegreater than maximum

shear force calculated by above mentioned equatieem slip is allowed to occur

during next cycle. So the condition for slippinggisen by,

I:s,i > Fs| (6)3

And the magnitude oF; is substituted bi}s| max -

So as it mentioned in the models used, Coulomltidricis assumed to govern the
slip between patrticles (and between particles aallisyv In the work reported here,

the coefficient of frictiony was considered to be uniform for all contacts.

6.3 PFC simulation for container with polymeric particle

dampers

In order to make the appropriate model in PFC3tt fof all the appropriate
properties of materials are required. In this wakbox filled with the blue

elastomeric spheres was considered. Stiffness amdpidg of particles can be

obtained by theoretical and experimental methodsriteed in Chapter 5.
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Another required parameter was the density of gdadi The weight and also the
diameter of ten particles were measured and theaggdaken. For each particle the
diameter was 15.1+0.01 mm and mass 2.11+0.01 giaghicates a density of 1170

kg/m®. The density and diameter of each particle wepetito the code.

The next step was to generate the container andeditfe stiffness of all walls. The
internal dimensions of the container were 180x120#¥m and it had walls 30mm
thickness. The container material was assumed tBdispex — a material that is
much stiffer than polymeric particles. For the @onér, the normal and shear

stiffness were assumed to be 100 MN/m and 70 MNspectively.

After defining the appropriate material and phykigeoperties of each individual
particle in PFC3D code, then the specific numbénsanticles were generated. This

involved two main steps.

First, a specific number of were randomly generated located within the specified
volume. In this work, 200 particles were used fertical vibrations and 260 for

horizontal vibrations studies. For relatively higansity packing, random settling of
locations can create a medium that does not fihiwithe generated volume. To
solve this problem two steps were taken. First, thdius of particles was

temporarily reduced to a set amount — a suitableevaf 66% were found by trial

and error — then an automatic procedure attempefit these particles into the

available space without overlapping. In total 2%aflempts were used in this work —
see Figure 6.3.

After generating and fitting particles into the negdhey were allowed to fall under

gravity and settle over a period of 60,000 timepsterhis was to encourage the
medium to its equilibrium state — see Figure 6t4vds considered that the model
was in equilibrium when the maximum or average larbzed force was small

compared to the maximum or average contact forggical average unbalance
forces were found to be 5.36x1N while the maximum unbalanced force was
1.28x10" N (see Appendix F) — the small values show theady state conditions

were effectively reached. Assuming only forces ggabtiue to the mass of particles,
the mean contact force was found to be 2.78x40 many times larger than the
unbalanced forces (see — Figure 6.5). Note thahguhis step, the radius of the
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particle was also increased back to the origindle by multiplying the factor o

1/0.66. Theoutput data filecan be seen in the Appendix F.

Figure 6.3: Random generation particles In the first step generating pales

with smaller size.

Figure 6.4: Containerand particles in equilibriu
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Figure 6.5: Average contact force versus time steps, aftergbestreach equilibrium

in the end of step two.

The next step was to apply boundary conditionseHire boundary condition was a
translational sinusoidal velocity applied to aktialls. In general 50,000 time steps,
approximated equivalent to 0.5 s, of shaking weoarded.

For the purposes of model validation, simulatiorerevcarried out at acceleration
amplitude of around 1.6 g and frequencies 30, B0arsd 130 Hz. (the comparisons
with experiments are shown in the next chapter)reH@lots showing energy
dissipation over time for 200 particles in vertigéddration and are shown in Figures
6.6 to 6.10. The power dissipation is the gradadrthe energy dissipation curve. In
each case the total dissipation is shown by fitdngplynomial line through the total
energy dissipated graph, these values for powesipdited are compared with
experiment in the next chapter. Also in each caseeanergy dissipated which is
made up from friction (at contacts) and viscoustémal loss) terms can be seen.
The intercept value for polynomial line is thoudbt be transition time for the
vibrating damper to break up the clumps of parsiciich by increasing excitation

frequency it decreases.
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012 T T T T T
—total
— linear
- |y= 0.23*x - 0.0073 E———
==friction
= 0.08
°
Z
o
2
£ 0.06
©
>
2
2 0.04
0.02--

Figure 6.6: Energy dissipation at 30 Hz, 200 particles irtigat excitation.
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Figure 6.7: Energy dissipation at 50 Hz, 200 particles irtical excitation.
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Energy dissipated at 90 Hz
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Figure 6.8: Energy dissipation at 90 Hz, 200 particles irtieal excitation.
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Figure 6.9: Energy dissipation at 110 Hz, 200 particles irtigal excitation.
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Figure 6.10: Energy dissipation at 130 Hz, 200 particles irtigal excitation.

As an another validation of the DEM model, the cangons between the
experiment represented in Chapter 4, for low amg@étvibration, and simulations by
PFC3D are shown in Figure 6.11. The results shovd gmreement, although at 500
Hz frequency they are far from each other whicls ithought because of the first
natural frequency of container. (Initial tests skowthat flexible modes of the

container were above 500 Hz while the rigid bodyde®were below 5 Hz).

450 - T
=8=cxperiment, 1e-5m i o
—8—PFC, 1e-5m -
400| =@ =experiment, 1e-6m ‘ S
-8-PFC, 1e-6m e
350 -:--:ipceri?we;t, 1e-7Tm ! : ‘y"\ =
“@PEC, 1e-7m : .
“0' ,: -'wgw-'
300 e P
oL A S
., Gl ol
£ L B , __—"' E N.o-“_“_.a _
@ 280 aQ ‘__,—--' —“ﬁluwuHWﬁl'H\—“
= > o L
gzoo g T et -
-
'l.
150 ‘l : -
100 —
50 —
0 i I I | | i I I
o] 50 100 150 200 250 300 350 400 450 500

frequecny (Hz)

Figure 6.11: Comparison between experiment (which were perfdrimechapter 4-

horizontal vibration) and DEM modelling
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In Figures 6.12 and 6.13 and also in Table 6.1 ptheer dissipated from horizontal
vibration for 260 particles at different amplitudaie shown. As it can be seen in
Figure 6.13, when the vibration level is very lowoshof energy dissipated is due to

viscous effect.

-3
18210 : : .
; —total :
1.6y =0.0033*x + 3.66-007 linear : g
5 ===yiscous
14- - = friction : -
2 1.2+ _
-] -
] o
g .
.ﬂ —"“'
h -] Liss ,—" =
© 03 e
o s
(7] -
c 0.6 ar® -
L -’,—"
0.4l St .
—""
0.2 —"_,_—‘ B
(1) == I » i i i I | i I i
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

time (s )

Figure 6-12: Energy dissipated at 100Hz, amplitude™i®, 260 particles in

horizontal vibration.
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Figure 6.13:Energy dissipated at 100Hz, amplitude™®, 260 particles in

horizontal vibration.
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Table 6.1:shows the total energy dissipated and fractiothefenergy dissipated by
friction for the PFC model in Figure 6.11.

Frequency | Amplitude | Total power dissipate( Fraction of energy dissipated
excitation (Hz) (m) (W) by friction
80 10° 1.8x10° 0.44
120 10° 4.9x10° 0.24
120 10° 3.4x10° ~0
150 10° 7.5%x10° ~0
200 10° 8.3x10° ~0
300 10° 3.8x10" ~0
300 10" 3x10° ~0
350 10° 5x10" ~0
400 10° 7.7x10° ~0
400 10" 8x10° ~0
500 10" 1.5x10’ ~0
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6.3.1 Parametric study

The sensitivity of damping to horizontal excitatiamplitude was studied using
DEM - see Figure 6.14. The trend of behaviour @ngfar medium at different
zones &, b, ¢, d) also can be seen in the work by Saluetrad [13].

