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ABSTRACT

DEVELOPMENT OF A TEST SYSTEM FOR VISCOELASTIC MATERIAL
CHARACTERIZATION

Erol, Fulya
M.Sc.,Department of Mechanical Engineering

SupervisorAssst . Prof . Dr. G°khan O. ¥zg

February2014, 159 pages

Viscoelastic materials are used extensively as a meangbiation control and
isolationin many vibrating structures. For example, damgmgjrumens utilizing
viscoelastic materials shcas surface damping treatmeiisd vibration isolators
fabricated of viscoelastic materiagsich as machinery moungse widely used in
automotive and aerospace industrfes the purpose of vibration and ise control

and isolation, respectivelyiscoelastic materialsas the name implies, behave in
between a purely elastic material and a purely viscous material. In other words, they
possess both energy storage and energy dissipation characteristics. In order to design
an effective dampingqstrument or vibration isolat utilizing viscoelastic materials

the dynamicproperties of viscoelastic materiaége to be available in advance.
However, these materials have a rather complex dynamic behavior such that their
energy storage and dissipaticharacteristicsare depend# on the frequency and
temperature at which they are workinghere are commercially available test
systems dedicated tthe determination of dynamic properties efscoelastic
materias, however the companies serving in the aforementioned industriestdo n

tend to purchase them due to their high prices. Therefore, it is economically more



feasible for these companies to have their own test system desldgnethesis work

is aimed at development of a test systenviscoelastic materiatharacterizatiorio

be instlled in one of these companidor this purpose, a test sgi is designed
mechanicallyconsidering the requirements, specifications emaistraintsregarding

the general vibration tests and specifically the previous work and experience on
dynamic testing of viscoelastic materials. Thedgdicatedsoftware program with a

user friendly interface is developed for collecting, processing, saving antbnman

the test data and at the end supplying the user with the material properties of the

viscoelastic material on which the tests have been conducted.

Keywords: elastomer, rubber, viscoelastic, plastic, dynamic properties, dynamic
stiffness, vibrationsolators, resilient elements, viscoelastic material characterization,
elastomer dynamic testing, dynamic stiffness measurement, elastomer test

systems/equipment/machine
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¥Z

VKSKOELASTKK MALZEMELERKN YAPI SAL DKNAMK
ELDE EDKLMESKNE TYENE LXHEKEHMKKK TKRKL ME SK

Erol, Fulya
Yé¢ksek, LMakhnsa M¢ighendi sl g BOoIl ¢r

Tez Y°netbDai siDr YaGdkhan O. ¥zgen

k u b2814, 159 sayfa

Viskoelastk mal ze mel er titrexki meti makarmrtmvéod|lésan

yaémdér acé ol ar ak sékl ékl a kul | minm@il mak't
s°n¢gmleyicilast i gilmial zesmkod&lul | ave aakines °© n ¢ ml
takozl aré gi bi dveins kpred taislt mikk namrhotiveemei m vy &
havauoehgk endegsttriitlreerkiinm vevegeyraglmagenbatr
sékl ékl a kul | anélmalaemelexa @lr ar eévhcenk éedljap €1 k¢
tamamen elastkv e t amamen akémxkkdavrmand&klmerl &mén

davranék g°sterirler. Bakka bir deyi kKl e,

° glliklerine sahiptirler. Viskoelastik malzeme kullanarak etkilbir t i t r e K i m

s°n¢egmlyayidaityaaslaértiéacréa k | -inl ershoghpesak
°czelli klerinin ° n cktedire Bunuhbla Ibirliktemésg&aelstikg e r e k n
mal zemel erin enerj.i depol ama ve tg¢ket me
bajl é& ol arak dejikiklik g°st emwiikr dvaev ra°nyel

sergilerler. Vi skoel astik mal zemel erin kar makek
ticari test sistemleri mevcuttur, fakatu n | ar ol duk-a pahalé ol
bahsedilen firmalar taraf éndah aypéa &@ynl aal
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firmalar i -in kendi t est sistemlerini tasar

Bu tez -®luédmasmalédadan birinin kullanéme i -
yapésal di nami k °czelli klerinin el de edi | mi
gel imegnier iyl° nBd i&ma-rl a, genel titrekim testler

mal zemel erin dinamik testlerine ait ge- mi Kt ¢
ibgili gereksinimler, tekni k ©°zellikler vV e
dé¢zemekiani k ol arak Buasiar lyamamméekdtagr t est ver il
gereklii k| eml erden ge-ir mek, kaydet mek ve izl eme

etmi k olduju vVviskoelasti k malzemenin mal zen

kull anécé @"odkd ui -beremrhaiyrgiyadai&miprogr amé g
Anahtar Kelimeler: elastomerkk a u - u ke | avsi tsikko, pl asti k, di nami
di nami k direngenl i k, t i tr &oelastk nalaekn® z u esne
karakterizasyonu, elastomer malzeme dinamik s t i dinami k direngenl

el astomer mal zeme test isistemleri/ekipmanlar
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Figure 94. The subtab of the user interface for tensile specimen testing where the

resultant frequency dependent storage modulus and loder fatata are

"""""""""""""""

Figure 95. The subtab of the user interface for tensile specimen testing where the

sets of resul tant acceleration FRB3 data ar e

Figure 96. The subtab of the user interface foensile specimen testing where the

sets of resultant coherence data 18r e di spl ay

Figure 97. The tab of the user interface for shear specimen testing where the

measured and generated signal properties are spécédiedée ¢ é é € é é 1AM

Figure 98. The tab of the user interface for shear specimen testing where the

//////

vi bration transducer settings arelSbmadeééééé é

Figure 99. The tab of the user interface for shear specimen testing where the

"""""""""
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setup properties are specifiedééecéedrbééééécceceeéc

Figure 101.The tab of the user interface for shear specimen testing where the file

zzzzzzzz

locationstosavethee sul t ant data are speci fliso6edééééééeéc

Figure 102. The subtab of the user interface for shear specimen testing where the
start/stop buttons are located and the sets of measured data are displayed for each

,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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Figure 103.The subktab of the user interface for shear specimen testing where the

power spectral densities of the measured vibration transducer signals and the test
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Figure 104. The subtab of the user intéace for shear specimen testing where the
resultant frequency dependent storage modulus and loss factor data are

displayed é e e éeééeéeceéeeéeeéececéececéeceeée 158
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Figure 105. The subktab of the user interface for shear specimen testing where the
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NOMENCLATURE

o time (in seg

"Qfrequencyin Hz)

1 : frequency(in rad/®0

“Y temperaturéfor the relevant uses

T 0 : shear stress as a function of time

 0: shear strain as a function of time

"0 "®'Y: frequency and temperature dependent complex shear modulus
O 1 RY: frequencyand temperature dependent complex tensile modulus
| "Y:temperature dependesttift factor

‘'O 1 :relative acceleratioRRFof the rigid block

"G : complex stiffness of the viscoelastic specimen

'O 1 :FRFofthe singleDOF model of the fixture

a: effective grip length for boltegbints using threaded holes

Q2 nominal diameteof the bolt

0. thickness of the washer

0 : thickness of the part without the threaded hole

0 : thickness of the part with the threaded hole

"Q sampling frequencgin Hz)

0 : number of samples

XXViil



Y'Qfrequency spacing between adjacent spectral compofireis)

“Y record lengti{in seq (for the relevant us¢s

Y& time spacing between adjacent samfileseq

o £ Y0 : sampled data in timéomain

& & Y'Q: Fourier transform result of the sampled data in frequency domain
“Y: auto or crosspower spectral estimate

O : FRFfor a tensile specimen test

'O  : FRFfor a shear specimen test

0 0 'O :coherencéunction for a tensile specimen test

0 U 'O :coherence function for a shear specimen test
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CHAPTER 1

INTRODUCTION

In engineering applications involvinghechanical systemsubjected todynamic
loading mechanical vibrations inevitably occurhe leves of these vibrationsare
most of the timeundesirablesince excessive vibrations decrease the life of
mechanical systems due to fatigue faiJuoauseparts to be machined oaof-
tolerance due to high lels of machine tool vibrationsistort the operation of high
precision electronic and optical devices amcur an uncomfortable environment for
humans due to high levet$ structureborne noiseTherefore, the unwanted levels of
vibrations are to beeduceckither by utilizing a means of damping whitngetsthe
peaks of thefrequencyresponse ofthe mechanical systemsr by isolating the
source of vibrations from thanechanical systems to be protegtégbending on the

types of application

Viscoelastic materialgabbreviated as VEMare widely sed for the purpose of
vibration control and isolatiom industries such as automotive, aerospace and white
appliancesThe preference of E Msds based on their ability to serve as both energy
storgge and dissipation meanis other words, they behave like a combination of
metallic springviscous damper pairs. However, thdynamic characteristics of

V E Ms@repretty different than simple metallic springs and viscous dampers in that
both energy storage and dissipation characteristids Bfvkéare strong functions of

frequency and temperature.

In order to desigra vibration control or isolation mechanism utitigiV E M0 the

frequency and temperature dependent dynamic properties of these materials must be



known in advancelhere are commercially available test systems dedicate¢& kb
characterization; however the companies serving in the aforementioned irsddstrie
not tend to purchase them due to their high prices. Therefore, it is economically more
feasible for these companies to have their own test system desigrediudies
carried out for this thesis are aimed at development of a test systeWwERr

charaterization to be installed in one of these companies.

For the purpose of developing a test systenVie characterization, a wetlefined
design procedure is followedirst of all, a comprehensivetdrature survey is
conducted in order tobtain a deep insight into the approach of available solutions to
the given problem, and to learn their capabilities and limitatitnsust be noted
here thathe scope of the literature survey is limited thh e  fAdegreraf-freedom
(abbreviated a®OF) forced noAar e s o neatmtetbodsIn the literature survey
phase, therefore, commercial producttandards and published studiese
investigated thoroughjyand it is seen that there are three niais i {DQH farced

nonr e s o nestnmethods foMEM characterizaton namel y dAdirect o me
Ai ndirect o metploddt an Semidly,thé test mgthodo be

i mpl emented is -pei rtcd,emiiehtaslbasdddn dyvamioaty
exciting the viscoelastic specimen and measuthegesponse of the specimen at the
same point of the excitatipnand conceptual design studies are carried out
accordingly In conceptual design phase, first of all, the design problem is
decomposed into its stfhnctions. Since the aim is to design a tteg/stem,the
functional decomposition is made considering the functions that have to be fulfilled
in pretest, duringtest and postest phasesThe pretest phase is composed of the
mechanical design of the test-sgtby use ofwhich the viscoelastic srimens will

be tested, and for this purpose several conceptual design alternatives areup@ated
brainstorming sessi omhe dunngteshphdde is copbdech an ¥z ge
of generating and measuring the dynamic force input, measuringidbeelastic
specimen responseand controlling and measuring the test temperatditee
solutions to these sdiinctions are predetermined such that the dynamic force input
will be generated by aslectrodynamic shaker and measured with a force sensor, the
viscoelastic specimen response will be measured with accelerometeitheaedt
temperature will be controlled with a thermal chamber, and measured with

2



appropriate type of thermocouple3he posttest phase is composed of the
development of a dedicatdadst software that is able generate thexcitation as
well ascollect, process, save and monitor theasuredest dataThe programming
environmentfor the test software to be developed also predetermined to be
LabVIEW. Thirdly, detailed design studies are carrmd for each subunction.In
detailed design phase, first of,abme preliminary design studies are caroetlto
guide the mechanical design of the testugetThen, according to the conceptual
design alternativesreated in the conceptual design phase the tesipsstdesigned
utilizing the finite element modeling technigeatensively Considerablesffort is
expendedn improving thdinite element model of the test agb, so that the model
best simulates théynamic behavior of the real test-sgt The main purpose of this
extensive finite element modeling study issterve as a guide to future test-gpt
design works similar to this thesis worka addition, h order to select the
electrodynamic shaker, theibration transducers (the force sensor and the
accelerometers) and the corresponding data acquisition samsstudiesbased on
the simulation of actual testing conditiomse carried out.Furthermore, dr the
development of the dedicated test software, the digital signal processing and the
frequencyresponsdunction (abbreviated as FRFgstimation procedure is studied
thoroughly andLabVIEW programming language is mastered to implement this
procedure Finally, the designed test sep is manufactured and installed with the
selected electrical and electronic test equipmentthatcharacterizatiortestscan
readily be conducted with prepared specimens to determine the frequency and

temperature dependent properties of the tegsaelastic materials

In the thesisafter the introductionthe secondchapteris composed of the brief
explanation othe characteristicsfahe VEM dynamic behavioand the summary of

the literature grvey carried outvith emphasis on the significant and inspiring points.
The third chaptercoversthe studiescarried outfor the design and validation dhe

VEM characterizatiotest setup including the mathematical modeling of the test set

up according topohaetselt est e dnethabmdmewn ¢ h
geometries and dimensioning ah& compensation of unwanted input vibratidghs,
embodimentdesign of the test sep aiming to achieve the best performing
configuration andthefurther design studies regarding firéte element modeling of

3
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thetest setup for the bessimulation of the real world condition¥hefourth chapter

is devotedto the selection of the electrical and electronic test equipment which
involvesthe vibration transducers, data acquisition cards and the vibration ekciter
thefifth chapteythe theory and application of data acquisition and signal processing
for the pupose ofthe development of the dedicated test software in LabVIEW
environment together with tHeRF estimation procedurie explained in detailn the

sixth chapter,the VEM characterization test procedunecluding successively,
preparation of the tespecimens, installation of the selected electrical and electronic
test equipment and performing of the tastdescribed, and sample characterization
test results are presentdd the final part, a gesral conclusion derived fronthe
conducted thesis studies igiven and recommendations for improving the

performance of the test sep are stated



CHAPTER 2

LITERATURE SURVEY

In this part of the thesis, thummary of thditerature survey conducted in order to

gain sufficient background relatedtothehesi s t i tl e fADevel opme
for viscoel astic mat er i alFirst coh allf gesetake r i z a't
information on viscoelastic material dynamic bebawdnd characterization is given.

