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ABSTRACT

CHARACTERISATION AND MODELLING OF DYNAMIC BEHAVIOUR
OF WIRE ROPE ISOLATORS

GursesKenan
Doctor of PhilosophyMechanical Engineering
SupervisorAssist.Prof. Dr.Gokhan @manOzgen

July 2023 154 pages

When the effects of dynamic loading (shock and vibration) on the structures become
intolerable, structural damage or failure may appear. The Wire Rope Isolator (WRI),

one of the passive shoekd vibrdion isolation elements, can effectively isolate the

structure from disturbindgpadings WRIs are extensively used in the industry for

vibration and shock isolation. WRI is a relatively newly developed, highilinear

passive isolation element. Understd i ng t he dynamic characte
| sol atorso and establishing the necessar:
motivation in this thesis is to fully characterize the highly -finear dynamic

behaviour of helical WRIs by presentingceesary theoretical models and verifying

these theoretical models with various experimental measurements.

Keywords: Wire Rope Isolator,Characterisation and ModellingAmplitude-
DependentFinite Element Analysis, ABAQUS
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CHAPTER 1

INTRODUCTION

Vibrations and shocks are studied by utilizing different analysis techniques to predict
their detrimental effects on the structures. When the effeeibmaitions and shocks

on the structures become intolerable, it may result in structural damage or failure.
Therefore, adding a discrete isolation system between vibration/shock source and
equipment is necessary. A general isolation system has two maj@oents,
namely, stiffness and damping. Firstly, the stiffness of the isolation system controls
the static deflection required for different levels of isolation. Secondly, the damping
component of isolator enables the energy dissipation of the exterri@tiercto
suppress it. The Wire Rope Isolator (WRI), which is one of the passive vibration
isolation elements, can be used to effectively isolate the structure from disturbing

vibrations. WRIs are extensively used in industry for vibration and shockigsola

1.1  Types of Wire Rope Isolators

Wire rope isolatorgonsist of wire rope strands held between two metal retainer bars
in the form of helix shape or polycal shapég(rrel.1). As the name implies, wire
rope isolators useetal wire rope made up of individual wire strands that are in

frictional contact with each othgs6).



Spring Polycal

Polycal Half Helical

Figurel.1 Wire Rope Isolator types supplied by vend@3.

1.2  Application Fields of Wire Rope Isolators

A vibration and shock isolator has two components which are a spring to support the
load and a damping element to dissipate the input energy. Wire rope isolators possess
both of these properties andethare suitable fobroad range of industrial and

military applications as shown Figurel.2 andFigurel.3.

Additionally, helical WRI have been used in numerous space applications. For
example, helical WRI have been utilized on all shuttle flights to protect devices that
control the passege offlud t o t he rocket engines. WRI Os
launch facility to protect pipelines from shock and vibraf@®]. The consideration

of use of wire ropésolators on the Hubble space telescope is discusssed in reference

[40].



Figurel.2 (a). Shipping container familitary jet engines(b). Shockproof reusable
container cradles missiles, (c). Electronics and computer sg;stdinShipboard
dieselgeneratof37].

Figurel.3 Mountingdelicatehard diskdrives[42].



1.3 Main Properties of Helical Wire Rope Isolators

A helical wire ropeisolator or cable typically consists of several strands of wire
wrapped around a metallic or fibrous core, by winding the cable in the form of a
helix and fastening it with clamps to maintain the shape, helical wire rope isolators
are consructed. Two diffent assembly process of helical WRI are showiguure

1.4.

(a) (b)

Figurel.4 Crimped(a) andClamped(b) Helical WRI[38].

WRIs are popular for reasons of high damping effectiveness, surviving hostile
environements (corrosive, chemicals, abrasives, very low and high temperatures),
relatively low cost, maintenance free, thermal insensitivity, no aging and multi axis

vibration and shock isolation capability.

For helical WRIs, vendors recommend the following deformation modes, loading
axes and orientation§igure1.5). Thecrosscoupling effect between main loading

axes is always neglected for modelling and testing.
The dynamic behaviour of WRIs mainly depends on the following three parameters:

i. geometric parameters WRI (Figurel.6, Figurel.7),
ii. static preloadand

iii. dynamic displacement amplitude.
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Figurel.5 Helical WRI main loadingnodesand mounting orientatior{8§.

Since the Coulomb damping is relatively independent of excitation frequency,
therefore the dynamic behaviour of WRI can be reasonably assumed as rate

independent.

The main principle by which they WRI systems are designed and by which they work
are inherent interfacial damping or sliding friction and adjacent wires move relative
to each other, friction causes part of kinematic energy of the wires to be converted
into heat, thereby dissipating vibrational energy. Quantitatively, the damping

characteristics of helicals[4WRI 6s

depend

a) the cable diameterdRR, (Figurel.6)
b) number of strand@igure1.6)

c) number of loops per isolatdFigurel.7)

d) lay angle of the strand$ Figure1.6)

e) the overall dimensions of isolatdfiurel1.7)
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Figurel.6 Structural elements in gical wirerope[42].

Figurel.7 Helical WRI withits dimensionvariableq22].
1.4 Motivation of the Thesis

The damping and stiffness characteristics of helical WRIs are not well understood
from a theoretical standpoint. Consequently, designing structures or systems
involving WRIs is accomplished by using more or less someandkrror testing
approaches, which are quite expensive and-tiaresuming since repeated physical

prototype testing is needed. Therefore, developing realistic theoretical models of



helical WRIs matching experimental results is highly significant anduidtp the

design process.

Compared with the linear isolator devices, WRIs are relatively newly developed,
strongly nonrlinear behaving passive isolation devices. Since the published literature
on WRIs is relatively rare and primarily confidential, a coamgnsive study on this
area needs to be done.

Our motivation in this thesis is to fully understand the highly-imear dynamic
behaviour of helical WRIs by developing necessary theoretical models and verifying
these theoretical models with various expental measurements.

1.5 Objective of the Thesis

In the available opesource literature, there is thanyrecipe or test protocol for
characterising the dynamic behaviour of WRI samplé®refore,it is aimed to
conductcharacterisation testudies to understand the effect of various parameters
(preload, excitation frequency, pegcling) on the dynamitehaviourof WRIs.The
realisationof this aim requires thaspecimerevel tests be performed, preferably

using & advancedlynamic tatigue test instrument.

Outputs of the WRI specimdavel characterisation tests are used to identify and
calibrate the cdécients of the proposed theoretical model representing the dynamic

behaviour of WRIs.

It is also aimed that the identified and calibrated data of the theoretical model
representing the dynamic behaviour of WBé able to embed into thébAqusgFinite
Element Analysis (FEA) software. Thus, large and complex tbmeensional
mechanical systems having WRIs can be modelled andsadaby using Adaqus
FEA software in a very realistic mann&he realisation of this aim requires system
level tests to be penfmed to validate the proposed theoretical model, which is also
equivalent to the validation of thaqusFEA model.



In the end,it is aimed thatto fully understandthe highly nonlinear dynamic
behaviourof helical WRs by developingthe necessary theotieal model and

verifying these theoretical models with various experimental measurements.



CHAPTER 2

LITERATURE REVIEW

In this section, studies made by various authors on modelling hysteresis behaviour,
which is found inmultiple engineering fields, are mentioned elaborately in many

different aspects.

2.1 Literature Survey

In this paperjwan [1] pointsthat hysteresis phenomenon can bsesved in many
different physical systems such as due to considerable amount of material damping
on a structure, discrete damping elements or plastic yielding of some portion of the
structure. Although the bilinear model is the most basic model of stytysteresis
phenomenon nevertheless the very few of real systems show bilinear hysteresis
behaviour. A general hysteretic systéimepresenting the plastic yielding of
continuous material can be considered as consisting large number of ideal
elastoplasticelements each having different yield levels. The model proposed
consistsoNnumber of Jenkinds (el astoplastic)
stiffness of each element 1@ 0 while the maximum allowable force of each
Coulomb element iSQ 0. Natually, suggested hysteresis model satisfies the

Masingds .hypothesi s

Transmissibility curves of a Coulomb (dry) frictidiased isolation system
comprising of a mass supported by a parallel combination of a linear stiffness and a
nortlinear dryfriction danping element is studied Buzicka[2]. Also, parameters
effecting transmissibility curves are studied comparatively. For the case of harmonic
vibration excitation of the support structure, the equation for absolute displacement

transmissibility is presented. Investigations show that as the level of Coulomb



damping is increased, the resonant transmissibility goes through a minimum and the
resonant frequency varies betwgenand . Passing through a minimum indicates
that thereis an optimum degree of damping for which the transmissibility at
resonance is a minimum. Thus, under operating conditions, designing a dry friction
isolation system close to this optimum point is important. Depending on the
parameters chosen, resonanoeqfiency of system is settled down somewhere

between (full slipping)and ( f ul | sticking). 't must be
Vi scous o mp—+ nagsdimption is utilized for the derivation of

transmissibility curves of Coulomb fricth damped system. For this assumption, the
transmissibility curves generated are approximate and should be treated as such.
Although, they certainly give much information about the characteristics of the

Coulomb damped system, but do not embody thelinear characteristics

First investigations made on Wire Rope Isolators (WRIs) are presented by Cutchins
[3] in a technical report. In this report, parameters effedinegeffective bending
modulus of rigidity (EB#) and torsional rigidity (&) of a simple straight metallic

wire rope for different end conditions are analyzed to obtain static response. Utilizing
Nastran FE software, static behavior of simple straightsangle loop wire rope
models with different complexities are also captured. A wire rope isolation system
having four identical isolator and a mass is devised for base excitation shaker
experiments. Wire rope isolators in the system are oriented so rihatloear
direction mode is tested both statically and dynamically. It is shown tiasithple
mathematical models established with Coulomb damping is future promising,
especially when compared to base excitation shaker test (based on transmissibility
curve) results. Also, hysteresis loops for different excitation frequencies are obtained

by solving proposed-D simple mathematical models.

I n Ti [4] kissertationmain effort is spent to develop simple mathematical
model that complies with base excitation shaker test results in terms of hysteresis,
phase trajectory and frequency response curves. To this end, various damping
models including (a). a model withulgic stiffness and linear viscous damping, (b).
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a model with cubic stiffness and constant Coulomb friction damping, (c). a semi
empirical model with cubic stiffness"rpower velocity damping and variable
(function of relative amplitude) Coulomb frictiomamping are investigated
respectively to find best fit with experiments. It is observed that wire rope vibration
isolation system behaves nonlinearly due to the variations in friction forces between
wires found within strands of wire. Experimentally ob&nfrequency response
curves demonstrate a reduction in resonance frequency as base excitation amplitude
is increased which is a diagnosis of Payne or FletGlesit effect. Additionally,

shape of experimental hysteresis curvesspecially sharp pointed @i indicate

that damping in the wire rope isolation system is due to-stipkfriction between

individual wires

The use of wire rope isolators to provide seismic base isolation for the equipment
located within the buildings are studied bgmetriadeg5] both analytically and
experimentally. Experimental studies implemented can be classified in two sections
that is component level and the product (equipment) level. Product level and
component level experiments are carried out on a shake table device and on a
hydraulic actuator test bench corresponding to different loading orientations,
respectively. Static and dynamic tests of wire rope isolators are conducted by a
hydraulic actuator operating in a displacerremtrolled mode for low frequencies
ranging from 0L to 5.0(Hz) and various displacement amplitudes. Especially in
tension/compression loading mode, sinusoidal cyclic motion is also superimposed
on a given preload during component level tests. Wire rope isolators in roll and shear
mode loading tests ex#it symmetrical hysteresis loops whereas in tension
compression mode loading tests exhibit asymmetrical hysteresis loops and, in both
case, loops are independent to excitation frequency. Restoring force generated by
isolator is modeled using smooth bilindaysteretic BoudVen model which is
usually represented by a first order Horear ODE. The same Botwen model is

also used for defining asymmetrical hysteresis loops after few modifications.
Constant parameters used to represent Bdan model are obtaed by calibration

of analytical results with experiments. Assumptions made for analytical modeling
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can be given as: no coupling between loading axes which means each axis of isolator
is modeled independent hysteretic elements, rotational stiffnesslatbrsaround

each axis is negligible, and equipment located on isolators is rigid. By integrating
the DAESs in time domain, response to seismic excitation is obtained and verified by
shake table experiments. Since energy dissipation in WRI is modeled by ofea
hysteresis loop, it is found that hysteretic damping decreases with increasing

displacement amplitude.

Ottl [6] has described thaysteresis phenomenon and soofethe important
properties of hysteretic systembhe Greekwor d means Al aggi ng
indicates effects that occur in hysteretic systemgsteresis is a weknown
phenomenon in many fields of science (entqagnetic, optical, mechanical hystesesi

etc.) ands unveiledby very different processes.

If aknown inputd O acts on a system or object, tiiput can causeraoutput™Qo
that remains or continues to rueven though theput has long since ceased. The
current state of the system una@nsideration depends on the previous states. In

short: the system has a memadFereforethey are called systems with memory.

It is possible to model mechanical systems with memory by means of additional state
variables (inner variables)They are ca#d internal state variables or internal
variables because you cannot measure them directly. However, they clearly influence
the output variabléQo because they cause the phenomenon of hysteletie
frequency has no influencen hysteresis mechanisnthen it is calledas static

hysteresis.

The hysteresis is accompanied by energy dissipation, which results from different
physical processes and may cause considerable heating. This can overheat a material

or component and eventually destroy it.

In dissertation ofKolsch [7], the phenomenon of static hysteresis found in

mechanical systems is elaborately surveyed from theoretical point of view, including

reall i f e examples. The Masingds hypothesis
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model, Valanis model, Botd/en model, rodels of plasticity theorgre described

in this study. Main requiremenisfor the mathematical models to be used for the
representation fostatic hysteresi$ are given as: (a). be physically justified, (b).
apply to any time course of the inputs). easy to integrate standards methods of

vibration calculation, and (d). can be easily adapted by a user to his special needs.

The proposetheoretical model is a variant of Masing model which is come up with
the introduction of additional amplitude dependencies to the model parameters

The model equations are solved for any time course of the inputs in the time domain.
The numerical integragin and the calculation of periodic solutions using shooting
methods and a modified collocation are used as solution technidueparameters

of the calculation models are identified from hysteresis in the fdeé@mation
plane. Several optimization meds determine the model parameters satisfactorily.
Parameter identification using a mulirget method has proven to be particularly

suitable due to its good convergence and short computing time.