It can be seen that in the very low amplitude (§olegion (zonea) where the
particles are in contact permanently performancgase to that predicted using the
low amplitude theory. The equivalent damping as$ ttone is almost independent to
vibration amplitudes (solid region) and is higheaurt the convection and gas regions
(zonesc andd) where the particles collides and moving to eatttelo Because of
permanent contact between patrticles, in this zanaga) the energy dissipation by
friction is almost zero. However for very low damgiratio (0.025) it can be seen
that a small rise in energy loss occurs with amgkt More investigation in this

zone shows that little friction dissipation is pras(see — Figure 6.15).
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Figure 6.14: Equivalent damping versus excitation amplitude,GiHz excitation
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Figure 6.15: Energy dissipated at 100Hz, 0.01g amplitude, dagpatio 0.025
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In zoneb, in Figure 6.16, a clearer increase in damping lmarseen between 0.03g

and 0.05g.This increasin might be because of spgoif particles which can be

physically seen in the container during the experninso that the friction increases

and the total damping increases. This raisingiofién can be seen in Figure 6.16.
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In the transition region from 0.03g (solid regiont05g (transition

region) exciting amplitude, the energy dissipatigririction increases considerably.
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At higher amplitudes in the zomewhich is called convection, the particles slide an
roll more freely over each other. In this case ¢hiera trade off between damping
due to friction and viscous effects as resultingtle similar damping levels

irrespective of the material loss factor [13].

Increasing the amplitude to extremely high levesng d), the particles separate
from each other (gas region). It can be seen thiicles with lower damping reach
the gas region earlier because are less stickythieadther type and more collisions
can happen so although the damping for each ing@igarticle is less but the total

damping increases [13].

6.4 Chapter summary

In this chapter the application of Discrete Elenmaethod to energy dissipation from
a granular medium was described. The procedure asedthe detailed steps
employed were explained.

The model was run at several different frequenaigder vertical vibration in order

to generate data for comparison with experimetiénext chapter.

Horizontal vibration of the granular medium (ideali to those experiments in the
Chapter 4) was also studied. Different displacenaemplitudes and a wide range of
frequencies were applied to the model and powesighted from total energy
dissipated trace was extracted by linear interpmafgradient of energy trace). The
results were compared with experiments performe@hapter 4, and are in good

agreement.

A parametric study was also performed in this chapd observe the different
behaviours of granular medium with a wide rangeuwmiplitude excitations. It was
shown that there are different zones in the vildkgi@nular medium depends on the
amplitude of vibrations. At low amplitude most diet cases the energy dissipated

due to friction is nearly zero, although by inciegghe amplitude, the total damping
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is increased, this might be because of spinningaoficle which can be physically
seen in the container that causes friction phenomeBy further increasing in
amplitude the particles start sliding and rollingg @ach other which named
convection zone and there is a trade off betweendifferent types of particles (low
and high damping ratio). At very high amplitude wéhéhe particles separate totally
from each other, the total damping of particleshvgimaller damping ratio, is higher
than the other type that could be because of manger of impact between them in
compared with particles with high loss factor. Thleenomenon was also observed

in previous literature [13].

The models which made in this chapter showed ggvdement with experiments

performed in Chapters 4 and 7.
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7 Spherical Particle Dampers as
Granular Materials at Higher

Amplitude Vibration

7.1 Introduction

Damping strategies that use granular materials to attenuate structural vibrations
generally rely on one of the two very different mechanisms for dissipating energy.
For low vibration amplitudes, where particles always remain in contact and do not
slip relative to one another, success depends on the ability to maximise energy
dissipation within individual particles. If however, excitation is such that separation
and slip between particles does occur (inelastic collision and friction), optimisation
of the energy loss at the contact points becomes important and even particles with
low internal loss, for example steel ball bearings, can give excellent vibration
suppression. In practice, it is often desirable to have good damping performance over
a wide range of amplitudes. While amplitude dependence has been widely studied
for traditional particle dampers involving low-loss hard particles, very little
information is currently available for systems based on larger particles made from

materials with significant internal energy dissipation capacity.
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7.2 Simulation of damper effectiveness

Measured properties of individual particles were used with DEM simulations to
predict the performance of a polymeric particle damper subjected to a range of
different amplitudes and frequencies. The model was validated under a number of
different conditions by making comparisons with experimental results. The damper
used in this study involved a rigid box with internal dimensions 180%x120x40 mm
containing 200 spherical particles, each 15.1 mm in diameter, made from an
elastomer whose characteristics was described in Chapter 3. Values of key
parameters used in the simulations are presented in Table 7.1. Measurement of the
normal stiffness and loss factor of the spheres was described in Chapter 5. As it was
noted in the previous chapter that the polymer was operating between the rubber and
transition zones the Poisson’s ratio was assumed to be 0.45 and a value of 1.0 was

assumed for the coefficient of friction for all contacts.

The details of how to generate the model in PFC was provided in Chapter 6. The
final stage in this process was to apply sinusoidal velocity to the walls as a boundary
condition. In this work the time length for shaking was 0.6 s which was equivalent to
60,000 steps.
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Table 7.1: Properties of the baseline granular medium used for power dissipation

studies.
Item Unit | Value
General Number of particles each | 200
Particle diameter mm 15.1
Particle mass gram | 2.11
All coefficients of friction | n/a 1.0
Particle-particle Normal stiffness (k) N/m | 6,500
contacts
Shear stiffness (k) N/m | 4,613
Normal damping ratio n/a 0.200
(4]
Shear damping ratio (¢,) | n/a 0.168
Particle-Wall Normal stiffness (k) N/m | 13,000
contacts
Shear stiffness (k) N/m | 9,226
Normal damping ratio n/a 0.200
)
Shear damping ratio((£,) | n/a 0.168

A typical plot showing energy dissipation over time is presented in Figure 7.1. The

power dissipation is the gradient of the energy dissipation curve. In this case the total

dissipation is 0.14 W. It can be seen it that is made up from friction (at contacts) and

viscous (material loss) terms. For the purposes of model validation, simulations were

carried out at acceleration amplitude of 1.6 g and frequencies 10, 50, 90 and 130 Hz.
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Figure 7.1: Energy dissipation at 50Hz, 1.7g amplitude

7.3 Experimental validation of model

For the physical experiments, the container was constructed using blocks of Perspex
that were 30 mm in thickness to provide high rigidity but also visibility. Figure 7.2,
shows the signal flow diagram for the experiment. Data acquisition and test control

were carried out using a two-channel Siglab unit connected to a PC.

The container was suspended using nylon line and light metal springs to simulate
free boundary conditions and an electrodynamic exciter attached to base — see Figure
7.3. Initial tests showed that flexible modes of the container were above 500 Hz

while the rigid body modes were below 5 Hz.

200 particles were placed randomly in the container and the power dissipation
measured at various amplitudes and frequencies. Power dissipation was measured
using the Fourier-based power flow method that Yang [40] and Wong [10] used in

their work. This method explained in detail in Chapter 3.
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Figure 7.2: Experimental for power dissipation of granular medium, signal flow

diagram.