This includes the dethe unique praperty af iscaglastics c o e |
materi al s cal | ed and dt® agpénderce omo fdegueneys and
temperature, ananathematical modeling techniques for viscoalasnaterials to

describe complex modulus phenomenbinen, the searched standards and published
studies are introduced with emphasis on significant and inspiring p&imially,
commercial test systems dedicated to viscoelastic material characteriaation

presented with key features.

2.1. General Information on Viscoelastic Material Dynamic Behavior and

Characterization

It is a weltknown fact that the stress induced on purely elastic materials is
proportional to the corresponding strain whereas tlessinduced on purely viscous
materials is proportional to the time rate of change of the corresponding strain. Other
materials, which do ndiehave in accordance with any of these two extreme cases,
are called as viscoelastic materials, and this phenamisralled as viscoelasticity.

In other words,viscoelastic materials exhibit both energy storage and dissipation

characteristicsvhen loaded dynamically].



When a harmonically varying stress is applied to a viscoelastic material, the resulting
strain will also be harmonic of the same frequency but with a plaagge with

respect to the applied stressshown in Fid.
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Figure 1. The applied sinusoidal stress and the resultantstravh er e U0 i s t he pt

angle between thenTKe elastic stress tompletely inphase with the resultant
strain whereas the viscous stress is completelpbphase with the resultant strain

asexpected [1]

The relationship between the stress and the stram beformulated using the

complex exponential function concept. Considering shear deformation
td "0« 08 Eq.b

wheret 0 T 'Q s the shear stress &fequencyl andamplitudet , s 0
«Q « 'Q 'Q isthe shear strain dfequency andcomplex amplituddg”
(amplitude with a phase angle), and"0 "Op "Q-is the complex shear

modulus In the complex modulus designatiol —Ai1G s call ed as fAstor

modul us®,0Adnd call ed af. The sterage rmodutus o r o

represents the elastic behavior of viscoelastic materials and is a measurement of



stiffness whereas the loss factor represents the rative@nergy dissipated to the

energy stored per cycle of harmonic motion and is a measurefragrnping[1, 4].

The complex modulus property of viscoelastic materials is a strong function of
frequency and temperature. Thequencydependence of complex modulas a

constant temperatuie shown inFig.2

TYPICAL OPERATING RANGE

COMPLEX MODULUS

(LOW) FREQUENCY (Log scale) (HIGH)

Figure 2. The frequency dependenceanimplex modulus property of viscoelastic

materialsat a constant temperatyi@

I n the @r u bwhieghreycompasspes low feequencies,shewn in Fig2,

viscoelastic materials possess the lowest stiffness and the damping capability is also

low. Il n t he #agnlthe stleeyhamiwichiemconpasses high frequencies,

as shown in Fi@, viscoelastic materials possess the highest stiffness but the
damping capability is still lowl n t he fAtransition regi ondca
transition fom the rubbery region to the glassy region or vice versa, as shown in

Fig.2, viscoelastic materials exhibit an abrupt change in stiffness however the
damping performance is at its maximum lej\&}|

The temperature dependence of complex modulus at a obfreguencyis shown
in Fig.3.



COMPLEX MODULUS

{LOW) TEMPERATURE (HIGH)

Figure 3. The temperature dependence of complex modulus property of viscoelastic
materials at a constant frequenahereTsis the softeningemperaturandTy is the

peak loss factor temperat|®

It I's cl ear R gnd3Zthatthe tamperatbre dependenct complex
modulus is similar to the inverse fgeiency dependence such thadgcreasing
temperature (at a constant frequency) affects the complex modulus in a similar way
as increasing frequency (at a constant temperatlihe).complex modulus is also
dependent on dynamic strain amplitude and preload induced on viscoelastic
materids; however the scope of the thesis is confinedlinear behavior of
viscoelastic mierials, which is valid up to aertain dynamic strain amplitude, and

the preload effect is not aimed to be investigggd

In viscoelasticmaterial characterization d4s in order to obtain a set of complex

modulus data as a function of both frequency and temperatuise a common

procedure to conduct a test by varying the frequency at a constant temperature, then

to repeat the tests at different temperatuterder to combine the effects of both
frequency and temperature into a ,aingle var
simple but effective operation is to be performed. This operation is called as
Afreqguemgegr at ur e super posi fconsidering shean d for mul

deformation again)
OHY 0Q Y 8 Eq.d

wheretU( Ty a unique temperature dependent vari:
the productf U (isTdefined as reduced frequeni@]. The frequencyemperature



superposition,illustrated in Fig4, is based on the assumption that the complex
modulus of a viscoelastic material at a certain frequency and temperature is equal to
that at another frequency and temperature, and performed such that the obtained
complex modulus data atcertain temperature is slide along the frequencyveits
respect to the complex modulus data at another selected reference tempeyature
This operation is continued to be performed until smauo#ster curves for both
storage modulus and loss facéwe obtained, as shown in Figand at the same time

the corresponding shift factors are determined

4 — 1 . {:]—r T T T T T T T T T T T T
5 KEY 3
) ung‘ L 3 0
3 3 o~ R ot aaa 0T, 8
g I Pfawrm| em 2
A [+ v hd 3
2 2F a° g T =°°{ oy g
ER R g e, g 5
a e¥ § qn _l °h g
g 1 s, gl e g
O 9 I WA S NN SN LAY SN T ST S SN S N |
. al . . 5 4 3 2 4 0 1 2 3 4 5 6 7 8 8 10
12 1
3 4 2 3 4 REDUCED FREQUENCY (Log Scale)
FREQUENCY FREQUENCY
(Log Scale) (a) (Log Scale) (b)

Figure 4. lllustration of frequencyiemperature superpositiofa) Hypothetical set of
complex modulus test dat@) Master curves for storage modulus and loss falor [

In order to relate the shift factor not onlydiscree test temperatures but alscatoy
temperaturgtwo different equations whose coefficients can be determined as a result
of curve fitting are introduceddne of the two equations is referred to as Williams
LandetFerry (WLF) shift factor equationyhich is nonlineaf2]. The other equation

is referred to as Arrhenius shift factor equation, which is linear and therefore simple

but sufficiently accurate, and formulated as:
N w P P
I 11CY Y"Y "Y8 Eq.d

where Tp is an arbitrary reference temperature, andis the slope of the line
log[U(T)] vs. 11T (al temperatures are in absolute degreesi . e . [2JCA+2 7 3)

It is known thatcomplex modulus data obtained from teate availableonly at
discrete frequencies and temperatutesvever complex modulus value$ tested

viscoelastic materialat different frequencies and temperatures will surely be needed
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Therefore,n order to relate the complex modulus to any frequency and temerat

it is essential to define a wnuous mathematical model whose coefficients can be
determined as a result of curve fittinfhe mathematical models that represent the
frequency and temperature dependent complex modulus are: (1) Standard model; (2)
Modified generalized Maxwell model; (3) Partial fractional derivative mo@§]. [

The standard model is formulated(esnsidering normal deformatian)

. O0Op B QY
g1 RY . 8 Eq.
P B QY

whereE,, g andby are the parameters to be determined upon curve f[t&8g The
modified generalized Maxwell model é@mposed of a number of serially connected
metallic springviscous damper pairs connected in parallel and a simgkgallic
springelement connected to them in parallelshewn in Figb5.

Tﬂ

S e
E E En-1
E. ' X " % X
T
e

/71\_1_1 l m-u_l_t
iy

Figure 5. Modified generalized Maxwell model witk elements, wherEg is the

Youngdés modulus of the Eiisngtllee médwmndd s m@pduli

of the other metallic spring elements aRds the viscosity of the viscous damper

elements 25]

The modified generalized Maxwell model is formulated as:

10



‘Q I'YO T

01 RY © T
1 o QYT

8 Eqhb

whereE,, E, andt  — arethe parameters to be determined upon cittieg

[25]. The partial fractional derivative model, which requires less number of
parameters to be determinku a good fit to the complex modulus datampared to

the other two models, is formulated as:

g1 RY a | 8 E q.6

p O QY

wherea;’, by, ¢ andb are the parameters to be determined upon curve &g
2.2. Searched Standards and Published Studies

Since the aim of this thesis is to develop a test system for viscoelastic material
characterization, the standardedicated to dynamic characterization testing of
resilient mounts and viscoelastic, plastic and rubber materials, which belong to the
same family of materials, are searched, and the characterization methods, the offered
test setup configurations, the giveformulations, and the advantages, limitations and
recommendations regarding the mentioned methods are all examined thoroughly.
The published studies regarding the subject of the thesis are also investigated
terms of the types of characterization melhthat are proposed by the standaruis$

used in the studies, the formulations used, the developments brought to the methods,
the test system configurations, the capabilities and weaknesses, and the results
obtained upon the tests conductedlmspecimas.

2.2.1. Searched Standards

The searched standards belong to International Organization for Standardization
(abbreviated as ISO) and American Society for Testing and Mat@idiseviated as
ASTM). The ISO standardspecify the characterization methogigher directlyfor
viscoelastic materialsr for vibration isolators fabricated of viscoelastic materials

and give information on the specific characterization method; however, the ASTM

11



standards give general information on dynamic testingsabelastianaterialssuch

as plastics and rubbers

First of all, the ISO standard named ISO 1084@art 2: Direct method for
determination of the dynamic stiffness of resilient supports for translatory motion [5]
is investigated. Thistandardo r o p o s e s ntehteh ofddi rfeoat @har acteri z
dynamic stiffness determinatiordf vibration isolators fabricated of viscoelastic
materials in both axial ankteral directionsin the frequency range of 1 Hz to an
upper limiting frequency, which is set accordingctwtaincharacteristicef the test
setup. The direct met hHabatatorysneabuaements of ilratitnban A
the input side of a vibration isolator and blocking output forces, whiclacually

the dynamic forces on the output side of a vilbraisolator that resultin a zero
displacement outpat [ Thdn,.the ratio of the measured blocking output force to
the measured displacement on the input side is taken to determine the dynamic
stiffness of the tested vibration isolator. This standardrefthe test setp in Fig.6

for vibrations inthe axial direction.

L ’
10
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Tt 4 o
a, — ) —
—L {1 p——
- = —4 c‘—;—_.L::
s ~5 b} Input side (details)
Fy ay _ e =S ——
~ = 6 o, 6
s —
-7 1 ='l::--:J
3— 1
— 14____ = = ]
~8 — 5w (T 8
Fy' Fa" e
a) Owverview ¢} Qutput side (details)
Key
1 vibration exciter B rigid foundation
2 traverse B static preload
3 connection rod 10 dynamic excitabon
4  dynamic decoupling springs. static preload 11 output-foree distribution plate
5 excitation mass 12 input acceleration measurement (g,)
@ testelement 12 output acceleration measurement {a,)
7 output force and acceleration measurement 14 normal cutput-ferce measurement | F; - .F:'+.F:'|

Figure 6. The test setip offeredfor dynamic stiffness determination of vibration

isolators exposed to vibrationstime axial directionusingthedirect method5]
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In Fig.6, the aim of using dynamic decoupling springs is to decouple the vibration
exciter, so that vibration transmission to the output side of the vibration isolator
through the traverse and tlgiding columnsis reduced. In addition, usingn
excitation massas shown in Fig.6 can help achieveuniform vibrationson the input

side of the vibration isolatoand also to maintain the vibrations along the axial
direction[5]. For vibrations in lateral directionthere are more than one testisgh 6 s

offered by this standard. One example is shown in Fig.7.

7 — |
k

Key

1 exciter &  input acceleration measwrement (g,

connection rod 7 output acceleration measurement (2, )

traverse B output shear-force measurement F; =F+F' )
nominally equal resfient elements 2 rigid foundation

input-force distribubon plate

TR SR

Figure 7. One example of thetestaetp 6 s of f er ed f or dynami
determination of vibration isolators exposed to vibrations in lateral direaiging
thedirect method5]

The purpose afising two identical vibration isolators as shown in Fig.7 is to enhance
the simple shear deformation of the vibration isolatiiserently The limitations of

the test method proposed by this standard are as follows=ifsHy, the upper
limiting frequency is to be set such that the ratio of the measured input acceleration
to the measured output acceleration must be greater thafh&Oupper limiting
frequency is especially important sinde toutput acceleratiois possible taattain
consideral# levds at high frequenciegherethe dynamic behavior of the test-sgt
becoms dominant.Secondly, foraccurate measurement ibfe blocking force the
output force distribution plate must have a negligible inertial effect such that its mass

is to be smaller than 0.06 times the ratio of the blocking force to the output

13



acceleration.Thirdly, for a reliable characterization test the gatf the input
acceleration to the acceleration in a direction other than the main excitation direction

(unwanted input vibrationnust be greater than 5.62.