Kolsch [8] also emphasizes that the characterization measurements should be
planned in two separate parts: one for the parameter identification purpose and other

for the proving the validity of the model with identifiedrameters.

An approach for modelling the random response behavior of WRI is proposed by
Rass&n[9]. Essentially, WRI shows neimearbehavior with respect to opeiaial
conditions (amplitude dependent) so it does not lend itself to the frequency domain
based linear analyses such as random response, and shock response spectrum. The

basic approach proposed here consists of two separate steps.

First step involves asming a nodinear WRI model which is a combination of
discrete spring, dashpot, and dry friction elements. Static tests are implemented on a
standard universal test machine. Following, dynamic tests are performed in vertical
direction by attachingato isolatorson shaker table witla dummy payload mounted
above Measured transmissibility plots clearly show that evolution of resonance

frequency and damping as constgnamplitude of slow sine sweep1%0 (Hz)
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excitation is increased. Validation of assumedIWiedel is done by utilizing both

static and dynamic test.

Second step describes the approach used for derivation of equivalent stiffness and
damping corresponding to the interested input PSD. For this purpose, acceleration
PSD input is converted to an ateration time input, then applying this forcing to
corresponding SDOF of MDOF model acceleration time response is obtained.
Acceleration time response converted into PSD response, so that the transmissibility
can be obtained by dividing the response R&ibe excitation PSD. It should not be
forgotten that calculated transmissibility curve is unique to given excitation PSD

level.

Briefly, implementing a time domain analysis on a small MDOF or SDOF system,
transmissibility curve is obtained. Followingiadarized stiffness and damping can

be obtained by processing transmissibility curve which corresponds to that unique
input PSD. In the end, linearized stiffness and damping values can be plug into a
large FE model ready for linear PSD analysis. In apiptinathe twestep approach
proposed in this study seems to be emmme and open to misinterpretation,
especially the first step.

An approach for modelling the steastate response of turbine blade relying on
Coulomb friction damping is developed byn8turk [10]. Aforementioned approach

can be applicable to any hysteretic behaviour especially that can be characterized by
its initial loading or backbone curve. This initial monotonic loading curve can be
represented by a series of maslip elements which composd a microslip
element. The stiffness and maximum stiction force limit of each rsigrelement

can be assessed from this initial loading curve. Then amplitude dependent complex
stiffness representation of miestip element is calculated. In other warétsction

forces are treated as external stiffness modifications to the system equations instead

of applying them as external excitations.

It should be emphasized that the present HBM formulation is somewhat different

from the conventional HBM approachckuthat here the aim is to determine a
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linearized amplitude dependent complex stiffness rather than simply calculating the
first harmonic component of a ndinear friction force. Allowing the friction forces
to be considered as external stiffness modifics, this approach is found to be

particularly useful for frequenegomain analysis.

Austrell [11] statesthat carbon black filled rubbers show amplitude dependent
behavior in contrast to unfilled rubbers whose behavior is mostly rate dependent.
Hysteresis loops obtained by testing of filled rubbers demonstrate a distortion from
perfect ellipse path which is a manifestation of the existence elimear behavior.

It means that, response of the rubber isolator when a single sine frequency input is
applied contains multiple frequencies (higher harmonics). Similar to filled rubbers,
wire rope isolators also exhibit distorted hysteresis loop (nearly parallelogram
shaped)Having compared filled rubbers and WRIs, it can be said that both show
amplitude dependent behavior (Payne effect), although filled rubbers also shows
strong rate (frequency) dependent behavior with respect to WRIs. Therefore,
modeling approach used toptare the amplitude dependency of filled rubbers can

be generalized to WRIs.

In this study, a simple frictional solid model including one elastic and one
elastoplastic member connected in a parallel way is suggested for modeling
amplitude dependent and teaindependent behavior. Since the simpkd 1
rheological model shows fully rate independent behavior, it does not make any
difference whether sinusoidal or triangular input is applied to the isolator. In either
way the same hysteresis loop is obtained.

For simple frictional solid model, dynamic stiffness and loss factor as function of
amplitude is derived and amplitude dependency is clearly observed. Furthermore,
adding more elastoplastic (frictional) elements to simple frictional model leads to
generalied frictional solid model al so knowr
frictional model including arbitrary num
fitted to experimental results which can be given either in terms of hysteresis loops

or amplitude depwdent dynamic stiffness loss factor. Moreover, asymmetric
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hysteresis loop can be obtained replacing the linear spring with dinean

hyperelastic spring.

Van Aanhotl 6[%2] studyfocuses on developing a simple two parameter damping
mod el (is also referred as Dahl 6s model ) fo
damping behavior of a polycal type wire ropelator. Since the relation between
restoring force and deflection is ntnear, therefore an equivalent linear SDOF
system for frequency domain analysis is developed. Suggested model includes
enhancement over bilinear conventional Coulomb friction maethat for small
vibration amplitudes hysteresis loop can be formed. Thus, an enhanced dry friction
model is obtained and can be easily plugged into equation of motion. This enhanced
dry friction model is very convenient for time domain analyses. Howevee able

to use this enhanced dry friction model in frequency analysis, an equivalent linear
model with amplitude dependent stiffness and damping is developed. Preloading the
three polycal WRI with a mass in vertical direction, shaker table sine se&sate
implemented which correspond to different velocity amplitudes withirB@ @z)

range. As a conclusion, proposed enhanced model matches very well with quasi
static experiment results. However, for sine sweep shaker test a serious mismatch
existsand to compensate this mismatch two damping parameters (friction sliding

force and exponential decay) need to be updated.

Detailed experimental and theoretical studies on WRIs are implement by Ni et al
[13]. Generally, experimental and theoretictldiesmade on WRIs focus on
relatively small deformation region whethe WRIs demonstratesymmetrial
softening hysteresis loops the shear or roll modes. This symmaedtisoftening
hysteresis behaviour is a nominee for the application of classical\Benequation
provided that deflections are relatively small. However, when the small deflection
assumption is violated, then the use of classical Byano model is alsornited. For

this reason, a theoretical model promising to capture both small and large

deformation is developed in this study.
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It is experimentally confirmed théiysteretic behaviour doulombfriction-based
dampersinvolving WRIs are rateindependent which is in harmony with the
mathematical definition of hysteresis. By excluding the inertial effects from the
characterization measurements, nearly -radependent hysteresis loops can be
obtained. Therefore, utilizing this faatynamic cyclic tess can be replacedith

guaststatic cyclic testto determine théysteretic behaviouwf WRIs.

A special hanged measurement setup is developed for the implementation of cyclic
tests. Test setup consists of two rigid plates which are hgpagatlel to each other

and these plates are guided such that they can only move only in the excitation
direction. The WRI to be tested for each of three different modes (tension
compression, shear and roll) is attached sequentially between those rigal pla
Cyclic displacement loading is applied over the lower plate. In the test setup, rigid
plates do not apply any preload on the WRIs thus WRIs are tested for no preload
condition. Before starting quastatic cyclic loading test, continuous monotonic
staic loading test is conducted. Cyclic tests are implemented specifically only for
given displacement amplitude one at a time. And for each cyclic test a number of
steady cycles are captured. By this way, a number of cyclic tests are carried out by
increasng the displacement amplitude, sequentially. The author also points that, a
memoryremoving (also known as demagnetizing) process is implemented upon

completion of each cyclic test.

Experimental results show that the tenstmmpression mode promises larg
energy dissipation when compared with the roll or shear mode.

In theoretical side, the classical Bewen equation is utilized for modelling
hysteresis behaviour observed in measurements. However, it is found that this model
is insufficient especially hven it comes to modelling asymmetric hysteresis
behaviour and the hardening overlapping envelope (backbone curve in tension
region) behaviour. Therefore, an improved version of the Béan equation is

proposed so that these two behaviours can be includedodelling. Improved
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version of BouéWen equation contains nine constant parameters that must be

determined by the identification process.

In this study, an approach for the identification of parameters of improved Bouc
Wen model is proposed by Nt al [14]. To this end, a computationally efficient
frequencytime domain alternating scheme is introduced. Firstly, the measured
(quaststatic cycle test) restoring foremd relative displacement data is modulated

in time domain so the both have a period'bf Moreover, the experimental data to

be modulated does not have to be exactly periodic, they can be any time data whose

peaks alternating between specified amplisude

Knowing that input displacement signal is a sinusoidal signal hereafter, output force
signal can be represented with multiple harmonics by means of Fourier series.
Minimization of error function for identification process is implemented by
continuouslyswitching between time and frequency domains with the aid of FFT
and IFFT routines. Additionally, a weight function that is inversely proportional to
the square root of cyclic displacement amplitude is introduced for the evaluation of

error function.

After the identification process, steasgfate response of the proposed Buen
model is calculated iteratively in frequency domain by utilizing the multi harmonic
balance method. Frequency response curves obtained from-statelyesponse
analysis exhibisuperharmonic resonances due to the strong nonlinearity involved
in WRI.

Leenen[15] conducteda research othe modelling and identification diiysteretic
behaviorof a WRI for both statically and dynamically. To this end, a differential
model, known as a modified version of the original B¥en model, is proposed.

This nonlinear differential model includes the tinméstory-dependent nature of the
hysteretic forceknown as the memory effedt. is also shown that the proposed
BoucWen model can be used to represent Dahl friction model, and Preisach type of
hysteresis model. Hysteretic behaviour of WRI is recorded by applying sfasisi

cyclic triangular excitatio profiles on a tension/compression test bench. Moreover,
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guaststatic cyclic tests are also repeated for different operating points other than no
preload condition. To this end, one cyclic test under tension preload, and the other
cyclic test under compssion preload are implemented, however the hysteresis loops
obtained from the cyclic tests are only examined in qualitatively without searching

the effects of the preload on the other amplitude dependent parameters.

Utilizing quaststatic measurements, paneters of the proposed BeWen model

are identified by applying a relevant optimization method. The dynamic response
behavior of a wire rope isolation system is evaluated using numerical time domain
integration technique. In order to obtain frequencpaase to base excitation input,

slow frequency sweeping approach (at constant amplitude) is used to approximate

the steadistate frequency response of the tioear hysteretic system. Additionally,

the importance of removing the memory efféefore beginning a new quastatic
measur ement is highly wunderlined -and an

memori zati ono process.

In this study, a test seip is presented hjuntunerj16] asa benchmark to implement
dynamic measurements of WRIs when random or sinusoidal base excitations are
applied. The proposed structure includes helical WRIs that are mounted between the
base mass of an electrodynamic shaker anildad mass. Vibrations tests are
performed using sine and random excitations corresponding to different amplitude
levels. Total force at the bottom, base mass acceleration, top mass acceleration, and
relative displacement between masses are recordedltaweously during
measurements. As expected, measurement results exhiblinean behavior of

WRIs which are typically change of dynamic stiffness and damping depending on

amplitude.

Modeling the dynamic characteristics of wire cable which is a restdarge
generating member of Stockbridge damper is taken into considerat8aubsf17].
It is intended to find dynamic behavior of wire cable by only measuringuhst
static properties of it. This wire cable is also known as messenger cable. Obviously,

the source of hysteretic damping is due to Coulomb (dry) friction between the
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individual wires of the cable (intestrand friction) undergoing bending deformation.
To this end, arranging elastic springs in conjunction with dry friction elements, a
phenomenologicakte independemhodelreferred adasingmodel is proposedn

this mode| several @nkin elementsare connecteth parallelwith a linear spring

and eah Jenkin elementonsisting ofa linear spring anda Coulomb friction
element. The identification of the model parameters from the experimentally

obtained data wadone numerically in the time domain

In thesis of Schwanen[18], experimental and theoretical researches based on
modified version of BoudVen model are implemented. Only tensmmmpression

mode hysteretic behaviour of a polycal type WRI is studied. Characterization of
hysteresis behaviour of WRIs are conducted thnaheg cyclic quasstatic loading
measurements on a 10 kN test bench. @stasic cyclic triangular excitation profiles

are used for the characterization tests. In addition to characterization tests, system
level sinesweep shaker table and shock tablststerepresenting the tension
compression mode of WRI are conducted. It is noteworthy that frequency response
curve obtained from singweep results include multi peaks. The reason for this is
strongly due to the unequal and poorly designed mass distribaxier the shaker
table.

Three steps identification procedure is adopted to assess parameters of the modified
BoucWen model. In the first step, ndimear stiffness behaviour is examined and
related parameters describing the Hiopar stiffness are fixetbr use in the next

step. In the second step, parameters effecting the shape of hysteresis are determined.
In the third step, fine tuning is achieved by allowing all parameters to be changed
within a certain range. Results obtained from the identifiedifreddBoucWen

model show a good consistency for relatively for the large deflections. However, the
same is not true for the small deflection region of the WRI.

Damping behaviour of a relatively large WRlegamined by Fosgl9] usingtwo
different experimental approaches. Additionally, the effect of some parameters such

as frequency, preload on damping estimates are investigjatedt approach, a test
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frame congting of hydraulic cylinder, load cell, and displacement transducer is used
to implement amplitude (displacement) sweep measurements at constant frequencies
0.1, 0.5, 2.5, and 5.(Hz). Plotting force vs displacement, hysteresis curves are
obtained, and daping estimation is done by calculation of the area within the
hysteresis cycle which is simply the ratio of the energy dissipated to the max. strain
energy stored for a given hysteresis cycle. Using this hysteresis area approach,
variation of equivalentigcous damping vs displacement amplitude is generated as

a plot and later it is used as a comparison metric.

Tests performed at discrete sine frequencies of 0.1, 0.5, 2.5, antid.by
sweeping amplitude show that damping has a very small dependeexgitation
frequency. Similarly, test performed with a preload of 60% of maximum static load
of WRI (Socitec, CB180Q7) appears to be little or no effect on damping.

In second approach, a test setup fixed one end of isolator to ground and loading other
erd of isolator with a weighting mass (under preload condition) is utilized. Sine
sweep excitation is introduced with a shakdrich is descended frontop of the

mass. Following, point FRFs (not transmissibility) in units of g/N are measured for

a given congnt displacement-P amp | i t ude s (rfim) Oub t8is timé |, 2.

sweeping frequency. In order to find equivalent viscous damping estimates, FRF
curves corresponding to a variety of displacement amplitudes are fitted with a
rational fraction polynomialurve method. As expected, FRF peak shifts to lower

frequencies as the amplitude of sine sweep (load input) is increased.

