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ABSTRACT

Vibration of an equipment or structure caused by the sources such as earthquake
motion and operation of machinery can have destructive effect on it, particularly when
the tolerable limit is exceeded. It can affect the functionality of the equipment and
cause damage to the hosting structure. Therefore, vibration isolation system can be
introduced to the equipment or structure to discontinue the transmission path of
vibration and minimise its destructive effect before penetrating the hosting system.
Polycal wire rope isolator (PWRI) is a type of discrete system that can isolate vibration
effectively and is suitable for lightweight equipment and structure. The main
advantage of PWRI is that it can be used and installed on the equipment in all three
planes and in any orientation to isolate vibration. The PWRI is generally installed to
separate the equipment from the base, supporting the whole equipment. Therefore, the
isolation capability of PWRI can be examined by evaluating the stiffness and the

damping characteristics of the isolator.

The study aims to enhance the current knowledge of and understanding on stiffness
and damping characteristics of PWRIs. The main objective of this research work is to
evaluate both analytical and experimental stiffnesses and experimental damping
characteristics of PWRI in the vertical and lateral directions. Analytical models for
vertical and lateral stiffnesses of PWRI were derived in this research work based on
Castigliono’s second theorem. Experimental work on the stiffnesses were also
performed by conducting monotonic loading test to validate the analytical models. The
analytical results agreed well with the experimental results for both vertical and lateral
directions. Lastly, the damping characteristics of PWRI was studied through

performing a series of cyclic loading tests.

Based on the study, it is shown that the wire rope diameter has more significant
influence on the stiffness of PWRI than other geometrical properties. It was also found
that the vertical stiffness of PWRI is two times greater than the lateral stiffness.
Besides, experimental study was conducted for studying the damping characteristics.
The results showed that the height-to-width ratio of PWRI affects the damping

characteristics more significantly. It is found that increase in height-to-width ratio



resulted in more hardening effect of PWRI. Also, increase in height-to-width ratio of
PWRI decreased the equivalent-damping ratio which actually dissipated more energy.
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NOTATIONS

: Height of the bevel of the top plate
: Width of the bevel of the bottom plate
: Diameter of wire rope

: Diameter of top plate

: Diameter of bottom plate

: Modulus of elasticity

: Area within the hysteresis loop

: Restored elastic energy

: Force or Load

: Height of the PWRI

: Moment of inertia

> Initial loading and initial unloading stiffness

: Final loading and final unloading stiffness
: Vertical stiffness of the PWRI

- Lateral stiffness of the PWRI

: Effective Stiffness

- Indeterminate moment

: Moment in Sec. 1

: Number of wire rope strip

- Load on the entire PWRI

: Shear Force

- radius of curvature of wire rope
- Thickness of the top plate

: Thickness of the bottom plate

: Strain Energy

> Width of the PWRI

- Displacement amplitude

: Coordinate in x-axis

VII



y : Coordinate in y-axis
q - Equivalent viscous damping ratio

) : Deflection

Vil



ELR

EVDR

PWRI

SDOF

UTTM

WRI

ABBREVIATION

: Energy Loss Ratio

: Equivalent Viscous Damping Ratio
: Polycal Wire Rope Isolator

: Single Degree of Freedom

- Universal Tensile Testing Machine

: Wire Rope Isolator
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1. INTRODUCTION

1.1. Vibration

Vibration is a phenomenon where a rigid or elastic body forcefully oscillates or
reciprocates from a state of equilibrium in a periodic motion when external force is
applied. Vibration will be undesirable, if it exceeds the tolerable limit. Hence, vibration
control is essential to reduce the damaging effects of vibrations to susceptible
equipment. In order to mitigate the damages caused by vibration, it is necessary to
design an effective vibration isolation system. Source, medium and receiver are the
three main components of vibrations, shown in Figure 1.1 (Simmons, 2007). It is
important to identify these components first before determining how to apply a

vibration isolation system.

Vibration exists in many forms. Earthquakes, wind, ocean waves etc. are some of the
natural causes of vibration. Whereas rotating or reciprocating machinery and the
movement of heavy transport such as trailers, trucks and trains are all common sources
of manmade vibration(s). Building components and equipment supports are examples
of the path or medium transmitting vibration. The equipment or building which
absorbs vibration is the receiver.

The function of a vibration control system is to interrupt the transmission path in such
a way the vibrational energy encountered by the receiver is significantly reduced to a
point the receiver can withstand the energy encountered without a change in the
structural condition or functionality of the receiver. Vibration control systems can
serve as path conditioners for the receiver, either by diverting a portion of the energy
for each oscillation away from the receiver (as is the case of a tuned-mass damper), or
by absorbing the said energy via damping mechanisms such as friction, viscous effects,
or the induction of a magnetic field, whereby the energy produced by the vibrational
source is converted into other forms such as heat, a change in the condition of a
sacrificial material through wear and tear, an increase in kinetic energy of a damping
fluid medium, the creation and destruction of magnetic flux, etc. (Klembczyk, 2009;
Mallik, 1990)
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Vibration source /\
4]
/\ ‘%- ‘&3

A==l —ili= = === >

Transmitting medium

Figure 1.1 Source, medium and receiver components in the vibration system
(Hunaidi, 2000)

1.2. Introduction of vibration isolation

Vibration isolation is the act of reducing the oscillatory response of a receiver due to
external sources of excitation such that the amplitude of response by the receiver is
below damaging levels (Rivin, 2003). In the literature of vibration isolation, its usage
is categorized under two primary cases. In the first case, the isolation system is used
to reduce vibratory disturbances caused by heavy vibrating machinery. Regarding the
second case, an isolation system is utilized to ensure the precision and accuracy of
sensitive equipment is not affected by external vibrating sources. Concerning the two
cases mentioned previously, Malik (1990) claimed both isolation systems work on
similar principles. The system principle is based on a ‘single degree of freedom’
system (SDOF) (Den Hartog, 1985), shown in Figure 1.2. The isolating system
depicted in Figure 1.2 shows the stiffness (K) and damping (C) of an isolator which
supports an equipment’s mass (M). The magnitude of the stiffness and the equipment’s
mass is used to calculate the natural frequency (wn) of an undamped SDOF system, as
presented in Equation 1.1. In Figure 1.2, Fg refers to the harmonic force with forced
frequency () that excites the system while F refers to the force exerted on the

equipment. The ratio of F to Fg is known as the transmissibility (T).
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Figure 1.2 Schematic of a SDOF system

_ |K -
o = A/I in rad/sec

n (1.1)

Figure 1.3 shows the transmissibility of SDOF with different damping ratios. A
resonance condition happened at the peak of the transmissibility curve when the
frequency ratio was one. Force exerted on the equipment is less than the external force
when transmissibility of a system is less than one, which can be achieved by using an

isolator. Isolation frequency is referred to as the frequency at the point where all the

transmissibility curves cross at a frequency ratio of V2 (Abolfathi, 2012). Hence,
more effective vibration isolation can be achieved if natural frequency is lower than
the forced frequency. The acceptable transmissibility depends on the vibration

sensitivity of the application, ranging from 3% to 10% (Simmons, 2007).

Transmissibility |'C/Ft|

1 L a3 aaal L i L xaaal L L PR TR S B B |
107 10° 10' 10°

Frequency ratio (&/&/,)

Figure 1.3 Transmissibility-frequency ratio curve of SDOF system (Abolfathi, 2012)
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1.3. Types of vibration isolation systems

Vibration isolation systems can generally be classified into three types, active, semi-
active and passive systems (Figure 1.4). Active vibration isolation systems have the
highest performance in structural vibrational control among the three types (Hoque et
al., 2010; Preumont, 2002; Tanaka & Kikushima, 1989). Semi-active isolation systems
or adaptive-passive systems consists of a spring, damper and a feedback circuit. The
feedback circuit contains an accelerometer, a signal processing device and an actuator
such as the Magneto-rheological (MR) actuator (Dominguez et al., 2008). It has a
relatively higher vibration control effectiveness than the passive isolation system since
it can receive feedback from the accelerometer in real time and control the actuator to
dissipate the energy accordingly (Dong et al., 2005; Preumont, 2002). However, a
totally active system controls vibration using an actuator without a passive damper
(Alanoly & Sankar, 1987; Karnaukhov & Tkachenko, 2011). The main disadvantages
of the active and semi-active isolation systems are they require significant energy to
operate, a high complexity in design, and accessories like accelerometers and signal
processing devices, which can incur high manufacturing costs. Therefore, only very
sensitive equipment which requires a high level of isolation need to employ active

vibration isolation systems (Rivin, 2003).

Passive vibration isolation is the method of vibration reduction by utilizing passive
media such as rubber isolators or spring isolators. It can be simplified as a spring with
a stiffness coefficient (K), which represents elasticity of the system and a damper with
a damping coefficient C, which dissipates energy (Figure 1.4(c)). Since the passive
vibration isolation system has a simple design and is inexpensive, it has become the
most common vibration isolation system (Rivin, 2003). This system can reduce the
vibration effects from natural disasters and thus protect aging structures. Passive
vibration isolation systems do not require any power supply in contrast with the other
isolation systems. In addition, passive isolation devices can be easily maintained since
the design is simple and not an integrated part of the protected structure (G. Li & Li,
2009).
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XT— Mass XT— Mass XT— Mass
K K C K c
U U U
(a) Active (b) Semi-Active (c) Passive
System System System

Figure 1.4 Different types of Isolation System (Karnopp, 1995)

1.4. Problem statement

The vibrations from sources such as an earthquake or due to operations of heavy
machinery can affect the functionality and cause structural damage to structures and
surrounding equipment. Hence, adding a discrete system to isolate the vibration from
source becomes necessary. There are two major types of discrete systems employed
for vibration isolation of equipment and structures: active and passive isolation
systems. Active systems are very design intensive and require sensors and processors
to provide realtime data to the isolator. In addition, it requires a large amount of power
to operate. These necessary features of active isolation systems make it the most
expensive isolation design. As a consequence of the expense and the large power
requirement, active isolation systems are very uncommon in major industries. Passive
vibration isolation, on the other hand, refers to vibration isolation by passive
techniques such as rubber pads or mechanical springs. Different types of passive
isolation devices are used and they can be broadly categorised as linear and non-linear
isolators. However, linear possess a major drawback that it is useful only if the
excitation frequencies are higher than the natural frequency of the isolator. Hence,
linear isolators are limited to applications which have a moderate disturbance.
Moreover, disturbance such as shock, impact load or random ground motion may
contain a low-frequency component in their spectrum, hence, under these conditions,
linear isolators leads to excessive deflection and in turn may cause over-stress and
damage to the system. This drawback can be overcome by using non-linear isolators.
Recently, PWRI a type of new passive isolator which, exhibits a non-linear behaviour,
has become the subject of intensive study. Designing a proper isolation system requires

a deep understanding of all parameters influencing its behaviour. Understanding the
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behaviour of wire rope isolators allows us to construct a robust mathematical model

that will calculate the vertical and lateral stiffness of PWRI.

1.5. Research gap

The study of the stiffness and the hysteresis behaviour of wire rope isolators (WRI)
are important in the designing and selecting of vibration isolators to protect equipment.
A few studies have been conducted to assess stiffness and the post elastic behaviour
of helical WRIs (HWRI). However, there is no research on polycal WRIs (PWRI).

1.6. Research questions

The research questions are as follows:

e Can application of Castigliono’s second theorem develop an effective
mathematical model that can evaluate the vertical stiffness and lateral stiffness
of PWRI subjected to experimental validation?

e How do the parameters (number of wire rope strips, diameter of the wire rope,
width and height of the PWRI) affect the validity of the mathematical model?

e What is the damping characteristics of PWRI and how they are influenced

under different loading condition?