Secondly, the ISO standard named ISO 1084®art 3: Indirect method for

determination of the dynamic stiffness of resilient supports for translatory motion [6]

i's investigated. Tihdiisr esctta nrea rhdo dpor of poors ecsh atr haec t
dynamic stiffness determination) efbration isolators faticated of viscoelastic

materials in both axial and lateral directionsaifrequency rangef a lower limit in

the range of 20 HE 50 Hz and an upper limit in the range of 2 kH5 kHz. The

indi rect met hod i $fabordbosy s medhsurements bfh waltion i

transmissibility of a vibration isolator 6][ This standard offersnore than ondest

setupd for vibrations intheaxial direction.One example is shown in Fig.8.
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—1
Key
1 Exciter 5 Testelement
2 Traverse f Blocking mass
3 Connection rod 7 Rigid foundation
4 Dwynamic decoupling springs, static prefoad
a) Owerview
Key
1 Static preload 4 Acceleration measurement (a,)
2 Traverse 5 Excitation mass
3 Dynamic excitation 6 Testelement
b} Input side [details)
Key
Test element 4 Acceleration measurement (2,)
2  Blocking mass (m,) 5 Rigid foundation
3 Acceleration measurement {z;)
) Output side [detals)

Figure 8. One example of theest setupd effered for dynamic stiffness
determination of vibration isolators exposed to vibrations in the axial direction using
the irdirect method [6]
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Therigid blocking body shown in Fig.8 is the crucial part of the testipatinceits
massm, determines the dynamic stiffness of the tested vibration isolator together
with the measured vibration transmissibility which is the ratio of the output
displacement to the input displacemessuch that the dynamic stiffness is
approximately equal to ¢ "Q& "YAEIS&L p [6]. The rigid blocking body is

suspended on the dynamic decoupling springs as shown in Fa.8&ibrations in

lateral directions, there are also more thanonetestpeb s of f ered by t hi

S
One example is shown in Fig.9.
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Key
1 Ewxcitation mass 4 Rigid foundation T Acceleration measurement (g, )
2 Testelement 5 Acceleration measurement (a;)
3 Blocking mass

B Acceleration measurement (a5)
6§ Dynamic excitation

Figure 9. One example of the testaetp 6 s of f ered for dynamic s
determination of vibration isolators exposed to vibrations in lateral directions using

the indirect method [6]

The lower frequency limit of the test method proposed by this staneéaehds on

the frequencies corresponding to the rgalymodes of the system composed of
the vibration isolator, excitation mass, blocking mass and the dynamic decoupling
springs The lower frequency limit must be three times the highest-bgal-mode
frequency of the given syste[@]. The upper frequency limit of the test method

proposed by this standard, on the other hand, depenttie drequency at which the
blocking mass no longer vibrates as a rigid body [6].

Thirdly, the ISO standard named ISO846 i Part 5:Driving point method for

determination of the lovirequency transfer stiffness of resilient supports for
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translatory motion [ 7] IS i nvesfpangat ed.
met hodo f or charact er i z tetmination) of vibraton dyna
isolators fabricated of viscoelastic materials in both axial and lateral directions in a
frequency range ot Hz toan upper limiing frequency which is typicallyin the

range of50 Hzi 200 Hz. Thedriving-pointmet hod i s babsatody on t
measurement of vibrations and forces on the input side of a vibration isolator with

the output side blockeéd 7][ Then, the ratio of the measuré&tput force to the

measured displacement on the input side is taken éondiete the dynamic stiffness

of the tested vibration isolatomhis standard offers the test gt in Fig.10 for

vibrations in the axial direction.

c) Guiding low-friction bearing(s) d) Symmetrical set-up of test elements

exciter B input acceleration measurement ja,}
traverse B testelement

connection rod 10 output acceleration measurement (a,)
dynamic decoupling spring. static preload 11 rigid foundation

force distribution plate 12 swuspension

nput-force measurement (F,) 13 low-friction bearing

measurement of unwanied acceleration (7,

= o s wara

Figure 10. The test setip offered for dynamic stiffness determination of vibration
isolators exposed to vibrations in the axial direction using the drpamngt method

[7]
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For vibrations in lateral directions, there are more than one testggis of f er ed by

this standard. One example is shown in Fig.11.

1-__'— —
B_ L —
|"l,| ."ﬂ"
[f—13
a) Owerview
'1_ -
8
b} Input side [details)
Key
1 excier & input acceleration measurement (a,)
2 traverse 2 measurement of unwanted acceleration (a,)
3 connection rod 10 test element
4 dynamic decoupding spring, static preload i1 output acceleration measurement (a.)
5 low-fnction beanng 12 ngid foundation
G force distribution plate 13 suspension
7 input shear force measurement (F,)

Figure 11 One example of thetestaetp 6 s of fered f or dynamic s
determination of vibration isolators exposed to vibrations in lateral directions using

the drivingpoint method [7]

The purpose of usingow-f ri cti on bearings as shown i n F
suppress unwanted vibratiotisat may occur in directions other than the desired

direction on the input side of the vibration isolatpr]. The inertial effectof the

force distribution plate betwedhe vibration isolator and the inpfdrce transducers

shown i n Fiignegdligibleupto aaerthin infiting frequency; otherwise,

the dynamic stiffness of the vibration isolator is determined inaccufalely
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Fourthly, the 1ISO standard namel®O 18437 Characterization of the dynamic
mechanical properties of viscoelastic materiaBart 4: Dynamic stiffness method

[8] is investigatedThis standargroposeghe direct(dynamic stiffnessmethodfor
determination of complexensile or sheamoduli of linearly behavingviscoelastic
materialsat small dynamic strain amplitudescluding rubbery materials and rigid
plasticsin a frequency range up to 10 kHz (up to 500 Hz, however, if the viscoelastic
material is used for vibration suppressiompan a temperature range & 0 A C

+ 7 0 A @eneric test system for VEM characterization with necessary electrical and

electronic test equipmenffered by this standard is shown in Fig.12.
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Key
1 test device 6§ power amplifier A channgl A — displacement from displacement
2 ‘force transducer 7 dual channel spectrum FFT actuator input
3 testpiece analyser® B channel B — force from force transducer output
4 displacement actuator 8 PG C  channel C — excitation signal from the FFT
5 ampifier® B voltage divider analyser
3

The amplifier shall have the functions of amplification and attenuation of the signal. If the signal from the output of the
power amplifier is too Llange for the ampdfier, a woltage divider shall be added before the amplifier. The voltage divider shall
not distort the signal's phase by more than 0,05%.

¥ Channe A is the displacement from displacement actuator input, channel B is the force from fore transducer output
and channel C is the excitation signal from the FFT analyser.

Figure 12 A generic test system for VEM characterization using direct method with

necessary measurement units [8]

The general expression fdetermination othe complex tensile or shear modubfs

a VEM usingthe measurements indicated in Figid given ag8]:
00
‘0O Qo 0 "Q - m 8 Eqg.n

wherelk g is the ratio of the complex modulus of the tested material to the stiffness

of the tested materiatrained in either tensile or shear modad F(f)/s(f) is the
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complex ratio of the output forc® the input displacementU: ¢ depends on the
geometry of the test materiand the standandecommends test material shapes and

gives formulations fothe correspondintk .

Fifthly, the ISO standard named ISO 6721 PlasticBetermination of dynamic
mechanical properties Part 4. Tensile vibratioii Non-resonance methof®] and

the ISO standard named ISO 6721 Plagti@etermination of dynamic mechanical
propertiesi Part 6: Shear vibration Non-resonance methgd 0] are investigated.

The former saindard proposes the aforementioned direct method for determination of
complex tensile moduli of linearly behaving plastics at small dynaemisilestrain
amplitudes in a frequency range of 0.01 HA00 Hzwhereas the latter standard
proposes the same rhet for determination of complex shear moduli of linearly
behaving plastics at small dynamic shear strain amplitudes in the same frequency
range. Both standards offer test -spt configurations give formulations for
determination of complex moduli with ©gections for certain ases and give
recommendations and limitations abdlie testing methodn addition, the ASTM
standard namedASTM D 406506 Standard practice for plastics: Dynamic
mechanical properties: Determination and report procedlrdsis investigated.

This standardlescribes general guidelines fexperimental studiesarried outfor
determiningfrequency and temperature dependiymtamic mechanical properties of
plastics by free vibration and resonant or -nesonant forced vibration texiques
using instruments such as dynamic mechanical analyzers or dynamic thermo
mechanical analyzerslowever, since plastics amot intended to be tested with the
test setup designedrad used irthis thesis work, the details of these standards are not

presented.

Finally, the ASTM standard name&xSTM D 599296 Standard guide for dynamic
testing of vulcanized rubber and rubflige materials using vibratory methods [12]
is investigatedThis standard caars all free resonant vibration and forced resonant
or nonresonant vibration method®r determination of the dynamic mechanical
properties of rubbery materials in a frequency range of 0.01L HX0 Hz and in a
temperature range o 0 A @ 2 0 O(Mo€all methods and test systems are able to

cover the wha frequency and temperature rangésis stated in this standard that
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measurement of the complex modulus of a rubbery materiatfestedby three

significant factors [12]: (1) Thermodynamic This is related witht he Ai nt er n
temperature of the p e c i Imig afact thathe internal temperature of a rubbery
material increases when the material is mechanically straimedto its internal

damping property Therefore, m order to prevent this fact from causing a
considerable increase in the temmnperature, which is to be constant throughout the

test, some precautions are to be taken. (2) Mechafibal:is related with thétest

apparatug It is recommended to support the test apparatus on resilient ntounts

isolate it from the unpredictabkffects of the floor of the test laboratory. It is also
recommended to design a test apparatus with a dead mass as large as possible, so that
the modal frequencies of the test apparatus on its resilient mounts are smaller than
the lower limit of the fregency range of interest. (3) Instrumentation and electronics:
Thisi s related with the dAability to obtai
needed phy s i Tha ktangarpoimseautimpoetandfactors to consider

while selecting the vibratiotransducersuch as stability of their sensitivities with

respect to time and temperature chaagd the data acquisition cardsch as their

resolution capaades It is stated that forced nenesonant vibratiomethodis able to

cover the widest frequency range among all three methods described in the standard
[12]. One of thetest system offered by this standard for forced nrosonant

vibration method is shown in Fig.13.
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Test Specimen 4h  Aciualor MagnE‘.
Force Transduoer 5  Piston Guide Bearing
Deflection Transducer 6  Piston Rod

Actuator Coll T Rigid Frame

o L RO =k
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Figure 13. A typical test system for detemation of the dynamic mechanical

properties of rubbery materials using forced-nesonant vibration method [12]

It is recommended to use dowdsleear specimens and tensile specimens with one
end bonded to an auxiliary parAs final recommendations, theibration
measurements especially at high frequencies where the displacements and forces
become small and dynamic behavior of the fixttwald become dominanhust be
handled carefully for accurate stiffness measureniégis The measurement of the
dimersions of a specimen must alsogerformedcarefully because the accuracy of

the measurement of the dimensions directly affects the accuracy of the modulus
measurementfl2]. Lastly, slipping which is a form of dampingnust be avoided

within the test setip because this will distort the accuracy of the damping

measurements of a specinfég).
2.2.2. Searched Published Studies

In the study byAllen [13], a test setip is designed to measure frequency and
temperature dependent complex shear moduV & Msousing the aforementioned
driving-point method. The schematic representation of the testpset shown in
Fig.14.
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Figure 14. Schematic representation of the testigetesigned byllen[13]

As can be seen in Fig.14oubleshear specimen configuration is used with a center
block excited by a shakehrough its stingemand two outer blocksfixed to the
exterior housing. The force applied on the center block is measured by a load cell
conventionally; however, rather thaneasuring the absolute displacement of the
center block the relative displacement between the center block and the outer blocks
is measured by a nerontacting displacement sensor to minimize the effect of
machine compliance, which is the development dhoto the drivingpoint method

by this study{13]. By this way, a frequency range of 0.1 H500 Hz is achieved

[13]. Another distinction in this study is thatliquid convection temperature control

is used with a reservoir, heating and cooling elemamtsa heat exchanger directly
contacting both outer blockand a temperature range e8 0 A B70 A F6 0(A C
+185A C) i s a ¢ ¢18)mMwo dhermecduples are used to measure the
temperatures of one of the outer blocks and the center block, and wdien th
di fference becomes | eisapproved tome stabl@ermat h e
insulators shown in Fig.14, which have a modulus of elasticity greaterthiean
aluminum that the center and outer blocks are made of, are used to maintain the
temperatire uniformity within the outer blocks, the center block and the test
specimerj13]. Test results for a specimen are shown in Fig.15.
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Figure 15 Master curves for a specimen testethe test setip designed byllen
[13]

In the study byKergourlay et.al. [14], a test setip is designed to measure the
complex shear oduli of viscoelastic films used in sandwicplates under
considerable static load using the aforementiomnying-point method. The
frequency range is given as 1 H2000 Hz, the prstrain range is given asiO3,
and thetemperature ange i s ig5 OvAGGe canfgyuralich ©f the sandwich
plateand the test setp is shown in Fig.16.

Bottom layer

Visco (surface A)

Top layer

@ ©)

Figure 16. (a) The sandwich plateomposed ofwo steel platess the constraining
layersandaviscoelastic filmas the corgtop layer designed to translatdereas
bottom layer designed to lfi@ed); (b) The test setip designed biergourlay et.al.