It was assumed that the excitation was perfectly sinusoidal and the container was
completely rigid. The experiment was repeated for the case with the container empty
in order to find the phase error due to the boundary conditions and electronics. This
error, although relatively small (being 1% at 50 Hz), was subtracted from subsequent
measurements of the full system to provide true contribution of the granular medium.
Power dissipation levels obtained from experiment and simulation for different
frequencies and equal acceleration amplitude (1.6g) are given in Figure 7.4.
Simulation results were produced in two ways: stiffness and damping were assumed

fixed according to the values defined in Table 7.1 or they were allowed to vary with
frequency according to the measurements described in Chapter 6. Although the
simulations somewhat overestimate the dissipated energy, both approaches provide
reasonable correlation with the measured results and hence it can be concluded that
the simplifications made in the model are acceptable in the amplitude and frequency

ranges considered.
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Figure 7.3: Test rig for power dissipation measurement of a granular medium.
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Figure 7.4: Comparison of power dissipation from experiment and simulation at
acceleration amplitude 1.6 g. Fixed refers to the properties specified in Table 7.1 and
variable, refers to the properties changing with frequency according to the master

curve.
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7.4 Observations of granular medium behaviour

Performance of granular medium subjected to pure sinusoidal vibration is studied
using validated DEM model to various parameters. This was considered important
not only to give understanding of the behaviour of the granular system but also to
provide confidence in the model as parameters such as the friction coefficient were
estimated.

It can be seen in Figure 7.5 that at a constant vibration frequency (50 Hz) the power
dissipation is increased by increasing the amplitude of vibration. This would be
expected from most dampers. However, the nonlinearity of the dissipation
mechanism can be seen by considering instead the damping coefficient of an
equivalent grounded viscous damper — this is plotted against amplitude in Figure 7.6.
Here it can be observed that the damper coefficient is optimised at around 1.6 g
excitation level. This nonlinear behaviour is consistent with experimental

observation of metallic particle dampers in the literature [10].
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Figure 7.5: Effect of acceleration amplitude on power dissipation at 50 Hz
(simulated).
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Figure 7.6: Effect of acceleration amplitude on equivalent viscous damping at 50
Hz (simulated).

The effect of excitation frequency on the power dissipation from the granular
medium is presented in Figure 7.7. The drop in dissipation as the frequency rises is
because acceleration amplitude is kept constant — resulting in lower deflections at
higher frequencies. For comparison, results for an equivalent linear damper with
performance matching that of the granular medium at 30 Hz are also given. It can be
seen that the granular medium provides significantly better performance at higher
frequencies than the linear system — behaviour also noted previously for metal
particles [63].

025 , ; .
= linear damper
s 02 . : : ==& == granular medium ]
c ; : : : ; f f :
:g 015 s ......... N e R TR .............. T SR _
3 ; : 5 4 : ; : :
6 01 ............ .............. .............. --_-_‘_- ......... ............. ............ .
-E : : : : : -h-‘-wh“'- E
00 | O, JUOIG . 5....~ DONERUON. DUNUUON. JONI. SOOI SOONS. . .75 octocsl
3
S i i i i i i i i i

30 40 50 60 70 80 90 100 110 120 130

frequency (Hz)

Figure 7.7: Effects of frequency on power dissipation for the granular medium and

a linear damper at 1.7g acceleration amplitude (simulated).
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Energy dissipation in the viscoelastic particle damper model can occur through
interface friction and internal (viscous) loss. Figure 7.8 shows that power dissipation
is not significantly affected by the friction coefficient. While this result appears
somewhat counter-intuitive, as friction is a significant energy dissipation
mechanism, this phenomenon has been noted previously for traditional particle
dampers [10].

At very low amplitudes, it has been shown that system damping is directly

proportional to the material damping of the spheres as shown in Chapter 4.
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Figure 7.8: Effect of friction of coefficient on power dissipation at 50 Hz and 1.6g

acceleration amplitude (simulated).

As this was thought to be unlikely at higher amplitudes simulations were carried out
for different values of particle damping ratio. Results at 50 Hz and 1.6 g are
presented in Figure 7.9. This plot also includes the fraction of dissipation that is
attributed to viscous loss — the remainder is from friction. It can be seen that the
overall power dissipation does not change significantly. When the loss in the
particles is low, there is a significant amount of friction damping and as the internal
damping in the sphere increases, the friction contribution drops. These results
explain why it was possible to obtain good predictions of energy dissipation
performance (presented in the previous section) without knowing accurately the
actual friction coefficient between the particles and between particles and walls.

Sensitivity of performance to contact stiffness at different frequencies is shown in
Figure 7.10. It can be seen that small changes in stiffness (e.g., factor of two) do not

dramatically affect the overall behaviour. Note that the reduction in power
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dissipation with frequency is because the acceleration amplitude is held constant at
1.6 g — under these conditions the velocity and displacement reduce at higher

frequencies.
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Figure 7.9: Effect of damping ratio on power dissipation at 50 Hz and 1.6 ¢
acceleration amplitude (simulated).
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Figure 7.10: Effect of particle stiffness on power dissipation at different

frequencies (simulated).

In Figure 7.10, it can be seen that for very soft particles, energy dissipation is
concentrated in the lower frequencies. If the particles are much harder (typical of
polymer spheres in the glassy zone), overall power dissipation is somewhat lower.

As the material loss factor was the same for each stiffness level considered, it can be

seen that large variations in contact stiffness are important.
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A comparison between vertical and horizontal direction has been shown in Figure
7.11 and Figure 7.12. Energy dissipation changes with direction of shaking, as it can
be seen in vertical vibration more energy is dissipated. The vertical model has been
already verified by experiment. In this comparison all other parameters are identical
for both conditions and the excitation amplitude is 0.01g, so both cases are in the
solid region and dissipation by friction is negligible.
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Figure 7.11: Energy dissipated in two different conditions in solid region, dash-line
is in horizontal vibration and solid line for vertical vibration. Amplitude of exciting
is 0.01g (simulated).

When the excitation amplitude is increased to 2g, particles tend to slide on each
other. Energy dissipated is presented in Figure 7.12. While the total dissipation is
considerably higher for vertical vibrations (around 3 times) the amount of friction

induced loss is nearly the same for both directions.
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Figure 7.12: Energy dissipated by friction in horizontal vibration in comparison
with vertical vibration. The exciting amplitude is 2g (simulated).

Chapter summary

In this chapter, the power dissipated in granular medium comprising spherical
polymeric particles that was subjected to higher amplitude excitation vibration
(sinusoidal waveform) in the direction of gravity (vertical vibration), is considered.
Spherical viscoelastic particles are partially filled in a box with rectangular cross
section whose walls are made of thick blocks of Perspex. Numerical and
experimental studies were made of the power dissipation from the medium.
Simulations of the medium were obtained using a three-dimensional Discrete
Element Method (DEM) code. The measurements (stiffness and loss factor) of
individual particles in chapter 5 were used as input parameters for using in the
simulation studies. The power dissipation of the granular medium obtained from
simulation was compared with that from a physical experiment and found to be in
good agreement (Figure 7.4). The sensitivity of power dissipation to amplitude,
frequency of excitation and friction coefficient was investigated. Also at the end of
the Chapter, a numerical comparison between power dissipated of the medium under

vertical and horizontal excitation is performed.
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8 Sensitivity Analysis on Granular

Medium

8.1 Introduction

Sensitivity Analysis (SA) is “the study of how the uncertainty in the output of a
model (numerical or otherwise) can be apportioned to different sources of

uncertainty in the model input” [117].