1.7. Aim/objectives

This project aims to investigate stiffness and the damping characteristics of polycal

wire rope isolators for industrial equipment.

The objectives of this project are as follow:

I.  To establish a mathematical model of the stiffness of polycal wire rope
isolators in both vertical and lateral directions and validate with the monotonic
loading test results.

Il.  Toinvestigate the damping characteristics of polycal wire rope isolators using

cyclic loading conditions in both vertical and lateral directions.
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1. To determine the effect of the wire rope’s diameter, width and height on the

stiffness using parametric study.

1.8. Thesis outline

The outline of this thesis is summarized as below:

Chapter 2 summarizes previous research conducted on wire rope isolators and other

non-linear isolators and reviews their characteristics and contributions.

Chapter 3 presents the mathematical models to calculate PWRI stiffness in vertical and
lateral direction. The models are validated based on the study’s results. A parametric

study is carried out to study the effects of the PWRIs parameters on stiffness.

Chapter 4 discusses the investigation of the damping characteristics of the polycal wire
rope isolator. The study’s results obtained from the cyclic loading tests are used to
calculate the damping characteristics.

Chapter 5 discusses the implications of this research, and recommendations for future
work.
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2. LITERATURE REVIEW

2.1. Introduction

This chapter provides the background of a nonlinear isolator, including the
developments and reviews of their characteristics and performance over the years. The
literature of nonlinear isolators in general was covered in this chapter which was then
followed by the detailed review on the characterisation of wire rope isolators (WRI),

emphasizing in stiffness and its hysteresis behaviour.

2.2. Research work on nonlinear vibration isolators

Nonlinear characteristic is indeed an important study for the development in nonlinear
isolator. There are several studies on the literature of nonlinear isolators. Two types of
isolators are reviewed in this research work due to its significant relevance to the WRI
used in this study. First, the beams which work as nonlinear springs, and its stiffness
is the main element of concern. Secondly, materials with nonlinear behaviour which
their stiffness and damping properties are the main influencing factors in making

selection.

2.2.1. Beams as nonlinear springs

The beam works as nonlinear spring since it has non-linear behaviour when encounter
higher degree of bending (Abolfathi, 2012). It shows softening effect when under
higher degree of bending and hence reducing natural frequency of the isolators which
made of beams. The beams are normally able to load transversely or/and axially.

Beam-column and Euler springs are discussed as below.

2.2.1.1. Euler springs

Euler springs is applying the concept of the column which loaded axially until it
undergo buckling where it show nonlinear force displacement (Figure 2.1).
Winterflood et al. (2002; 2002a) have used the Euler buckling principle as nonlinear
springs. They have created a mathematical model of the stiffness of the spring and
geometric characteristics is considered in the models (Winterflood et al., 2002). Davis
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(2003) applied second order approximation on force-deflection relation for stiffness of
vibration isolator that using buckled struts.

s ] pivoting levers suspension wires \\
\‘ J
N\
/7 \ pivols N
Euler | i\
-‘s‘ )‘ ))

springs \ S ||\ /

\&VT‘ \ {1\} \®

( mass; load ]

Figure 2.1 Euler spring (Winterflood et al., 2002)

2.2.1.2. Beam column

The development of beam column is based on the theory where force is applied
transversely and axially since both loading shows non-linear force displacement.
Figure 2.2 shows the schematic illustration of the beam column isolator. Platus (1992)
has applied beam-column effect in his design and the isolators can used for small and
sensitive mechanical applications. Haberman (2007) has study on the force-
displacement behaviour of similar isolator using experiments and mathematical
modelling. While, Abolfathi (2012) has created the mathematical model of the static
stiffness based on concept of curved beam.
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Figure 2.2 Schematic illustration of the isolator with beam column (Platus, 1992)
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2.2.2, Materials with nonlinear behaviour

There are many types of materials such as composite, rubber and wire rope which
behave non-linear of force-displacement. They consist of a spring element and a
damping element which is able to dissipate energy. Rubber is one type of viscoelastic
material which are widely used for vibration isolation. McCallion and Davies (1955)
have carried out study of the influences of the temperature, amplitude and frequency
of oscillation on the mechanical properties of rubber isolators under compression
dynamic condition. They attempted to create mathematical expression of dynamic
behaviour of rubber-like material. Shaska et al. (2007) discovered that rubber-like
material has lower transmissibility compare to others linear isolators. Leblouba et al.
(2015) have proved that improved damping and energy dissipation of the lead-rubber
elliptical leaf spring are partly due to the incorporating of the rubber (Figure 2.3).
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Figure 2.3 Lead-rubber elliptical leaf spring (Leblouba et al., 2015)

Besides, Mallick (1987) created a composite elliptic spring which is lighter in weight
over steel spring while maintaining same damping performance. The demand of
composite material in aerospace application has grown, since there is more convincing
study of the composite behaviour published. Tse et al. (2002) have studied the stiffness
of elliptical composite spring in lateral and vertical direction. They have developed
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analytical and numerical model of the spring stiffness and validated with the

experimental results.

Besides, there are few smart materials with nonlinear properties such as piezo-electrics,
magneto-hydro-rheological fluids and electro-rheological fluids. The damping
characteristics and stiffness of electro-rheological fluids can be altered using electric
field, magneto-hydro-rheological fluids using magnetic field, and piezo-electrics using
mechanical inputs (Ibrahim, 2008). Tandon et al. (1999) used starch powder and silica
powder on colloidal suspensions to study electro-rheological fluids. They discovered
that electric fields is able to control the damping properties and stiffness of the fluids.
Guyomar et al. (2008) has conducted the experiment to study the vibration application
by using piezo-electric materials. They proposed that excitation energy are converted
into electric by using piezo-electric materials which later dissipates as heat by using
electric shunt circuits. The smart materials have advantages in altering its damping
characteristic and stiffness. However, their design are complex and it is required large
operating power, which will increase in overall expenses. Hence, passive nonlinear

isolator is preferred in this research.

2.2.3. Summary

The beams as nonlinear springs exhibit non-linearly in force deflection condition.
However, the major disadvantage of the beams is that large deflection is required to
encounter with low frequency of vibration (Abolfathi, 2012).They function well as a
nonlinear spring but poor performance in damping especially during resonance.
Moreover, vibration isolation designs using beams are currently only applied to micro
mechanical field. Besides, materials with nonlinear characteristics such as piezo-
electrics, magneto-hydro-rheological fluids and electro-rheological fluids have
limitations with complex design and huge operating power. Rubber material are not
robust when dealing with high temperature due to high damping condition or poor
environment. Hence it can cause high manufacturing costs when special rubber
materials are required. Therefore, development of nonlinear passive design take into

consideration, wire rope isolators as vibration isolation which are passive and simple.
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2.3.  Wire Rope for Vibration Isolation

2.3.1. Wire rope

Wire ropes are commonly used in many application like lifting and hoisting in cranes
and elevators, and holding for suspension bridges. The wire rope formed of twisted
wire strands which the strands are formed of twisted thin metallic wires as shown in
Figure 2.4. The core wire rope consists of either polypropylene, natural fibre or wire
rope (G.A. Costello, 1997). According to Miller (2004), the core supports the strands

and strands carry most of the load during normal loading and bending conditions.

Velinsky (1989; 1988, 2004) has conducted study on the wire rope characteristics with
different type of configurations in term of design and mechanics aspects. He has stated
the wire rope exhibits nonlinear behaviour in force-displacement. He has developed
mathematical models and closed form solution to solve the non-linearity issue which

caused by the complex interaction between the wires.

Strand wire
Rope Strand

é Core wire

Core

Figure 2.4 Wire rope components (Miller, 2004)

The wire rope has intrinsic frictional damping due to the frictional contact between
wire strands. It performs well in most of the vibration isolation applications due to its
nonlinear force-displacement and damping mechanism. Stockbridge damper is one of
the wire rope application as vibration isolation in the past, shown in Figure 2.5. It is
used to dampen wind induced vibrations on electric transmission lines or bridge cables
(Oumar Barry et al., 2013)
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Figure 2.5 Application of Stockbridge damper (O. Barry et al., 2015)

2.3.2. Wire rope isolators

Constantinou et al. (1991) proposed one type of vibration isolator which made of wire
rope, called wire rope isolator (WRI). The wire rope isolator (WRI) is a type of non-
linear passive vibration isolator. Wire rope isolator consists of several wire ropes
which are held in between two metal mounting plates which can be in spherical or
helical shape, which is named polycal WRI (PWRI) Figure 2.6(a) and helical WRI
Figure 2.6(b), respectively. Wire rope cables act as dampers because of their elastic
properties from stranded wire rope. Moreover, sliding friction between intertwined
cables, which dissipating energy as heat, provides further damping (M.L. Tinker, 1989;
M. L. Tinker & Cutchins, 1992). Hence, it is considered as frictional type of damper.
The wire rope is good in absorb impart energy and vibrational energy (Chungui et al.,
2009; M. L. Tinker & Cutchins, 1992; Weimin et al., 1997). Figure 2.7 shows the

geometric characteristics of WRISs.

The advantages of WRI are that it is durable, it requires low fabrication costs and it
can be used in the extreme harsh environments, such as dusty, greasy and salty

condition (DPFLEX, 2017b). It has a wide range of operating temperatures which are
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from -100°C to +250°C (DPFLEX, 2017a). Due to the mechanical flexibility of the
entire wire rope cables, WRI provides optimal isolation in all directions. WRI provides
vertical and lateral loading conditions as shown in Figure 2.8. The helical isolators are
mainly used for heavy duty equipment or machineries while PWRIs are mainly used

for light weight applications such as electronic devices.

(b)
Figure 2.6 (a) Polycal wire rope isolator; (b) helical wire rope isolator (DPFLEX, 2017a)

WRI is widely used in many application since it is very effective in controlling both
vibration and shock (M. L. Tinker & Cutchins, 1992). The application of WRI includes
isolation of pipes in nuclear plant (Loziuk, 1988), cargo shipment (Chaudhuri &
Kushwaha, 2008), sensitive electronic systems (Veprik & Babitsky, 2000), pipeline in
aerospace systems and rocket engines (M. L. Tinker & Cutchins, 1992), light steel
structures (Pagano & Strano, 2013), vibration isolation of industrial and defence
equipment (Demetriades et al., 1993), noise and vibration control in military, naval
and aerospace (Ledezma-Ramirez & Tapia-Gonzalez, 2015) and in petroleum
industries. Hence, detail study in the performance of WRI become necessary due to its
significant and potential applications.

Stiffness and damping characteristic are the two main parameters which is used to
define the performance of WRI. Wire rope spring design is the main component of
stiffness of WRI which is the rigidity to resist the deformation due to external force.
There is different stiffness under vertical and lateral loading conditions (P. S. Balaji et
al., 2016; Palani S. Balaji et al., 2016). Damping characteristic of WRI is determined
by its energy dissipation capability due to its intrinsic frictional damping. Thus, both
stiffness and damping characteristic are the focus in the study in the following section.
Literatures which related to stiffness and damping characteristic are discussed and

reviewed.
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Figure 2.8 Types of Loading Conditions (DPFLEX, 2017a)

The static elastic stiffness is an important parameter in the selection of vibration
isolator. Hence, the study of this behaviour is essential for monotonic loading.
Manufacturers like ITT Inc. ("Wire rope Isolators,” 2016) have carried out monotonic
loading test for their products and determined static elastic stiffnesses from the load-
displacement curves. However, due to expensive time-consuming experiments, it is
essential to develop an analytical model for the static elastic stiffness. An ideal
selection and design of WRI should employ analytical models which contain all the

significant parameters.