As a result, comparing the damping vs displacement plot estimates from two
approaches shows a considerable variation. Additionallyjrivportant comments
on damping and hysteresis cycle are given in this study.

First is the deformation of WRI results in a combination of frictional (Coulomb) and
viscous damping between wires within the stranéls.very small vibration
amplitudesthe wiles stick together, and little sliding occusidamping isverylow,
and the behaviour is viscowwminant As displacementgyet higher Coulomb

dampingstarts dominating andrge amounts of energy absorbed due to sigtick
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friction cycle And at vey large displacementgscouseffects dominate again over,

frictional effects.

Second is the hysteresis cycle consists of upper and lower backbone curves
representing the limits of cycle. At very small amplitudes, cycles turn around origin
without reachig backbone curve which results in small (viscous) dominated
damping and very high dynamic stiffness. However, at amplitudes where the cycles
start joining backbone curves the damping (loss factor) reaches its maximum.

Olsson[20] focused on modelling the rate and amplitude dependent effects of rubber
materials, using the finitelement method. For simple shear loading of rubber
material, the amplitude and rate deperm@ean be modelled with simplell

models. Parameters froraAllmathematical models can be easily transferred to finite
element models. -D mathematical model proposed consists of three parallel
connected branches which are an elastic or hyperelastic brameke dependent
viscoelastic branch, and an amplitude dependent elastoplastic branch. According to
experimental researches made with rubber, amplitude dependent and rate dependent
behaviour can be considered as independently among themselves sothaept
superposition can be applied. Overlay method proposed in this study relies on this
superposition idea, which states that the stress tensor stems from each branch can be
overlaid in terms of finite element mesh. Using this approach, a modelerpngs

both rate and amplitude dependent behaviour can be created in a commercial finite
element code such as Abaqus/Standard. Otherwise, derivation of elaborate
constitutive equations and coding them into special user defined material (UMAT)

or user defird element (UEL) isnavoidablyneeded. As a result, the idea proposed

in this study can be implemented for modelling dynamic behaviour of WRISs.

In this study, frequency response of a+iaear hysteretic SDOF system is modelled

by Li [21] utilizing the BoueWen model which is a widely used model for describing
the nonlinear hysteretic behaving systems in engineering field. Basically,-Bouc
Wen modeintroduces an extra mapping variable to estimate corresponding restoring

force. To this end, numerical analysis of the hysteretic system is implemented using
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the RungeKutta time integration. Frequency responses show that-Béerc model

for different sebf parameters can exhibit the hardening or softening behaviour.

An indirect method targeting the audildflequency range for estimating dynamic

stiffness of the WRI is experimentally investigated by K2#. A specialdesigned

test setu p i s utili zed for stepped (H) ne e X (
measurements. It is found that, dynamic stiffness exhibit rate dependency after some
frequency, in contrary to lowdguency range where dynamic stiffness shows rate
independent behavior. Measurements are repeated for three different amplitude and
preload levels to reveal their effects on dynamic stiffness. Since, amplitude levels

for measurements are so small (ordepof) dynamic stiffness shows amplitude
independent behavior as expected. However, increasing static preload results in a

decrease in dynamic stiffness up to certain frequency which is abo(#200

In this study, no comment is made about the local pepgsased on dynamic
stiffness curve. It is thought that they are probably stem from the internal resonances

of WRI though it is not proved.

As a part of a seismic protection system WRIs are characterized usingtiasi
measurements, identification ofgmosed model with respect to measurements is
done and time domain solutions for seismic base excitations is obtained by Paolacci
[23], respectively. Some of importafindings for quasstatic measurement are
worth mentioning. During quasstatic measurements implemented at constant
amplitude and frequency, an unstable behavior in the form of hysteresis cycle is
observed by diagnosintpe constantly increasingtiffness. To remove this effect,
implementing gretestat relevant preloading is recommended before commencing

a real measurement. Another experimental finding is that as compressive preload on
the tension/compression axis of a WRI increased, the roll andstifrass exhibit

a gradual decrease which appears itself in the slope of hysteresis Elleser,
necessary importance to this preload effect has not been attributed in this study
During quasistatic measurements of WRI another phenomenon known lasgre

relaxation is also observed. Since the preload is applied as a constant displacement,
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after for a while preload force asymptotically is decreased to a lower value. For this

reason, pretest of WRI is highly recommended.

Preload and amplitude dependentPayne effect) dynamic behaviour
(transmissibility) of elastomer using a commercial FE code (Abaqus) is presented by
Petitjeanet al. [24]. Basic assumptiomade by all commercial FE codes is the
separability between frequency (rate) dependency and amplitude dependency, so that
a simple form of equations can be written. However, there are some materials that
do not fit this assumption. For example, expectalyigamic modulus and preload

show an inverse proportional relationship, neverthelaiisr some pointfurther
increase in preload may result in a direct proportional relationship. To this end, it is
necessary to update dynamic modulus corresponding t@acthal static strain value

to capture preload effect on dynamic modulus. Amplitude dependency is another
important nordinear effect needs to be taken into consideration for vibration
analyses. Unless modeling this effect, prediction of resonance figqueéna
vibration isolation system is practically impossible. For this purpose, an iterative
approach needs to be applied due to the fact that resonant frequency and amplitude
of transmissibility at resonance depend on the dynamic stiffness and loss factor
respectively. However dynamic stiffness and loss factor depend on dynamic
amplitude, so updating iteratively these two parameters and running analyses are

needed until a converged solution for a given tolerance is obtained.

Application of this iterativeapproach is carried out using Python language (wrapper
program) and Abaqus FE software (Core FE package).

A procedure describing how to calibrate the parameters of Dahl model using-a quasi
static measurement (sweeping amplitude at constant frequency$ issigscribed

by Mangin et a[25]. Proposedahl friction model is used for modelling hysteresis
cycle of WRI. To describe the shape of hysteresis cycle, Dahbfrictodel contains

two physical parameters which are maximum friction force and contact stiffness,
respectively. Quasstatic tests are performed using a DMA instrument. First step in

the procedure is to implement constant frequency tests at differefdcaisient
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amplitudes. Following it goes on with a curve fitting of the largest hysteresis cycle
to estimate amplitude dependent variable stiffness. Afterwards, friction damping
force, again as a function of amplitude is calculated by using a graphicaldnetho
Lastly, contact stiffness parameter is found by iteration.

At the end, validity of the model is verified by implementing a product level base
excitation shaker testing. Verification is done by applying a small constant
displacement sine sweep baseitation, so that relative displacement generated by
WRI is about0.0015mm

Ulker-Kaustell [26] utilized the BoueWen model for representing the hysteretic
energy dksipation through the bearings supporting railway bridges in his
dissertation. In order to implement BeWwen model in Abaqus FE code, a user
element (UEL) is developed using FORTRAN language. Abaqus FE results are also
benchmarked with MATLAB using a sife and two degree of freedom systems.
Additionally, some important details about time domain implementation of UEL in

Abaqus FE code is mentioned.

Wang[27] conductel periodic loading tests of a newt§pe WRIs to investigate the
impact of the loading frequency, loading amplitude on the dynamic characteristics
of Ot ype WRI . The WRIs are tested on a
corresponding to shear, roll, and¢em-compression mode loadings. For the testing

o
—

of roll and shear mode configurations, two isolators are bolted symmetrically to test
fixture to avoid unbalanced load. Synchronous force and displacement data are
acquired at a rate of 512 samples per cyateording to the loading frequency.
Before proceeding into identification process, it is also suggested that filtering the
measured raw data by a lgass filter, in case of its corrupted by noisy effects.

A modified BoueWe n mo d el t h at ardeaimgy oweapping loadingi t h e |
envel opeo is adopted t o mo-ypelWRItahdedhed y n a mi
model parameters are identified using a-stege identification procedure from
experimental data. Steadyate response analysis results revealsttigisolator is

more effective for isolating vibration in the tensioompression mode rather than in
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shear or roll mode. Also, no trace is found for the rudtued responses in the
steadystate analysis results. Experimental results demonstrateystatdsis loops
are almost independent of the excitation frequency whereas completely dependent

on excitation amplitude.

Dynamic behaviour of a hybrid damper consisting of a viscoelastic rubber part and
a helical WRI part which are serially connected isBtigatedy Tax[28]. For this
purpose, both WRI and rubber isolator separately tested, modelled, identified and
verified. Symmetric and asymmetric hysteresis behavwf WRI are established by

using n-th order Iwan (Masing) model instead of using famous B&len model.

Each parallel branch in the Iwan model comprises of a spring and a Coulomb friction
element connected in serial. Modelling of the asymmetry in tetetgsis loops is
accomplished by introducing a ntinear spring which is described by the addition

of linear, quadratic, and cubic terms, respectively. Due to the replacement of single
parallel linear spring with a neimear one, the model proposed &med as modified

Iwan model. Equations of motion of proposed model are solved in time domain for
both harmonic base and shock excitations. Frequency response of the model is also
inspected in time domain by applying a single harmonic recursively for aeiney

range which takes too much effort. Two types of gqgasiat i ¢ fAmeasur ement s
implemented with WRI including one for small and the other for large deflection
range. For a-th order modified lwan model there are 2n+3 parameters need to be
identified To identify these parameters, a three steps optimization method is
suggested. Response for a given input PSD to WRI is also analyzed in time domain
which necessitates the conversion of input acceleration PSD into a time domain
signal. Following the tim@lomain solution, time response is converted back into

response acceleration PSD so that transmissibility can be found.

In this study, to be able to isolate a large diesel generator for seismic excitation
WR| 0 sutiliaed by Tartary[29] . Wate ndosnted in pairs aangle of45°
inclination with respect to its major tension/compression .axikis inclined
mountingmakes it possible to increadeetallowabletravel in the suspensions and

to obtain identical stiffness characteristics in theidblined planes with respect to
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major tension/compression axis which involves both tension/compression mode and

roll mode deflections of the WRI.

In this stidy, the Dahl model is proposed to capture thelimaar stiffness and dry
friction behaviour by determining the model parameters from experimental
characterization data. Due to its simplicity and robustness the Dahl model
(continuous first order nelnear differential equation) is often used since the model
relies on only two parameters. Restoring force calculated by model is decomposed
into an elastic and a dissipative force component which is a function of relative

displacement of WRI.

The elastic comonent is extracted from the hysteresis cycles of the WRI by means
of an identification process adapted, more or less to the median curve of hysteresis
cycle. Fairly accurate characteristics of dynamic stiffness and loss factor of WRI is
also representedylthis model. Random response simulations are carried out using

transient analysis and PSD estimates are obtained by processing transient responses.

A study b provide earthquake protection for an inverter used in a nuclear power
plantis implemented bysmetryns[30]. For the poposedWRI isolation system

choice of WRIs igustified by calculations and characterizatiopasurements

TheseWRIs make it possible to singly filter the earthquakes and to limit the
accelerations transmitted to less than 1 (g)2thus guaranteeing the functionality

of these equipments after the earthquake.

The sine sweepxcitationin the 155 (Hz) band and constant amplitude equad
(g) for the complete equipment is performed at a laborat@ynulations
representing the sine sweep excitation is performed in time dobyaperforming
a transient calculation for each frequency stubtigdheans o6YMOS software (in

house softwaref SOCITEC company).
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2.2 Hysteresis Phenomenon

TheGreekvor d means Al agging behindd and i ndi

systemg6]. If a known inputu(t) acts on a system or object, tmputcan causera
outputf(t) that remains or continues to rugven though théput has long since
ceased. The current state of fystem under consideration depends on the previous
states. In short: the system has a membhgrefore they are called systems with

memory[6].

It is possible to mdel mechanical systems with memory by means of additional state
variables (inner variables)They are called internal state variables or internal
variables because you cannot measure them directly. However, they clearly influence
the output variabld(t) because they cause the phenomenon of hystetesie
frequency has no influenceh hysteresis mechanism, then it is caléed static

hysteresig6].

As anillustration, forcedeflection hysteresis curves belonging to various spring

viscousColumb damper combinations is giverFigure2.1.

Spring + Viscous damper
Spring & viscous +  Coulomb
damper _— damper
Spring & - « Spring, viscous
Coulomb damper —] & Coulomb ——
e dampers
= —

Figure2.1 Forcedeflection characteristics for various sping and damper
combinationg42].
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WRI 6s show bot h clbeangvibri Therbéndiagrofdhe fvire st@nds o n a

results in compliant behavior. Thabbing between the strands results in friction
forces. Both phenomena characterize the fdisplacement relation. The damping
properties are determined from the resultingaledhysteretic behavior.

Experiments with the WRI have indicated that, returning position after a single
compression (loading and unloading) test differs from its starting position. This
history dependent behavior is what is called a memory effé&tt Dry friction
between wire strands is the main reason of this memory effect. Also remembering

the fact that Coulomb friction is ratedependent.

It is experimerdlly confirmed thahysteretic behaviour d€oulombfriction-based
dampersinvolving WRIs are rateindependent which is in harmony with the
mathematical definition of hysteresis. By excluding the inertial effects from the
characterization measurements, rheaateindependent hysteresis loops can be
obtained. Therefore, utilizing this faatynamiccyclic tess can be replacedith

guaststatic cyclic testto determine théysteretic behaviouwsf WRIs[13].

Figure2.2-(a),-(b) and-(c) show the measured steady state hysteresis loops in shear,
roll and tensiorcompression respectively with the displacement amplitudes ranging
from 0.5 to 4.0(mm). It is observed that the loops in shear médgure 2.2-(a)
resembles to those in the roll moBeure 2.2-(b). The tested isolators displays
symmetric hysteresis loops both the shear and the roll modes owing to its
symmetric configuration in these directions. This conclusion holds only when no
static preloading or predeflection is applied to the isolatpt3]. Figure 2.2-(c)
indicates that the isolator exhibitssymmetrichysteresis loops in the tension
compression mode, and the asymmesryncreasingly apparent when the loading
amplitude is increased. The helical WRI possesses hardening stiffness in tension and

softening stiffness in compression.
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Figure2.2 Measured hysteresis loops from qusisitic cyclic loading tests, (a)
shear mode, (b) roll mode, (c) tensiocompressiommode[13].

The softening is deito the decrease in the contact points between the wire strands
under compression load. The hardening in the tension is due to the increase in the
contact points under tension load, which results in increased friction between the
wire strandq36).