[14]
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In order to induce prstrain on the viscoelastic filng, prestress beam is employed

as shown in Fig.16bn the right. A Hall affect position sensor is used to measure
both the static displacement induced by thegtress beam and the dynamic relative
displacement of the moving plate, and a force sensor is used to measure the force
applied by the shaker to the moving plate through a piano[¥4ijeThe distinctions

in this study are that the tesetup is hung at its cornees shown in Fig.16b on the

right, and the test sefp is placed into a thermal chamber to observe the temperature
dependency of the complex moduli of the tested viscoelastic fildls A test is
conducted on a viscoelastic film without fsteess, andhe master curvesre
obtained as shown in Fig.17 usinghe frequencytemperature superposition

technique.
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Figure 17. Master curves of a viscoelastic film tested withoutgiress in the test

setup designed b ergourlay et.al[14]

Applicability of the frequencyprestrain superposition is also investigatadd the
curves shown in Fig.18 are obtained. It is seen that although the trends of the
resultant curves are as expected, the superposition technique does not result in
smooth transition between dasets corresponding to different gain values

especially for the loss fact{it4].
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Figure 18. Shear modulus and loss factor curves against presgdirced frequernyc
of a viscoelastic filmtesteal t T i th@ t8sfAséup designed bikergourlay
et.al.[14]

In the study bySmithet.al. [15], a test setip is designed to measure tinequency
dependent complex shear moduli of elastomesisng the aforementioned indirect

method. It is stated that reliable results can be obtained at frequencies as high as

6000 Hz.The test setip is shown in Fig.19.

Figure 19. The test setip designed b$mith et.a[15]

Numbers 1 and 2 in Fig.19 indicate migroniature piezoelectric accelerometers
attached to the center block and one of the side blocks of the eghdae specimen
assembly, respectively. Number 3 indicates swpport fixturego which the double
shear pecimen assembly is attached, and number 4 inditaeshaker head fixture
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to which the rest of the test agb is mounted.Test results for the frequency

dependent tensile modulus and loss factor of an elastomeric specimen are shown in

Fig.20.
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Figure 20. Frequency dependent tensile modulus and loss factor curves of an

elastomeric specimen tested in the tesuipedesigned b$mith et.al(h indicates the
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In the studyby Thompson et.al[16], the aforementioned indirect methddr

measuring the dynamic stiffness of vibration isolatersoncernedin terms of

developing the methotdy shifting the lower frequency limit of the method to the

lowest possible valueShe direct and indirect methods are compared, and it is stated

r

that the dynamic stiffness of vibration isolators can be measured at much higher

frequencies using the indirect method. Also it is stated that the direct method is more

suitable for measuringhé dynamic stiffness of vibration isolators in the axial

direction whereas the dynamic stiffness valurelateral and rotational directioean

also be measured using the indinewthod [16] However, as pointed out in [6], the

lower frequency limit ofhie indirect method it take a certain value higher than the

highestrigid-body-mode frequencyf the system composed of the vibration isolator,

excitation mass, blocking mass and the dynamic decoupling springs. Therefore, this

study discusses two ways tdecrease the lower frequency limit of the indirect

method[16]: (1) measuringhe transmissibility between thmeet displacement of the

vibration

isolator (input displacement minus output displacement) and the

displacement of the blockingody (outputdisplacement)(2) replacingthe mass of

the blocking body with itdrequency dependemtffective masswhich is defined as
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the ratio of the force applied by the vibration isolator onto the blocking body to the

acceleration of the blocking body.

In the staly by Cardillo [17], a test seup is designed to measure frequency,
temperature and preload dependéymamic stiffnesof resilient mountausing the
aforementioneddirect method. The schematic representation of the testimés$
shown in Fig21.

OSCILLOSCOPE POTENTIOMETER

HYDRAULIC

MANIFOLD

Figure 21 Schematic representation bkttest setip designed bZardillo [17]

The distinctions in this study are that the vibrations are induced on the samples by a
servacontrolled hydraulic power unih the frequency range of 0.01 Hz100 Hz,

and the temperature dependent tests are conducted using an insulated temperature
control box in the range 66 0 AF 2 5 0-A 5 A €1 2 0 AF@Yuency dependent

test results for a sample resilient moamta constant temperature and prelaael

shown in Fig.22.
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Figure 22 Frequency dependent elastic spring (e@al component of dynamic
spring rate)and damping coefficier{theratio of imaginary component of spring rate
to frequencyyxurves of a sample resilient mount tested in the testpsdesigned by

Cardillo ( 7 5(A2F3 #&<E femperature250 Ib(115 kg)preload [17]

It is denoted that the shapes of the curves are somehow distorted due to increase in
the temperature of the sample during the tegt [1

Finally, in the study byNadeau and Champoy%8], a test setup with two different
configurationsare designed to measuhe frequency dependent dynamic stiffness of
resilient mounts in the axial and lateral directions separatelging the
aforementioned direct method. The schematic representatitne test setip is
shown in Fig.23.
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Figure 23. Schematic representation of the testuigetlesigned biladeau and
Champoux18]

The purpose of putting a massthe top of the resilient mount as shown in Fig.23 is
to apply a preload on the resiltemount [18]. As a result of a case study, the
dynamic stiffness magnitude and loss factor data for both axial and lateral directions

are obtained as shown in Fig.24.
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Figure 24. Frequency dependent dynamic stiffness magnitude and loss factor curves
of a sample resilient mount tested in the testipedesigned biadeau and

Champouxn theaxial and lateral directions [18]

As can be seen in Fig.24, the frequency range of measatens 10 HZ 180 Hz. It
is stated that since the acceleration levels are quite small at low frequencies, it is
reasonable to use an accelerometer with a high sensitivity, and since the force levels
requiredto excite the resilient mounts are quite laagénigh frequencieghe shaker

is to be selected accordingly [18].
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To sum up,he searched standards and published studies are categorized according to
the test methods for viscoelastic material (or resilient mount) characterization as
given in Table 1.

Table 1. The categorization of searched standards and published studies according to

thetest methods for viscoelastic matefiad resilient mounttharacterization

Test Method Standard Published Study
Direct Method| 1SO 10846 Part 2, ISO 18437V Part4 | Cardillo, Nadeau and
ISO 67211 Part 4, ISO 6721 Part 6[5, Champoux17, 1§
8,9, 1Q
Indirect ISO 10846 Part 3 p] Smith et.al. Thompson
Method et.al.[15, 14
Driving-Point ISO 10846 Part 5[7] Allen, Kergourlay et.al.
Method [13,14]
Not-Specified | ASTM D 406506, ASTM D 599296 Not-Available
[11, 17

2.3. Commercial Test Systems Dedicated to Viscoelastic Material

Characterization

First of all, the specifications of the elastomer makial and uriaxial testing

systems of the Japanese comp&aginomiya which is specialized in automatic
control units and test systems, are tabulated in Table 2.

31



Table 2 Specifications of the elastomer mwdiial and uniaxial testing systems of

the companyaginomiya[41]

Specifications Multi-axial testing system Uni-axial testing systems
KCH70330 KCH701-30 | KCH701-20
X, Y, Z axis max. 20 kN 20 kN (z 20 kN (z
force axis) axis)
X, Y, Z axis max. N30 mm N50 mnN60 mn
displacement axis) axis)
Max. velocity 35 cm/s 50 cm/s 50 cm/s
Frequency range | 0.1to 200 Hz 0.1 to 1000 | 0.1 to 300
Hz Hz
Preload N15 mm Not- Not-
displacement Available Available
Optional - Independent excitation mode| Not- Not-
up to 1 kHz in zaxis Available Available
- Temperature control chambe
intherangeof4 0 t o + ]

Secondly, the specifications of thwi-axial servehydraulic elastomer test system
of the companWMTS which is specialized isensorsand test systems, are tabulated
in Table3.
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Table 3. Specifications of the uraxial servehydraulic elastomer testing systems of
the companWMTS[42]

Specifications Landma Landmar k E|Model 831.50.000 Hz
100 Hz

Max. dynamic| 25kN 100 kN 10 kN
force
Max. N75 mm [N50 mm N20 mm
displacement
Frequency rangel Up to 100 Hz | Up to 200 Hz 0.01 to 1000 Hz
Thermal chambe| No Yes (Temperature | Yes (Temperature
option range not specified) |range-1 00 t o

Thirdly, the specifications of the dynamic mechanical analywélsa wide range of
force capacitieof the companygroup ACOEM which is specialized irvarious

subjects including material testingre tabulated in Table

Table 4. Specifications of the dynamic mechanical analyzers with a wide range of
force capacitis of the company grolgCOEM[43]

. . DMA+ 1000,
Desktop Series DMA+ 100, 150, 450 Serieg .
o 2000 Series
Specifications
DMA | DMA | DMA+ | DMA+ | DMA+ | DMA+ | DMA+
25 50 100 150 450 1000 2000
Max. force 25N |50N | 100N |[150N |[450N | 1000 N | 2000 N
Max. N3 mm Not-Specified N6 mm

displacement

Frequency 10° to 200 Hz 10° to 1000 Hz 10° to 1000 Hz
range

Temperature |-150 t o Not-Specified (Thermal -150 to
range chamber option available)

Excitation Not-Specified Tension/compression/bending/shear
mode
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Finally, the specifications of thhigh frequency elastomer testing systeofishe
companyInova, which is specialized irservehydraulic and mechanical testing

systemsare tabulated in Tabe

Table 5 Specifications of the high frequency elastomer testing systems of the

companyinova|[44]
Specifications FU50016 FU50025

Max. force 16 kN 25 kN

Max. displacement N25 mm

Frequency range Up to 200 Hz Up to 500 Hz

Optional - Side load unit for side load application and makis
characterization (Max. side load: 5 kN for FUSD®
3kN for FU 50025)
- Thermal chamber

As a result ofcertaindi scussi ons, it I s dvang-poidted t o

me t h, evldich is depictedin Fig.25, in order to design the viscoelastic material

characterization test sap utilized in the thesis work.

DRIVE ROD

VY -
F x /] /
SPECIMEN » ] "
/] L 7] L~
/] h\ L /] -
% L / [
4 m 4 / ’
3 s o
7% / % 4
7 % / g

FORCE SHAKER 7z

GAGE DRIVER
EXTENSION SHEAR

Figure 25. Configurations for tensile and shear viscoelastic specimen tests

performed in accordance withedriving-point method []
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CHAPTER 3

DESIGN AND VALIDATION OF THE TEST SET-UP

In this part of the thesis, the studies carried owtetsign and validate the test-sigt

are presented. First of adl mathematical model thatell represents thiest setup to

be designedis derivedconsideing several important aspeab$ the problem The
purpose is toelate the measured mechanical quantities (i.e., force and acceleration)
of the test setip during a material test to the dynamic characteristics (i.e. complex
moduus) of the tested materiahecondly,the VEM characterizatiortest setup is
designedhrough extensive utilization dhe finite element modeling techniquine

main target in designing the test-sgt is to maximize its first structural modal
frequency Finally, further design studiesegardingfinite element modeling of the
test setup are carried ousipart from the onesonductedinitially to design the test
setup. These studies aim ahproving the finite element model of the testgptto
bestsimulate the real world conditions

3.1. Mathematical Modeling of the Viscoelastic Material Test Setip

It was statedht the end of the literature survpgrt that the drivingpoint methods
adopted to be utilized so that tHesignedest setup is based on thprinciples of
this method. Therefore, the mathematical model that represents the fegtiset

derived to be compatible with the driviapgint method.

Since it is not possible testablisha perfectly rigid fixture, modeling the dynamic
behavior of a viscoelastic specimen as if it is attached to a rigid foundation will not
give accurate resultsThe main idea in mathematical modeling tserefore to
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include the compliance of the fixtuf&9, 20. The fixture is represented as a lumped
massspring system in the direction of the applied force as shown i2@-ighis
model is sufficient for a frequency range of analysis that incluohdg the first

naturalfrequency of the fixture.

406 O Q

Mett Avj(bb w1l Q

k*VEM
Moy 4o 0 & 10

[ I(fix

e,

Figure 26. Two-DOF lumped masspring model representing the testgpt
utilizing driving-point methogdwhereF(t): forcing function;y(t): absolute
displacement response of the rigid block attached to the spegix@n;absolute
displacement response of the fixtumgi: effective vibrating massryy: effective
fixture massk vem: complex stiffness of the viscoelastic specinigg;effective

fixture stiffness

As stated in thditerature surveypart, the drivingpoint method is based on the
measurement of the input force acting on the test specimen and the corresponding
response of the test specimen. In ZgF(¥) is the harmonic amplitude of the input
force, and Yp(¥) and Yi(¥) are the hanonic amplitués of the absolute
displacement responses the rigid block attached to the specimen and the fixture,
respectively.The harmonic amplitude of the net displacement response of the test
specimen cartherefore be obtained by taking the difference G§(¥) and Yiix(¥).
Dividing this quantity byF(¥) is defined as the relativdisplacemen¥RF of the

rigid block andis formulated as:
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Hre(r) can bedetermined byexciting the test saip by an electrodynamic shaker
andmeasuring thénput force using a force transducer and the responses oithe
block and the fixture using accelerometéusing the tests conducted on viscoelastic
specimens.lt is well known tha converting harmonic acceleration amplitude,
designatel as A(¥), to harmonic displacement amplitude sigmatel as D(¥), is
achieved as such:

07 :1—8 Eq9
It is required to measure accelerations at points on theofiaetion of the applied
force[5, 6,7]. However,as can be seen Kig.27 this is not possible for thearts of
the fixture to which the viscoelastic specineeare directly attachedTherefore, as
stated in[5, 6, 7, signals coming from two accelerometers symmetrically placed on
the parts of thdixture directly attached to thestspecimes about thdine of action

of the excitation force are linearly averaged, which is also shoWwiy 7.