In this chapter, in order to gain better understanding of sensitivity of energy
dissipated to the friction coefficient and damping ratio, an SDOF system was used,
then after that, the sensitivity of the power dissipated in a granular medium on
convection phase, with different independent variables, is investigated. The input
parameters are stiffness, damping and friction coefficient of each individual particle.
The method used here is based on Saltelli’s approach [117]. Other method was used
in chapter 7, which all other input parameters were kept constant and only one
parameter changed several times to observe how does it affects to the energy output
of the system. The purpose of this chapter is to make a comparison between the two

methods to evaluate whether one is better than the other.
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8.2 Sensitivity analysis on simulated SDOF model

In order to gain better understanding of the behaviour and effect of friction and
damping on granular medium a simple sliding (SDOF) model was developed — see
Figure 8.1.

k .
A A A AN X = X sin wt
ji. v
LN
Cc

Figure 8.1: Simple sliding model

The force developed in this model when subjected to sinusoidal displacement was
simulated in Matlab code. The displacement is shown in Figure 8.2. As it can be
seen the displacement is given so that in the first period has smaller amplitude and
gradually reaches to steady state, and has zero slope in the beginning, this is because
to prevent high velocity at the start point and therefore preventing from sliding. In
this calculation it was assumed that the normal force to this sliding model is constant
and friction coefficient changes from 0 to 1.4 and loss factor ranging from 0 to 1.2.
By running the code, the energy dissipated is calculated from the hysteresis loop for
variable input. Although the displacement is sinusoidal, because of the friction
element the force-history is not a completely sinusoidal response. Typical force

varying with time is shown in Figure 8.3.
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Figure 8.2: A typical input displacement history of sliding SDOF model.
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Figure 8.3: A typical force history response of sliding SDOF model.

For different values of loss factor (which is proportional to damping ratio) and
friction coefficient, the force-displacement values are plotted which represent the
hysteresis loop. The Matlab code runs many of times and gets the energy per cycle

(the area of each loop shows the energy dissipated from simple model).
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Figure 8.4, is a typical hysteresis loop (friction coefficient has a high value, 1.4 and
loss factor is up to 0.6) which calculated when the friction coefficient is very high so
that friction does not happen and most energy dissipated is because of viscous

damping. These phenomena can also be seen in upper part of contour plot Figure 8.7.
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Figure 8.4: A typical hysteresis loop of sliding SDOF model, viscous damping

makes a main contribution to energy dissipated (high friction coefficient).

At low friction coefficient, due to sliding, most damping is caused by friction force
and the viscous damping is very small. The typical hysteresis loop can be seen in
Figure 8.5 (friction coefficient is up to 0.2). It is a typical hysteresis loop from the
lowest part of contour plot Figure 8.7.
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Figure 8.5: A typical hysteresis loop of sliding SDOF model, friction makes a main
contribution to energy dissipated (at low friction coefficient).

Another typical hysteresis loop, where both friction and high loss factor are
significant, is presented in Figure 8.6. In the case the hysteresis loops are a
combination of both damping (viscous and friction). These cases are happened in the

curve shapes of contour plot Figure 8.7.
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Figure 8.6: A typical hysteresis loop of sliding SDOF model, both friction and
damping contribute to energy dissipated.
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The total result of energy dissipation is shown in contour plot, Figure 8.7.

energy dissipation from simple model
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Figure 8.7: Variation of energy dissipated from loss factor and friction

As it can be seen in Figure 8.7, at very low values of friction coefficient the model
shows more sensitivity to energy dissipation while at high friction coefficient it
shows less sensitive because the particles are stickier due to friction. Also it can be
seen that at lower friction coefficient the energy dissipated is less sensitive to loss

factor. These phenomenons are also seen for granular medium.
8.3 Test Model and Sensitivity Analysis Procedure

In the previous section a simplified model was used to demonstrate the sensitivity
for both the loss factor and the friction coefficient. In this section, this is now

expanded to an MDOF system that is more representative of the actual system.

By assuming the model under study as,
Y=> 07 (8-1)

where the input factors are Z, and Q, are weights as fixed coefficients, r stands for

number of input variables and Y values are output parameters. The individual Z

variables are characterized as independent and distributed normally with mean zero.
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8.3.1 Scatter plots and Linear Regression

A typical scatter plot which obtained based from a Monte Carlo experiment has been
shown in Figure 8.8. This example shows the scatter plots of Y versus input
parameters Z; Z,, Zs, and Z, which distributed normally with mean zero, As it can
be seen in Figure 8.8 parameter Z, both converges to a line and has a higher
concentration of the data points (scatter points) than Zz and so on. Therefore the
output Y is more sensitive to Z, than it is to Z3 .The influence of input factor Z, on
the output is more than the others. In this case the order of sensitivity is
24>73>70>7,.

Monte Carlo methods are based on sampling from the distribution of input. The

inputs are independent and can be arranged in a Monte Carlo matrix,

zM W z®
z,® z® . z®
M= | .. (8-2)
Zl(N—l) ZZ(N—l) Zr(N—l)
AN RO R AL

These values have been substituted (for each row) to the model main Equation 8-1.
The output values which are calculated from the model equation can be produced as

a vector, Y.
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Y= ... (8-3)
Y (n-1)

Y(N)

where each of the values for this vector e.g. Y™, is calculated by Equation 8-1 and
input values Z;™ z,™,.... Zz™. As a conclusion, by knowing the r number of input
factors and N set values of input, one can obtain N values for the output. N is also the
number of times that the model should be used for calculations which is the size of
Monte Carlo experiments. The results show r number of scatter plots. Scatter plots
are a useful way which enables the user to analyse the sensitivity of each input

parameters to the output in a glance and summarise them.
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This could be obtained by using a simple linear regression on the data of the input

values of matrix and output vector values.
8.4  Sensitivity Analysis on the Granular Medium Model

The procedure which explained in previous section is applied for the granular
material medium. For simulation, the model based on DEM which was used in

Chapter 6 is conducted.

As a first step, an input file should be produced by randomness method within the
specific defined range and evenly distributed. The input parameters are stiffness,
friction coefficient and damping ratio (Table 8.1). In order to investigate the
sensitivity of the power dissipated at different conditions a wide range of input
parameters was considered. An amplitude excitation, 6g at 100Hz was used

throughout.

Table 8.1: Input variable parameters to granular particles

Stiffness (N/m) Damping ratio Friction coefficient
Lowest Highest Lowest Highest Lowest Highest
value value value value value value

6x10° 6x10° 0.025 025 0.1 1

8.4.1 LOOPFC Method

After generating the input data file, the method ‘LOOPFC’ is used. In this method a
batch file is created which is containing a series of commands to be executed by the
PFC3D code so that this script file is set up to automatically read the input data file,
line by line. The process in the batch file is generating all walls with their properties,
and then the input ASCII file which contains all information is read. The codes for
calculating energy dissipated by friction and viscous were used. Figures 8.9 to 8.11
show the scatter plots for each of the stiffness and damping and friction coefficient
versus power dissipated for high amplitude vibrations with 600 set values therefore

the code runs for 600 times iteration.
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In Figures 8.9 and 8.10 it can be seen that power dissipation is less sensitive to
changing stiffness and damping ratio. In Figure 8.11, it can be seen that in very low
friction coefficient there is a higher sensitivity to the output power dissipated, this is
similar to what expected in chapter 7, Figure 7.8. Also in Figure 8.11, for an
arbitrary stiffness and damping ratio equal to 229303 N/m and 0.08 respectively, the

sensitivity to friction coefficient is shown (solid lines).
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Figure 8.10: Scatter plot of stiffness versus power dissipated.
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Figure 8.11: Scatter plot of friction coefficient versus power dissipated.