Figure2.3-(a) and-(b) illustrate the effective stiffness (dynamic stiffness) and the

hysteresis loop area of the tested W&pectively[13]. The effective stiffnessk,

is defined as,
l:max - I:min
e X % @4

For the same displacement amplitude, the effective stiffness in the tension
compression mode is much greater than that in the shear or timeod®! Figure

2.3-(a)). The hysteresis loop area implying the energy dissipated per cycle in the
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tensioncompression mode offers much larger energy dissipation than the shear and
the roll modesKigure2.3-(b)).
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Figure2.3 (a) Effective stiffness vs displacement amplitude, (b) Hysteresis loop
area vs displacement amplitulde3].

The hysteresis is accompanied by energy dissipation, which results from different
physical processes and may cause considerable heating. This can overheat a material

or component and eventually destibjs].

Additionally, the importance of removing the memory effect, (also known as
demagnetizing) before beginning a new otstgtic measurement is highly

underl ined and an appr oamemoirsi zrag d @mme npdre

[13], [15].

2.3 Comparison of Wire Rope and Elastomeric Isolators

Since WRIO&6s are made of stainless steel
advantages over conventional rubber or elastomeric isolators for the severe
operational environments ofiechanical systems. For example, they perform well

through a wider temperature range2d4(*C to 370C) and are less susceptible to

wear and deterioration than elastomers and are able to provide isolation in all
directions. Dy nami c s dngdomaetric propertied of isdRtord s d e |

amount of applied preload on it, input amplitude. In addition to these three
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parameters-unfortunately dynamic behavior of elastomeric isolators depends

highly on forcing frequency and temperature.

From theoretical pint of view, abetter way to represent the WRIs is the
elastically connected Coulomb damper model, and a better way to represent the
elastomers is by thedastically connected viscodamper mod€]l33], both of which

are shownn Figure2.4.

A L
m | X:response m X. response

< e :
K = A Ke .
= k1= Nk u: input < Ki=Nk % 4 input

Support _ Suppon |
(a) (b)

Figure2.4 Basictheoretical models fga) Rubber isolator and (b) Wire rope
isolator[33].

2.4 Transient Response Analysis

Restoring force generated by isolator is modeled using smooth bilinear hysteretic
BoucWen model which is usually represented by a first order nonlinear ODE. The
same Bac-Wen model is also used for defining asymmetrical hysteresis loops after
few modifications. Constant parameters used to represent-\Beacmodel are
obtained by calibration of analytical results with experimekésumptions made for
analytical modelingan be given as: no coupling between loading axes which means
each axis of isolator is modeled independent hysteretic elements, rotational stiffness
of isolator around each axis is negligible, and equipment located on isolators is rigid.
By integrating theDAEs in time domain, response to seismic excitation is obtained
and verified by shake table experimejls

Kolsch[7] proposeda theoretical model a variant of Masing model which is come
up with the introduction of additional amplitude dependencies to the model
parametersAfter re-arranging the equations of motion as first order ODE set, they

are solvedfor any time course of the inputs in the time domain. The numerical
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integration and theatculation of periodic solutions using shooting methods and a

modified collocation are used as soluttechnique$7].

Van Aanhold[12l used the Dahl s model , whose par
results of quasstatic measurement, to capture the transient response of polycal type

of WRI for the periodic base excitation.

Olsson[20] focused on modelling the rate and amplitude dependent effects of rubber
materials, using the finite element method. According to experimental researches
made with rubber, amplitude dependent and rate dependent behaviour can be
considered as independentiy@ng themselves so that principle of superposition can

be appliedOverlay methogbroposed in this study relies on this superposition idea,
which states that the stress tensor stems from each branch can be overlaid in terms
of finite element mesh. Usingithapproach, a model representing both rate and
amplitude dependent behaviour can be created in a commercial finite element code
such as Abaqus/Standard. Otherwise, derivation of elaborate constitutive equations
and coding them into special user definedenal (UMAT) or user defined element
(UEL) is unavoidablyneededAs a result, the idea proposed in this study can be

implemented for modelling dynamic behaviour of WRISs.

Ulker-Kaustell [26] utilized the BouéWen model for representing the hysteretic
energy dissipation through the bearings supporting railway bridges in his
dissertation. In order to implement BeWwen model in Abaqus FE code, a user
element (UEL) is deeloped using FORTRAN language. Abaqus FE results are also

benchmarked with MATLAB using a single and two degree of freedom systems.

2.5 SteadyState Response Analysis

2.5.1 Frequency DomainApproaches

Transmissibility curves of a Coulomb (dry) frictidvased isol@on system

comprising of a mass supported by a parallel combination of a linear stiffness and a
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nonlinear dryfriction damping element is studied Buzicka[2]. Also, parameters
effecting transmissibility curves are studied comparatively. For the case of harmonic
vibration excitation of the support structure, the equation for absolute displacement
transmissibility is presented. Investigations show that as the Iév€loolomb
damping is increased, the resonant transmissibility goes through a minimum and the

resonant frequency varies betwgenand] . 't must be noted that,
Vi scous o mp—+ nagsdimption is utilized for the derivation of

transmissibility curves of Coulomb friction damped system. For this assumption, the
transmissibility curves generated are approximate and should be treated as such.
Although, they certainly give much information about the characteristics of the

Coulomb danped system, but do not embody the nonlinear charactefigjics

| n Ti [4] kissertation, main effort is spent to develep $imple mathematical
model that complies with base excitation shaker test results in terms of hysteresis,
phase trajectory and frequency respe curves. To this end, various damping
models including(a). A model with cubic stiffness and linear viscous damping, (b).
A model with cubic stiffness and constant Coulomb friction dammng,(c). A
semiempirical model with cubic stiffness"power velocity damping and variable
(function of relative amplitude) Coulomb friction damping are investigated
respectively to find best fit with experiments. Experimentally obtained frequency
response curves demonstrate a reduction in resonance frequdrase asxcitation
amplitude is increased which is a diagnosis of Payne or FleGbwer effect.
Additionally, shape of experimental hysteresis curivespecially sharp pointed
end$ indicate that damping in the wire rope isolation system is due tosiick

friction between individualvires[4].

A variant of Mas i Kotpéhl] comesiue With the idrpdoctiond by
of additional amplitude dependencies to the model parameters. The model equations
are solved for any time course of the inputs in the time domain. The numerical
integration and the calculation of periodic saus usingmultiple shootingand

modified collocation methoake used as solution techniqyiés
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An approach for modelling the steadtate response of turbine bladsdying on
Coulomb friction damping is developed by Sanlititk]. This approach can be
applicable to any hysteretic behaviour especially that can be characterized by its
initial loading or backbone curve. This initial monotonic loading curve can be
represented by a series of maslip elements which compose of a mialgp
element. The stiffness and maximum stiction force limit of each neigrelement

can be assessed from this initial loading curve. Then amplitude dependent complex
stiffness representation of miestip element is calculatett.should be emphasized

that the present HBM formulation is somewhat different from the conventional HBM
approach such that here the aim is to determine a linearized amplitude dependent
complex stiffness rather than simply calculating the first harmonic component of a
nonlinear fiction force. Allowing the friction forces to be considered as external
stiffness modifications, this approach is found to be particularly useful for frequency

domainanalysig10].

Austrell[11], gives various algorithms to be usedforTd).e cal cul ati on of
model parameters from the initial loading (backbone) curyeTtie calculation of
initial | oading (backbone) cuandv(®@TheEr om t h
cal cul ation of dynamic stiffneampitudand | os
dependent complex stiffné3érom the initial loading (backbone) au. In this way,
any transition between these Masingdés mo.:

curve and amplitude dependent complex stiffness can be implemented easily.

VanAanhold[12lu s ed t he Dwehbsk gasmmetecs dirst identified from the
results of quass t at i ¢ measurement and then esti m;
amplitudedependent stiffness and damping coefficiembscapture theteadystate

response of polycal type of WRI for the periodic base excitation. However, steady

state response does not match well with the-simeep shaker measurement results.

Having identified the nine parametersimiproved version of Bodd/en modelNi
et al [14] calculated steadgtate response of the this model utilizmglti harmonic

balance methodteratively in frequency domain. Thimproved version of Bau
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Wen modeik capable of representing tagymmetric hysteresis loopsdhardening
overlapping loading envelopbehaviour of WRI in tensieGnompression mode.
Frequency response curves obtained from stetatg response analysis exhibit
superharmonic reonances due to the strong nonlinearity involved/Ril [14].

Schwaner{18] used the shooting method in combination with the path following
continuation technique to obtain frequency domain stssate response of modified

BoucWen model.

Petitjean et al[24] developed an iterative approach for modelling the amplitude
dependent efféc(Payne effect)for the three dimensionatontinuum rubber
componentsFor this purpose, an iterative approach needs to be applied due to the
fact thatresonant frequency and amplitude of transmissibility at resonance depend
on the dynamic stiffness and loss factor, respectively. However dynamic stiffness
and loss factor depend on dynamic amplitude, so updating iteratively these two
parameters and runnirapalyses are needed until a converged solution for a given
tolerance is obtained. Application of this iterative approach is carried out using

Python language (wrapper program) and Abaqus FE software (Core FE package).

2.5.2 Time Domain Approaches:

By means of mdified BoueWen model, Leenefl5] investigated the dynamic
response of a WRI system using numerical time domain integration technique. In
order to obtain frequenagsponse to base excitation input, slow frequency sweeping
approach (at constant amplitude) is used to approximate the stedelyfrequency
response of the nonlinear hysteretic system. The approach needs filtering time
domain results carefully. In ord&r make sure that steagyate response is not mellti
valued, it needs implementing two transient analyses which are sweeping frequency

up and down.

A study b provide earthquake protection for an inverter used in a nuclear power

plantis implemented bySmeryns [30]. For the poposedWRI isolation system
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choice of WRIs isjustified by calculations and characterizatioreasurements
ut i | i zi ng.TbDessind siveeexcitationa the 155 (Hz) band and constant
amplitude equal to 0.@) for the complete equipment is performed at a laboratory
Simulations representing the sine sweep excitation is performed in time dbgnain,
performing a transient calculation for éatequency studiedy means o5YMOS

software (in house code of SOCITEC company).

2.6 Random Response Analysis

An approach for modelling the random response behavior of WRI is proposed by
Rassaiarnf9]. To this end, an acceleration PSD input is converted to an acceleration
time input, then applying this forcing to corresponding SDOF of MDOF model
acceleration time response is obtained. Acceleration time response converted into
PSD response, so that the transmissibility can be obtained by dividing the response
PSD to the excitatn PSD. It should not be forgotten that calculated transmissibility

curve is unique to given excitation PSD level.

Tax [28] also followed similar approach usingth order Iwan (Masing) model.
Modelling of the asymmetry in the hysteresis loops is accomplished by introducing
a nonlinear spring which is described by the addition of linear, quadratic, and cubic
terms, respectively. Response for a given input PSD to Wakdasanalyzed in time
domain which necessitates the conversion of input acceleration PSD into a time
domain signal. Following the time domain solution, time response is converted back

into response acceleration PSD so that transmissibility can be found.

Tartary[299 ut i | i zed the Dahl 6s model to captu
friction behaviour by determining the model parameters from experimental
characteriza i o n dat a. Due to its simplicity
(continuous first order nonlinear differential equation) is used since the model relies

on only two parameters.
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For given WRIs by mapping the identified
dynamics softwareSYMOS (in house code of SOCITEC company), random
response simulations are carried out using transient analysis and PSD estimates are

obtained by processing transient responses.

2.7 Properties Effecting the Dynamic Behavior of WRIs

Dynamic behawr of a WRI is frequently described by using dynamic stiffness and
loss factor parameters. In some references, dynamic stiffness is also referred as

equivalent stiffness, and it can be givenrgyre2.5)

DF
keq = kdyn =& (22)

Loss factor is given as the ratio of energy dissipated to the maximum elastic energy

stored in that hystersis cycle

Ediss
h= W (2.3)

whereW:%Ig,yn DX is the max elastic (strain) energy stored in hysteresis ,cycle

which is illustrated irFigure2.6.
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Figure2.6 An example of simple bilinear hysteresigle

Input parameters effecting the dynamic behaviour of a WRI can be given as:

1 Dynamicrelative displacementraplitude
1 Preload and
1 Frequency (very lightly)
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Figure2.7 Hysteresicycleof a typical WRI under compression preldad].
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Figure2.8 Dynamic stiffness asfanctionof dynamic disp amgitude for a typical
WRI [33.
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Figure2.9 Dynamictest results of a typical WRI

The flexing of wire ropenvolves bothCoulomb and viscous damping. At very low
vibration levels, the wirestrands stick together, and little sliding occurs. The
damping is low, and the behavior is viscous. With highsplacementsCoulomb
damping predominates as the wires brigak and start to slide against each other,
absorbing large amounts of energy. At large displacements the bending and
stretching of the wire strandsershadows the sliding friction and viscous behavior
again starts to showvhlso, lubrication used in the amufacturing process wire rope

cables may trigger the viscous effects specially at small vibration amplitudes.

It can be seen frorkigure 2.9-(a) that, the dynamic $tiness is rate independent
especially at medium and higher displacement amplitudes, while for small
amplitudes it seems to be frequency dependent. The reason for this is the domination
of viscous effects at smaller amplitudes; particularly where the emdspof
hysteresis cycles do not touch upper and lower backbone curves yet. However, in

Figure2.9-(a) at a constant (small) amplitude, with increasing frequency dynamic
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stiffness converges to a value which resembles the case shows up in rubber isolators
(Figure2.10).
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Figure2.10 Frequency dependent radial dynamic stiffness of@08-2 isolator

[35].
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CHAPTER 3

THEORETICAL MODELS FOR MODELLING HYSTERESIS BEHAVIOUR

In this chaptey varioustheoretical models for modelling the dynamic behaviour of

WRIs are describedxamining the theoretical models in the literature indicates that
Masingd andmodified Masin@ sodek are the most suitable theoretical models in

terms of modeling ease, contipgity with programming, and compliance with

experimental data in modeling hysteresis curves exhibitatRis.

3.1 Basic Elements of Hysteresis Models

311 Jenkinds EIl ement (Seri al Connection)

This very basic hysteretic model is also knoas dastically conneded dry
(Coulomb)friction element Prandtl elementelastoplasticelement, Maxwell-slip

elementand macreslip element.

Fa
kl K Y Shp
—)F, u 1
U,
/f/ kl Stick
U =H
-1,
(a) (b)

Figure3.1 Jenkné element modela) and its corresponding hysteresis cycle (b).