Characteristic of stiffness can be determined through monotonic loading, which
involves loading and unloading process in the experiment in this paper. During the

loading process, the increase of the load on the isolator will lead the isolator to increase
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in displacement. However, due to non-linear behaviour of the isolator, the gradient of
the load-displacement curve or compression stiffness decrease, with an increase of the
displacement. C. Weimin et al. (1997) explained the softening phenomenon is due to
the certain degree of slip happens between wire rope strands and wire rope undergo a
certain degree of twisting. He simplified the loading and unloading curve of the ring
structure wire rope isolator into the double-linear retarding model in his paper. The
stiffness is divided into two stiffness which are early stiffness, Ky and later stiffness,

Kz, shown in Figure 2.9.

F(N)

0 p

S(mm)

Figure 2.9 The double-linear retarding model (Weimin et al., 1997)

Tse et al. (2002) have developed analytical and numeral model of spring stiffnesses of
composite circular springs in vertical compression, roll and shear and compared the
results with monotonic loading experimental result while Balaji et al. (2016) has
developed analytical model of vertical compression stiffness and roll stiffness of
helical WRI and validated with monotonic loading experimental results. Ni et al. (1999)
carried out an experimental study on static stiffness of helical WRI in roll, shear and
tension-compression using monotonic loading test. Demetriades et al.(1993) showed
that there has relation between stiffness with its wire rope properties and geometric
characteristic. It is required to well understand the relation to produce a proper design
of the PWRI. Tse and Balaji develop the analytical model using principle of potential
energy and Castigliano’s second theorem. The load is supported by bending the curved
object has similarity in the concept between composite circular springs, helical WRI
and PWRI. Due to similarity in the design, mathematical model of stiffness for PWRI

can be established using similar methodology.
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Castigliano’s second theorem relates force-displacement with flexural rigidity (EI) of
wire rope and geometric characteristics of the isolator. In order to simplified
mathematical model of the flexural rigidity of a wire rope, Velinsky (1988, 2004)
proposed several assumptions to make complicated interaction between wire strands
simple. The flexural rigidity of all the wire strands is assumed as flexural rigidity of

one wire rope.

Costello (1997) has applied similar assumption in his study of wire rope stress and
strength distribution. His numerical model was well validated with experimental test
results. Zhu, Meguid (2007) and Balaji et al. (2016) have conducted experiments on
the wire rope in order to get flexural rigidity of the wire rope. The experiment method
used is similar to the method which applied to test on the beams. As a short conclusion,
due to similarity in WRI and composite circular springs designs, stiffness of PWRI can
be calculated by using castigliano’s theorem. Flexural rigidity of wire rope can be

obtained analytically based on its properties.

2.4. Damping behaviour of WRI under Cyclic Loading Condition

The study of damping behaviour of WRI is to understand the damping characteristics
of WRI under cyclic loading condition. Damping characteristics of WRI are
determined by its energy dissipation capability. Existing studies of helical WRI are
used as references in this research. Several researchers have carried out analysis of the
hysteresis behaviour of helical WRI through experiments (Demetriades et al., 1993;
Di Massa et al., 2013; M.L. Tinker, 1989; Y. Ni et al., 1999; Paolacci & Giannini,
2008; Tinker et al., 1992). From their results, it can be seen that WRI exhibits
hysteresis curve under cyclic loading. The nature of the hysteresis curve shows the
restoring force are direct related to both current and previous displacement (Ismail et
al., 2009). The applied load also depends on the history of displacement (Demetriades
et al., 1993; Wang et al., 2015b), which is referred as memory effect. Hysteresis is
defined as a nature behaviour to dissipate energy and provide restoring force against
displacement in mechanical and structural systems. (Ismail et al., 2009).

Tinker and Cutchin (1992) showed that the sliding friction among the individual wire

strand in WRI cable caused the damping in the wire rope system. Study of Demetriades
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et al. (1993) reveals that WRI shows the symmetric hysteresis behaviour under the
lateral roll loading condition (Figure 2.10(a)). However, WRI shows the asymmetric
hysteresis behaviour under the vertical loading Figure 2.10 (b) due to different stiffness

in tension and in compression.
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Figure 2.10 Hysteresis behaviours under cyclic loading (a) Lateral roll loading
condition (b) Vertical loading condition (Demetriades et al., 1993)

The wire strands stick closer when tension load is applied. The frictional force
increases due to the increased contact point. Thus, movement resistance is increased
and hardening phenomenon occurred. Meanwhile, the wire strands separate further
away from each other when compression load is applied. The frictional force is
reduced due to the reduced surface of contact. Therefore, movement resistance is
reduced and softening phenomenon happened. The hysteresis behaviour of the WRI is
greatly influenced by different response characteristics like the direction of the applied
force, the cable twist, the cable length, the numbers of strands, the diameter of wire
rope (Demetriades et al., 1993). The area under the hysteresis curve represents the
energy dissipated by WRI during cyclic loading condition (M.L. Tinker, 1989; Tinker
etal., 1992).

2.4.1. Hysteresis Loop Area and Energy loss ratio

Foss (2006) explained hysteresis curve using hysteresis loop area, shown in Figure
2.11. The dissipated energy during one complete cyclic loading represented by the area
within the yellow shape. Meanwhile, the maximum potential energy for load and

displacement is represented by the area within the green circle. An increase in
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displacement amplitude will increase the hysteresis loop area, as shown in Figure
2.12(a) (Y. Q. Nietal., 1999).

Energy loss ratio (ELR) is one of the damping characteristic of WRI that evaluate the
effectiveness of WRIs. ELR is defined as the amount of dissipated energy which
caused by sliding friction between wire strands with reference to viscous damping
(Balaji et al., 2015). Foss (2006) reported that greater values of ELR show greater
damping capabilities of WRI.

load deflection path for one cycle
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Figure 2.11 Hysteresis Loop (Foss, 2006)
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Figure 2.12 (a) Hysteresis loop area vs displacement amplitude (Y. Q. Ni et al.,

1999) (b) Effective stiffness vs displacement amplitude (Y. Q. Ni et al., 1999)

2.4.2, Effective stiffness

Effective stiffness (Kesf) of WRI is the ratio of the largest and smallest changes of
forces to the largest and smallest changes of displacement amplitudes (Balaji et al.,

2015). The effective stiffness varies and one complete hysteresis loop is taken for
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calculation, which the hysteresis loop requires static loading experimentation. Wang
et al. (2015a) experimentally investigated the effect of amplitude on the effective
stiffness (Figure 2.12b). They observed that the effective stiffness decreased as the

displacement amplitude increased.

2.5. Summary from literature review

Systems which exhibit non-linearity were frequently prescribed for application in
vibration isolation systems. In most researches concerning the use of non-linearity in
vibration isolation systems, the non-linear stiffness characteristics were analysed
experimentally. Besides, mathematical models were developed by analysis its
deflection mechanism of the non-linear system which related to force and
displacement. Static stiffness has emerged as an important specification for the
selection of PWRI suitable for various practical applications. However, research on
the static stiffness parameters has been mostly restricted to WRI. It is worthwhile to
note that there is a similarity between PWRI and WRI, Hence the utilization of
Castigliano’s second theorem in PWRI stiffness model is deemed appropriate. In order
to make ease of design and selection of PWRI, it is required a well-defined
mathematical model which include all the significant parameters. Meanwhile, it is
important to understand how the significant parameters effect the stiffness. Damping
of the wire rope isolator is caused by the frictional sliding contact between wire strands
which cause the PWRI to exhibit hysteresis behaviour. Thus, damping characteristic
can be obtained through its hysteresis behaviour. There is very limited of significant
research on damping characteristics of PWRI. Hence, it is required for investigation
of the damping characteristics of PWRI to enhance the understanding of its

performance for different application.

20



Civil Engineering Research Thesis — Master of Philosophy An Analytical and Experimental Investigation of Polycal
Department of Civil & Construction Engineering Wire Rope Vibration Isolator for Industrial Equipment

3. STATIC STIFFNESS OF PWRI

3.1. Introduction

This chapter presents the analytical models developed for both vertical and lateral
stiffness of PWRI. The vertical compressive and lateral stiffness analytical models
were developed based on Castigliano’s second theorem. The models were validated
using the monotonic loading tests in the respective directions. Finally, a parametric
study was carried out to investigate the influence of the width, height, and diameter of
the wire rope as well as the number of wire rope strips had on the vertical compressive

stiffness and lateral stiffness of WRIs.

3.2. Methodology and scope

The methodology of derivation and the validation of analytical models are discussed
in this section. A similar method used for deriving the mathematical model of WRI
stiffness was used to derive the mathematical model of the PWRI stiffness which
involved deflection of the wire rope. The analytical models of the vertical and lateral
stiffness were derived from Castigliano’s theorem, which has established the
relationship between stiffness and geometric properties. These developed models can
be useful in designing the PWRI. An experiment was carried out to determine the
stiffness of the isolators with various geometrical properties through vertical and
lateral loading. These experimental results were used to validate the mathematical
model of stiffness. Deriving the analytical stiffness of the PWRI is challenging due to
the nonlinear F-D characteristic. Currently in industries (DPFLEX, 2017b), stiffness
of PWRIs are taken at small displacement from a selection of PWRIs. C. Weimin et
al. (1997) has defined stiffness of a ring structure wire rope isolator using monotonic
loading and unloading. Hence, monotonic loading and unloading with a small

displacement was used to determine the stiffness in this work.
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3.3. Application of Castigliano’s Theorem

It is crucial to analysis the relationship between the applied force and the displacement
in order to acquire the mathematical model for vertical and lateral stiffness of PWRIs.
When the WRI is acted upon by an external excitation, it displaces and when the
excitation is removed, it returns to its initial position. The excitation energy is absorbed
by the wire strands of the PWRI through friction, during displacement of the PWRI.
Hence, the mechanical properties and shape of the PWRI is considered an important
factor for developing the mathematical model. Displacement and strain energy are
analysised through Castigliano’s second theorem, which states “when forces act on
an elastic system subject to small displacements, the displacement corresponding to
any force, in the direction of the force, is equal to the partial derivative of the total
strain energy with respect to that force” (Shigley, 2008). In order to simplify the
analytical model, the following assumptions have been made.

1.  The wire rope is treated as a solid bar with a uniform cross section;

2. Homogeneous and isotropic material properties of the wire rope are

considered;

3. The load resistance of the metal mounting plates are neglected,

4.  The vertical and lateral loading of the PWRI is quasistatic;

5.  The PWRI is firmly fixed to the Universal Tensile Testing Machine

3.4. Geometry of the PWRI

In order to simplify the calculation in the development of the modelling, a single strip
(Figure 3.1(b)) sustains vertical and lateral loads. Figure 3.1(a) shows geometrical
properties of the PWRI, which is represented by nomenclature. The radius of curvature
of the wire rope, R can be determined by identifying 3 points of coordinate along the
wire rope. The first point of the wire rope (x4, y1) is represented as reference point (0,
0), which is located at the point that connects to the top plate. The second point (x2, y)
is located in the middle of the wire rope and the third point, (xs, y3) is located at the

endpoint that connects to the bottom plate.
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A=Height of the bevel of the top plate; B=Width of the bevel of the bottom plate;
D=Diameter of wire rope; Di=Diameter of top plate; D>=Diameter of bottom plate;
Fo=Lateral load; F\=Vertical load; Fr.=Lateral reaction force; Frv=Vertical reaction
force; H=Height of the PWRI; R=Radius of curvature of the wire rope; T1=Thickness
of the top plate; T.=Thickness of the bottom plate; W=Width of the PWRI

Figure 3.1 (a) Geometric properties of the PWRI; (b) Free body diagram with

vertical and lateral loading on the PWRI

Equations 3.1a — 3.1d are used to obtain Xz, y2, X3 and ys3

X :%(W—Dl)—%D (3.1a)
v, :%H —%Tl (3.1b)
X, =%(D2 —Dl)—%B (3.1¢)
v, = H —%Tl—T2+%A (3.1d)

The substitution of X1, y1, X2, Y2, X3 and ys, into the Equation of the Circle (Equation

3.2a). By solving the three simultaneous equations, R can be obtained.