In order to compare the results with SDOF sliding model, the results were re-plotted
for lower stiffness as used in SDOF model. Figures 8.12 and 8.13 show the
sensitivity of power dissipated to friction coefficient and damping ratio. As it can be
seen in Figure 8.12, the power dissipated is sensitive to friction coefficient at lower
values and less sensitive at higher friction coefficients. This can be seen in Figure 8.7
at lower loss factor, however at higher loss factor there is a discrepancy and thought
that it is because of constant normal force which assumed for sliding SDOF model.
Figure 8.13 shows that the power dissipated is less sensitive to damping ratio and
this also can be seen in Figure 8.6 so that the loss factor is less sensitive by moving

from left to right.
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Figure 8.12: Scatter plot of friction coefficient versus power dissipated
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Figure 8.13: Scatter plot of damping versus power dissipated.

8.5 Chapter summary

In this chapter the sensitivity of granular medium to the stiffness, damping and
friction coefficient variables were studied to help better understand the earlier
chapters. As it was shown the power dissipated of the system is more sensitive to the

very low friction coefficient and also in a very low damping ratio, however they are
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less sensitive to higher value of those. A simple sliding model of SDOF sliding
system was modelled and the behaviour of friction and damping were also studied.
The comparison between two approaches is consistent and returns similar results at
some cases. Discrepancies which are because of simplifications at SDOF model were

also mentioned.
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9 Conclusonsand Future Work

9.1 Conclusons

This thesis has considered the energy dissipatadgiranular medium composed of
spherical polymeric particles whose properties gearsignificantly over the
frequency range considered. The work involved téeoal, numerical and
experiment approaches. The excitation of granukadiom in this work is both in
vertical (same direction as gravity) and horizordakctions and as a sinusoidal
vibration. Material and physical properties of widual viscoelastic particles were
obtained by utilising visco-analyser test machimel also a designed test rig. A
numerical model based on Discrete Element Methd@MPin three dimensional
was developed to simulate the behaviour of polymenanular medium. As
viscoelastic fillers are more effective for low-aiyme vibrations (where the
particles are permanently in contact like as sol@lium and do not slip relative to
one another), the investigation on energy dissypadif granular medium in both low
and higher amplitude vibrations were performed @mnelach case the corresponding
theory approach was utilised. The sensitivity ofgpaeters on power dissipation in

granular medium was performed.
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9.1.1 Main conclusions

* A numerical model that uses Discrete Element MetfioM) was developed
for prediction of energy dissipation in a visco@agranular medium. One
simplification in the model was approximating vietastic behaviour using the
Kelvin-Voigt model (spring and viscous damper imgdel) in order to provide
acceptable calculation times. It provides a redslenastimate to the curve at
lower frequencies i.e. if the effective temperatisrsome way above the glass
transition. Another simplification used was lineatiffness for small
deformations. Despite the simplifications the modek found to be in good
agreement with experiments (under vertical and zootal vibrations with
different number of particles) in a range of freguies and amplitudes
excitations (see Figures 6.3, 6.4, 6.11, 7.4).

* When the granular medium is subjected to low anmbdt vibration, where
particles do not collide and move relative to eatler but are in permanent
contact. In this case the medium behaves as a Sxjdificant levels of energy
can be dissipated by the generation of internahdstg waves within the
granular medium (see Figures 4.8, 6.14 zane\s behaviour can be predicted
using finite element analysis, it is easily applfed many complex structures.
The Effectiveness of predictor method was demotestrly comparison with
experimental results (see Figures 4.8, 6.11).

* It was shown that changing the amplitude of vilmmatvithin thelow amplitude
vibrations zone does not change the damping as viscoelasiterials are
generally amplitude-independent (see Table 4.1).

* Investigation using high-loss polymers used as @eandampers atigher
amplitudes (the particles move relative to one another). Inse¢héigher
amplitudes it is apparent that there are two matintt phases: convection and
gas (see Figure 6.14 zonesand d). These are not present during lower
amplitudes. Granular dampers designed for low dogwi vibrations therefore

may be used in high vibration environments. too
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At higher amplitudes and within convection zone (the particles stadirsl) and
rolling on each other) while contact friction iss@nificant energy dissipation
mechanism, overall power dissipation levels werentb to be relatively
insensitive to the friction coefficient (see FigureB). It was found that at
excitation above 1g and in convection zone, powssightion is relatively
insensitive to the damping of individual particlas increased loss through
viscous/viscoelastic effects are balanced by radldass through friction (see
Figure 6.14 zone). This is different from the better-known low-anpdle case
where system damping is directly proportional ® lties factor of the particles.
A transition phase between completely solid andveotion is appeared which
has highest damping and is thought that this isalee of friction due to
spinning (see Figure 6.14 zobg

At extremely high amplitude vibrations particleesg more time out of contact
with each other (the particles separated from eaghs region). It can be seen
the particles with lower damping reach the gasomegarlier because they are
less sticky and more collisions can happen so adthahe damping for each
individual particle it less but the total dampimgreases (see Figure 6.14, zone
d).

The power dissipation of the system is more sesesto the very low friction
coefficient (see Figure 8.11) and also in a very ttamping ratio however they
are less sensitive to higher values of them (sgerés 7.9, 8.11).

Comparison between vertical and horizontal directé vibrations for granular
medium show that more total energy is dissipatedaeirtical vibrations. The
actual amount of friction induced is nearly the safor both directions (see
Figures 7.11, 7.12).

Granular particles have been shown to be a usafupthg method. Therefore better

understanding of how they can be utilised in pcattapplications is extremely

important. Such as, the amplitude of vibrationsvimch they will be used, and the
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parameters which affects the energy dissipatiorthmn system, at that specific
amplitude, should be considered. From the findings this thesis, the
phenomenological behaviours observed and preseatetielp pave the way for the

effective use of viscoelastic particle damper damgpechnologies.

9.2 Recommended Future Work

The current research has helped to improve therstadimg of the performance of

spherical viscoelastic particles. In this granumteedium, the energy dissipation under

various amplitudes and frequencies of excitatioesstudied. However, according to
the author’s opinion, the current research haddl@wing limitations on the basis
of which future work strategy can be defined.

* In the current work, the particle dampers are dpakein shape. For practical
purposes it may be preferable to make shapes sududa or irregular shapes by
chopping or grinding bulk materials — making thetmpes are easier to be
produced. The effect of using these alternativpeti@hould be investigated. It
is expected that such particles may display differeharacteristics but still
follow the same fundamental behaviour outlinedhis thesis. In order to model
this medium in PFC3D a “clump” strategy should beedi A clump is a
collection of spherical particles that behaves smgle rigid body.

* In the current work, relatively shallow granular dnem at low amplitude
vibrations considered, for deep particle dampehg pressure within the
granular medium has been shown to be less thardwaeuivith the hydrostatic
assumption and reaches a saturation pressurefdteetbe behaviour of energy
dissipation for this deep medium can be investdate is expected that by
further increasing in thickness of granular bedleviihe wave speed does not
increase, therefore damping can be improved. hdpadncreasing the thickness
of granular medium as a result, thicknesswise @soa can then occur at lower
frequencies.

* Inthe current research, the host structure washiggid to avoid interface with
the flexural mode shapes of container. The behavidia flexible container
should be investigated because in practical agmitsithis could easily happen.
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This is relatively simple to conduct experimental{owever, DEM simulation
would be more complex. It seems that this woulduireqthe coupling of the
DEM solver with the FE model of the container.

The response of granular medium to non-sinusoigatation can be studied.
This could be different with mono sinusoidal extda as the material of
viscoelastic granular medium is affected differendy a wide range of
frequencies. Very little work on multi-frequency ogation is currently
available.