F(t)

(Ye(D)1 F) (Yr(1))2

viscoelastic \1 T r(

specimen _ lasti rigid
viscoelastic
=] block
(Ve (ve(D): specimens >
[ Part of the fixture
| | directly attached
to the specimen Parts of the fixture directly

attached to the specimens

(@) (b)

Figure 27. Acceleraton measuremertf the fixture:(a) Tensile specimen

configuration;(b) Doubleshear specimen configuration

Writing the equations of motion of thegid block andthe fixture separately

considering théwo-DOF system inFig.26 and carrying out a harmonic response
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analysis corresponding to a harmonic excitgtithhe frequency dependent complex
stiffness of the viscoelastic specimen can be obtainftPag0]:
p a 1 0 ]

o] - ~ ~ 8 Egq.h0
a 1 0O 7 p O 1]

whereme is formulated as a a [2,1519.

The Hix(¥) term inEqnl10is theFRF of thesingle DOF model of thdixture and is
formulated as19, 20]:

0 7

where tr)ix IS the first natural frequency of the fixture.

To obtain the complex stiffness of the tested specimen as a function of frequency,

Hsix(¥) must be determined in advance. However, determinipgy) accurately

either by a finite element analysis or by modal testing is a difficult task to achieve.

Therefore, it is preferabke neglect this term ikEqn10, which reduces to:

p a 1 0 ]
0

G 8 Egq.h?2

To see how much error will be involved kn/em whenHisx(¥) is neglecteda code
which compares the pmleterminedcomplexmodulus of aVEM nameal 3M-467 by
3M Company[ 2] with the one obtained usiriggn.12 for representative values of the
terms involved in the equatias writtenin MATLAB [see AppendixA.1]. For 0.7
kg of effective vibrating mass, 8Rg of effective fixture mass and 500 Hz of
fixtureds f i r,swhichmare tlase ta theorfespendingelares gof the
initial model of the test setip, the result isshown inFig.28 as a function of

frequency
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Figure 28. Actual shear storage modulus3il-467 compared to the one obtained

using theformulationneglectinghef i x t compéadce

As seen inFig.28, considerable amount of erran storage modulus of the given
materialoccurs only within the frequency range close to the first natural frequency of
the fixture, which is taken as 500 Hz for the purposéhisfsimulation. This result

can surely be generalized to conclude thatcomplex stiffness values of the tested
V E Ms@obtained using thermulationthat neglects h e f IFRFarasuféci@rgly

accurate at frequencieglow the first natural frequency of tfigture.
3.1.1 Test SpecimerGeometriesand Dimensioning

It is required to determine both the tensile and shear complex moduVBMain
order to verify the relationship between théth, O, f or a typi cal
value 0f0.499[21]. Therefore the test setip is designeto accommodate both the

tensile and shear specimen configurations.

Therecommendetknsile spemmen geometrieare shown irfFig.29.
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Figure 29. Circular, square, and rectangular cresstion tensile specimen

geometrie§12]

For tensile specimens of square crssstion, which are selected to be used for the
tests conducted using tliesigned test sefp, the relationbetwesn the complex
stiffnessdetermined as a function of frequency usign.12 and the complex tensile

modulus isgdentified a§12):
. 0
W

whereL is the length of the specimen in the direction of the applied force enithe

edge lengtlof the square crossection.

The recommendedeometries for double shear specimen configuration are shown in
Fig.30.
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Figure 30. Recommended geometries for double shear specimen configutEtjon [

For shear specimens of squaresssection, which are selected to be used for the
tests conducte using thedesigned test setp, the relation between the complex
stiffness determined as a function of frequency ugiqg.22 and the complex shear

modulus is identified aslp):
- 0
O A —8 Eq.h4
Cw

wheret is thethicknessof the specimen analis theedge lengtlof the square cross

section.

These equations are derived assumtimat uniform stress and strain distribution
occurs within the specimen badylowever, it is possible for tensile specimens to
bulge and for shear specimens to bend rather than deform in simple sheaf mode.
be able to neglect these undesired deformatidims specimen dimensions are
recommended to be selected considering theviwtig conditiong8, 19:

5
5 ¢cd(for tens)8 EgB®Peci men

&
3 T(f or sheaB Esgmdédci men
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According to the aforementioned considerations about the specimen dimensioning,
the tensile specimens to be tested indhsigned test seip are selected to hawe
square crossectionedge lengtlvalue of 3 cm and length values changing between 6
cmand 9 cnm(¢  0Fw o, and the shear specimens are selected to dagaare
crosssectionedge lengthvalue of 5 cm and thickness values chandiegveen 1
mmand 9 mnfud IO v Tt

3.1.2 Compensation of Unwanted Input Vibrations

It is essential to excite the tensile specimens purely in axial mode and the shear
specimens purely in simple shear modadouratelydetermine their complex tensile

and shear moduli, respectivelowever, there may be unwanted input vibrations
induced on the specimemiiring the characterization tes#s it is stated in the
literature survey part, the doukdbear specimen configuiat enhances simple
shear deformation and minimizes the effects of deformations in other undesired
modes, inherently. The geometry of tensile specimens, however, does not help to
maintain the axial deformation, and an asymmetrical excitation causésa
deformations inundesired modefb, 6, 7} For example, if the mass center of the
rigid block attached to the input side of the tensile specimen is not coincident with
the point to which the vibten exciter is attached, the specimen will undergo
vibrations in bending modes in addition to the axial mdaeillustrate this effect, a

finite element analysis is performed in ANSYS Workbensing the model shown

in Fig.31.

Figure 31 Finite element model of the tensile specimen and the rigid block

assemblyfor illustration ofvibrations inbending modes
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For the purpose of this simulation, a (80mm)x(20mm)x(80rstainlesssteel rigid

block (nearly the same as the one used in tlesignedtest setup) and a
(30mm)x(Pmm)x(30mm) viscoelastic specimerf 1100 kg/mi density (for soft
commercial rubber2P]) and DMPa rubbery regi oimclud¥doungos
withi n t he r ange of of vahioes cdhomeroiallyd availatole E Msd |

[19]) are usedThe modal analysis of this modsith the other end of the specimen

fixed yields the natural frequencies and the mode shapes as shbigi8h

(d) (e) ()
Figure 32. First 6 modes othetensile specimen and the rigid block assemaly1®
bending modé Version 1(6.738Hz); (b) 1°'bending modé Version 2(6.738Hz);
(c) Torsional modeX0.128Hz); (d) 2" bending modé Version 1(40.642Hz); (e)
2" bending modé Version 2(40.642Hz); (f) Axial mode 61.369Hz)

A harmonic analysis of the model is also performed to see the effect of the given
modesother than the axial modm the frequency responsetbt axial displacement

of therigid block for an axial load of unit amplitud&he results for the cases when
the force is appliedt the mass center of the rigid block and when it is apied

point 1 mm away from the mass cerdéthe rigid blockin bothlateraldirectionsare

shown inFig.33.

43



47182 -
4,582

-
n

Amplitude (mm)
L
n

n

0, 10, 20, 30, 40, 50, 50,

Frequency (Hz)

(@)

Amplitude (mm)
L L
LR

0, 10, 20, 30, 40, 50, 60,

Frequency (Hz)

(b)

Figure 33. Frequency response amplitude of éxél dsplacemenof the rigid

block: (a) Mass centeof the rigid block ad application point of the forcre
coincident (Peak &0.861Hz); (b) Mass centeof the rigid blockand application
point of the forcarenot coincident (1 peak a6.5Hz and 2% peak a60.861Hz)

As seen irFig.33, vibration modes other than the axial mode are not exfotetihe
ideal case of coincident masenter of the rigid block and application point of the
force However,for an eccentricity ovensmall amount® bending modés also
excited, which causehighly inaccurate data for the frequency response of the axial
displacement of the rigid blockaundits corresponding natural frequency.

To compensate for ¢hundesired bendingeformatiors, signals coming from two

accelerometers symmetrically placed on the rigid block about its mass center are
linearly averaged

3.2. The Test Seup Designed forViscoelastic Material Characterization
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The effort expended to design the testugeuutilized in the thesisork is aimed at
maximizing thefirst natural frequencyf the fixturewhile keeping the weight of the
parts that comose the test seip at minimunconsidering modularitgnd portability

and at the same time minimizinige manufacturing cos€onsidering these criteria,

the final design shown iR i 34 35and36 with part numberss reached as a result

of many design iterations and topological optimization studies conducted on several
conceptual design alternatives to determine the best geometry and material

combination.

Figure 34. The final design of the test sap to which tensile specimen is attached
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Figure 35. The final design of the test sgb to which shear specimens are attached
(Versionl)

Figure 36. The final design of the test sgb to which shear specimens are attached
(Version2)

The bill of materials for the parts numbered=in 34 35and36 are given inTable
6.
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Table 6. Bill of materials of the test seip

PART PART NAME MATERIAL | QUANTITY
NO

1 BasePlate Aluminum 1

2 LateralSupport (Welded) Aluminum 2

3 Vertical Support (Welded) Aluminum 2

4 Thermal Isolation Plate Steel 2

5 Side Hole Extension Steel 2

6 Holderfor Tensile & Shear Specimer] Aluminum 1

Assembly

7 Tensile SpecimeBase Block Stainless 1
Steel

8 Tensile SpecimeNibrating Block Stainless 1
Steel

9 Side Block for Shear Specimen Stainless 2
Steel

10 CenterBlock for Shear Specimen Stainless 1
Steel

11 Side Block forShear Specimen v2 | Aluminum 2

12 Connector foiShear Specimen Side| Stainless 2
Block v2 Steel

In versionl of the test setip to which shear specimens are attached, which is shown
in Fig.35, self adhesive materials and/or materials that can be temporarily bonded to

the side blocks and tleenterblock are testedOn the other hand, in versi@nof the

test setup to which shear specimens are attached, which is showkigi&6,

materials that @ required to bepermanently bonded, for exampkpecimens

producedby injection molding are tested. In thiszersionfor every doubleshear

specimena centerblock anda pair ofconnectos for side block v2 are to be +e

manufactured.
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It must be remarkethat although the holder for tensile asttear specimen assembly
(upper Dblock) is designed as shown in Figobs.

chamfers of 4Bangle at the upper left and right edges.

3.3. Improvements on Finite Element Modeling Studies of the Test Seip for

the BestSimulation of Real World Conditions

The initial finite element mdel of the test satp prepared using the commercial

software package ANSY¥®B/orkbench is based on the followg conditions:
- The base plate is omitted from the model.

- The automatically detected contact between the pdrthe test setip is
accepted such that the contacting surfaces of the parts are tondadh

otherat allnodalpointson these surfaces

- The boundary condition is defined such thatwimele bottom surfaces of the

lateral and vertical supports are fixed to the ground.

In order toperform a modal analysis with these conditions fithiée element model

of the test setip is to be prepared imadvance. For this purpose, a convergence

analysis is carried out to determine the optimum meshing parameters in terms of

accuracy and computational time and memory usdg@e. setup is meshed in
ANSYS-Workbench using the special meshing method, MultiZonewhich the

geometry is automatically decomposed into mapped (sweepable/sliceable) and free
regions. The AMapped Mesh Typeo is selected
hi gher quality and smoother transidgioning an
AHexa Coredo, which provides faste28. comput at.
The side hole extensions have triangular faces, which cause MultiZone meshing

method to fail in creating a successful mesh; therefore these faces are further handled

with i Mapped Face Meshingo, which places a me
triangular faces for solid models and automatically determines a suitable number of

divisions for the edges on the boundary fig2&.

For the first iteration the mesh settings argpeci fi ed such that t he

which automatically determines the element size and number of elements of the
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mesh for the whole model, 2 0 and t he fARel evance Center
of the @ARel e v ahecoerésponding mesheoltimitiahfinite element

model of the test setp is shown in Fig7.

Figure 37. Initial finite element model of the test agh corresponding to the first
iteration for convergenc@umber ofElements: 139908; Number bfodes: 236895;
AspectRatio (average): 2.96

The resultant first four modes of this model are obtained as shdwg.33.
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(c) (d)
Figure 38. The mode shapes belonging to the initial finite element model of the test

setup corresponding to the first iteration for converge@gi® mode shape at
520.63 Hzyb) 2" mode shape at 638.02 He) 3 mode shape at 813.72 Hg) 4"
mode shape &03.65 Hz

For the second iteration the mesh settings
and the ARelevance Centero is medium. The

element model of the test agb is shown in Fig9.
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Figure 39. Initial finite element model of the test agh corresponding to the second

iteration for convergenc@umber of Elements: 149307; Number of Nodes: 251624;

Aspect Ratio (average): 2.86)

The resultant first four mode shapes of this model are the samee asnds

corresponding to the first iteration for convergence. However, the corresponding

modal frequencies are slightly different as listed in Table

Table 7. The modal frequencies corresponding to the second iteration for

convergence

1*'modal frequency 520.33 Hz
2"%modal frequency 638.36 Hz
3% modal frequency 813.41 Hz
4™ modal frequency 903.45 Hz

For the third iteration the

and the nRelevance

Centero

element model of the test agb is shown in FigtO.
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Figure 40. Initial finite element model of the test agh corresponding to the third
iteration for convergence (Number of Elements: 157551; Number of Nodes: 266275;

Aspect Ratio (average): 2.79)

The resultant first four mode shapes of this model are the same amdbke
corresponding to the first and second iterations for convergence. However, the
corresponding modal frequencies are the lowest of all three iterations as listed in
Table8.