(x=hf +(y-k)* =R? (3.2a)
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(H-21,+ A{(%(W - D)—%DJQ +(%H —%lez]—(H —Ti{[%(Dz - Dl)—%BJQ —[%(W - Dl)—%D)Z +[H —%Tl—Tz +%A)Z —(%H -% l)z] 2

(H-2T,+AYW -D,)-D)-(H -T,)D, -W - B+ D)

ol

2

(D,-D,)- B)[[;(W -D )—%D)Z (% %le ] —D)[[;(D -D )—%sz +[H —%Tl—Tz +;AT]
B

(H-T,X(D,-D,)-B)-(W -D,)-D)2H T, - 2T, + A)

(3.2b)
Simplifying,
(0@ +1@)?)-2f@(f@° - f*+ (5 - 1@?))

fL)x2f(2)-2f(3)x (6)
[2f@(f@ + 1@)7)-2f@(f @+ 167)) (3.20)
2f(A)x2f(4)—-2f(2)x2f(5) '
in which
f)=H-2T,+A (3.2d)
f(2)== (W D,)- ;D (3.2¢)
1, 1

f(4)== (D D,)- ;B (3.29)
f(5)=H —%Tl—TZ +%A (3.2h)
f(6)=D,-W-B+D (3.2i)

3.5. Analytical model of stiffness of the PWRI

Castigliano’s theorem is often used to solve a problem like the deflection of a curved
bar (Shigley, 2008). There are two equal and opposite forces, Fv acting on the top and

bottom of the PWRI on a single strip of wire rope under compressive loading, and F.
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acting at a side way force under lateral loading (Figure 3.1(b)). F=P/N where N
represents the number of wire rope strips and P represents the total force on the PWRI.

There is only one wire rope strip considered due to the equal load on each wire rope.

3.5.1. Analytical model of Vertical Stiffness of the PWRI

Figure 3.2 shows the free body diagram of a single wire rope strip. The boundary limit
for the wire rope strip is 0 to 3n/4. The shear stress at the cross section is omitted since
the cross section of the PWRI is relatively small compared to its radius of curvature.
Castigliano’s theorem is used to determine the statically indeterminate of the bending

moment Mo.

Figure 3.2 Free body diagram of a single wire rope strip

Due to the symmetrical geometry of the PWRI, its cross section remains fixed when

the wire rope is being bent. Hence, Mo will not cause any displacement, which is:

du

—— -0 3.3

dM, (33)
where U is the strain energy of a wire rope strip. The wire rope strip is in the form of
a circular arc which can be considered the radius of curvature. Hence, Equation 3.3 is

written as:

1 (e, dM
=" M,-—LRdO |=0 3.4
El Uo " dM, j 34

The bending moment of the full wire rope, My is presented as:
M, = F(Rsin9)-M, (3.5)

And
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dM,
dm

_ 1 (3.6)

0

By substituting Equations 3.5 - 3.6 into Equation 3.4 and thus forming Equation 3.7:

%Ujﬁ(F(Rsin 6)-M,Y-1R d@j:O (37)

By solving Equation 3.7 for the statically indeterminate moment Mo, the following

equation is given:

M, = 2° +4JFR 3.8)

3r

The total strain energy of the wire rope is described as:

U :LXU“”MfRdej
2E1 b
(3.9)

By using Castigliano’s theorem, we can obtain the deflection equation due to the

applied load F described as:

5=d—U=iU“”M1 dM, RdeJ
dF  EI\D dF (3.10)
Substituting Equation 3.5 into Equation 3.10 will result in:
2 5 3
5 Flox® +6r -2 ~agxre) 1D

247kl

Lastly, the vertical stiffness (Kv) of the entire WRI is determined by the equation below:

_dP

K, =
do

247
lo7? +67 -2 —48JxR?

=N x (3.12)
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The flexural rigidity, El which is used in the Equation 3.12, represents the resistance
offered by the wire rope during bending, in which E is elastic stiffness and I is the
moment of inertia. Few researchers have assumed the flexural rigidity of the wire rope
as the total flexural rigidity of each wire strand, which can be modelled after a slender
rod, with the addition of several dimensionless parameters to generalise the interaction
between wire strands (George A Costello & Butson, 1982; Steven A Velinsky, 1988).
Meanwhile, some researchers have proposed the analytical model of the properties and
behaviour which assumes the cable as a solid rod (Huang & Vinogradov, 1994; Huang
& Vinogradov, 1996a, 1996b; X. Li et al., 2014) and/or a cylinder (Hobbs & Raoof,
1984; M Raoof, 1991; Mohammed Raoof, 1996; Mohammed Raoof & Davies, 2006).
Numerical studies have been carried out (Chiang, 1996; Jiang et al., 1999; Stanova et
al., 2011a, 2011b) due to the complexity of developing an accurate analytical model.
However, the disadvantage of the numerical studies is they are time-consuming for the
simulation tests due to the large amount of data to simulate. These analytical and
numerical models consider the axial tensile loading for single, straight and multi-strand
wire ropes. These models have only described the behaviour of the ideal wire rope. In
order to improve accuracy in the flexural rigidity of the actual wire rope, a transverse
bending test has been carried out by Balaji et al. (2016). Since the same type of wire
rope are used which is a 6 x 19 stainless steel Independent Wire Rope Core (IWRC),

the flexural rigidity equation shown in Figure 3.3 is used in the present study.

2.5 .
e Test data
— Trendline: 39.72 2%, R?=0.998

Flexural rigidity, E7 (105 N-mm?)

0 —
0 2 4 ] 8 10 12 14 16

Wire rope diameter, D (mm)

Figure 3.3 Variation of the flexural rigidity (EI) with a wire rope diameter (6 x 19
IWRC) (P. S. Balaji et al., 2016)
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3.5.2. Analytical model of lateral stiffness (ki)

A wire rope strip is considered in the development of the mathematical model and was
subjected to a lateral load which shown in Figure 3.4. The wire rope strip boundary
limits are from O to 3n/4. The PWRI is fixed at the base and a load is created in a lateral
direction. The wire rope strip is subjected to an indeterminate shear force and force F.
However, the principle of least work (P. C. Tse et al., 2002) has been shown to

eliminate the indeterminate bending moment.

Figure 3.4 Lateral loading on a wire rope strip
The strain energy (U) of the wire rope strip is presented as:

. 37 1 2
U _jo Sy MR d0 (3.13)

Where M is the moment and is given by:

M =Q(Rsind)- F(R—Rcos#); 0<O<" 7 (3.14)

NlWw

Castigliano’s theorem is used to define the indeterminate shear force Q. During the
bending of the wire rope, its cross-section does not rotate since it is symmetrical as
shown in Figure 3.4. Thus, the displacement is zero due to the shear force Q, given as:
((jj_Lch =0, (3.15)

RS

16El

Upon solving Equation 3.15, the equation below can be applied to calculate the

Q= ﬂ&/i—+12) (3.16)

6r+4

l4Q + 67Q - Flav2 +12)]=0

indeterminate shear force:
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Hence, the calculation of total strain energy stored in the one wire rope strip is:

i R 2
. 3E ——[Q(Rsin6®)— F(R-Rcos@)fdo

16E ~F¥(gv2+2)+32Q? + 2Q* - FQav2 +12)|

3F°R (64‘/_ or? + 7{BV2 - 4)+ 24j
- 16EI (37 +2)

J_F [ R?(- 6442 + 277% ~37{8v2 - 4)- 72)]
El(37+2)

T (3.17)

The deflection of one wire rope strip due to the lateral load can be determined from

the strain energy by utilizing Castigliano’s theorem which is:

du
o, =—— 3.18
= (3.18)
From Equation 3.17, the deflection of a single wire rope strip by the applied load F

can be derived as:

5 - g (R3(— 642 + 277° ~37(8V2 - 4)- 72)] 619

8 El(37+2)

The load-displacement relationship of one wire rope strip is represented by Equation
3.19 with an assumption of small displacement amplitudes. Lastly, the lateral stiffness,

k., for the entire PWRI is computed as:

F 8EI(37 +2)
K =Nx—= 3.20
S T RCeav2 + 2727 —3al8V2 - 4)-72) (320

3.6. Experimental Setup

A detailed experimental setup is shown in this section including the equipment, test

specimens, fixtures design, and the experimental procedure.
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3.6.1. Equipment

The monotonic loading experiment was carried out in-house using the INSTRON
Universal Tensile Testing Machine (UTTM) (Figure 3.5). It is able to provide a
maximum load of 100kN to the specimens. The testing machine sent the data to the
Bluehill software and was then processed and displayed as a graph. The raw data was
saved in the form of a graph in a PDF format as well as in an excel file. Several
parameters such as loading speed, displacement and processes must be set properly

into the Bluehill software before running the UTTM.

INSTRON

DU

Figure 3.5 INSTRON Universal Tensile Testing Machine 5982

3.6.2. Test specimens

There were ten isolators which were tested in the present study. Each isolator has its
unique geometrical properties such as height, width and wire rope diameter which is
shown in Table 3.1. All of the isolators consist of a 6 x 19 stainless steel Independent
Wire Rope Core (IWRC) wire rope. All wire ropes were held in a circular arrangement
for the PWRI which are symmetric in vertical axis. The isolators are manufactured by
Wuxi Hongyuan Devflex Co. Ltd. All the value shown in the Table 3.1 are the default

parameters of PWRI from the manufacturer.

Table 3.1 The geometrical properties of the PWRI

D W H D1 D2 A B T1 T2
No Model N
(mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm)
1 1GGQ10-37|8]| 25 76 37 52 70 5 5 7 10
2 |GGQO0.9-47 (8| 25 77 a7 38 70 5 5 7 10
3 | GGQO0.55-56 | 8| 25 80 56 26 70 5 5 7 10
4 1GGQ10-57|8| 3.2 | 91 57 38 76 5 5 7 10
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5|GGQ17-71(8| 32| 9% | 71 | 26 | 76 5 5 7 10
6 | GGQ17-45 |8| 48 | 110 | 45 | 76 | 102 | © 6 8 12
7| GGQ15-62 |8 48 | 113 | 62 | 64 | 102 | © 6 8 12
8 | GGQ14-77 |8 | 48 | 121 | 77 | 52 | 102 | 6 6 8 12
9 | GGQ29-71 |8| 64 | 120 | 71 | 64 | 102 | © 6 10 | 12
10| GGQ23-76 |8 | 6.4 | 120 | 76 | 52 | 102 | 6 6 10 | 12

3.6.3. Fixture design

In the present experiment, the fixtures were designed to hold the isolator so it can only
move in a vertical direction as shown in Figure 3.6(a), or in a lateral direction as shown
in Figure 3.6(b). Each end of the PWRI was bolted tightly onto each fixture before
being clamped to the machine.