Restoring force through thienkirés element igiven as followg31], [32)]:
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_E (),
F(1) 1 Yesgn(u(1) else 3D
where
I’.1 (t) = kl(u(t) _urev) \ﬁsgn( uev) (32)

u., is the displacemeimmmediately prior to velocity reversaf, = /7N, is maximum

friction force occurring on Coulomb friction elemeartd It is assumed that static

and kinetic coefficient of friction is equal to each other.

3.1.2 Dry Friction Model (Parallel Connection)

Dry friction model includes a spring and a Coulomb friction element connected in

parallel.Restoring force through th®linear model is

F(t)=F, +, (33)
where

"0 Qo (34)

The stiffness ternt, can also be approximated well by a higher order polynomial

curve, but here it is assumed approximately linear.
O Wi QH (3.5)

wherethe term® is the maximum friction force.
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3.2 Theoretical Modelsfor Modelling Hysteresis Behaviour

Following theoretical/phenomenological models have been used for modeling the
dynamc behaviour of WRIs in varios studies found in the literature. These
theoretical models ard&ilinear model,Da h| 6 s m o-Wemn | model Bandu ¢

Masingds model

3.2.1 Bilinear Model

Bilinear model is also knowassimple frictional solid model celastically coupled

Coulomb damper model

—

Figure3.3 Bilinear model(a) and its corresponding hysteresis cycle (b).

Restoring force through th®linear model is given as followW81], [32):

(URIOR R @9
where
n(t) =ky(u(t) Ye,) ¥son(y.,) (37)
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u., is the displacement immediately prior to velocity revergak /7N, is maximum

friction force occurring on Coulomb friction elemeantd It is assumed that static

and kinetic coefficient of friction is equal to each other.

3.2.2 Da h Madsl

Due to the lack of modeling capability of bilinear Coulombtfan model for small
amplitude vibrations, Van Aanho[d2l pr oposed the use of a

friction model.

wire rope spring

i
et
et

y=Ypsinot F"é{

Figure3.4 Vibration isolation for thevertical direction12).

Restoring force through th®linear model igjiven as follows:

F(t)=F, +, (39
For spring force stiffness approximated as linear

F°ku (3.9)
Conventional Coulomb damping is givas:

F, =d.sgn(u) (310

Such a dry friction model is sufficiently accurate for large deflections such as under
shock conditions. The conventional dry friction model is however not suited for
small amplitude vibrations. Traditional model fails to model the gradual load reversal
after each velocity reversal correctly and will lock for small amplitudes where the

spring force does not exceed
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e dF .
F = -u—2 % u A1
=g g oo (311
where6 is a deflection constant which describes the exponential decay on load
reversal. Wheiw  ttthe standard dry friction model is obtained. So ¢émkanced

dry friction modeis well suited for use in time domain analysis.

(b)
Figure3.5D a h lerthance(dry friction) model(a) andits corresponding
hysteresis cycléb).

3.2.3 Bouc-Wen Model

Hysteretic behaviour can be described by the Bbfen model. This empirical
model describes various hysteretic phenomena. A modified version to include the
asymmetric behavior is already applied in several studies. The model parameters are
not directly rehted to the physical behavior. The empirical Bovien model
describes hysteretic behaviorgeneralform [13], [14], and[18]. Restoringforce

through theBoucWen modeis given adollows:

F
—q_Y
F)=a, () 4 IF 4 012
\ / hysteretic force

elastic force

wherethe parametewie is the ratio of posyield to preyield stiffness:

a:% 4.0 (3.13
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A0=ud g 1A {o mor( O g 11 @

where & 0 is nondimensional hysteresis parameter dnifl & are also non
dimensional quantities controlling the shape of hysteresis FEapsmall values of
¢, smoother transition from préo postyield is obtained, whereas for larger values
of &€, sharper transition is obtained resembling that of the bilinealel.Parameters

I andl control the size and the shape of hysteresis loop.

Another representation of Boden model can be given as follows
F(t)=R(t) () (3.19)
where™O 0 is linear elastic force:

F(t) =k, u(t) =aku Y (3.16)
andd o is nonlinear hysteretic force:

eN

2(9=0(9ga 2Y'{ g +en( (YL} & & (317)

In this form,& O is dimensionahysteresis parametaynits of the Boué/Nen model

parameters are given frable3.1.

Table3.1 Units of BoueWen modeparameters.

LJ- NJ Y § dzy A
a wb 8
€ (6) 3]
| 074
f 0 Ta
[ 0 Ta
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The model in this form, describes a symmetric hysteretic system without softening
or hardening behavior. Symmetry is defined here as identical behateosion and

compression.

ko=k, +k,

F, .
— elastic
k,=ak,

F
F,
_>F,u /

hysteretic

[
k,=ak,

ALLLLLLALALSAAALAARAL AL ALA LAY ANY

(b)

Figure3.6 BoucWenmodel(a) andits corresponding hysteresis cy¢hs.

3.2.4 Modified Bouc-Wen Model

Restoring force through theodified BoueWen modelis given as followq18],
[28]:

F(t) =F(t)er(t) =(1) (3.18)
where™O 0 is nonlinear elastic force:

F(t)=gu(t) +gson(u l§° au}’ (319)

and™O 0 is a kind of shaping function which assures the hardening overlapping

loading envelope:

R, (t) = (3.20)
andd o is nonlinear hysteretic force to be modulated W@ho :
eN

2(9=0(98a 12Y'{ g +en( (YN} & & (321)

In this form,& O is dimensionahysteresis parametddnits of themodified Bouc
Wen model parameters are givenable3.2.
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Table3.2 Units of modified BouéNen model parameters.

LI NJ Y S dz¥ G
a 0
R
| 0da
f 0 a
r 0 a
)

&) G
Q 0a
Q 0a
Q 0a

F
F;f(mic
0 F\
E _)F’ u /

s ) 7

(a) 1wslerelic (b)
Figure3.7 Modified BoucWenmodel(a) andits corresponding hysteredmop (b).

AALLALALALAALALALAALALALALAL ALY

3.2.5 Masing Model

Restoring force through thdasing models given as follows:

F(t) _ w .|.a_.l H, (t) (322
elastic force hysteretic force

writing the equation above more explicitly:
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=k 4111 SO
where,
(1) =k (u(t) -u.) ¥son(iL,) (324)

and,0 s the displacement immediately prior to velocity reversal.

If the hysteretic forceH, through a single Jenkin element is expressed in terms of

its time derivativeH, , then only one equation ssifficient to describe the behavior

of both spring and friction element. The evolution equation for a single Jenkin

element is given as:
H, (t) :%K u(t){ saturation + re activatioh (3.25
where,

L A 2
saturation=1 -sgr&H ()" ¥ (3.26)

reactivation= sgng( ) H() dl sg@l—J(bz ¥ E (327)

(. k, +k +k, +k,
——WWW— L k, +k o+,
= g

k Y 4 =k, +k,

F

k ;
2 ~F

— Wy sl
- I‘;

ALLALLAILIL LALLM L A ML LML LA LALLM LA LAY

(@) T (b)

Figure3.8 Masingmodel(a) and its corresponding hysteresis cyde
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Increasing the number of Jenkin elements (the order dfldstngmodel) result in
smoother hysteresis characteristics. Since, the behavior in tension and compression

is identical, this model is called as a symmetric model.

Hysteresis cycle of d@Borderlwan-Masing model is showim Figure3.8-(b) which
includes n=3 Jenkin elements (or break points). The elements are assumed to yield
in the order 1,2, €&, n and a particul ar

reached in one element.

3.2.6 Modified Masing Model

To be able model asymmetric softenimgrdening behavior iMasing model the
single parallel spring is described in the following nonlinear form (linear, quadratic
and cubic term)The quadratic term ensures the symmetry. Both quadratic and cubic
term may result in softening and/or hardeniegdwior. All hysteresis and softening

hardening asymmetric behavior are defined by nimslifiedMasingmodel So the

restoringforce through the asymmetric hysteresis cycleshef nodified Masing

modelis given by:

F)=au() o) ) & H() (329
and,

H, (t) :%K u(t){ saturation + re activatioh (329)
where,

saturation=1 -sgn€H(}* ¥ (3.30)

reactivation= sgngi( ) H( ) dl sg€H() ¥ E (3.3
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3.3 Tranmissibility Function of Bilinear Dry -Friction Model

Transimissibility function ofbilinear dry-friction model or elastically coupled
Coulomb damper modshown inFigure3.9. The methodology derived by Ruzicka
[2] is an approximate solutipnvhich relies on the basis of equilavelent viscously

damped system.

oS | %—fx

NK

Figure3.9 Bilinear dry-friction model[2].

For zero damping, the mass is suppodetely by the isolator static stiffness
therefore, the absoluteansmissibility”Y and the undamped natural frequency

aregiven by

<
>
2| < |

(332

Infinite transmissibility will occur when the excitation frequencycoincides with
the undamped natural frequency. For infinite damping, the mass is supigal by
the stiffness0  p U; therefore, the absolute transmissibiliy and thenatural

frequency are given by
Y ———Fh ] —_— (3.33

For the casef harmonicvibration excitation of the support structure, ggation

for absolute displacement transmissibility is given approximdtgly
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y P = 0 C (3.34)

for values of the frequency ratio which fall within the breaktooseand lockin

frequency ratios defined by

| —

Wy 0 p "0
T h W o= (335

-w v 0

where the plus signorresponds to the breddose frequency ratiand the minus
sign corresponds to the loak frequency ratioFor frequency ratios not falling
between the brealkose andock-in frequency ratios, the absolute transmissibility is
given by equation (2sin@ no relative motion exists across the Coulatamping
element and resistance to indrtiarces is provided entirelypy the stiffness

0O pu.Di mensionless transmissibility

method isshown inFigure3.10.

]
—— V¥ =0
—10

7
—5

—3

101

o
El

o

Coulomb damping factor, dimensionless: ¥ = F/ (K.ao)

Absolute Displacement Transmissibility, (TA)D

102 :
107 10° 10?
Normalized Frequncy, (w!wo)

Figure3.10 Absolute displacement transmissibility curves for vibration isolation
system with elastically comated Coulomb damping
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It mu st be noted that, ®fegu assumptiomis Vi

utilized for the derivation of transmissibility curves of Coulomb friction damped
system. For this assumption, the transmissibility curves genexsgegpproximate

and should be treated as such. Although, they certainly give much information about
the characteristics of the Coulomb damped system, but do not embody the nonlinear

characteristics

3.4 lterative Nonlinear Harmonic Analysis

In this part, a rathodology is derived for the implementation of frequency domain

harmonic analysis of equivalent systems, which is show#igre3.11.

x =X sin(ot—¢)

m

K(Z)(1+ jn(2))
v =Y sin(wt)

Figure3.11 Equivalent amplitudelependent system WWRI [69]

The steadystate response under harmonic excitation of the sysiemn inFigure
3.11is

1 @& Qp - Qp O-» (3.36)
or
1 & Qp 0O-h 41 ® (3.37)

whered @ is the relative displacement (wheidts amplitude) between the

mass and the base, that is the defomnatif the mount and is the excitation
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frequency. Note that the dependency of stiffness and dartgpthg amplitudebis

omitted forthe sake of brevity.

The transmissibility is defined as the nondimensional quantity that at each frequency
quatify how much disturbance has passed from thesdarthe receiver through the

transmission path. The absolute transmissibility is

’F’Qp ’;’Q_
Tp 0O- 71 «a

’ ® 3.38
¥ 5 (3.39)

The algorithm proposed for implementing harmonic analyses in the frequency
domain is given imfable3.3.

Table3.3 Algorithm for thelterative Nonlinear Harmonic Analysis

0 OO VOO NEDEQ © 2 QAR QR 6 Qe O
YOO 06 Y

1T 4 Qo zp 0O-OG ) ap
Q Qp
YN QO®d Q

YO Y®E € 0 Q1 QQQ

Here, it must be remembered that the dynamic stifff@&s and the loss factors
— @ parameters to be supplied into the algorithm giverainle3.3 will be obtained

from the characterization test implemented by the dynamic tesirimestit.

3.4.1 An Application of the Iterative Nonlinear Harmonic Analysis

In this sectiona numerical case study is implemented usingitipets shown in
Figure3.12 andFigure3.13.
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Transmissibility results are shownhkigure3.14. For comparison, one of the results

for a specific base excitation amplituge ™t X @ &)i s

pl otted

Wi

approximate solution shown Figure3.15. It can be said that a good agreement is

obtained between two different approaches.

Avjx

NK

(&)
o

(kg)

0 (N/mm)
()

25 (N)

MmMZ X3
o n oy
o

= o=

Figure3.12 Bilinear dryfriction model with numerical Vaes[2]
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Figure3.13 Amplitude-dependent dynamic stiffness and loss factor
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Transmissibility as a function of Base Excitation Amplitude
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Figure3.14 Steadystate responsabtained with iterative methofhr a given range
of input amplitudes

Base excitation input amplitude: u, = 0.075 mm
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Figure3.15Compar i s o n [2 &ppréximate solitiandagtie proposed
iterativesolutionmethod
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CHAPTER 4

CHARACTERI SATION TEST ING OF WIRE ROPE ISOLATORS

SpecimeHevel characterization tests and the results obtained are mentioned in this
section. The outcomes of characterisation testwfgWRIs is also given in this

chapter.

4.1 Methodology of the Characterisation Tests.

It is realized that there is a close similarity betwéee low cycle fatigue testing of
metallic materi al samples and the cyclic
of Coulomb friciton related hysteresis behavior for both of them. Therefore, some
testing concepts used for the low cycle fatigue testingetallic materials can be
utilized for the sample characterization

Basically, WRI sample characterization tests will be applied in two seperate stages,

that isone for monotonic and the othsrfor cyclic loading.

4.1.1 Monotonic and Cyclic Loading

In this section, the terms ForBasplacement @y and StresStrain ( fi ) are used

interchangeably to make a generalizati on
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Cyclic Hardening .

Strain Control

Cyclic Soffening.

Figure4.1 Completely eversed controlled strain test and two possible stress
responses;ycle-dependent hardening and softenfidg].

When transient effects (shown Kigure 4.1) die out, stress response seems to
converge a constant value for both cyclic hardening and cyclic softening behavior.
For ths reason, in order to obtain stabilized (steathifecondition) hysteresis loops

a precycling test protocol is vital and it is a must.

In engineering metals, the cyclic hardening or softening is usually rapid at first, but
the change from one cycle tloe next decreases with increasing numbers of cycles.
Often, the behavior becomes approximately stable in that further changes are small
[44].