Table 8. The modal frequencies corresponding to the third iteration for cgeves

1*'modal frequency 520.21 Hz
2"modal frequency 637.96 Hz
3 modal frequency 812.97 Hz
4™ modal frequency 903.25 Hz

To conclude, the modal frequencies belonging to the first four modes of the initial
finite element model of the test agt converge to the ones listed in Ta@le
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Table 9. The modal frequencies belonging to the first four modes of the initial finite

element model of the test agb

1*'modal frequency 520 Hz
2" modal frequency 637 Hz
3 modal frequency 812 Hz
4™ modal frequency 903 Hz

In real, however, the conditisrof the test saip are rather different than those of

this finite element model as stated in the following:

The base plate is a bulky part such that its own compliance is possible to have
a significant effect on the modes of the testuget Thereforejt is more
accurate to model the test-sgt with the base platéncluding the base plate

in the model, the boundary condition of the tesitup is to be such that the
bottom surface of the base plate is fixed to the ground only at certain regions
aroundthe holes on the base pldteough which the bolts tmountthe test

setup to the groundre intended to pasather than fixing the wHe bottom

surface of the base plate.

In real, like the mounting of the whole test agi to ground with boltsthe
parts of the test seip are assembled to each other by using hotsther
with washersi.e., the contact between mating surfaces of #méspoccurs
only at certain regions around the holes to be bolted. Therefore, it is better to
redefine the contact relations between the parts considering the bolted
connections so that the parts are not bonded to each othenatalpoints

onthe conacting surfaces.

The ground onto which the test -ggt is mounted is a concrete block which
has also its own compliance, which may affect the modes of the tagi.set
Therefore, it is better to investigate this case by adding-herddel of the

ground o that of the test setp. The boundary condition of the model of the

ground is better be defined as an elastic foundation in 3 orthogonal axes
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representing the characteristics of the soil onto which the test laboratory is
built.

3.3.1. Finite Element Modeling Study of the Test Seup with the Base Plate
Included

In this study the base plate is included in the finite element model of the tegt set
andthe test setip is designedsuch that the base platenwunted to groundsing
hexheadbolts together with washers. This type of joimthich uses threaded holes
rather than nuts composed of three contact regions as shown idFjg3].

Under-head
contact regions
]

Bolt and nut

_F thread contact
Lo /
Bottom of joint
contact regions
A
Threaded = |
contact region \

1]
No thread contact

Figure 41. Representation of a boltgdint using a threaded hole with three contact

regions (The view A shows the details of the threaded contact region) [23]

In agenericfinite element model afiwo parts conacted to each other withbolted

joint, the most ralistic way is to keep the bah the model as solid bodyand welt
define the contact behavibetween the parts and the bodinsidering the contacting
and norcontacting surfacelsetween the threads of the bolt and those of the hole on
the associatedoart as well as thelistinct frictional behaviorat contact regions.
However, due to the limitation of computational time and memory usage it is highly
difficult to analyze a large and complex structure of multiple parts with detailed
modeling of numerouloltedjoints [22, 23].
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There are four basic finite element modeling methods for modeling two parts
connected with a boltegint: (1) A simplified solid bolt model; (2) A coupled bolt
model; (3) A spider bolt model; (4) Naolt model [22]. These modelingethods are
depicted in Figi2 for a bolted joint using a nut.

Solid element

Beam element <
Preload

DOF coupling
(b) (<))

Figure 42. The basic finite element modeling methods for a bgtied: (a) A
simplified solid bolt model; (b) A coupled bolt model; (c) A spider bolt model; (d)
No-bolt model [22]

In the simplified solid bolt model, the bolt (both the head and the stud) and the nut
are modeled with -B solid elements and to define the contact relations suttace
surface contact elements between the head of the bolt/the nut and the parts and
betweenthe parts themselves are employed. The threaglsgnored; howevethe

friction at contact regionsan beincorporatedoy selecting proper contact elements

in this simplified model. In the coupled bolt model, the stud of the bolt is represented
with a beam element and the end nodes of the beam element are coupled with the
nodes at the contact surfaces between the head of the bolt/the nut and the parts. In the
spider bolt model, the head and the stud of the bolt and the nut are all represented by
beam elerants. In the ndoolt model, the bolt (and the nut) is omitted from the

model; therefore, this model is the simplest bolt modeling method in terms of

55



computational time and memory usage. However, in this model the bolt stiffness is

not taken into account drit is assumed that the parts do not separate [22, 24].

Since it is the simplest way of boltgnint modeling in terms of computational time

and memory usage, the-bolt model is decided to be usexdmodel the boltegbint
between the base plate of tlest setup and the groundTo define the contact
relationbetween thdase plate and the groyntis necessary to determine the sizes

of the contact regions around the holes through which the bolts are intended to pass.
For this purpose, the€onventional pressure cone method, which estimates the
pressure distribution within the boltgaint that ensures the compression of the

joined parts against each other due to clamping, is used, as show81{3jig.
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Figure 43. The pressure corfer a boltedjoint whered effective grip lengthQ
washer outer diameté® bolt nominal diametei: thickness of one patt;: half-

apex angle of the cone [3]

It is recommended that o @ The effective grip length for boltgdints using
threaded holes, as shown in Big).is formulated as [3]:
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Figure 44. A boltedjoint using a threaded hole whemeeffective grip lengthp :
threaded length of the boli; total length of the boltx : unthreaded length of the
bolt; &: threaded portion of the effective grip lengbhthickness of the washay;:
thickness of the part without the threaded holethickness of the part with the
threaded hole€Q 0 0 [3]

It is sure that the sézof one of thecontact regioa between thédase plate and the
groundise q u a | to the si ze edctiondtedopomsusiacalr e c o
of the base plate around therrespondindhole Usingall this information, the size

of the identical contact regions between tlixase plateand the grounds easily
determined: To join the base plate to the ground ISO 401-héaat M16 bolts are
used. For M16 bolts the sizes of an ISO 7092 metric flat washer are as follows: the
outer diameter = 28 mm; thener diameter = 17 mm; the thickness = 2.5 mm [27].
The thickness of the base plate is 20 mm while the thickness of the ground is
indefinite. Then, t = 2.5 mmj £ 20 mm; { = indefinite d = 16 mm, and as a result h
=225mm;4O0 d. Th e rfective grip length Is ealcdated @s= 22.5 +

16/2 = 30.5 mm. With all this information, it is determined with the help o#Big.
thatone oftheidenticalcontact regiogat which thebase plate iso be bondedo the

groundis a hollow circular arewith inner diameter of 17 mm and outer diameter of
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approximately 40 mmThe contact regions in the form of hollow circular areas at the
bottom surface of the base plate around the holes are shown 46 Bg)surfaces

with thickness of 18 mm generated i®NSYS-Workbench.

® e © @ @ ©
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® © ® ©® o

o © @ @ o X‘l

000 350,00 700,00 (mm)
]

©
~

175,00 525,00

Figure 45. Representation of the contact regions in the form of hollow circular areas

at the bottom surface of the base plate around the holes

In order to bond the base plate to the ground only at the contact respiows in

Fig.45 rather than at all nodal points on the bottom surface of the basefplate,

bodyto-ground joints are introducad ANSYS-Workbenchat the bottom surface of

the base plate around the holes to accommodate the bolts. For this purpose, the user
frieRdhlalil Regiono setting is wused with a r
that of tie corresponding contact regiofhe pinball regions for the holes to be

bolted to the ground on one of the cornerthefbase plate are shown in Bi).
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Figure 46. The pinball regions for the holes to be bolted to the ground on one of the

corners of the base platg) Isometric view;(b) Top view;(c) Front view

In addition, the contact between the lateral and vertical supports and the plates to
which they are welded is modified such that the supports and the plates are bonded to

each other only at surfaces to which welding is applied, as shavig.47.

Surfaces for weldment

200,00 {rm)
150,00

Figure 47. The Finite Element Model of the Test $gt with the Base Plate
(Multizone Mesh; Relevance: 20; Relevance Center: Medium; Number of Nodes:
318385; Number of Elements: 161794; Aspect Ratio (average): 2.76)

The £ 39 4" and %" modes of this model are obtained such that only the corners of
the base plate deform, and the frequencies of these modes are in the range of 377.32
Hz i 389.36 Hz. The % and & modes, which occur at 510.44 Hz and 541.84 Hz,
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respectively,also belong to the deformation of only the base plate such that the
middle region of the base plate deforms this time. The remaining modes uf to 10
mode belong to the structural deformation of the whole testipgseas shown in
Fig.48.

1000,00 (mm) , 1000,00 (mm)

1000,00 () X 500,00 1000,00 (mrm)

(c) (d)
Figure 48. The mode shapes corresponding to the finite element model of the test

setup with the base platéa) 2" mode shape at 378.67 Hb) 6" mode shape at
444.91 Hzyc) 9" mode shape at 576.37 Ha) 10" mode shape at 611.22 Hz

When the modal analysis results of the finite element model with the base plate
wherethe bottom surface of the base plate is fixed togitmindonly at certain
regions around the holes through which the boltsntunt the base pite to the
ground are intended to paae investigated, it is clearly seen that the frequencies at
which the structural modes of the whole testwgetoccur(disregarding the local
modes of the base plataje quite lower than the ones for the finite edatmmodel
without the base platén addition, when the mode shapes epenpared, it is seen

that themode order has changexs such:1* structuralmode of thetest setup

without the base plate corresponds to tHesgtucturalmode of thewholetest setup
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with the base platé™ mode in Fig.48). %' structural mode of the test agp without

the base plate corresponds to tflestructural mode of theholetest setup with the
base plate2™ mode in Fig.48)3" structural mode of the test sgb without the base
plate corresponds to thd" &tructural mode of thevhole test setup with the base
plate (18' mode in Fig.48). & structural mode of the test agh without the base
plate corresponds to thé®3trudural mode of thevholetest sewp with the base
plate (3" mode in Fig.48)Nevertheless, regardless of the mode order change, it can
easily be said thahe first structural modal frequency of thole test setup has
dropped dramatically from520 Hz to 379 Hz, which correspond® an
approximately 27% decrease

3.3.2. Finite Element Modeling Study of the TelsSetup Considering the Bolted

Joints between the Parts

The parts of the test sap are designed to l@ssembledo each otheby using bolts
together withwashers and these boltepints involve hexhead and sockdtead

bolts using threaded holes rather than mssn the case of mounting of the base
plate to the groundDue to the same reason of saving computational time and
memory usage, the Awmolt model is decided to be used to model also the bolted
joints between the parts of the test-gptIn order to determine the sizes of the
contact regions at the mating surfaces of the parts around the fuwles
accommodating the hisl and therefore to define the contact relations between the
parts of the test setp, the same procedure as in the case of mounting of the base

plate to the ground is followed.

To join the vertical and lateral suppottsthe base plate ISO 4017 Resad M16

bolts are used. The thickness of one of the plates to which the vertical and lateral
supports are welded is 20 mm while the thickness of the base plate is also 20 mm.
Then, t = 2.5 mm;;t= 20 mm; £t = 20 mm; d = 16 mm, and as a result h = 22.5,mm

ttO d. Therefore, the eff aecpA5welb/y=r30Hp | eng
mm. With all this information, it is determined with the help of &&that the

contact region at which the parts are to be bonded is a hollow circular area with inne
diameter of 17 mm and outer diameter of approximately 40 mm. To join the vertical

and lateral suppastto each other ISO 4762 socketad M16 bolts are used. The
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thickness of the vertical support in the direction of the joint when the celoortter
depthis subtracted is 50 mm while the thickness of the lateral support in the direction
of the joint is greater than 30 mm. Then, t = 2.5 mm; %0 mm; £ > 30 mm; d = 16

mm, and as aresut h=525mma d. Therefore, the effect.i
calculded asd = 52.5 + 16/2 = 60.5 mm. With all this information, it is determined
with the help of Figi3 that the contact region at which the parts are to be bonded is a
hollow circular area with inner diameter of 17 mm and outer diameter of
approximately 40 mm. To join the side hole extension, thermal isolation plate and
vertical suppdrto each other ISO72 sockehead M16 bolts are used again. The
thickness of the side hole extension in the direction of the joint when the counter
bore depth is subtracted is 20 mm while the thickness of the thermal isolation plate is
10 mm and the thickness of the vertisapport in the direction of the joint is greater
than 25 mm. Then, t = 2.5 mm; £ 20 + 10 = 30 mm (since both the side hole
extension and the thermal isolation plate have unthreaded hgle)5tmm; d = 16

mm, and as a result h = 32.5 mm;G d erefofeh the effective grip length is
calculated ast = 32.5 + 16/2 = 40.5 mm. With all this information, it is determined
with the help of Figl3 that the contact region at which the side hole extension and
the thermal isolation plate are to be bondgdaihollow circular area with inner
diameter of 17 mm and outer diameter of approximately 51 mm while the contact
region at which the thermal isolation plate and the vertical support are to be bonded
is a hollow circular area with inner diameter of 17 mnd auter diameter of
approximately 40 mm. Finally, to join the holder for tensile & shear specimen
assembly to the sid®le extension ISO 4762 socketad M8 bolts are used. For M8
bolts the sizes of an ISO 7092 metric flat washer are as follows: thedmatseter =

15 mm; the inner diameter = 8.4 mm; the thickness = 1.6 27in The thickness of

the holder for tensile & shear specimen assembly in the direction of the joint when
the counteibore depth is subtracted is 20 mm while the thickness of thehside
extension in the direction of the joint is greater than 25 mm. Then, t = 1.6;mm; t
20mm; t>25mm;d=8mm,and as aresuth=216mmMtd. Therefore, t
effective grip length is calculated a&s = 21.6 + 8/2 = 25.6 mm. With all this

information, it is determined with the help of Fg.that the contact region at which
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the parts are to be bonded is a hollow circular area with inner diameter of 8.4 mm

and outer diameter of approximately 22 mm.