In order to change packing fraction and number aftact points between
particles, mixed spherical particles with differesites can be used. Although
this could lead to the segregation phenomenon engtfanular medium, it is
however because of changing the diameter of pestidtiffness of particles on
contact points between each other and the contaméd be different and the
energy dissipation can be affected from this phesram.

Granular particles can be used in a granular meduittm different materials
(different loss factors, stiffness and friction ffaéents) which may be more
suitable for different applications. Combinatiorismaterials, as a mixture could
be also used to investigate the effectiveness mpdove the energy dissipation
of the whole system at a wider range of amplitucdtations.
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Appendices

Appendix-A

Collected test data from viscoanalyser test machine for blue elastomer.

(measurements at £70°C)
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.0008;11
.0008;17
.0008;26
.0008;39
.0008;60;1.49695e+008;1.34696
.0008;1;1.1341e+007;0.877997
.0008;1.50597;1.32578e+007;0.943222

.0008;3.41543;4.
.0008;5.14352;5.
.0008;7.74597;7.
.0008;11
.0008;17
.0008;26
.0008;39
.0008;60;1.38824e+009;0.528594
.0008;1;1.19387e+008;1.0526

50597;1.
26793;1.
41543; 2.
14352;2.
74597; 3.

.6652;8.
.5673;9.
.4558;1.
.8415;1.

.6652;4.
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.4558;5.
.8415;7.

.6652;2.
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.4558; 3.
.8415;3.

.6652;1.
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.4558;1.
.8415;2.

.6652;6.
.5673;7.
.4558;8.
.8415;9.

72912e+008;0.788237
81576e+008;0.742874
03753e+008;0.699722
15949e+008;0.66545

81745e+008;0.617972
11205e+009;0.583806

29693e+009;0.537825

47433e+008;1.01821
845e+008;0.977518
29028e+008;0.933145
86235e+008;0.88655
48387e+008;0.847517
29094e+008;0.806707
20658e+008;0.769469
99198e+008;0.745629
04084e+008;0.725115

29092e+007;1.09486
03784e+007;1.07669
13102e+008;1.05148
43315e+008;1.0142
81104e+008;0.975753
23976e+008;0.934203
7152e+008;0.901375
30401e+008;0.872766
7758e+008;0.888129

84753e+007;1.09048
70134e+007;1.09663
87215e+007;1.09645
25111e+007;1.09708
23256e+007;1.07417
15268e+008;1.05374
41725e+008;1.02699
71501e+008;1.02358
01537e+008;1.09884

21549e+007;1.04217
63076e+007;1.06105
20615e+007;1.08934
03557e+007;1.10027
00899e+007;1.11265
09124e+007;1.11479
53348e+007;1.1136

70853e+007;1.16912
8473e+007;1.44701
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.0008;2.26793;1.
.0008;3.41543;1.
.0008;5.14352; 2.
.0008;7.74597;2.
.0008;11.6652; 3.
.0008;17.5673;4.
.0008;26.4558;4.
.0008;39.8415;5.
.0008;60;8.54059e+007;1.31886
.0008;1;8.50986e+006;0.832947
.0008;1.50597;9.
.0008;2.26793;1.
.0008;3.41543;1.
.0008;5.14352;1.
.0008;7.74597; 2.
.0008;11.6652;2.
.0008;17.5673;2.
.0008;26.4558; 3.
.0008;39.8415;4.
.0008;60;6.10701e+007;1.32221
.0008;1;6.79115e+006;0.729382
.0008;1.50597; 7.
.0008;2.26793;8.
.0008;3.41543;1.
.0008;5.14352;1.
.0008;7.74597;1.
.0008;11.6652;1.
.0008;17.5673;2.
.0008;26.4558; 2.
.0008;39.8415; 3.
.0008;60;4.21121e+007;1.31995
.0008;1;5.68933e+006;0.608988
.0008;1.50597; 6.
.0008;2.26793; 7.
.0008;3.41543;8.
.0008;5.14352;09.
.0008;7.74597;1.
.0008;11.6652;1.
.0008;17.5673;1.
.0008;26.4558;1.
.0008;39.8415;2.
.0008;60;3.02082e+007;1.30425
.0008;1;4.72483e+006;0.530874
.0008;1.50597;5.
.0008;2.26793;5.
.0008;3.41543;6.
.0008;5.14352; 7.
.0008;7.74597; 8.
.0008;11.6652;1.
.0008;17.5673;1.
.0008;26.4558; 1.
.0008;39.8415;1.
.0008;60;2.21598e+007;1.26538
.0008;1;4.26915e+006;0.424301

55561e+007;0.989725
86135e+007;1.03356
27251e+007;1.07513
80084e+007;1.09685
38276e+007;1.12298
08555e+007;1.13212
62893e+007;1.26645
57249e+007;1.62415

83433e+006;0.884363
16703e+007;0.923923
36715e+007;0.979269
65908e+007;1.03777
0001e+007;1.07676
40823e+007;1.1073
91367e+007;1.12428
14576e+007;1.31592
16944e+007;1.55523

67625e+006;0.789417
95782e+006;0.855765
04522e+007;0.913116
24037e+007;0.980625
47447e+007;1.0332
76723e+007;1.08434
16301e+007;1.10302
28214e+007;1.32972
16778e+007;1.46338

18501e+006;0.691287
07827e+006;0.754482
01554e+006;0.830752
51105e+006;0.912708
10287e+007;0.97033
32623e+007;1.03127
60355e+007;1.06742
6194e+007;1.34109
35373e+007;1.36902

18304e+006;0.585285
8356e+006;0.66306
51319e+006;0.729575
591e+006;0.805177
67473e+006;0.881963
0212e+007;0.958289
21726e+007;1.0038
17727e+007;1.33188
78489e+007;1.27042
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.0008;1.50597;4.5928e+006;0.50102
.0008;2.26793;5.04507e+006;0.564347
.0008;3.41543;5.59097e+006;0.633238
.0008;5.14352;6.26197e+006;0.701761
.0008;7.74597;7.16906e+006;0.792271
.0008;11.6652;8.17805e+006;0.861884
.0008;17.5673;9.50814e+006;0.9206
.0008;26.4558;9.15798e+006;1.28788
.0008;39.8415;1.39433e+007;1.17238
.0008;60;1.67894e+007;1.19811
.0008;1;3.89749e+006;0.386476
.0008;1.50597;4.1197e+006;0.427865
.0008;2.26793;4.43438e+006;0.479843
.0008;3.41543;4.87687e+006;0.555522
.0008;5.14352;5.39529e+006;0.62115
.0008;7.74597;6.06934e+006;0.69118
.0008;11.6652;6.94542e+006;0.777293
.0008;17.5673;7.93517e+006;0.840142
.0008;26.4558;7.25948e+006;1.24718
.0008;39.8415;1.11446e+007;1.06882
.0008;60;1.30875e+007;1.11364