Based on the trial tesésults, it is also found that WRIs are prone to exhibit a kind

of cyclic hardening behavior.

An important feature that can be observed from cyclic loading fatigue test of a
metallic material is shown iRigure4.2. Hysteresis loops from near half the fatigue

life are conventionally used to represent the approximately stable behavior. Such
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loops from tests at several different strain amplitudes candieglon one set of

axes, as shown iRigure4.2. A line from the origin that passes through the tips of

the loops, such as-@A-B-C, is called cyclic s&s$strain curve (also known as
skeleton or backbone curve). Where the branches in tension and compression do not
differ greatly (which is often the case), their average is used. The cyclid strass

curve is thus the relationship between stress amaigiaind strain amplitude for cyclic
loading[44].

Figure4.2 Cyclic stressstrain curve defined as the locugipk of hysteresis loops.
Threeloops are shown, A, B-E, and GF. The tensile branch of the cyclic stiiess
strain curve i19D-A-B-C, and the compressive branch i€DCE-F [44].

Cyclic streséstrain curves for several engineering metals are compared with
monotonic tension curves iRigure 4.3. Where the cyclic curve isabove the
monotonic one, the material is one that cyclically hardens, and vice versa. A mixed
behavior may also occur, with crossing of the curves indicating softening at some
strain levels and hardening at others. The cyclic curves virtually alwaystalevia
smoothly from linearity, even for materials where the monotonic curve has a distinct

yield point or even a yield drdg4].
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Figure4.3 Cyclic and monotonic streisstrain curves for several engineering
metals[44].

Stress and straircontrolled fatigue represenkteemes of fully unconstrained and
fully constrained loading conditions. In real engineering components, there is usually
some structural constraint of the material at fatigugcal sites. It thus seems
appropriate to characterize fatigue response gineering materials on the basis of
data obtained under stragontrolled fatigue rather than cyclic stresmtrolled
conditiong[45].

Three commonly used stragontrolled test methods are indicated-igure4.4. In

the constant amplide test, the specimen is cycled within a constant plastic strain
limit (until failure) to obtain a single stable hysteresis loop. Multiple test specimens
are needed to determine the entire Cyclic SiB#ssin (CSS) curve using this
method. In the mulple step method, a specimen is cycled between constant plastic

strain limits until a saturation loop results. Then the plastic strain limits are
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incremented until another stable hysteresis loop is obtained. This process is

continued until the entire CSSree is measured from a single test specimen.

(a). Single Step Test (b). Multiple Step Test (c). Incremental Step Test

Figure4.4 Comparison of the loadg testprofilesfor (a). singlestep test(b).
multiple step testand(c) incremental step tef46)].

In the incremental step method, the specimen is subjected repeatedly to a strain
pattern comprising linearly increasing and decreasing amplitudes, from zero to a
certain maxmum total strain. The resulting stable hysteresis loop provides the CSS
plot. In some alloys exhibiting planar slip deformation, the incremental step method
provides a CSS response which is different from the other direct methods because of

the variationsn the development of dislocation structuf4s).

Of the three test methodwentioned abovehe most suitablenefor characterization

of WRI behavior isnultiple step tesihethod which is also shown kigure4.4.

4.2 Dynamic Test Instrument

A new dynamiefatigue testing instrument acquired by Roketsan Isleggwn in
Figure4.5, is to be used for the implementation of spechieel characterisation

testsof WRIs of a specific size and capacity.

The instrument is capable cdirrying out fatigue test by controlling, force amplitude,
displacement amplitude, excitation frequency or preload in terms of both software

and hardware.
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Figure4.5 Instror® ElectroPul€ E10000 LineaTorsionAll -Electric Fatigueand
DynamicTestInstrumen{47).

4.3 Characterisation Test Fixtures

Mechanical designing and manufacturingnafcessary test fixtures allowing the
WRI specimens to be able loaded in their main three axes that suits the attachment
of high precision interfaces of dynamic test instrument have been re&listnies
designed and manufactured for tension/compressimatertoading characterisation

tests are shown iRigure4.7, Figure4.8, andFigure4.8.
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Figure4.6 Designed CAD model for Tension/Compression mode loading fixture of
the WRIs.for sample level characterisation tests

Figure4.7 Tension/Compression mode loading fixtassembled to the test
instrument.
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Figure4.8 Tension/Compression mode loading fixture of the WRI with no preload
(a) and with compression preload appli&d

Fixtures designed and manufactured for shear/roll mode loading characterisation

tests are shown iRigure4.9, Figure4.10, andFigure4.11.

Figure4.9 Designed CAD models fori@ar mode (a) ardoll mode(b) Ioadlng
fixture configuration of the WRI$or sample level characterisation tests

Both shear and roll mode loading specir@rel characterisation tests of WRIs can
be done using the same fixturesig shown irFigure4.9.
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Figure4.11 Shear/Roll mode loading fixture of the WRI with no prelé¢adand
with compression preload appli€a).

4.4 Methodology for Dynamic Characterisation Testing

Dynamic tests are carried out under displacement control. However, the sinus
displacement amplitude with a fixed frequency is first gradually increased up to a
certain value during the test, and then displacement amplitude is gradually decreased

which is $iown inFigure4.12 andFigure4.13.
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Figure4.12: Displacement controlled sine testing (without preload)
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Figure4.13: Displacenent controlled sine testing (with preload)
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4.5 Performed Characterization Tests of Wre Rope Isolators

The characterization tegperformedin this section were carried out with relatively
small sizeWRlIs and it was aimed to examine the effects of preloadesxdation
frequency on dynamic stiffness alods factor.

C2H-1010 and C2Fb10 type Socitec brand insulators listed below tests have been

carried out.

1 C2H-1010 isolator is tested in T/C direction @1.0Hz with following preload
values: 0.0mm compression,0fhm compression, 4.0mm compression,
6.0mm compression, 2.0mm tension, 4.0mm tension.

1 C2H-1010 isolator is tested in T/C direction @0.1Hz with following preload
values: 2.0mm compression.

1 C2H-1010 isolator is tested in T/C direction @10Hz with followinglpad
values: 2.0mm compression, 4.0mm compression, 2.0mm tension.

1 C2H-1010 isolator is tested in T/C direction @20Hz with following preload
values: 2.0mm compression, 4.0mm compression, 2.0mm tension.

1 C2H-510isolator is tested in T/C direction @1.0Hz kwibllowing preload
values: 0.0mm compression, 1.0mm compression, 2.0mm compression,
3.0mm compression, 1.0mm tension, 2.0mm tension.

1 C2H-510 isolator is tested in Shear direction @1.0Hz with following preload
values: 2.0mm compression, 3.0mm compression,

1 C2H-510 isolator is tested in Roll direction @1.0Hz with following preload

values: 2.0mm compression, 3.0mm compression,

When thetestresults are examined, it is understood that the dynamic stiffness and
damping ratio are almost independent of #éxeitation frequency.However, the

same cannot be said for the preload.

The effect of the preload applied on M&RI in the T/C direction on the dynamic
stiffness and damping ratio was investigated und¥Hz) excitationfrequency, and

the results are given Figure4.14 andFigure4.15.
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When the data iffigure4.14 are examined, it can be said that the dynamic stiffness

is more sensitive to the preload in the tensile direction, but the preload in the
compression direction converges to a certain vaimilarly if the data inFigure

4.15 are examined, it can be said that the damping ratio has less dependence on the

preload, in contrast to the dynamic stiffness.

4.6 Paternt Application for an Adjustable Test Fixture for Characterisation
Testing of WRIs

Within the scope of this thesis and The Researcher Training Program for Defense

Industry (SAYP), the application for the patent titttdhn adj ust abl e t est

thecha acteri sati on t est showp inbiguredb with the o p e
application number TR 2023/004708 has besatized

Figure4.16. An adjustable test fixture for the characterisation testing of wire rope
isolators[71]
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Briefly, the invention relates to an adjustliést device developed to characterize
the static and dynamic behavior WRIs. In particular, the invention enables the
characterization tests representing the static and dynamic behavior\WRilsen

the shear direction and rolling direction axesdéarried out, as well as the fact that

it is adjustable, thanks to its adjustable feature, both perpendicular to the test
execution axis in the shear direction and rolling direction oYAfRds. It relates to a

test device that enables the preload todpied in the tensileompression direction

axis as well as the execution of characterization tesi&RIs of different sizes

which can regarded ashavely when available literature is taken into consideration.
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CHAPTER 5

IDENTIFICATION OF THEORETICAL MODEL

The main aim of the identification process is to make the theoretical model
parameters derived and calibrated by utilising the speeclevah characterisation
test resultsThe application of the identification methotentioned in this section is

given in section 7.3.

5.1 Identification Methodology

Austrell[11]]gi ves various algorithms to be used
model parameters from the initial loading (skeleton or backbone) curve, (b). the
calcul ation of initial | oading (backbone]
and, (c). the calculation of dynamic stiffness and loss factor (which is identical to
famplitude dependent complex stiffn@ssom the initial loading curve. In this way,

any transition between these Masingbs mo

amplitude dependent complex stiffness can be implemented easily.

k. Fy k,+k +k, +k,

S - 1S k,+k +k,
k oy / A

Z k
—WW—y [

m

)

koo

>

u, u, u, u, u

Figure5.1Ma s i n g 6 and aoreespeniding initial loadirayrve
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The model parameters can be obtained from the initial loading curve. It is a piecewise
linear curveaccording td=igure5.1. The elements are assumed to yield in the order

1, 2, .., nwith respect teigure5.1, and a particular break point means that limit load
has been reached in one element. The parameters are determined directly from

0 o 0
Q - 7

56 3 weQ w QO (5.1)

The inverse relation, i.e. the break points obtained from the model parameters, is
given by
0

o weQ O Q0 Q Q 0 (5.2)

where it is assumed that the first sum vanishé& ifp. The dynamic stiffness for

the generalized model is also found directly from the loading curve. Values of the
dynamic stiffness for amplitudes corresponding to the break gigjpiacements are

Q — :
z (53)

Damping for displacement amplitudes corresponding to the break point
displacements can be calculated by summing the enclosed areas for the frictional
elements that have yielded at the particular displacement amplitude and using

DF

: E, : ,
equationk,, = kg, =& and h = ﬁ , Where W = % Kyyn B¢ is the max elastic

(strain) energy stored in hysteresis cycle.

As a result, if the initial loading curve (skeleton or backbone) is known, one can
obtain parameters of the Masing modelvice versa. Similarly, one can calculate
amplitude dependent dynamic stiffness and loss factor, if the initial loading curve

(skeleton or backbone) is known or vice versa.
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CHAPTER 6

EXPERIMENTAL INVESTIGATION OF AMPLITUDE-DEPENDENT
BEHAVIOUR OF A WIRE ROPE|ISOLATOR SYSTEM USING MODAL
TESTING METHODS

In thischapter it is clearly shown that a WRI isolation system exhibits an amplitude
dependent netinear behaviour through the FRFs obtained by modal testing. More
importantly, it has been experimentally proven which type of stiffness and value of
stiffness of a WRI shouldebused when implementing the modal analysis of a WRI
isolation system, which can be consideratbgelty concerning the limited studies

in the literature.

The approach typically practised in the past was to derive the stiffness value to be
used in the maal analysis from the slope of the monotonic static loading curve of
the WRI; that is, the resonance frequency was tried to be calculated by taking into
account the static stiffness valltowever, in this study, it has been experimentally
proven which typef stiffness and value of stiffness of a WRI should be used when
implementing the modal analysis of a WRI isolation system, which can be
considered anovelty concerning the studies in the literatuss a result, the
resonance frequency of a WRI isolatgystem can be calculated more realistically

in acomplexFEA model corresponding to the small loading amplitude.

6.1 Introduction

Wire Ropelsolators(\WRIs) are extensively usad many fields ofindustry, such as
defence and aerospaets], especially where the absorption of shock and vibration

loading exerted on sensitive equipment is a significant concern. Also, the ability to
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survive in harsh environments (corrosiveear, extreme temperatures etc.) makes
WRIs more attractive in passive shock and vibration isolation applications than
rubberbased isolators. Basically, shock and vibration loading is attenuated through
the Coulomb (dry) friction mechanism occurring betwendividual wires found
within a wire strand49], [50]. As a result of ta complex friction mechanism,
hysteresis behaviour appears when the isolation system is suddenly or cyclically
loaded Inevitably,thedissipationor dampingnechanism of WRIs to the shock and
vibration loading is closely related to theearenclosed by the hysteresis cycle and

the maximum energy stored in that hysteresis cycle.

In literature, amplitudelependent behaviour is also known as Pajs# or
FletcherGent[53] effect. The Pgne effect can be interpreted as tlependencyfo

the dynamic stiffnes®n the dynamic amplitudewhich is a harmonidoading
amplitude. Besides, the Payne effect manifests itself as a shift in the resonance
frequency of the isolation system depending on the loading amplitude, which can be
diagnosed fronthe frequency response functions (FRFs). In addition to WRIs,
especially filled rubbergs2], [53] exhibit this behaviourilled rubbers, contrary to

the unfilled natural rubbers, reveal a significant effect of the vibration amplitude on
the storage and loss moduli of the rubber; i.e., the vibration amplitude has a
considerableffect on the stiffness anduhping properties of the rubbjérd).

In this studya vibration isolation systereetupconsisting of fouhelical WRIs and

one floatingmass was investigated experimentalliie relevant experimentaétup

is designed in such a way that the lower part of the WRIs is connected to the fixed
basewhile the upper part is to the floating mass, which is different from the

experimentasetupillustrated in the study made by JuntufBg).

Since the presence of the amplittaipendent behaviour can be easily observed in
the frequency domain, then frequgnesponse functions are measured by exciting
the WRI system both using an impact hammer and modal shaker. To this end, LMS
Test.Lab softwargs6], [57] is utilised. It is found that for relatively small excitation

amplitudes, both impact hammer and modal shaker excite nearly identical resonance
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frequencies. On the other hand, i@latively larger amplitudes, modal shaker
excitation generates more accurate resonance frequencies and the FRF data
compared to impact hammer excitation. Besides sy&gal modal testing of the

WRI system, sampievel dynamic characterisation testingtee WRI samples is

accomplished by utilising a dynamic (fatigue) test instrument.