Now that the sizes of the contact regionghim form of hollow circular areas between

all mating parts of the test sefp are determined, these regions are generated as
surfaces with thickness of omm at each contacting surface of the testupet
around the holes on the parts in ANSYSorkbench for the purpose of

demonstrationas shown irfrig.49.

0,00 350,00 700,00 (mm) Z/L X
[ s S|

175,00 525,00

Figure 49. Representation d@hecontact regions in the form of hollow circular areas

at the contacting surfaces qdirts of the test sefp around the mating holes

In order to bond the mating paxs$ the test setip to each otheonly at the contact
regions shown irFig.49 rather than at all nodal points omet contacting surfaces

fixed bodyto-body joints are introduced in ANSYWorkbench between the
contacting surfaces of the parts of the testupearound the holes on the parts for
accommodating the bolts. For this purpose, the pinball region setting iagaied

with a radius value assigned to be equal to that of the corresponding contact region.
By this way, the DOF of the nodes located at the contacting surfaces of the parts of
the test setup within the defined pinball regions are coupled to each other such tha

the relative motion between them irfD3space is all prevented. The pinball regions
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for the holes to be bolted to each other on the vertical and lateral supports are shown
in Fig.50 as an example

Figure 50. The pinball regions for the holes to be bdlto each other on the vertical

and lateral supporisFront view

A modal analysis is performed with the finite element model of the tesps&town

in Fig.51 with matingparts bonded to each other only at the giventact regiondt

must be noted that the boundary condition, which is realized by bolting the base plate
of the test setip to the ground as mentioned beforehand, is still modeled with fixed
body-to-ground joints using pinball region setting.
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Figure 51. Finite element model of the test-agt with the base plate consideriting
boltedjoints between the parts (MultiZone Mesh; Relevance: 20; Relevance Center:
Medium; Number of Nodes: 318385; Number of Elements: 161794; Aspect Ratio

(average): 2.76)

The results of the modal analysis are such that tAe43, 5" and &' modes of this
model belong to the deformation of only the corners of the base plate with the
corresponding frequencies in the range of 377.07 B89.03 Hz as expectedThe

10" mode, wilich occurs at 540.55 Hz, also belongs to the deformation of only the
base plate such that the middle region of the base plate deforms thisaime
expected The remaining modes up to"™iMode belong to the structural deformation

of the whok test setip, as shown irFig.52.
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Figure 52. The mode shapes corresponding to the finite element model of the test

setup withthe base plate consideritiie boltedjoints between the partg) 1°

mode shape at 286.06 Hb) 2" mode shape at 361.82 Hz) 7" mode shape at
433.22 Hzyd) 8" mode shape at 507.39 He) 9" mode shape at 511.12 Hz

When the modal analysis results of the finite element model of the tagh adh

the base platevhere the matingartsof the test setip arebonded to each other at
certain contact regions around the holes on the parts through which the bolts are
intended to pasare investigated, it is clearly seen that the frequencies at which the
structural modesf the whole test saip occur(disregarding the local modes of the
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base plateare quite lower than the ones for freviousfinite element modebf the
test setup with the base plate, which does not tdke boltedjoints between the
partsinto consieration.It must also be stated that the mode order has not changed
this time.Since the latest model is clage the real world conditiong, can easily be
said thatthe first structural modal frequency of téole test setup has further
decreasedrom 3™ Hz to 286 Hz, which corresponds tan approximately 25%

decrease

3.3.3. Finite Element Modeling Study of the Test Setip with 3-D Model of the
Ground onto which the Test Setup is Mounted Added

The ground onto which the test -ggt is mounted isndeeda concrete block which

has its own compliance. To see the effec
of the test setip, a 3D model of the ground in the shape of a rectangular prism is
added to that of the test agt. Instead of fixed bodyo-ground joints introduced at

the bottom surface of the base plate around the holes beforehand, fixetdbodly

joints are introducedhis time at the contacting surfaces of the base plate and the
concrete blockaround the holes to be bolted to each otker this purpose, pinball
region setting is used again with a radius value assigned to be equal to that of the
corresponding contact region determined between the base plate and the ground
beforehand. It is realized that in the assembly phase of thepladsdo the ground,

not all the holes on the base plate are inserted bolts to mount the base plate to the
ground. The used holes on the base plate are indicated with circlessi Fig.
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Figure 53. The holes on the base plate which are inserted balt®tmtthe base

plate to the ground (those which are circled)

The corresponding pinball regions on one of the corners of the base plate and the

concrete block are shown kig.54.

Figure 54. The pinball regions for the holes to be bolted to each other on one of the
corners of the base plate and the concrete block representing the compliant' ground

Front view

It is known approximately thahé concrete blocks 100 mm wider than the base
plate in both frontward and backward directions and 250 mm wider than the base
plate in both rightward and leftward directiph®wever the dimension in the vertical
direction, i.e. the thickness of the concrieeck is unknown. Therefore, as an initial
assunption the thickness of the rectangular prism representing the concrete block is
assigned the value of 100 min. addition, the boundary condition of the concrete
block is modeled such that except for the top surface onto which the tet iset
mounted, B other surfaces are supported with elastic foundati@e$ore pouring
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the concrete, some part of the test laboratory is excavated to form a mold for the
concrete block and the excavated area is filled with sand up to a certain level
Therefore, the lateral areas of the concrete béweklirectly adhere to the soil onto

which the test laboratory is built whereas there is a layer of sand between the
concreteblock and the soil. For this reason, the stiffness of the elastic foundation
supporting the bottom surface of the concrete block is taken to be lower than that of
the elastic foundation supporting the side surfaces of the concrete block. Since these
stiffness values are not possibleli® known, they will be estimated. As an iaili
assumptionthe bottom surface of the concrete block is supported with an elastic
foundation with a stiffness value of 1N/mm® whereas he side surfaces of the
concrete bloclare supported with elastic foundations with a common stiffness value
of 10% N/mm?®. Also, the concreteblock is initially assigned the predefinétio u n g 6 s
modulusvalueof3x10°Pa i n ANSYS Woinrkategahlibréand s bui | t

With all these details, a modal analysis is performed with the finite element model of
the test setup with 3-D model of the ground shown in F&§.

250,00

Figure 55. Finite Element Model of the Test Sap with the Concrete Block
Representing the Compliant Groufichickness of the concrete block is 100 mm.)
(MultiZone Mesh; Relevance: 20; Relevance Center: Medium; Element Size of the
Concrete Block: 18 mm; Number of Nodes: 487021; Number of Elements: 193934,

Aspect Ratio (average): 2.50)
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The results of the modal analysis which cover 12 modes in the frequency raiige of 4
Hz i 400 Hz are as such: Th&" 89" and 18' modes of this model in the given
frequency range belong to the deformation of only the corners of the base plate with
the corresponding frequencies in the range of 346.7i7 383.52 Hz. The remaining
modesbelong to the structural deformation of the whole testupeand the D

model of the ground, as shownkig.56.

500,00 1000,00 (mr)
250,00 750,00
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Figure 56. The mode shapes corresponding to the finite element model of the test
setup with 3D model of the ground first iteration:(a) 1 mode shape at 135.74
Hz; (b) 2" mode shape at 165.31 Hz) 3" mode shape at 206.63 Hz) 4" mode
shape at 248.44 Hge) 5™ mode shape at 264.9 Hf) 6™ mode shape at 278.17 Hz;
(g) 7" mode shape at 338.26 Hi) 11" mode shape at 365.91 H; 12" mode
shape at 390.66 Hz

In order to obtain the experimental modal frequencies and the corresponding mode
shapesa modal test is performed on ttest setup installed in the test laboratory.

For this purpose, a total number of 30 PCB Piezotronics, Inc. Model 356 A4t

| C Pdecelerometers with a nominal sensitivity value of 100 mV/g for each axis are

attachedn certain points on the upper part of the testipeas shown in Fig7.
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(b)
Figure 57. (a) Locations of the traxial accelerometers to be placed on the upper

part of the test satp; (b) Experimental geometric model of the upper part of the test

setup indicating x, y-, andz-axis of each accelerometer

The upper part of the test agh is excited by a B&K Model 820803 impact
hammer with a nominal sensitivity valoé 1.1 mV/N at a total number of 10 points

which areclose tocertain preattached triaxial accelerometers, as shown in 58).
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Figure 58. The points at which the upper part of the testugeis excited by an

impact hammer (The directions of excitat@nm also indicated.)

As can be seen in FBB, the upper part of the test a4 is excited in two directions

at certain pointstherefore a total number of 16 modal tests are perforiés
Test.Labis used as the data acquisition and signal processing softwahe modal

tests, and the settings made on the user interface of the test software for data

acquisition and signal processing are shown irbBig.
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Acquisition Settings Windowing Increment

Sample Frequency: Hz Input: |:| Auto-increment

Spectral lines: 4096 - Cutoff: 10.0 % @ Roving Hammer

|4 cquisition time: 5 Response: () e T S )
Resolution: ’025—| Hz Decay: 100.0 %

Triggering Averaging Hammer

Trigger level: 20.000000 N Averages: 5 : Hammer based Runname
Pretrigger: 0.003806 B Averaging mode: | Implicit Accept - Include hammer in autoranging
Audible feedback

Data Storage Format and Scaling FRF Settings
FRF AP response Spectrum: FRF estimator: Hy -
Coherence XP inputiresponse Amplitude scaling: Auto reject with overload
AP input [7] Dynamic stiffness TR [C] Detect double impact

Spectrum format: PSD

4

|:| Auto reject with double impact
Autopower:

Amplitude scaling: RNS

I

Spectrum format: PSD -

Figure 59. Settings made on LM®est.Lab user interface for data acquisition and

signal processinfpr modal tests

The autepower spectiaestimateof the excitation induced on the upper part of the

test setup by an impact hammeis shown in Figh0 for each modal test.
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Figure 60. Auto-power spectral estimate of the excitation induced on the upper part

of the test setip by an impact hammer for each modal test

As can be seen in F&p, the autgpower spectral estimates of the excitations induced
by an impact hammer have almost constant values in the frequency range of
approximately 0 Hi 900 Hz, as expected; therefore the modes of the teapagh

to approximately1000 Hz are ableotbe excited in the modal tests. The drivpant

FRF of each excitation point obtained at the end of each modal test is shown in
Fig.6lwiththepeaksot he FRF6s marked to indicate
of the designed test sep.
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161.25 | s | [s31.00}Hpo1 =

100.0 200.0 300.0 400.0 500.0 600.0 700.0 200.0 500.0 1024.00

Figure 61. The drivingpoint FRF of each excitation point obtained at the end of
each modal testwitthep e aks of the FRF6s marked to indi:

frequencies of the designed testgpt

Consequently, the experimental modal frequencies of the designed tegt set

obtained as a result of the modal tests are listed in Table
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Table 10. Experimental modal frequencies of the designed testpsebtained as a

result of the modal test

Mode Number| Modal Frequency (Hz)
1 162.8
2 317.6
3 393.2
4 439.9
5 474.2
6 479.6
7 530.3
8 601.9
9 629.4
10 823.4
11 862.8
12 904.2

The experimental mode shapssresponding to the modal frequencies up to 600 Hz

are shown in Fig2.
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Figure 62. Experimental mode shapes of the designed tesipsebtained as a result
of the modal testga) 1% mode shape at 162.8 Hb) 2" mode shape at 317.6 Hz;
(c) 39 mode shape at 393.2 Hzt) 4" mode shape at 439.9 He) 5" mode shape at
474.2 Hz;(f) 6™ mode shape at 479.6 Hzj) 7" mode shape at 530.3 Hz

When themodesof the first iteration of the finite element model of the testupet
with the concrete block are compared with the experimental mades) be seen
that the I modal frequency of the first iteration of the finite element model of the
test setup with the concrete block, which is 135.74 Hz, is lower than tfie 1
experimental modal frequency, which is 162.8 Hiso, the £ mode shapes do not
resemble to each other; instead tffenSode shape of the first iteration of the finite
element model of the tessetup with the concrete block resembles thd 1

experimental mode shape.