Figure 3.6 Fixtures used for the PWRI during loading test (a) Vertical fixtures (b)
Lateral fixtures

3.6.4. Experimental procedure

The isolator was attached to fixtures using bolts and nuts. The fixtures were then
secured to the UTTM through the UTTM clamping device. The monotonic
compressive loading method and the displacement control settings were selected in the

Bluehill Software. The test was configured to compress loading isolators up to 3mm
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and then return to its original position (unloading). The isolators were controlled at a
slow displacement of 2mm per minute, which was assumed to be quasistatic loading.
Before a test began, a “RESET ALL” command was used to reset the initial loading
and displacement value to zero, and was then followed by using the “START”
command. The UTTM continuously recorded the load applied for every individual
displacement made. After completion of each test, the test results were saved as a PDF
(load-displacement graph) and as an excel file (datasheet). Before removing the
isolators from the UTTM, the “RETURN” command should be used to return the
displacement to the neutral position. Each test will be repeated three times and average
result will be calculated. The same procedure was then repeated for the lateral loading

but with a Imm displacement.

3.7. Results

Vertical and lateral monotonic compression tests have been carried out and the
results have been used to validate the analytical model represented by Equation 3.12
and Equation 3.20. Figure 3.7 shows the loading and unloading curve which was
generated by the UTTM after the monotonic test. The initial loading and initial
unloading stiffness was represented by K1 while the final loading and final unloading
stiffness was represented by K> (Weimin et al., 1997). Since the two springs
constants K1 and K> are connected in a series, the total stiffness Ky is given by,

41,1 (3.21)
K, K K,

v
25
20 r

Ko
10 +

O | | | | | |
1 15 2 25 3
5 L Displacement (mm)

-10 -

Force (N)

Figure 3.7 The double-linear retarding model of the PWRI
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The comparison between the analytical and the experimental results of the vertical and
lateral stiffness are tabulated in Table 3.2 and Table 3.3, respectively. From the
comparison, we can conclude the differences between the analytical and experimental
results of both the vertical and lateral stiffness’s are similar, which shows a good
agreement between them. The possible reason of the difference between analytical and
experimental can be due to the specimens are having lower accuracy of dimension and
some assumptions have been made as shown in section 3.3. The analytical models of
the vertical and lateral stiffness are related to the geometric properties of the PWRI.
The analytical study was carried out to investigate the influence of the number of wire
rope strips, the wire rope diameter, and the radius of the curvature of the wire rope on
the WRI’s vertical and lateral stiffness. The mathematical model can be very useful in
the design or modification of the PWRI to achieve the required stiffness or geometric
properties. The PWRI is useful in many application such as function as stabilizer for
camera which installed on the moving object.

Table 3.2 Comparison between analytical and experimental vertical stiffness of the

PWRI
_ ) Analytical stiffness,
Isolator Experimental stiffness,
Model Ky (EqQ. 3.12)
No. Ky (N/mm)
(N/mm)

1 GGQ 1.0-37 14.2 15.4

2 GGQ 0.9-47 5.2 5.6

3 GGQ 0.55-56 3.1 3.1

4 GGQ 1.0-57 8.9 8.9

5 GGQ 1.7-71 3.8 4.0

6 GGQ 17-45 123.3 105.8

7 GGQ 15-62 36.2 26.8

8 GGQ 14-77 17.9 14.9

9 GGQ 29-71 85.4 61.0

10 GGQ 23-76 51.1 48.0
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Table 3.3 Comparison of analytical and experimental lateral stiffness results

Isolator Model Experimental stiffness, | Analytical stiffness,

No. KL (N/mm) Kc (EqQ. 3.20), N/mm
1 GGQ 1.0-37 5.0 7.7
2 GGQ 0.9-47 2.2 2.8
3 GGQ 0.55-56 1.5 1.5
4 GGQ 1.0-57 2.9 4.5
5 GGQ 1.7-71 16 2.0
6 GGQ 17-45 37.6 52.8
7 GGQ 15-62 125 13.4
8 GGQ 14-77 5.6 7.4
9 GGQ 29-71 24.8 30.4
10 GGQ 23-76 18.6 23.9

3.8. Parametric Analysis

In this section, a parametric analysis is performed to investigate the effects of
different geometrical properties on the vertical compressive and lateral roll of WRIs
stiffness. The parameters selected in this analysis are the wire rope diameter, the width

and height of the isolator, and the number of wire rope strips.

3.8.1. Influence of wire rope diameter

The PWRI consists of a wire rope, which performs well in attenuating vibration. Thus,
the stiffness of the PWRI depends on the wire rope characteristics. Figure 3.8 shows
the influence of the wire rope diameter, D for a number of wire rope strips, N on
vertical and lateral stiffness. Based on the analytical model, flexural rigidity is the main
factor influencing stiffness. The flexural rigidity, EI of the wire rope is given by the
equation, EI = 39.72¢37, which is determined by the diameter of the wire rope.
Thus, an increase in diameter will eventually increase the vertical and lateral stiffness.
Based on this equation, a diameter increase from 2.5mm to 6.4mm results in an
increase in the stiffness by a factor of (6.4/2.5)3°7 ~ 41.8
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Figure 3.8 The influence of wire rope diameter, D and number of wire rope strip, N

= 8 on vertical and lateral stiffness, with a constant radius of curvature, R=38mm

An increase in diameter will result in an increase in inertia of individual wires, which
will then increase the resistance of the wire rope to lateral deformation (i.e., flexural
rigidity, EI) and therefor resulting in a greater increase in vertical and lateral stiffness.
The stiffness of the PWRI in the vertical direction is twice as stiff as in the lateral

direction. The stiffness ratio can be defined using Equation (3.12) and Equation (3.20).

k
S x2 3.22
. (3.22)

3.8.2. Influence of radius of curvature of wire rope, width, and height on the
PWRI

The radius of curvature is one of the factors which directly affects the stiffness of the
PWRI, which is influenced by its height and width. An increase in the radius of
curvature, R, is governed by an increase in the height or a decrease in width, which
results in the dramatic reduction of vertical and lateral stiffness as shown in Figure 3.9.
Similar to Equation 3.12 and Equation 3.20, with the restricted parameters of the
number of wire rope strips and wire rope diameter, the graph in Figure 3.9 can be said
to have a cubically proportional relationship between stiffness and the radius of
curvature. However, it should be noted that with an isolated parameter change such as

35



Civil Engineering Research Thesis — Master of Philosophy An Analytical and Experimental Investigation of Polycal
Department of Civil & Construction Engineering Wire Rope Vibration Isolator for Industrial Equipment

an increase in height or a decrease in width only, an increase of the height-to-width
ratio would result which might then induce instability in the product from isolating
lateral oscillations. As the restoring force is weakened in the horizontal direction, the
reduction in overall performance of the isolator would arise. It should also be noted
that if there was a reduction in the height-to-width ratio, more space in the horizontal
direction would be consumed by the isolator, which might not be appropriate in
situations where horizontal space is scarce. In addition, limitations may be imposed in
the vertical and lateral displacement. Therefore, due to limitations of space,
displacement, and stability, the height-to-width ratio was controlled to within the range

of 0.41 to 0.74 as standardized by the manufacturer.
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Figure 3.9 Influence of the radius of curvature on vertical and lateral stiffness with 8

numbers of wire rope strips and 6.4mm diameter of wire rope

3.8.3. Influence of the Number of wire rope strips

The number of wire rope strips is based on the weight of the supported equipment.
Stiffness is directly proportional to the number of wire rope strips as determined by
Equation 3.12 and Equation 3.20. Consequently, increasing the number of the wire
rope strips will result in an increase in stiffness, as also shown in Figure 3.10. The
greater the number of wire rope strips with smaller wire rope diameters will provide
greater stability to the supported equipment compared to a lower number of wire rope
strips with a larger wire rope diameter. By default, manufacturers manufacture the

PWRI with eight wire rope strips to ensure greater stability.

60 Vertical

Lateral
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N
o

Stiffness (N/mm)
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Number of wire rope strip, N

Figure 3.10 Influence of the number of wire rope strips on stiffness

3.9. Summary

An analytical model of the vertical and lateral stiffness of the PWRI has been
developed in this study. Experimental data from the vertical and lateral monotonic tests
were used to validate the developed analytical models. The analysis and design of the
polycal wire rope isolators can be quite simple and effective with a well-developed
model since the model relate the stiffness of PWRI to its geometrical properties.
Parametric study was conducted and it enhance the understanding of the influence of
the geometrical properties on the stiffness of PWRI. Several conclusions can be made

from the study:
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1. The vertical stiffness of the PWRI is approximately twice as stiff as in the lateral
direction.

2. The PWRI stiffness is directly proportional to the number of wire rope strips.

3. The diameter of the wire rope has the greatest influence on stiffness compared to
the radius of curvature, and the number of wire ropes.

4. Vertical and lateral stiffness increases with an increase in wire rope diameter but
decreases with an increase in the radius of curvature of the PWRI.

5. An increase of 5% vertical and lateral stiffness can be achieved by reducing by
1.6% the radius of curvature of the wire rope or by increasing the wire rope
diameter by 1.3%.

38



Civil Engineering Research Thesis — Master of Philosophy An Analytical and Experimental Investigation of Polycal
Department of Civil & Construction Engineering Wire Rope Vibration Isolator for Industrial Equipment

4. HYSTERESIS BEHAVIOUR OF PWRI

4.1. Introduction

This chapter presents the hysteresis behaviour of PWRI in vertical and lateral direction.
The objective is to determine the hysteresis characteristics of the PWRI. Besides,

investigation of the influences on the hysteresis characteristics are carried out.

4.2. Methodology

The cyclic loading tests were performed to study the hysteresis behaviour of PWRI.
The PWRIs with different geometric were subjected to vertical and lateral loadings.

The hysteresis characteristics were presents as effective stiffness k.¢, energy loss
ratio (ELR) and equivalent viscous damping ratio (EVDR) G,,. The influence of

different factors on the hysteresis characteristics were investigated such as rate test and

height-width ratio. Same ten PWRIs sample as chapter 3 were used in this study.

4.3. Experimental setup

Similar experimental setup as described for monotonic loading and unloading test in
chapter 3, were used in cyclic loading. The slightly difference of cyclic loading was it
consists of both positive and negative displacement to form a complete cycle. In this
experiment, displacement was from origin to positive displacement in tension / upward,
and then continues to negative displacement, which was in compression / downward
and finally return to origin. This procedure was applied for Imm, 2mm, and 3mm
displacement amplitude. The rate is set to be slow rate, 8mm per minute to achieve

quasi-static condition.

For rate test, Isolator 9 were chosen to perform cyclic loading test. Unlike the previous
test using fixing rate, the rate test was conducted by using various loading rate which
is 2mm/min, 4mm/min, 8mm/min, 16mm/min, 32mm/min, 64mm/min, and
128mm/min. The displacement amplitude was fixed at 6mm for the cyclic loading test.
The test method command in Bluehill Software was configured to change loading rate

after each complete cycle starting from 2mm/min to 128mm/min continuously.
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4.3.1. Evaluation of Damping Characteristics

The effective stiffness, equivalent viscous damping ratio and energy loss ratio of the
PWRI are determined from the results of cyclic loading by using Equation 4.1,
Equation 4.4 and Equation 4.5 respectively (Balaji et al., 2015; Schwanen, 2004;
Vaiana et al., 2017). Hysteresis curve is plotted based on the raw data obtained from

the cyclic loading.

The effective stiffness is calculated by using the equation 4.1.