A theoretical model, referred to as the Masing m¢88], relying on dry friction
phenomena, is proposed for modelling the stestdie dynamic behaviour of the
WRIs. Subsequently, identification of the basic parameters of the Masing model is
given by utilising the modal testing and characterisation testing results. Moreover,
the confdence level in the test results has increased by correlating the results of both
the modal testing and characterisation testing.

In this study, it is clearly shown that a WRI isolation system exhibits an amplitude
dependent netinear behaviour through tHeRFs obtained by modal testing. More
importantly, it has been experimentally proven which type of stiffness and value of
stiffness of a WRI should be used when implementing the modal analysis of a WRI
isolation system, which can be considered a noveltg@ming the limited studies

in the literature. Thus, this study which was mainly performed experimentally brings

an innovative approach to the modelling and validation of WRI.

6.2 Modal Testing of the WRISystem

6.2.1 Experimental Setup

The experimental setup to besestigated in this study ghownin Figure6.1. The
experimental setup consists of three main componeass partWRIs,andfloating

mass partat the top.The base part using bolted connections is fixed to thfT

table whosemassds aboutonetonne Once the base part is fixed, the four WRIs are
bolted to the base part at one end, and similarly, they are bolted to the floating mass
piece at the other end.
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Figure6.1: Components of the WRI system: base part (a)flmating masspart (=
2.59kg)) (b).

Two different types of WRI are used in the experimental setup of the WRI system,
whose properties are approximately given as follows:

1 WRItypeA: length = 95(mm), height = 29mm), wire diameter = 1.6

(mm), number of loops =A

1 WRI typeB: length = 95mm), height = 4Qmm), wire diameter = 1.6

(mm), number of loops = 10.

Initially , three floating mass parts corresponding to three different massek s
1.68 and 2.59(kg)) aremachined to be used in the experimental meiowever,
the one with 2.59kg) is choserto be used in the experimental setwhich can be
seen irFigure6.1-(b). Besides,lte accelerometer instrumentation of the WRI system

and its experimental mesh can also be seé&igure6.1.

6.2.2 Excitation Methods

To calculate thérequencyresponsdunctions (FRFs) and thus resonance frequency
of the WRI system, both impact hammers a&hectrodynamicshakersshown in

Figure6.2, areutilised to excite the WRI systernm addition totheconventional size
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excitation equipment Figure 6.2-(b) and -(d)), the miniature sizeexcitation

equipmentis also usegdwhich is giverin Figure6.2-(a) and-(c).

Figure6.2: Excitation equipment used for modal testing: (a) impact hammer-mini
PCB/086ES80, (b) impact hammelPCB/086D05, (c) mini modal shaker
MS/K2007EOQ1, and (d) modal shakéviS/2110E.

Two types ofexcitationmethod, one forthe pulseand the other for broadband
loading are used t@xcitethe WRI systemTwo different excitation methods are
used in this studio examine the pros and cons of excitatiwethodgor getting the
best experimetal results and supphg a wide range of loading excitation levels into
the WRI system.

6.2.3 Data Acquisition and Signal Processing

To perform modal testing of the WRI system, LMS Scadas Recorder hardware and
LMS Test.Lab softwarg56], [57] is used to implementhe data acquisition and

signal processinghase.

The following data acquisition and signal processing paranié&rare utilized for

the modal testusing the impact hammer excitation methsampling frequency =

1024.0Hz, acquisition time = 8.0s, resolution = 0.125Hz, averages = 6, pretrigger
time & 0.01s, i cgexpbnenta hodopanwd ARF gstemater=H o r
Besi des, Afauto reject with overloado and

are also activated for the measuremé&®]. Moreover, atoranging is performed
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each time before the modal test is performed with a diffee@nitation force

amplitude.

For the modal tests with shaker excitation methodialfl@ving data acquisition and
signal processing paramet§sg] are sed: signal type = burst random, noise type =
white noise, burst time = 50%, sampling frequency = 1024.0Hz, acquisition time =
16.0s, resolution = 0.0625Hz, numberaverages = 40, and FRF estimator = H
Similar to the impact hammer testingt@ranging islsoperformed each time before
theshakettestingis performed with a differergxcitationforceamplitude.In 8.0sof

each 160s of dataacquisitiontime, the burst random signal is applied by the shaker,
and the WRI system is damped in the remainir@s, 8s shown inFigure 6.8.
Therefore, since both the forcepunt signal and the acceleration response signals are
periodic in themselves, no windowing functimnused in the datacquisitionand

signal processinghasg59].

6.2.4 Modal Testing with Impact Hammer Excitation

A view from the modal testing of the WRI system showing the point where the
hammer hits applied is given Figure 6.3, including both mini and conventional

size impact hammer3he WRI system showim Figure6.3 contains four pieces of

WRI type-A. Impact hammer hits are applied to the centroid of the floating mass as
close as possible and at a right angle toojssurface.Thus, by exciting the WRI
system in this way, the WRI system can be forced to behave as an SDOF system

making a translation motion as a whole only in the vertical direction.
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[ AR
Figure6.3: Modal testing of the WRI system with the mini (a) and medium (b) size
impact hammers.

As mentioned above, six averages (impulses) are taken to measure the driving point
FRF[60]. To this end, a triaérror approach is adopted to capture the best quality

FRF data possible since it is impossible to apply precisely the same six impulses to

the WRI system with a manuglioperated impact hammer. Thus, the approach

adopted can be given as follovihus, the approach adopted is explained with an

example as followsFor instance the FRF curve entitted Avg i mp ihorce_5|
Figure6.4 means that: if the peak of any one of the six measured impulse signals is

not within the range of 4.5N and 5.5N, then that measured impulse signal is discarded

from the FRF average calculation process.

The diving point FRF data obtained by the impact hammer testing are shown in
Figure6.4 andFigure6.5. It can be seen that the FRF data given in both figures vary
depending on the loading amplitude, which points out that the WRI system exhibits

an amplitudedependent nofinear behaviour. In other words, it can be said that with
theicrease in the amplitude of the I mpact
frequency decreases, whereas the damping level increases. However, this inference
expires its validity when the loading amplitude applied with the impact hammer gets

higher and highemvhich is evident irFigure6.5. Such that, when the amplitude of

the impact force exceedsspecificvalue (in this case, roughly above the 60N), the
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measured FRFdata becomes verydistorted andmisleading. As a result, the
resonance frequency of the WRI system cannot be estimated from this erroneous
FRF data.
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Figure6.4: Driving point FRFs corresponding to varied loading levels applied with
the mini hammer.
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Figure6.5: Driving point FRFs corresponding to varied loading levels applied with
the mediumhammer.

The following points should not be overlooked for the FRF data obtained by the
impact testing of the WRdystem Figure 6.5). Onthe FRF curvethe amount of
error increases for two reasons: one is due to the rise of the loading amplitude, and

the other is due to moving away from theinity of theresonanefrequency.
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6.2.5 Modal Testing with Shaker Excitation

The WRI systento be excited with the shakeshown inFigure6.6 andFigure6.7
contains four pieces of WRI tyf® which is softer than WRI typA. Here, the
upsidedown suspension of the mini and conventional size electrodynamic modal
shakers over the WRI system is smoin Figure 6.6 andFigure 6.7, respectively.
Suspension of the shakers is\pded by using the elastic cords, which are connected

with theturnbuckles serially, as shown in the corresponding figures.

Figure6.6: Modal testing with the mini modal shaker (MS/K2007E01) attached to
the WRI system.

The excitation point by the shaker is aligned, passing through the centroid of the
floating mass as close as possible to ensure that the WRI system responds only in the
vertical direction as if it were an SDOF systero this enda remarkable amount of

time is spent on the levelling of the shaker, the alignment of the stinger, and the
attachment of the stinger to the top surface of the WRI system
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Figure6.7: Modal testing with the modal shaker (MS/2110E) attached to the WRI
system.

Levelling of the shaks and alignment of the stingenis provided with the
adjustment of turnbuckleghusany mass loading effect (due to the mass of the
suspended shaker body) can be introduced to the WRI system through the stinger

attachment is tried to be minisad.

The modal test resultsbtainedusing theshaker are given iRigure6.9 andFigure

6.10 in terms of driving point FREata.The corresponding figures shdhat the

loading amplitude is represented in unitéldfrmsosince the nature of the excitation

signal is randomAt this point, modal tests are performed such that the loading

amplitude in units of Nms is swept from lowevel to highlevel. To this end, while

the gain setting of the shaker amplifier is kept constant, the amplitude of the
excitation signal is adjussed by altering the fvoltage | ev

software interfac¢s7).
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Figure6.8: Burst random excitation signé) and specification of its rms value (=
0.06N-rms) (b).

An example of the burst random signal used toedtie WRI system via the shaker
is shown inFigure 6.8. Here, it is also showm Figure 6.8-(b) how the loading
amplitudeof 0.0eN-rms is determinedusing which portion of the burst random
excitation signalAnd if the WRI system igxcitedby theburst randonsignal in
Figure 6.8, then the specified driving point FRF data with the title
ARun_01 0.01V 0.06Nrms__40avg in Figure6.9 is obtained.

The driving point FRF data of the WRI system, which was exposedatying
loading amplitudes in the range of 0.08MNs to 22.7Nrms usinghemini shakerjs
given inFigure 6.9. Unfortunately,excitationforces higher than 22.7nNns could
not be applied since the maximum rengitationforce specified as 22Nns in the
performance limits othe minishaker was reachednalogous to impact hammer
testing,It canalsobe seen that the FRfatagiven inFigure6.9 vary depending on
the loading amplitude, whicktatesthat the WRI system exhibitan amplitude
dependentnonlinear behaviour Nevertheless, for relatively higher loading
amplitudes, using ahaker for modal testing generates more e FRF data,
contrary to the modal testing implemented by an impact hanitheroutcome can
easily be observed by comparing the mhgvpoint FRF datdound inFigure6.5 and
Figure 6.9, although their units of loading amplitudes are not consistent with each

other.
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To get the WRIystem to be tested with higher loading amplitudes than with the
mini shaker (22N'ms), it was preferred to use a highpacity shaker (200Kns).

In this regard, the utilisation of the higlapacity shaker allowed ts excite the WRI
system with varyindoading amplitudes in the range of 0.18MNs to 164Nrms, as
showninFigure6.10. Al t hough t he s hrakiewmasimspossiblepaci ty i s
to excite the WRI sysin above the 164Kns level. Besides, similar to impact
hammer and mini shaker testing, It can also be seen that the FRF data gigeinan

6.10 alter depending othe loading amplitude so that the WRI system exhibits an
amplitudedependent nofinear behaviour. However, this time unlike impact
hammer and mini shaker testing, another interesting fact, revealing a complete
picture of the amplitudeependent nctinear dynamic behaviour of the WRI
system, is detected. As shownHigure6.10, whenthe loading amplitude is swept
upwards with sequential tests starting from a mininhenel, what happens next can

be described in three phases

T Firstly, when the | oading amplitude 1s
resonance frequency and dynamic stiffness are at their maximum value;

contrary to this, damping (loss factor) is negligible.

1 Secondly, as the loading amplitude reaches relatively moderate levels, the
WRI systembs dampi ng pasdusngresbnamceough i ts

frequency and dynamic stiffness decrease.

T Finally, as the | oading amplmnabtcaede gets |
frequency starts convergingaaminimum value while damping continues to

decrease towards a negligible value.
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Figure6.9: Driving point FRFs corresponding to varied loading levels applied with
themini modal shaker.
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Figure6.10: Driving pointFRFs corresponding to varied loading levels applied
with themodal shaker.

6.2.6 Discussion of theM odal TestResults

The results of modal tests of the WRI system, including both WRiAyaed type

B, are given inTable 6.1 and Table 6.2, respectively.The resonance frequency
resultsshownin the tables are only providedrfthe smallest loading amplituslas
possible applied to the WRI systelthat is to say, the resonance frequencies given
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in Table6.1 andTable6.2 represent the linear response of the WRI sysiiace the

loading amplitude is small.

The fact that the resonance frequencies are very close in the modal tests performed
with the mini $iaker and the mini impact hammer shows that the attachment of the
mini shaker to the WRI system was made correctly. However, the WRI ggstem
stiffness and mass properties can be modified due to the stinger connection of the
shaker to the WRI system. Nampestinger attachment might resultarstructural
coupling[59] between the shaker atite WRI system. When the loading is provided

with an impact hammer, the®upling issue does not occur. Therefore, modal shaker
testing can be calibrated with impact hammer testing only for small loading
amplitudes. In this way, the reliability of the modal shaker test results can also be
increasedMoreover, resonance frequenesults state that the mini shaker is not

coupled with the WRI system, as much as the-{cgbacity shaker is coupled.

Table6.1 Modal test results of the WRI system with WRI tyfe

o Reson ance Excitation Loading
Excitation Method pf _ .
Freq. (Hz) Signal Amplitude
Impact Hammer Mini.
97.38 0.125 Impulse 25N

(PCB/086E80)
Impact Hammer (PCB/086D05) 96.63 0.125 Impulse 50N
Shaker Mini. (MS/K2007E01) 97.81 0.0625 Burst Random 0.06 N-rms

Table6.2 Modal test results of the WRI system with WRI type

o Resonance Excitation Loading
Excitation Method of  ( ) .
Freq. (Hz) Signal Amplitude
Impact Hammer Mini.
48.38 0.125 Impulse 10N

(PCB/086E80)

Shaker Mini. (MS/K2007E01) 48.75 0.0625 | Burst Random 0.03 N-rms
Shaker Mini. (MS/K2007E01) 48.38 0.0625 | Burst Random 0.13 N-rms
Shaker (MS/2110E) 49.06 0.0625 Burst Random 0.13 N-rms

It must be emphased that when using the higtapacity shaker, as the loading

amplitude increases (e.g., 122ids and above), the excitation of the other modes of
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the WRI system (i.e., lateral and torsional ones) becomes more pronounced, although
not as much as the main tieal mode. The reason for this is considered to be the

structural coupling effect.

If modal testing of a vibration/shock isolation system containing WRIs is intended

to be performed by impact hammer, care should be taken in selecting the applied
impact fo ce ampl i tude. I n other words, consi de
stiffness of the WRIs, it should be preferred to perform modal tests by increasing the

amplitude of the impact force to be applied, starting from a minimum value. As a

result, modal testig of a WRI system using an impact hammer can only be

implemented to determine the small amplitude dynamic behaviour. Nevertheless,

using a modal shaker, modal tests could be performed to determine the relatively

small and high amplitude dynamic behaviotia WRI system.