.0008;1;3.65231e+006;0.304654
.0008;1.50597;3.79586e+006;0.356337
.0008;2.26793;4.06632e+006;0.408613
.0008;3.41543;4.36586e+006;0.470014
.0008;5.14352;4.84669e+006;0.547128
.0008;7.74597;5.34673e+006;0.615336
.0008;11.6652;5.98505e+006;0.69072
.0008;17.5673;6.77448e+006;0.751286
.0008;26.4558;6.26256e+006;1.1572
.0008;39.8415;9.16477e+006;0.968058
.0008;60;1.06758e+007;1.02925
.0008;1;3.3647e+006;0.259482
.0008;1.50597;3.54514e+006;0.309983
.0008;2.26793;3.76869e+006;0.350661
.0008;3.41543;4.06163e+006;0.410206
.0008;5.14352;4.32456e+006;0.467725
.0008;7.74597;4.76014e+006;0.540841
.0008;11.6652;5.29206e+006;0.608432
.0008;17.5673;5.84407e+006;0.672368
.0008;26.4558;5.41821e+006;1.08258
.0008;39.8415;7.88401e+006;0.883508
.0008;60;9.00261e+006;0.954293
.0008;1;3.23877e+006;0.241191
.0008;1.50597;3.37458e+006;0.265928
.0008;2.26793;3.51185e+006;0.301796
.0008;3.41543;3.76998e+006;0.355434
.0008;5.14352;4.00255e+006;0.407509
.0008;7.74597;4.36365e+006;0.475708
.0008;11.6652;4.77967e+006;0.535161
.0008;17.5673;5.27828e+006;0.598639
.0008;26.4558;4.79236e+006;1.00254
.0008;39.8415;6.78097e+006;0.792165
.0008;60;7.79383e+006;0.879095
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;12;0.
;12;0.
;12;0.
;12;0.
;12;0.
;12;0.

0008;5.14352;3.
0008;7.74597;3.
0008;11.6652;3.
0008;17.5673;3.
0008;26.4558; 3.
0008;39.8415;4.

.0008;1;3.07312e+006;0.203682

2054e+006;0.237399

35253e+006;0.269794
54018e+006;0.306861
73025e+006;0.358735
05317e+006;0.414757
3013e+006;0.468072

68543e+006;0.527646
40123e+006;0.941181
04254e+006;0.716945

.0008;60;6.73702e+006;0.785848
.0008;1;2.98621e+006;0.185453

11729e+006;0.215315
20839e+006;0.235093
36137e+006;0.270967
50702e+006;0.309712
7981e+006;0.35792

02228e+006,;0.419572
32387e+006;0.470634
02413e+006,;0.872527
37683e+006;0.644064

.0008;60;6.0488e+006;0.715888
.0008;1;2.92734e+006;0.18362

97828e+006;0.19032
10044e+006;0.214123
24772e+006;0.240831
41773e+006;0.276742
52508e+006;0.314876
77987e+006;0.36315
01917e+006;0.41332
83486e+006;0.791169
87373e+006;0.571309

.0008;60;5.47007e+006;0.649953
.0008;1;2.84466e+006;0.160034

90827e+006;0.176978
00564e+006;0.19298

1854e+006;0.213544

28342e+006;0.246939
38382e+006;0.274449
62349%e+006;0.323611
79648e+006;0.367956
64988e+006;0.731147
53449e+006;0.514826

0008;60;4.89636e+006;0.587181
.0008;1;2.75685e+006;0.155068
.0008;1.50597;2.
.0008;2.26793;2.
.0008;3.41543;3.

84296e+006;0.163757
95172e+006;0.176156
07775e+006;0.191637
12347e+006;0.221255
33366e+006;0.252868
45276e+006;0.28699
6203e+006;0.32558
53921e+006;0.659807
23279e+006;0.459592
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;27;0.
;27;0.
;27;0.
;27;0.
;27;0.
;27;0.
;27;0.
;27;0.

0008;60;4.61801e+006;0.525084
0008;1;2.74451e+006;0.144904
0008;1.50597;2.78414e+006;0.162127
0008;2.26793;2.86818e+006;0.169589
0008;3.41543;2.99363e+006;0.178096
0008;5.14352;3.06787e+006;0.198601
0008;7.74597;3.17607e+006;0.230849
0008;11.6652;3.35501e+006;0.256263
0008;17.5673;3.48543e+006;0.290219
0008;26.4558;3.39942e+006;0.622077
0008;39.8415;3.99992e+006;0.412211
0008;60;4.35385e+006;0.475641
0008;1;2.71417e+006;0.137911
0008;1.50597;2.7493e+006;0.143832
0008;2.26793;2.81522e+006;0.156365
0008;3.41543;2.90298e+006;0.168309
0008;5.14352;3.03266e+006;0.182604
0008;7.74597;3.12105e+006;0.200611
0008;11.6652;3.21925e+006;0.231362
0008;17.5673;3.39455e+006;0.263476
0008;26.4558;3.30946e+006,;0.582094
0008;39.8415;3.85696e+006;0.366768
0008;60;4.03073e+006;0.433242
0008;1;2.52652e+006;0.140891
0008;1.50597;2.63192e+006;0.133763
0008;2.26793;2.733e+006;0.148455
0008;3.41543;2.80771e+006;0.155385
0008;5.14352;2.9035e+006;0.170651
0008;7.74597;2.97661e+006;0.188567
0008;11.6652;3.05072e+006;0.213275
0008;17.5673;3.2351e+006;0.23804
0008;26.4558;3.18614e+006;0.55824
0008;39.8415;3.63523e+006;0.336049
0008;60;3.77742e+006;0.394889
0008;1;2.53708e+006;0.141422
0008;1.50597;2.64344e+006;0.133058
0008;2.26793;2.69842e+006;0.14377
0008;3.41543;2.75773e+006;0.149353
0008;5.14352;2.86633e+006;0.160287
0008;7.74597;2.93272e+006;0.173461
0008;11.6652;3.05536e+006;0.194115
0008;17.5673;3.13732e+006;0.217481
0008;26.4558;3.15818e+006;0.53569
0008;39.8415;3.52213e+006;0.305557
0008;60;3.65821e+006;0.357557
0008;1;2.52735e+006;0.134121
0008;1.50597;2.58627e+006;0.128316
0008;2.26793;2.67887e+006;0.135929
0008;3.41543;2.7383%e+006;0.142166
0008;5.14352;2.83108e+006;0.153474
0008;7.74597;2.89663e+006;0.158194
0008;11.6652;2.96387e+006;0.181748
0008;17.5673;3.11709e+006;0.197836
0008;26.4558;3.06024e+006;0.505526
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;45;0.
;45;0.
;45;0.
;50;0.
;50;0.
;50;0.
;50;0.
;50;0.
;50;0.
;50;0.
;50;0.

0008;39.8415; 3.

4408e+006;0.272397

0008;60;3.51703e+006;0.322594
0008;1;2.47393e+006;0.129554

0008;1.50597;2.
0008;2.26793;2.
0008;3.41543;2.
0008;5.14352;2.
0008;7.74597;2.
0008;11.6652;2.
0008;17.5673;3.
0008;26.4558; 3.
0008;39.8415; 3.

57977e+006;0.123908
63585e+006;0.135715
73753e+006;0.136171
79622e+006;0.144789
85494e+006;0.155185
97655e+006;0.167969
05117e+006;0.181551
06937e+006;0.47678

37193e+006;0.246628

0008;60;3.44716e+006;0.29175
0008;1;2.4876e+006;0.125113

0008;1.50597;2.
0008;2.26793; 2.
0008;3.41543;2.
0008;5.14352; 2.
0008;7.74597; 2.
0008;11.6652;2.
0008;17.5673;2.
0008;26.4558;2.
0008;39.8415; 3.

60068e+006;0.126989
61885e+006;0.125502
7317e+006;0.132572

75677e+006;0.138911
86597e+006;0.143872
91616e+006;0.155931
96795e+006;0.168576
9129e+006;0.452275

30868e+006;0.226339

0008;60;3.356e+006;0.264642
0008;1;2.37373e+006;0.124278

0008;1.50597;2.
0008;2.26793;2.
0008;3.41543;2.
0008;5.14352;2.
0008;7.74597; 2.
0008;11.6652;2.
0008;17.5673;2.
0008;26.4558; 2.
0008;39.8415; 3.