F.. —F.
o = (4.2)
Xmax - Xmin
where, Xmax and Xmin are the maximum and minimum displacements, respectively,
Fmax and Fmin the maximum and minimum forces, respectively. The effective stiffness
represent the overall stiffness of the full cycle motion. The stiffness is then used to

calculate the restored elastic energy, Es, which is

s avg

E, =1k, X,.° (4.2)
2
Where Xayg is average of the maximum and minimum displacement values shown as

Xmax — Xmin
X avg T — (4.3)

The equivalent viscous damping ratio for hysteresis cycle is calculated using formula

E,
4k,

Ceg = (4.4)

Where Egq is the area within the hysteresis cycle. The area bounded by the hysteresis
curve is calculated by using POLY AREA method of MATLAB software.

The Energy Loss Ratio (ELR) is calculated using the equation below.

ELR =

(4.5)

40



Civil Engineering Research Thesis — Master of Philosophy An Analytical and Experimental Investigation of Polycal
Department of Civil & Construction Engineering Wire Rope Vibration Isolator for Industrial Equipment

4.4. Damping Characteristic of PWRI

The hysteresis behaviour of PWRI under cyclic loading with displacement amplitude
of Imm, 2mm and 3mm are discussed in this section since the hysteresis behaviour
change with different displacement amplitudes. Besides, the energy loss ratio,
effective stiffness and equivalent viscous damping ratio of the PWRI are determined
using Equations 4.1 to Equation 4.5. The difference of the characteristics are displayed

as chart and table and discussed in the following sections.

4.4.1. Hysteresis behaviour

The hysteresis behaviour analysed through the hysteresis curve under cyclic loading
which represents the energy dissipation behaviour of the PWRI. The hysteresis curve
consists of a complete loop of loading and unloading the isolator which involve
positive displacement and negative displacement. The hysteresis curve is obtained
through one complete loop of loading and unloading of the isolator, which involve
positive and negative displacement. The energy dissipated by PWRI is represented by
the area under the hysteresis curve due to the sliding friction between wire strands

during cyclic loading condition.

4.4.1.1. Hysteresis curve in vertical direction

Figure 4.1, Figure 4.2 and Figure 4.3 show the hysteresis loops of PWRI under axial
loading with Imm, 2mm and 3mm displacement amplitudes respectively. Based on
the observation from the figures, the hysteresis curves are asymmetric under tension
and compression loading. It is harder to deform the isolators under tension loading if
compared to compression loading with the same displacement amplitude. The
phenomenon become more apparent at higher displacement amplitude. This
phenomenon is caused by the hardening effect during tension loading while softening
effect during compression loading. The wire strands become tense and stick closer to
each other when the isolator is loaded under tension mode. Hence the friction increased
between wire strands, the isolator become stiffer and higher load is required to pull the

isolator. Conversely, the wire strands are become loose and move further away from
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each other. Thus, the friction is reduced between wire strands, the isolators become

less stiff and less load is required to compress the isolator.
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Figure 4.1 Hysteresis behaviour of isolators in vertical direction (1mm)
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Figure 4.2 Hysteresis behaviour of isolators in vertical direction (2mm)
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Figure 4.3 Hysteresis behaviour of isolators in vertical direction (3mm)

4.3.1.2 Hysteresis curve in lateral direction

The hysteresis curves of PWRI are acquired through displacing laterally the isolator
with Imm, 2mm and 3mm displacements respectively as shown in Figure 4.4, Figure
4.5 and Figure 4.6. The hysteresis curve of the PWRI under lateral loading is found to
be different if compare to the hysteresis curve under vertical loading. The hysteresis
curve appears to be almost symmetrical under lateral loading.

This phenomenon is due to the isolator exhibit hardening effect for both positive and
negative direction loading. Since the isolator is symmetrical on the both sides of the
isolators, the wire ropes are pulled and tightened in either direction, same total load

are required to deform the isolator.
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Figure 4.4 Hysteresis behaviour of isolators in Lateral Direction (1mm)
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Figure 4.5 Hysteresis behaviour of isolators in Lateral Direction (2mm)
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Figure 4.6 Hysteresis behaviour of isolators in Lateral Direction (3mm)

4.3.2 Energy loss ratio

Energy loss ratio (ELR) is used to determine the damping effectiveness of the PWRI.
The ELR of the PWRI is the amount of dissipated energy with respect to viscous
damping during cyclic loading. The higher ELR shows the better damping capability
of PWRI. The ELR is determined from the hysteresis curves by applying Equation 4.5.

4.4.1.2. Energy Loss Ratio in Vertical Direction

Table 4.1 consists of the experimental data of the PWRI obtained from the vertical
hysteresis curve. The ELR of the isolators are calculated based on the experiment data
and the results are plotted as chart shown in Figure 4.7. For the Imm displacement
amplitude, the ELR for all isolators are in the range of 32% to 46%. When the
displacement amplitude is increased to 2mm, the ELR of all isolators decreases. The
ratios are in the range of 21.9% to 36.4% at this displacement amplitude. The ELR of
the isolators further decrease to the range of 15.7% to 30% for the displacement

amplitude of 3mm.
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During displacement amplitude at 1mm, the isolators show the greatest values of ELR

as shown in the ELR diagram. This indicates that all isolators have better damping

effectiveness at lower displacement amplitude. The ELR decreases due to the decrease

of the hysteresis curve area at the elevated displacement amplitude which indicate the

poor damping effectiveness of the isolator.

Table 4.1 Experiment Data of Isolators from Hysteresis Curve (Vertical Direction)

No. Isolator D::ﬂgﬁi&int LHgoS;t)e;erSeIZ FO';Q?EN) Fo?(/:leizn(N) pol':gﬁi(ial I%(I,;O?
(mm) (N.mm) Energy
1.0 38.16 42.57 -30.91 115.60 33.01
1. | GGQ 1.0-37 2.0 90.80 85.59 -46.32 414.78 21.89
3.0 158.36 155.20 -58.73 1,008.70 | 15.70
1.0 18.65 15.49 -14.56 47.32 39.41
2. | GGQ 0.9-47 2.0 43.43 28.84 -20.92 156.51 27.75
3.0 71.32 46.38 -26.29 342.72 20.81
1.0 10.81 8.88 -7.36 25.58 42.28
3. | GGQ0.55-56 2.0 26.32 14.81 -10.69 80.19 32.83
3.0 43.64 21.76 -13.79 167.64 26.03
1.0 22.09 20.34 -17.95 60.29 36.64
4. | GGQ 1.0-57 2.0 53.55 36.52 -27.68 201.93 26.52
3.0 90.82 5451 -36.10 427.33 21.25
1.0 10.39 9.27 -8.45 27.91 37.22
5. | GGQ1.7-71 2.0 25.04 15.42 -12.80 88.78 28.21
3.0 41.57 22.35 -16.76 184.45 22.54
1.0 304.63 356.95 -247.54 951.95 32.00
6. | GGQ 17-45 2.0 770.40 721.94 -362.17 | 3,410.02 | 22.59
3.0 1420.10 1273.90 -459.93 | 8,177.03 | 17.37
1.0 142.73 109.17 -95.19 321.93 44.34
7. | GGQ 15-62 2.0 329.00 187.42 -135.20 | 1,014.87 | 32.42
3.0 537.28 281.73 -169.12 | 2,126.45 | 25.27
1.0 75.59 50.07 -53.94 163.82 46.14
8. | GGQ 14-77 2.0 181.59 84.02 -74.44 498.53 36.42
3.0 301.07 121.41 -91.57 1,004.62 | 29.97
1.0 312.79 251.48 -238.80 772.17 40.51
9. | GGQ29-71 2.0 713.31 474.14 -338.23 | 2,555.79 | 2791
3.0 1201.80 753.51 -429.17 | 5578.79 | 2154
1.0 222.93 174.23 -151.69 513.18 43.44
10. | GGQ 23-76 2.0 521.41 303.55 -220.21 | 1,64758 | 31.65
3.0 867.43 453.76 -280.33 | 3,462.08 | 25.06
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Figure 4.7 Energy Loss Ratio Diagram of Isolators (Vertical Direction)

4.4.1.3. Energy Loss Ratio in Lateral Direction

Table 4.2 shows the experimental data of the PWRI which extracted from the lateral
hysteresis curve. Figure 4.8 depicted the changes of the ELRs of the PWRI based on
the displacement amplitude. All the ELR of all isolators is within the range of 34% to
49.1% at the displacement amplitude of 1mm. When the displacement amplitude is
increased to 2mm, the ELRs of all isolators decreases. The ratios are in the range of
33.5% to 44.9% at this displacement amplitude. The ERLs of the isolators further
decrease for the displacement amplitude of 3mm. For the displacement amplitude of
3mm, the ELRs are in the range of 27% to 41.3%

The isolators have the similar behaviour which happened in vertical direction. At the
lower displacement amplitude, all the isolators have the greatest values of ELR. This

indicates that the PWRI has damping effectiveness at lower displacement amplitude.
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Table 4.2 Experiment Data for ELR from Hysteresis Curve (Lateral Direction)

Displacement

Hysteresis

Max

Min

Max

No. Isolator amplitude Loop Area Force Force | potential %!‘/OF;
(mm) (N.mm) (N) (N) Energy
1.0 8.95 6.45 -6.71 20.67 43.28
1. | GGQ 1.0-37 2.0 22.19 10.59 -10.48 66.20 33.52
3.0 36.91 14.33 -14.64 136.53 27.04
1.0 5.25 3.64 -3.97 11.96 43.94
2. | GGQ 0.9-47 2.0 13.85 5.65 -5.93 36.39 38.07
3.0 23.29 7.65 -8.16 74.54 31.25
1.0 3.40 2.40 -3.97 10.00 34.03
3. | GGQ0.55-56 2.0 9.01 3.52 -3.81 23.04 39.11
3.0 15.62 4.23 -5.06 43.78 35.67
1.0 5.05 3.66 -4.75 13.22 38.18
4. | GGQ 1.0-57 2.0 14.40 5.85 -7.22 41.05 35.08
3.0 25.05 7.99 -9.20 81.03 30.91
1.0 3.12 2.19 -2.01 6.60 47.28
5. | GGQ1.7-71 2.0 7.96 3.20 -3.34 20.55 38.75
3.0 13.74 4.33 -4.21 40.24 34.16
1.0 71.21 48.02 -53.28 159.12 44.75
6. | GGQ 17-45 2.0 178.52 76.73 -81.07 495.74 36.01
3.0 296.85 101.55 -107.00 982.80 30.20
1.0 27.12 18.48 -18.36 57.86 46.87
7. | GGQ 15-62 2.0 72.46 30.31 -28.19 183.78 39.43
3.0 122.16 40.16 -37.76 367.16 33.27
1.0 14.56 9.68 -9.81 30.61 4757
8. | GGQ 14-77 2.0 40.16 14.33 -14.13 89.41 44,92
3.0 69.90 17.59 -18.31 169.19 41.32
1.0 57.67 36.81 -39.19 119.37 48.31
9. | GGQ29-71 2.0 143.42 57.89 -58.86 366.78 39.10
3.0 238.14 77.68 -77.31 730.40 32.60
1.0 49.42 30.01 -34.02 100.58 49.14
10. | GGQ 23-76 2.0 130.52 47.43 -48.68 301.94 43.23
3.0 219.47 62.32 -62.11 586.36 37.43
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Figure 4.8 Energy Loss Ratio Diagram of Isolators (Lateral Direction)

4,42, Effective stiffness

The stiffness of the PWRI is changing when it is subjected to different magnitude of
load. Therefore, the effective stiffness of the PWRI is determined to understand the
stiffness variation due to the dynamic loading. The effective stiffness is calculated by
dividing the value obtained from the difference between maximum force and minimum
force with that obtained from the difference between maximum displacement and

minimum displacement. It can be determined by using Equation 4.1.