In conclusion, the amplituegependent behaviour of a WRI system can be obtained

using modal testing methods.

6.3 Dynamic Characterisation Testing of the WRI

WRI sample level characterisation tests are implemerdgred the dynamic (fatigue)

test instrument shown iRigure6.11-(a). The test instrumertn performdynamic

tests via controlling the excitation frequency, dynamic loading amplitude, and static
loading amplitude; besides, both static and dynamic loadmglitude can be
defined in units of displacement or forcespecializedixture shown inFigure6.11-

(b) was designed and manufactured to secure the WRI samplhesdgnamic test
instrument. The developed fixture ensures proper alignment of the WRI ends,

enabling WRI sample tests to be performed in the teraompression direction.

Before starting the characterisation test, suitable precycling is applied to the WR
samples at a small amplitude and low frequerfcystatic constantcompression
preload is then appliedhe value of applied preload was selected to be equivalent

to the static compressive preload per WRI sample in the WRI system in which modal
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tests wer@erformed Subsequently, dynamic testing was performed by-lsyegtep
application of discrete sinusoidal displacement amplitulles6 6 OE 10

supeimposed on the preload with a constant excitation frequency of 1.0Hz.

When WRI samples are cycled walconstant displacement amplitude, they exhibit
cyclic hardening behavioy61]. Thus it is essential to get the stad@ti hysteresis
cycle by performing thenecessary number of repetitions for a given excitation

amplitudebefore stepping into the calculation phase of the hysteresis cycle metrics.

Dynamic characterisation test results of the WRI #pgample are given iRigure
6.12 in terms of dynamic stiffness (a) and loss factor (b), which are clearly
amplitudedependent.

Figure6.11 InstronElectroPus E1000@lynamictestinstrumen{a) and the
specializedixture for fastening WRI samples to the test instrument (b).

What has been observedkigure6.12 is that: () when the vibration amplitude is
very small thedynamic stiffness approaches a hlgtel asymptote while the loss
factor is almost zeroji] as vibration amplitude gets increds the stiffness keeps
decreasing, and the loss factor passes through a maximumjiidnghen the
vibration amplitude is very large, then the dynamic stiffness approaches te a low
level asymptote while loss factor gets keeps decreadma@. result, WRExhibits
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the Payne effect or Fletch@&@ent effect, which is represented by the dependence of

the dynamic stiffness and loss factor on the vibration amplitude.
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Figure6.12 Amplitude-dependent dynamic stiffness (a) and loss factor (b) of the
WRI typeB.

't must be emphasised that the term Adynami
refer to the type of loading that is oscillatory (sinusoidad} to represent any inertial

effects (i.e.] @) or the resonance. Besi des, the te
compensationo capability providing the 1iner

moving elements (fixtures, actuator, etc.) to be reménaed the measurement data.

6.4 Theoretical Modelling ofthe WRI System

When searching for a theoretical model to represent the dynamic behaviour of the
WRIs, it is reasonable to considesingtheoretical models based on the dry friction
mechanism. It is becaa the damping mechanism of a particular WRI system stems
from the dry friction caused by relative motion between the individual wires and

strands in the wire roe crosssection[49], [50].

The simplest theoretical model to represent the stetdg dynamic behaviour of a
dry friction-based unidirectional vibration isolation g% istheelastically caipled
(or conneced) Coulomb damper modé@2] shown inFigure6.13-(a). Besides, the

bilinear hysteretic mod¢b3] is the most known of the many names attributed to this
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model in the literatureThe elasticallycoupledCoulomb damper model consists of
two branches connected in parallel. The first branch amtiinear spring, while

the secondhcludes a Coulomb damper and a linear spring connected in series, also
named the elastoplas{i63], Jenkin[51] or Prandtl[54] element.

The claim that theelastically coupled Coulomb damper modes the simplest

theoretical model to represent the dynamic behaviouwidration isolation system

based on dry frictio is supported by the following experimental facts: (a) As the

|l oading amplitude gets increased from a n
resonance frequency decreases (softening effect), as s€eguir 6.10. (b) The

amplitude of resonance frequency can increase or decrease by passing through a
minimum value depending on loading amplitude, thereby indicating that for an
optimum value of loading amplitude, thee s onance frequencyds a

found at a minimum, also shownkiigure6.10.

The working principle of theslastically coupledCoulomb damper modean be
degribed as followg62]: (a) With the application of the load to the system, the
isolator begins to deform. Since the value of the applied load is below the yield force
of the Coulomb dampe®, the damper does nalip, and the system resists the
applied load with the stiffness o Q. (b) However, as soon as the load
continues to increase and the damper reaches the yielding force, the damper starts to
slide, and the stiffness of tf® spring is disabled. Tus, the stiffness of the isolator
decreases t& . (c) Subsequently, the applied load reaches its maximum value and
then starts to decrease; since the load on the Coulomb damper will fallbbetber

slip on the damper stops and the stiffness of@hepring is reactivated, and the
stiffness of the isolator again becon®@s Q. The same process mentioned above
repeats as the direction of the applied load changes and eventually leads to a

parallelograrshaped (bilinear) hysteresis loop.
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Figure6.13 Elastically coupled Coulomb damper model (a) and Masing model (b).

However, as stated by Iw§é3], most real structures do not exhibit the bilinear type

of hysteresis loop; hence, trying to fit this parallelogistmaped (bilinear) hysteresis

loop into real structures does not seem to be a rational approach. Therefore, to
overcome this difficulty, more elaborate theoretical models are developed by Masing
[58 and Iwan[63], [64] such that theycan capture the curvilinear edges of the

hysteresis loop.

For modelling the steadstate dynamic behaviour of the WRI, the Masing model,
depicted inFigure 6.13-(b), looks promising considering the elastically coupled
Coulomb damper model. The Masing model relies on the idea that a general
hysteretic system may be representedhiany ideal elastoplastic elements, each
having different stiffness and yield force ley6B]. The working principle of the
Masing model resembles those of the elastically coupled Coulomb damper model,
such that restoring force is distributed between mhranches regarding their
stiffnress and vyield force levelsThe Masing model gives a sufficient
phenomenological description of the Payne effect without considering any details of
the processes that magcurdue to the frictional contact effects betweea timy

wires in the WRs crosssection at the micron or subicron level. The term
Aphenomenol ogi cal o IS referred t o t he
experimental observations and describes the global relation between the tangential

force and theelative displacement in the frictional interfa¢é$] of the WRI.
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When the loading amplitude applied to the Masing model is small, all dampers
remain still since tl yield force required for the dampers to slide cannot be reached,
and the restoring force is only due to the deformation of the spHegse, theipper
asymptote of thelynamic stiffness resulting from the Masing model can be given

as:

0 0 0 (6.1)

In Equation(6.1), Q@  refers to thesticking limit stiffnessf the model, describing

an asymptote for small amplitude loading, depictedrigure 6.14. On the other

hand, when the loading amplitude applied to the Masing model is large, the yield
force that will cause all dampers to slip is exceeded, and thus all springs are disabled
except for théQ spring. Sothe lower asymptote of the dynamic stiffness resulting

from the Masing model can be given as:

~ ~

Q Q (6.2)

In Equation(6.2), 'Q refers to thelipping limit stiffnessof the model, defining an
asymptote for large amplitude loading, shownFigure 6.14. The sicking and
slipping limit stiffness valuesare essentiain calibrating the Masing model

parameters.

------ Slipping limit stiffness
-------- Dynamic stiffness

: r T T —T
""""""""""""""" orir i Hysteresis Cycle
Q = = = Sticking limit stiffness 1
1
1
1

dyn

Dynamic stiffness
- = = Sticking limit stiffness
------ Slipping limit stiffness

Dynamic Stiffness, k
Restoring Force
o

@)} (b)

; . 0
Dyn. Displ. Amplitude, ug Dyn. Displ. Amplitude, u(t) = uosin(wt)

Figure6.14 Asymptotes of the dynamic stiffness: sticking and slipping limit
stiffnesses of a WRI.
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Figure6.15 Representation of the static stiffness (a) and the dynamic stiffness (b)
of a WRI.

As mentioned before, here again, it mu s t

stated in this section refers to the type of loading which is oscillatory, and it has
nothing to do with the inertial effects or the inverse FRFtheoretical modelling,
attention should be paid to the distinction between static and dynamic stiffness. In
this context, the definition of these parameters is viselin Figure6.15. When a
preload is applied to a WRI, it follows a monotonic loading curve, asitaa/n in
Figure 6.15-(a). Here a compression type of preload is applied (assumed to be
slowly) to a WRI, causing the WRI to deflect to the operating poinbdfiO , is
illustrated.And the slope of that point defines the static stiffness of the AtRjive
in Equation(6.3).

o 22 (6.3)

Qw

Following the preloading step, the sinusoidal displacement loadingd O E 10
is applied, as depicted iigure 6.15-(b). When subjected to oscillatory loading,
WRIs exhibit hysteresis loops with pointed ends rather than elliptical hysteresis
loops; still, some definitions developed for the linear viscoelastic behaviour can be
utilised. To this end, the dynamic stiffness or, more accurately, the storage stiffness

canbe given as:
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. 0
Q6o = (6.4)

Storage stiffness is defined as the slope of the line aligned from the origin to the point
of maximum displacement amplituf@g], which is depicted with a dashed red line
in Figure6.15-(b). It must also be noted that the hysteresis loop, show#Agure

6.14-(b), is assumed to be symirie about the origin.

6.5 Validation of the Theoretical Modelling

In this section, validation of the Masing model with the experimental results (both
samplelevel and systerevel) is only given in terms of resonance frequency results.
Previously, the dynarui stiffness data of the WRI tygi®# sample, obtained by
dynamic characterisation testing, had bsleown in Figure6.12-(a).

In this context, to make a more appealagnparison between the modal tdata
(Figure 6.10) and the charactesation testdata Figure 6.12-(a)); the dynamic
stiffness’Q  of WRI typeB has been converted toequency’Q data by using

Equation(6.5):

0 Q

: (6.5)
a

0 ﬁ
G

WhereU =4, is the number of WRIs found in the WRI system. Also, by switching

the x and yaxes ofFigure6.12-(a), the resulting data is presentedrigure6.16-
(b).

The sticking and slipping limit stiffness q@aneters of the Masing model were
obtained from the dynamic characterisation test data giv&igure 6.12-(a), and

o

the parameters 6@ & \Ndmm) and’Q & (B/mm) were determined. By

substituting these two parameters into the foltayEquatior(6.6), the ratio between
limiting resonance frequencieshich is shown inFigure6.16-(a) and-(b), can be

found as:
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o® (6.6)

As seen inFigure6.16, the results of the twdifferenttests confirm each other in
terms of resonance frequenciddl in all, limit stiffness values obtained from a
systemlevel modal test or a samplevel chaacterisation test can be used to identify
the limiting parameters of the Masing model. Besides, by correlating the outcomes
of both the modal testing and characterisation testing, the confitkemta the test

results can be increased, as was done here.
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Figure6.16 The resonance frequencies obtained from sy$t®el modal testing
(a) and samphkevel dynamic characterisatidesing (b).

6.6 Summary

This study has shown that the amplittdbgpendent behaviour of a WRI system can
be observed using modal testimgethods such as an impact hammer or a modal
shaker.Besides, amplituddependent behaviour, also known as the Payne effect,

has also been observed through the WRI sample characterisation testing.

For modelling the steaestate dynamic behaviour of a WRI stgm, a
phenomenological model known as the Masing model has been proposed that is used

in various engineering fields to model hysteresis effects.
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The two limit stiffness values, named sticking and slipping limit stiffness, needed to
identify upper and loer asymptotes of the Masing model can be derived from both
modal testing and characterisation testing results. However, choosing the
characterisation test results for this purpose is wiser if availalde, it must be

noted that trying to implement chatarisation testing could be a more expensive
solution due to the need to prepare test fixtures and provide a suitable dynamic test

instrument.

It is also observed that the type of Aorearity involved in the FRF data does not
exhibit unstable jump phen@ena[67]. This finding can also be confirmed by
referring to the corresponding literatuf&8], which involves examples of the
frequency response functions of fricttoased nofinear mechanical systems.

The approach typically practised in the past was to derive the stiffness value to be
used in the modal analysis from the slgb¢he monotonic static loading curve of

the WRI; that is, the resonance frequency was tried to be calculated by taking into
account the static stiffness valltowever, in this study, it has been experimentally
proven which type of stiffness and valuestffness of a WRI should be used when
implementing the modal analysis of a WRI isolation system, which can be
considered a novelty concerning the studies in the literaAgsea result, the
resonance frequency of a WRI isolation system can be calcuhatedrealistically

in a finite element analyds (FEA) model corresponding to the small loading

amplitude.
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CHAPTER 7

MODELLING OF MECHANICAL SHOCK RESPONSE OF A WIRE ROPE
ISOLATOR SYSTEM USING FINITE ELEMENT ANALYSIS

In this part of the thesis, the shock responsemfe@rope isolatosystem is modeled
using ABAQUS FEA softwareand the modeling approach used is validated by
extensive systertevel test studiesThe wire rope isolator system is basically a
canister transportation system consisting of WRIs to isolate the canister from
incomingmechanical shockransientloading during its transportation phase of its
life-cycle. That is why thecanister containing ammunition represents a payload to
be protected from the environmental loadings acting doitalidate the developed
FEA modeling approach, two types of tests are performed, one beimgotthed
tesing and the other theechanichshock tesing. Although both tests are carried
out at the METWBILTIR Centerskid test facility, the primary target is naturally to
perform a mechanical shock tdstthe end, testing results have shown that the FEA
modelling approach generates reasongblyd resultsAs it can be understood from
the extensive literature research, there is no detailed hrmadedpproach of

modelling WRIsin the FE environment, as was done in this study.

7.1 Introduction

The canister transp@ationsystem, whose mechanical shock analysis will be carried
out by means oFEA, is shown inFigure7.1. The system mainly consists of two
main components: thisvo canigers that contain the ammunit®thatis a kind of

payload, and theuter transportation franmtbatalsoensures the positioning of the
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WRIs around these canisteflhetransportatiorirameis formed by combining steel

profiles and plates using wkdd manufacturing techniques.

WRI

Canister

)

Canister

\ WRI

Transportation frame

Figure7.1: CAD model of acanister transportation system involving WRIs for the
isolation of mechanical shock loading

Figure7.2: CAD model showing thelacement and orientation of WRIs over the
transportatiorsystem
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