40569e+006,;0.130359
50431e+006;0.125062
58644e+006;0.122531
70972e+006;0.13137

75499e+006;0.140992
78196e+006;0.142638
9263e+006;0.147415

87103e+006;0.418627
14336e+006;0.192114

0008;60;3.18074e+006;0.220106
0008;1;2.36965e+006;0.110084

0008;1.50597;2.
0008;2.26793;2.
0008;3.41543;2.
0008;5.14352;2.
0008;7.74597; 2.
0008;11.6652;2.
0008;17.5673;2.
0008;26.4558; 2.
0008;39.8415; 3.

43288e+006;0.128461
49365e+006;0.122791
56429e+006;0.121615
61763e+006;0.127835
73496e+006;0.129125
76312e+006;0.131394
83077e+006;0.135401
89941e+006;0.399877
10685e+006;0.175142

0008;60;3.13182e+006;0.193202
0008;1;2.35423e+006;0.111177

0008;1.50597;2.
0008;2.26793;2.
0008;3.41543;2.
0008;5.14352;2.
0008;7.74597;2.
0008;11.6652;2.
0008;17.5673;2.

3331e+006;0.109377

41673e+006;0.108034
50675e+006;0.115717
56869e+006;0.120261
66883e+006;0.122438
68064e+006;0.130474
72025e+006;0.134105
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750;0.0008;26.4558;2.72538e+006;0.39915
;50;0.0008;39.8415;3.02443e+006;0.161466
;50;0.0008;60;,2.99318e+006;0.172941
;55;0.0008;1;2.3209e+006;0.0955062
755;0.0008;1.50597;2.29311e+006;0.113515
755;0.0008;2.26793;2.34012e+006;0.122267
755;0.0008;3.41543;2.39203e+006;0.116723
755;0.0008;5.14352;2.49011e+006;0.112016
;55;0.0008;7.74597;2.52259e+006;0.124094
;55;0.0008;11.6652;2.64268e+006;0.123335
;55;0.0008;17.5673;2.65244e+006;0.123799
;55;0.0008;26.4558;2.85375e+006;0.353614
;55;0.0008;39.8415;2.96623e+006;0.152058
;55;0.0008;60;2.85656e+006;0.161654
;60;0.0008;1;2.14955e+006;0.0968308
;60;0.0008;1.50597;2.26946e+006;0.10467
;60;0.0008;2.26793;,2.30227e+006;0.121965
;60;0.0008;3.41543;2.42109e+006;0.114501
;60;0.0008;5.14352;2.39905e+006;0.125124
;60;0.0008;7.74597;2.51792e+006;0.11996
;60;0.0008;11.6652;2.53419e+006;0.124598
;60;0.0008;17.5673;2.65044e+006;0.1236
760;0.0008;26.4558;2.6923e+006;0.385177
;60;0.0008;39.8415;2.85715e+006;0.144813
;60;0.0008;60;,2.84221e+006;0.153063
;65;0.0008;1;2.21457e+006;0.0877976
;65;0.0008;1.50597;2.20698e+006;0.0983884
;65;0.0008;2.26793;2.29629e+006;0.0940718
;65;0.0008;3.41543;2.39751e+006;0.10848
;765;0.0008;5.14352;2.40376e+006;0.1188
;65;0.0008;7.74597;2.54231e+006;0.111586
;65;0.0008;11.6652;2.55422e+006;0.121792
;65;0.0008;17.5673;2.56205e+006;0.12277
;765;0.0008;26.4558;2.53309e+006;0.392058
;65;0.0008;39.8415;2.8686e+006;0.14141
;65;0.0008;60;,2.75138e+006;0.145907
;70;0.0008;1;2.24252e+006;0.0831961
;70;0.0008;1.50597;2.21821e+006;0.107659
;70;0.0008;2.26793;2.21736e+006;0.100886
;70;0.0008;3.41543;2.29806e+006;0.1042
;70;0.0008;5.14352;2.34919e+006;0.107964
;70;0.0008;7.74597;2.44361e+006;0.112224
;70;0.0008;11.6652;2.46079e+006;0.117407
;70;0.0008;17.5673;2.49472e+006;0.122848
;70;0.0008;26.4558;2.46234e+006;0.380232
;70;0.0008;39.8415;2.76519e+006;0.140112
;70;0.0008;60;,2.67953e+006;0.141457
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Appendix-B

Natural frequencies and effective masses of solid viscoelastic material (used in
Chapter 4).
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Appendix-C

Prony series with twenty terms and 15°C temperature for viscoelastic spherical
particle used in Chapter 5/Section 5.4.2.
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Appendix-D

Drawing of lower and upper plates, used for designed test rig to measure particle
properties. (Chapter 5/Section 5.5)

6=120°

e Dimensionsin mm
e Material: Aluminium

Lower plate of test rig
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Holder space for bias spring <
Thread hole for screw, holding stinger

. 94
Hole for stinger 4\ j 6 /’/—»
15
' N

#65
XX X

| |

e Dimensions in mm
e Material: Aluminium

Upper plate of test rig
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Appendix-E

Material properties for Sorbothane 60 and DC3120. (Chapter 5/Section 5.5)

[

Properties of Sorbothane 60
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Appendix-F

Equilibrium situation (settling by gravity) for DEM model.

--- Previous file has been erased

Pfc3D>return

Pfc3D>call secondstep.dat.txt

S0 e |1 {second part of
Pfc3D>;programme)the particles are allowed to fall from ;gravity loading and
Pfc3D>;settle within 68888 time steps
Pfc3D>new

=== 3336 I I I IH I I I I I I W I I I W I I I NN IEEEENEN
-—- = A11 model specific information has been cleared =
Pfc3D>

Pfc3D>restore firststep.sav

File Created on 18:59:18 Wed Sep 85 2812
By PFC3D version 4.808-182

Registered to:

Job Title:

Pfc3D>set grav B B -9.81

Pfc3D>set time=0.0

Pfc3D>hist ball zvel .B8 .06 @

--- History of Z-Velocity at ball 168 { 7.569e-082, 6.714e-882, 1.365e-082)
Pfc3D>set dt auto

Pfc3D>set plot avi size 648 488

-—- Hardcopy device set to AVI bitmap
Pfc3D>;movie avi_open file movie step.avi
Pfc3D>;movie step 18 1 file movie_step.avi
Pfc3D>;
PFc3D>
PFc3D>
Pfc3D>ini rad mul 1.5
--- radius modified in 288 balls
Pfc3D>cycle SHA0H

starting cycle: 8 av-unbal force: @.006e+060
starting time: 18:59:24 max-unbal force: O.8868e+088
step of total time-step time av-unbal max-unbal

50080 58008 50088 1.153e-004 5_.793e+000 5.363e-009 1.281e-0087

ending cycle: 59008 av-unbal force: 5.363e-009
ending time: 18:59:38 max-unbal force: 1.281e-087

Pfc3D>;movie avi close file movie step.avi

Pfc3D>plot set title text " box_shaking'

Pfc3D>plot add ball blue

Pfc3D>plot add wall white

Pfc3D>plot add axes brown

Pfc3D>plot show

Pfc3D>save secondstep.sav

-—— Previous File has been erased
Pfc3D>return
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Appendix-G

Loss factor versus Young’s modulus, data from DMTA machine for 1-60 Hz
frequency. (Chapter 3/Section 3.3.2)

1

10 —

10" E

loss factor

10° 10 10° 10
Yound's modulus
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