4.4.2.]. Effective Stiffness in Vertical Direction

Table 4.3 summarizes the experimental data required for calculating the effective
stiffness of PWRI in vertical direction. It can be observed from Figure 4.9 that the
effective stiffness of PWRIs changes with the geometrical properties. Isolator 6 has
the highest effective stiffness while Isolator 3 has the lowest effective stiffness. The
Isolator 6 possesses wire rope diameter of 4.8mm while the Isolator 3 is constructed
with 2.5mm wire rope diameter. According to Balaji et al. (2015), the diameter of the

wire rope is one the main contribution to the large difference of the effective stiffness.
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To quantify the percentage of drop and rise of the effective stiffness with the increase
in displacement amplitude, the effective stiffness was normalized with respect to the
effective stiffness computed for 1 mm displacement amplitude of respective isolators.
Figure 4.10 shows the normalized effective stiffness for different displacement
amplitudes. All isolators have their highest effective stiffness when they are loaded
under small displacement amplitude (1 mm).

The decrease of the effective stiffness at higher displacement amplitude is caused by
the increase in the friction between the wire strands, resulting the decrease of moment
of inertia of the isolator. According to Balaji et al. (2015), the effective stiffness will
continue to decrease until the minimum value is reached and the effective stiffness
starts to increase again. This phenomenon can be used to describe the increase of the
effective stiffness of the isolators. The effective stiffness of the isolators has reached
the minimum value at the displacement amplitude below the 1mm. Therefore, the
decrease of the effective stiffness for these isolator is not observed from the test results.
The increase in the effective stiffness following the minimum point is caused by the
material hardening effect of the wire strand. In summary, the effective stiffness

increases when the displacement amplitude increases.

Table 4.3 Experiment Data for Effective Stiffness from Hysteresis Curve (Vertical

Direction)
Displagement Max Min I_Effective Normal_ized
No. Isolator amplitude Force (N) | Force (N) Stiffness Kes !Effectlve

(mm) (N.mm) Stiffness (%)

1.0 42.57 -30.91 36.68 100.00

1. GGQ 1.0-37 2.0 85.59 -46.32 32.95 89.82

3.0 155.20 -58.73 35.64 97.15

1.0 15.49 -14.56 14.98 100.00

2. GGQ 0.9-47 2.0 28.84 -20.92 12.42 82.91

3.0 46.38 -26.29 12.10 80.76

1.0 8.88 -7.36 8.10 100.00

3. GGQ 0.55-56 2.0 14.81 -10.69 6.37 78.59

3.0 21.76 -13.79 5.92 73.08

1.0 20.34 -17.95 19.10 100.00

4. | GGQ 1.0-57 2.0 36.52 -27.68 16.03 83.94

3.0 5451 -36.10 15.09 79.00

5 | GGQ1.7-71 1.0 9.27 -8.45 8.84 100.00
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2.0 15.42 -12.80 7.05 79.72
3.0 22.35 -16.76 6.51 73.68
1.0 356.95 -247.54 301.48 100.00
6. GGQ 17-45 2.0 721.94 -362.17 270.69 89.79
3.0 1273.90 -459.93 288.74 95.77
1.0 109.17 -95.19 101.90 100.00
7. GGQ 15-62 2.0 187.42 -135.20 80.55 79.05
3.0 281.73 -169.12 75.08 73.68
1.0 50.07 -53.94 51.86 100.00
8. GGQ 14-77 2.0 84.02 -74.44 39.56 76.28
3.0 121.41 -91.57 35.46 68.38
1.0 251.48 -238.80 244.49 100.00
9. GGQ 29-71 2.0 474.14 -338.23 202.80 82.95
3.0 753.51 -429.17 196.92 80.54
1.0 174.23 -151.69 162.58 100.00
10. GGQ 23-76 2.0 303.55 -220.21 130.77 80.44
3.0 453.76 -280.33 122.25 75.20
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Figure 4.9 Effective Stiffness vs Displacement Amplitude (Vertical Direction)
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Figure 4.10 Normalized Effective Stiffness vs Displacement Amplitude (Vertical

Direction)

4.4.2.2. Effective Stiffness in Lateral Direction

The experimental data for determining the effective stiffness in the lateral direction is
tabulated in Table 4.4. Figure 4.11 depicts the change of effective stiffness of the
PWRI with respect to the displacement amplitude. The Isolator 6 is the stiffest among
the tested isolator while the Isolator 5 possesses the lowest effective stiffness. This is
because the Isolator 6 is constructed with stiffer PWRI. The Isolator 6 has 4.8mm wire
rope diameter of WRI. Meanwhile, the Isolator 3 is made up of 2.5mm wire rope

diameter of WRI. Therefore, the Isolator 6 possesses the stiffer geometrical properties.

It is also found that the effective stiffness of the isolator in lateral direction is much
smaller than the effective stiffness in vertical direction. Therefore, the PWRI is stiffer
in vertical direction than the lateral shear direction. This has shown that the direction
of applying has great influence on the effective stiffness and in this respect, the isolator

is more effective in vertical direction.

The normalized effective stiffness of the isolator in lateral shear direction is shown in
Figure 4.12. It is shown that the effective stiffness of all isolators decreases when the
displacement amplitude increases. Besides, it can be observed that the effective
stiffness of the isolators tend to decrease less at the higher displacement amplitude.

52



Civil Engineering Research Thesis — Master of Philosophy
Department of Civil & Construction Engineering

An Analytical and Experimental Investigation of Polycal
Wire Rope Vibration Isolator for Industrial Equipment

Table 4.4 Experiment Data for Effective Stiffness from Hysteresis Curve (Lateral

Direction)
Displac_ement Max Min I_Effective Normal_ized
No. Isolator amplitude Force (N) | Force (N) Stiffness Ke !Effectlve
(mm) (N.mm) Stiffness (%)
1.0 42.57 -30.91 6.58 100.00
1. | GGQ1.0-37 2.0 85.59 -46.32 5.27 80.06
3.0 155.20 -58.73 4.83 73.38
1.0 15.49 -14.56 3.81 100.00
2. | GGQ0.9-47 2.0 28.84 -20.92 2.90 76.08
3.0 46.38 -26.29 2.64 69.26
1.0 8.88 -7.36 2.46 100.00
3. GGQ 0.55-56 2.0 14.81 -10.69 1.83 74.44
3.0 21.76 -13.79 1.55 62.87
1.0 20.34 -17.95 4.21 100.00
4. | GGQ 1.0-57 2.0 36.52 -27.68 3.27 77.62
3.0 54,51 -36.10 2.87 68.10
1.0 9.27 -8.45 2.10 100.00
5 | GGQ1.7-71 2.0 15.42 -12.80 1.63 77.88
3.0 22.35 -16.76 1.42 67.79
1.0 356.95 -247.54 50.65 100.00
6. GGQ 17-45 2.0 721.94 -362.17 39.45 77.89
3.0 1273.90 -459.93 34.76 68.63
1.0 109.17 -95.19 18.42 100.00
7. GGQ 15-62 2.0 187.42 -135.20 14.62 79.41
3.0 281.73 -169.12 12.99 70.50
1.0 50.07 -53.94 9.74 100.00
8. GGQ 14-77 2.0 84.02 -74.44 7.11 73.01
3.0 121.41 -91.57 5.98 61.41
1.0 251.48 -238.80 38.00 100.00
9. GGQ 29-71 2.0 474.14 -338.23 29.19 76.81
3.0 753.51 -429.17 25.83 67.98
1.0 174.23 -151.69 32.02 100.00
10. | GGQ 23-76 2.0 303.55 -220.21 24.03 75.05
3.0 453.76 -280.33 20.74 64.78
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Figure 4.11 Effective Stiffness vs Displacement Amplitude (Lateral Direction)
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Direction)

4.4.3. Equivalent Viscous Damping Ratio (EVDR)

The EVDR of PWRI is determined to investigate the decaying of oscillation caused by

vibration in the isolator. It is used to evaluate the energy dissipation capability of the

isolator. The EVDR can be calculated by using Equation 4.4.
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4.4.3.1. Equivalent Viscous Damping Ratio in Vertical Direction

Table 4.5 shows the calculated results of EVDR of PWRI in vertical direction. Figure
4.13 shows the EVDR of tested isolators for different displacement amplitude. For the
1mm displacement amplitude, the EVDR for all isolators are varies from 16% to 24%.
For the 2mm displacement amplitude, the EVDR reduces for all isolators. The EVDR
for all of the isolator during this displacement amplitude is from 10%-19%. For the
3mm displacement amplitude, the EVDR of all isolators further reduces. The EVDR
range is from 7% to 15% in this displacement amplitude. From the observation of the
diagram show in the Figure 4.13, the EVDR of the isolators reduces when the
displacement amplitude increases, indicating the isolators are having less efficient
damping characteristic. This is mainly due to that the wire rope strands move away
from each other at higher displacement amplitude, reducing friction and also the
damping effectiveness. The Isolator 1 has the lowest damping ratio while the Isolator
8 possesses the highest damping ratio among the tested isolators.

Table 4.5 Experiment Data for Equivalent Viscous Damping Ratio from Hysteresis

Curve (Vertical Direction)

Displacement | Hysteresis | Effective | Restored Equivalent
No. Isolator amplitude Loop Area | Stiffness, Elastic Viscous Damping
(mm) (N.mm) Keft Energy, Es | Ratio, &q (%)

1.0 38.16 36.68 18.34 16.56

1. | GGQ 1.0-37 2.0 90.80 32.95 65.90 10.96
3.0 158.36 35.64 160.36 7.86
1.0 18.65 14.98 7.49 19.81

2. | GGQ 0.9-47 2.0 43.43 12.42 24.85 13.91
3.0 71.32 12.10 54.45 10.42
1.0 10.81 8.10 4.05 21.25

3. | GGQO0.55-56 2.0 26.32 6.37 12.73 16.45
3.0 43.64 5.92 26.63 13.04
1.0 22.09 19.10 9.55 18.41

4. | GGQ 1.0-57 2.0 53.55 16.03 32.07 13.29
3.0 90.82 15.09 67.90 10.64
10 10.39 8.84 4.42 18.71

5. | GGQ17-71 2.0 25.04 7.05 14.09 14.14
3.0 41.57 6.51 29.31 11.29

6. | GGO17-45 1.0 304.63 301.48 150.74 16.08
2.0 770.40 270.69 541.39 11.32
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3.0 1420.10 288.74 1,299.33 8.70
1.0 142.73 101.90 50.95 22.29
7. | GGQ 15-62 2.0 329.00 80.55 161.10 16.25
3.0 537.28 75.08 337.85 12.66
1.0 75.59 51.86 25.93 23.20
8. | GGQ 14-77 2.0 181.59 39.56 79.12 18.26
3.0 301.07 35.46 159.59 15.01
1.0 312.79 244.49 122.25 20.36
9. | GGQ29-71 2.0 713.31 202.80 405.61 13.99
3.0 1201.80 196.92 886.12 10.79
1.0 222.93 162.58 81.29 21.82
10. | GGQ 23-76 2.0 521.41 130.77 261.54 15.86
3.0 867.43 122.25 550.13 12.55
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Figure 4.13 Equivalent Viscous Damping Ratio vs Displacement Amplitude
(Vertical Direction)

4.4.3.2. Equivalent Viscous Damping Ratio in Lateral Direction

Table 4.6 shows the calculated results of EVDR of PWRI in vertical direction. Figure

4.14 shows the EVDR of tested isolators for different displacement amplitude. For the

1mm displacement amplitude, the EVDR is observed to be in the range of 19%-25%.

For the 2mm displacement amplitude, the EVDR reduces for all isolators. The EVDR

for all of the isolator during this displacement amplitude is from 16%-23%. For the

3mm displacement amplitude, the EVDR of all isolators further reduces. The EVDR
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range is from 13% to 21% in this displacement amplitude. As an average result over

three displacement amplitudes, the Isolator 1 possesses the lowest EVDR while the
Isolator 8 has the highest EVDR. The EVDR of the tested isolators decreases when the

displacement amplitude increases is due to the fact that the wire strands tend to move

further apart at higher displacement amplitude. However, the EVDR of the isolators in

lateral shear direction is higher than the vertical direction.

Table 4.6 Experiment Data for Equivalent Viscous Damping Ratio from Hysteresis

Curve (Lateral Direction)

Displacement | Hysteresis | Effective | Restored Equivalent
No. Isolator amplitude Loop Area | Stiffness, Elastic Viscous Damping
(mm) (N.mm) Keff Energy, Es |  Ratio, &q (%)
1.0 8.95 6.58 3.29 21.64
1. | GGQ 1.0-37 2.0 22.19 5.27 10.54 16.76
3.0 36.91 4.83 21.73 13.52
1.0 5.25 3.81 1.90 21.97
2. | GGQ 0.9-47 2.0 13.85 2.90 5.79 19.04
3.0 23.29 2.64 11.86 15.62
1.0 3.40 2.46 1.23 21.99
3. GGQ 0.55-56 2.0 9.01 1.83 3.67 19.55
3.0 15.62 1.55 6.97 17.83
1.0 5.05 421 2.10 19.09
4. | GGQ 1.0-57 2.0 14.40 3.27 6.53 17.54
3.0 25.05 2.87 12.90 15.45
1.0 3.12 2.10 1.05 23.64
5. | GGQ1.7-71 2.0 7.96 1.63 3.27 19.38
3.0 13.74 142 6.40 17.08
1.0 7121 50.65 25.32 22.38
6. | GGQ 17-45 2.0 178.52 39.45 78.90 18.01
3.0 296.85 34.76 156.42 15.10
1.0 27.12 18.42 9.21 23.44
7. | GGQ 15-62 2.0 72.46 14.62 29.25 19.71
3.0 122.16 12.99 58.44 16.64
1.0 14.56 9.74 4.87 23.78
8. | GGQ 14-77 2.0 40.16 7.11 14.23 22.46
3.0 69.90 5.98 26.93 20.66
o. | Geo2071 1.0 57.67 38.00 19.00 24.16
2.0 143.42 29.19 58.37 19.55
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3.0 238.14 25.83 116.25 16.30
1.0 49.42 32.02 16.01 24.57
10. | GGQ 23-76 2.0 130.52 24.03 48.06 21.61
3.0 219.47 20.74 93.32 18.71
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Figure 4.14 Equivalent Viscous Damping Ratio vs Displacement Amplitude (Lateral
Direction)

4.5. Influence of Loading frequency

The loading speed were conducted at 2, 4, 8, 16, 32, 64, 128mm/min to determine the
influence of the frequency on the hysteresis behaviour. From the Figures, it can be
observed that all the hysteresis loops at different loading speed having similar position,
which will result in similar hysteresis parameter. Besides, different wire rope diameter
is also giving similar observation. Hence, it can be concluded PWRI will not be

influenced by frequency.

The rate tests were conducted to determine the effects of variable frequency on the
hysteresis behaviour of PWRI. From Figure 4.15 and Figure 4.16, the hysteresis loops
were almost maintained in the same position with the varying loading rates and
eventually formed a repeating same hysteresis loops. Thus, it is concluded that the
behaviour of hysteresis exhibits rate independent memory effect as it is not dependent
on the frequency of the applied load. The rate independence can be explained by the
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dissipation phenomenon in hysteresis nature which is related to the sliding friction

between wires.

N
(6]
)

Load(kg)

. 3
Displacement (mm)

Figure 4.15 Rate Test for isolator 9 in tension/compression (wire rope diameter =
4.8mm)

Load(kg)

Displacement (mm)

Figure 4.16 Rate Test for isolator 9 in lateral mode (wire rope diameter = 4.8mm)

4.6. Influence of height-to-width ratio of PWRI

Influence of height and width ratio are discussed in this section. The variations of

energy loss ratio, effective stiffness and damping ratio for different displacements are
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included to show the influence of displacement amplitude on the damping
characteristics of PWRI. Figure 4.17 to Figure 4.22 show damping characteristics
results of three isolators having the same wire rope diameter, 2.5mm but different
height to width ratio, tested under 1Imm, 2mm and 3mm loading displacement in

vertical and lateral directions.

Figure 4.17 and Figure 4.18 show that the energy loss ratio is influenced by the height-
to-width ratio. The energy loss ratio is increased when the height-to-width ratio

increase in both vertical and lateral directions in all displacements.

Figure 4.19 and Figure 4.20 demonstrate that the effective stiffness is highly affected
by the height-to-width ratio. The effective stiffness decrease when the height-to-width
ratio increase for all displacement in vertical and lateral directions. The different
become more obvious when in higher displacement which can be seen in Isolator 1 if

compared to other isolators especially in vertical direction.

Figure 4.21 and Figure 4.22 show that the EVDR is influenced by the height-to-width
ratio. The EVDR is increased when the height-to-width ratio increase in both vertical
and lateral directions in all displacements.

42.28 M Isolator 1 (0.49)

39.41
M |solator 2 (0.61)

. 33.01 32.83 M |solator 3 (0.70)
c,\"
; 30 27.75
= 26.03
3
" 25 21.89 20.81
S 20
|
> 15.70
5 15
C
w10
3.0

Displacement (mm)

Figure 4.17 Variation of Energy Loss Ratio with height-to-width ratio in vertical
direction
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Figure 4.18 Variation of Energy Loss Ratio with height-to-width ratio in lateral

direction
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Figure 4.19 Variation of Effective Stiffness with height-to-width ratio in vertical
direction

61



Civil Engineering Research Thesis — Master of Philosophy An Analytical and Experimental Investigation of Polycal
Department of Civil & Construction Engineering Wire Rope Vibration Isolator for Industrial Equipment

M Isolator 1 (0.49)

7 6.58
M Isolator 2 (0.61)
6
= 527 M Isolator 3 (0.70)
é 5 4.83
=
g 4 3.81
£ 2.90
t .
&3 2.46 2.64
o
= 1.83
52 1.55
L
b
1 I l
0
1.0 2.0 3.0

Displacement (.mm)

Figure 4.20 Variation of Effective Stiffness with height-to-width ratio in lateral
direction
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Figure 4.21 Variation of Equivalent Viscous Damping Ratio with height-to-width
ratio in vertical direction
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Figure 4.22 Variation of Equivalent Viscous Damping Ratio with height-to-width
ratio in lateral direction

4.7. Summary

The hysteresis behaviour of the PWRI is evaluated by conducting the cyclic loading
test in both vertical and horizontal directions. The damping characteristics of the
isolators are examined by the factors of energy loss ratio, effective stiffness and
damping ratio. It was found that the PWRI is rate independent in vertical and lateral
directions. The hysteresis behaviour of PWRI will not be affected when loading rates
vary. Besides, height-to-width ratio of PWRI affects the damping characteristics quite
significantly. From the findings above, it is easy for designer to understand the
behaviour of the PWRI. The findings provide important information to the designer

such as the influence of the displacement amplitude on the damping characteristics of
PWRI.
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1. Introduction

The research focuses on the study of vibration isolation ability of Polycal Wire Rope
Isolator (PWRI) especially for industrial equipments. Two governing parameters of
PWRI, namely stiffness and damping characteristics were evaluated throughout the
research work. The stiffness is required by PWRI to support and provide stability to
the equipment while the damping capability is needed for sufficient energy dissipation.
In summary, nonlinear isolators such as PWRI is able to provide better isolation than
linear isolators. Nevertheless, further study is still required to widen the potential areas
of application of the PWRI in industrial sector. The following statements summarise

and conclude the outcomes of this research project.

5.1.1. Objective 1

To establish a mathematical model of the stiffness of polycal wire rope isolators in
both vertical and lateral directions and validate with the monotonic loading test results.

The stiffnesses of PWRI were evaluated through analytical and experimental works.
The analytical models for stiffness in both vertical and lateral directions were
developed by using Castigliano’s second theorem. The models were then validated
with the experimental results obtained from monotonic loading tests. It was found that
the analytical results have a good agreement with the experimental results. The
developed analytical models are crucial in providing convenience for the design and
fabrication of PWRI in industry. Tedious and time-consuming experimental work for

evaluating stiffness of PWRI can be avoided.
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5.1.2. Objective 2

To investigate the damping characteristics of polycal wire rope isolators using cyclic

loading conditions in both vertical and lateral directions.

The damping characteristics and hysteresis behaviour of PWRI in vertical and lateral
directions were studied by performing a series of cyclic loading tests. Based on the
experimental results, it has shown that the vertical hysteresis behaviour of PWRI is
asymmetrical while the lateral hysteresis behaviour is symmetrical. Besides, it was
also found that the PWRI is rate independent in vertical and lateral directions. The
hysteresis behaviour of PWRI will not be affected when loading rates vary. Moreover,
the PWRI experiences hardening under tensile force while it exhibits softening under
compression. Lastly, it was shown that equivalent damping ratio of PWRI decreases
when the displacement increases. Therefore, it is recommended to design the PWRI
with having small displacements in order to ensure high efficiency of the isolator in

energy dissipation.

5.1.3. Objective 3

To determine the effect of the wire rope’s diameter, width and height on the stiffness
using parametric study.

Parametric study was also performed on PWRI to study the effects of wire rope
diameter, width and height on stiffness and damping characteristics. From the
parametric study, it has shown that the PWRI in vertical direction is approximately
two times stiffer than that in lateral direction. Also, the wire rope diameter of PWRI
has greater influence on its vertical and lateral stiffness than other geometric properties
such as number of wire rope strips and radius of curvature. Besides, the vertical and
lateral stiffness of PWRI increases when the wire rope diameter increases. On the other
hand, the stiffness decreases when the radius of curvature of PWRI decreases. For
hysteresis behaviour, it was also found that increase in height-to-width ratio will result
in the hardening of the PWRI. Increase in height-to-width ratio of PWRI will reduce
the equivalent-damping ratio but greater energy are being dissipated. Thus, a PWRI
with higher height-to-width ratio can be used when high-energy dissipation application
is required. Lastly, the study has proven that the effective stiffness and damping ratio
of PWRI significantly depend on the wire rope diameter. By adjusting the height-to-
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width ratio of PWRI, a wide variety of effective stiffnesses and equivalent damping

can also be obtained.

5.2. Recommendation for future work

It is required to discover wider field of application for PWRI that is more convenient
and beneficial, particularly for industry. The following summarises the

recommendation and improvement for future work.

1. For the present research work, the effect of wire rope diameter is not able to be
studied due to the varying height and width of all isolators. Therefore, PWRI with
varying wire rope diameter and constant height and width must be fabricated for
further experimental investigation. As such, the parametric study can be performed
to investigate the influence of wire rope diameter on damping characteristics in
order to provide more insights regarding to the hysteresis behaviour of PWRI.

2. The mathematical model of the hysteresis behaviour of PWRI are recommended

to developed in the future work.
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