In the second iteratiortherefore,in order to increase the’inodal frequencythe
stiffness value of the elastic foundation with which the bottom surface of the
concrete block is supported is increased td Ndmm® and at the same time the
common stiffness value of the elastic foundations with which the side surfaces of the
concree block are supported is increased to 10 NimBy this way, the % mode
shape of the first iteration, which is similar to tiféekperimental mode shape, may
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also become the®Imode shape. In this iteratiom® t hi ckness and Youngos

of the @ncrete block remains as 100 mm and 3%P@, respectively

The results of the modal analysis which cover 12 modes in the frequency range of 90
Hz i 360 Hz are as such: Th& a.d", 11" and 13 modes of this model in the given
frequency range belong to the deformation of only the corners of the base plate with
the corresponding frequencies in the range of 347.1% B&9 Hz. The remaining
modes belong to the structural deformation of the whedt setup and the D

model of the ground, as shown in 6.

500,00 1000,00 (mm) ), 1000,00 {mm)
250,00 750,00

(@) (b)

0,00 500,00 1000,00 (mm) 0,00 500,00 1000,00 (mm)
250,00 750,00 250,00 750,00

(©) (d)

500,00 1000,00 {rarm)
250,00 750,00

e ()
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Figure 63. The mode shapes corresponding to the finite element model of the test
setup with 3D model of the ground second iterationta) 1 mode shape at 157.21
Hz; (b) 2" mode shape at 183.93 Hz) 3" mode shape at 195.5 Hzt) 4" mode
shape at 256.54 H¢e) 5" mode shape at 265.67 H#; 6" mode shape at 278.36
Hz; (g) 7" mode shape at 299.69 Hk) 8" mode shape at 335.41 Hz

When the modes of the second iteration of the finite element model of the tegt set
with the concrete block are companeith the experimental modes, it can be seen
that the ¥ modal frequency of theecondteration of the finite element model of the
test setup with the concrete block, which i$7121 Hz, is still lower than the %
experimental modal frequency, which is 162.8 Hz. Also, thendde shapes do not
resemble to each other; instead £ mode shape of theeconditeration of the
finite element model of the test agt with the concrete blogkhis time,resembles

the ' experimental mode shape.

In the third iterationjt is decided thathe common stiffness value of the elastic
foundations with which the side surfaces of the concrete block are supported is
increased to infinity, i.e. the side surfaces of the condileiek are fixedwhile the
thickness and Youngds modulus of tthe con
Pa, respectively, and also the stiffness value of the elastic foundation with which the
bottom surface of the concrete block is supported remaid€a/mm®. This is

done in order to eliminate the lefrequency rigidbodymodes of the test sep and

the concrete block due to elastic support in three orthogonal directions, which are not
realistic to occur, and also to minimize the deformation ofcthvcrete block and

direct the vibrational energy to the test-sptitself, which is a more realistic

behavior.By this way, the ¥ modal frequency could further increase, and also the
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2" mode shape of the second iteration, which is similar to Yrexpierimental mode

shape, may become th& hode shape.

The results of the modal analysis which cover 12 modes in the frequency range of 30
Hz i 500 Hz are as such: Th&,67", 8" and 9" modes of this model in the given
frequency range belong to thefdrmation of only the corners of the base plate with
the corresponding frequencies in the range of 345.6i7 3%6.14 Hz. The 12mode,

which occurs at 461.03 Hz, also belongs to the deformation of only the base plate
such that the middle region of thade plate deforms this time. The remaining modes
belong to the structural deformation of the whole testipeind the 3 model of the

ground, as shown in Fig4.
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Figure 64. The mode shapes corresponding to the finite element model of the test
setup with 3D model of the ground third iteration:(a) 1 mode shape at 200.71
Hz; (b) 2" mode shape at 230.04 Hz) 3" mode shape at 270.94 Hz) 4" mode
shape at 276.55 Hge) 5™ mode shape at 317.58 H#; 10" mode shape at 420.42
Hz; (g) 11" mode shape at 460.4 Hz

When the modes of the third iteration of the finite element model of the tagb set
with the concrete block are compared with the experimental modes) ibec seen

that the ¥ modal frequency of the third iteration of the finite element model of the
test setup with the concrete block, which is 200.71 Hz, has become higher than the
1% experimental modal frequency, which is 162.8 Hz. However, thaddeshapes

are achieved to resemble to each other this time.

In the fourth iterationtherefore, in order to decrease thériodal frequencythe
thickness of the concrete block is decided to be decreas&d tom while the
stiffness value of the elastifoundation with which the bottom surface of the
concrete block is supported remains as 0.1 NYmmd the common stiffness value of
the elastic foundations with which the side surfaces of the concrete block are
supported remains as infinity, i.e. the sidefaces of the concrete block are fixed.

Youngodés modulus of the co%YParete block al :

Since the thickness of the concrete block has been changed, the finite element model

of the test setip with 3D model of the ground has also changedhown in Fig5.
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Figure 65. Finite Element Model of the Test Sgb with the Concrete Block
Representing the Compliant Ground (Thickness of the concrete bl8@kmsn.)
(MultiZone Mesh; Relevance: 20; Relevance Center: Medium; Element Size of the
Concrete Block: 18 mm; Number of Node§0%04 Number of Elements:8r583
Aspect Ratio (average):5b)

The results of the modal analysis which cover 12 modes in the frequency raige of 3
Hz i 500 Hz are as such: Th&,67", 8" and 9" modes of this model in the given
frequency range belong to the deformation of only the corners of the base plate with
the corresponding frequencies in the ranged¥BHz i 354.37 Hz. The remaining
modes belong to the structural deformation of the whole tesipsend the

model of the ground, as shown in 6.
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Figure 66. The mode shapes corresponding to the finite element model of the test
setup with 3D model of the ground fourth iteration:(a) 1! mode shape at92.08
Hz; (b) 2" mode shape &23.91Hz; (c) 3" mode shape &39.88Hz; (d) 4" mode
shape a64.39Hz; (e) 5" mode shape &74.72 Hz; (f) 10" mode shape &0873
Hz; (g) 11" mode shape a58.44Hz; (h) 12" mode shape at 887 Hz

When the modes of the fourth iteration of the finite element model of the tegi set
with the concrete block areompared with the experimental modes, it can be seen
that the ¥ modal frequency of the fourth iteration of the finite element model of the
test seup with the concrete block, which is 192.08 Hz, is still higher than the 1

experimental modal frequency, which is 162.8 Hz.
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In the fifth iteration,therefore, in order to further decrease tfieribdal frequency

the thickness of the concrete block is decided to be decreased to 60 mm while the
stiffness value of the elastic fowsttbn with which the bottom surface of the
concrete block is supported remains as 0.1 Nfimmd the common stiffness value of

the elastic foundations with which the side surfaces of the concrete block are
supported remains as infinity, i.e. the side swa$aof the concrete block are fixed.

Youngds modulus of the codtParete block also r

Since the thickness of the concrete block has been changed, the finite element model

of the test setip with 3D model of the ground has also changed asvehn Fig67.

250,00 750,00

Figure 67. Finite Element Model of the Test Sgb with the Concrete Block
Representing the Compliant Ground (Thickness of the concrete block is 60 mm.)
(MultiZone Mesh; Relevance: 20; Relevance Center: Medium; Element Size of the
Concrete Block: 18 mm; Number of Nodes: 433124; Number of Elements: 180731,
Aspect Ratio (average):62)

The results of the modal analysis which cover 12 modes in the frequency rafige of 3
Hz i 500 Hz are as such: Th&,67", 8" and 9" modes of this model in the given
frequency range belong to the deformation of only the corners of the base plate with

the corresponding frequencies in the range 8f@B3BHz 1 350.31 Hz. The remaining
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modes belong to the structural deformation of the whole tesipseind the D

model of the ground, as shown in 6.
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Figure 68. The mode shapes corresponding to the finite element model of the test
setup with 3D model of the ground fifth iteration: (a) 1 mode shape at75.05
Hz; (b) 2" mode shape &03.03Hz; (c) 3" mode shape atl2.28Hz; (d) 4" mode
shape a29.69Hz; (e) 5" mode shape at5D.92 Hz; (f) 10" mode shape at 8¥3
Hz; (g) 11" mode shape at52.87 Hz; (h) 12" mode shape at 4%6Hz

When the modes of the fifth iteration of the finite element model of the teapset
with the concrete block are comparneih the experimental modes, it can be seen
that the I modal frequency of the fifth iteration of the finite element model of the
test setup with the concrete block, which is 175.05 Hz, is still higher than the 1
experimental modal frequency, whichli§2.8 Hz.

In the sixth iterationtherefore, in order to further decrease tflaribdal frequency

Youngo6és modulus of the concrete Raock is de
(included within concreteo8Pavdixtd®as modul us
[30]) while the stiffness value of the elastic foundation with which the bottom

surface of the concrete block is supported remains as 0.1 f\@&munthe common

stiffness value of the elastic foundations with which the side surfaces of the concrete

block are supported remains as infinity, i.e. the side surfaces of the concrete block

are fixed.The thicknes®f the concrete block also remains6&smm

The results of the modal analysis which cover 12 modes in the frequency range of 30
Hz i 500 Hz are as sh: The &, 7", 8" and 9" modes of this model in the given
frequency range belong to the deformation of only the corners of the base plate with
the corresponding frequencies in the rangel® Hz i 332.84 Hz. The remaining
modes belong to thstructural deformation of the whole test-spt and the D

model of the ground, as shown in 6.

0,00 500,00 1000,00 (mm) 0,00 500,00 1000,00 (mm)
[ Sa—  S—
250,00 750,00 250,00 750,00

(@) (b)
88




0,00 500,00 1000,00 (mm) 0,00 500,00 1000,00 (mm)

1000,00 (mm) X 1000,00 (mm)
[ Sa— S—

0,00 500,00 1000,00 (mrm) 0,00 500,00 1000,00 (mm)
250,00 750,00 250,00 750,00

(9 (h)
Figure 69. The mode shapes corresponding to the finite element model of the test

setup with 3D model of the ground sixth iteration:(a) 1* mode shape at5211

Hz; (b) 2" mode shape dt7109 Hz; (c) 3" mode shape dt87.94 Hz;(d) 4" mode

shape al9305 Hz (e) 5" mode shape &2644 Hz; (f) 10" mode shape &63.2
Hz; (g) 11" mode shape at30.08 Hz; (h) 12" mode shape at 444.86 Hz

When the modes of the sixth iteration of the finite element model of the tagh set
with the concrete block are companeih the experimental modes, it can be seen
that the ¥ modal frequency of the sixth iteration of the finite element model of the
test setup with the concrete block, which is 152.11 Hz, has become lower than the

1% experimental modal frequency, which162.8 Hz.
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In the seventh iteratiortherefore, in order to increase th® rhodal frequency the

stiffness value of the elastic foundation with which the bottom surface of the

concrete block is supported is increased to 0.3 N/mumile the thickness and

Youngds modulus of the <concreté Pl ock r em:
respectively, and also the common stiffness value of the elastic foundations with

which the side surfaces of the concrete block are supported remains as infinity, i.e.

the side surfacasf the concrete block are fixed.

The results of the modal analysis which cover 12 modes in the frequency range of 30
Hz i 500 Hz are as such: Th&,67", 8" and 9" modes of this model in the given
frequency range belong to the deformation of onlyabmmers of the base plate with

the corresponding frequencies in the range of 323.11 383.66 Hz. The remaining
modes belong to the structural deformation of the whole tesipsand the

model of the ground, as shown in Fig.
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Figure 70. The mode shapes corresponding to the finite element model of the test
setup with 3D model of the ground seventh iteration(a) 1 mode shape at 157.34
Hz; (b) 2" mode shape at 190.38 Hz) 3" mode shape @96.34Hz; (d) 4" mode
shape a21284 Hz; () 5" mode shape at 883 Hz; (f) 10" mode shape af73.62
Hz; (g) 11" mode shape at 252 Hz; (h) 12" mode shape at 86 Hz

When the modes of the seventh iteration of the fieléenent model of the test agb

with the concrete block are compared with the experimental modes, it can be seen
that the i modal frequency of the seventh iteration of the finite element model of the
test seup with the concrete block, which is 157.B&, is still lower than the ®1
experimental modal frequency, which is 162.8 Hz.

In the eighth iteratiortherefore, in order to further increase tfierodal frequency
Youngdés modul us of the concrete bAaock i :
(included within concretedo8PavadixtdfPas modu
[30]) while the stiffness value of the elastic foundation with which the bottom
surface of the concrete block is supported remains as 0.3 f\@&munthe common

stiffness vale of the elastic foundations with which the side surfaces of the concrete
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block are supported remains as infinity, i.e. the side surfaces of the concrete block

are fixed. The thickness of the concrete block also remains as 60 mm.

The results of the modahalysis which cover 13 modes in the frequency range of 30
Hz i 550 Hz are as such: Th&,67", 8" and 9" modes of this model in the given

frequency range belong to the deformation of only the corners of the base plate with

the corresponding frequenciisthe range of 327.97 Hz338.54 Hz. The remaining

modes belong to the structural deformation of the whole tesipsand the D

model of the ground, as shown in Figy.
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Figure 71. The mode shapes corresponding to the finite element model of the test
setup with 3D model of the ground eighth iteration(a) 1 mode shape at 162.62
Hz; (b) 2" mode shape at 196.43 Hz) 3" mode shape at 203.02 Hz) 4" mode
shape at 220.73 H¢e) 5" mode shape at 235.18 H#; 10" mode shape at 378.01

Hz; (g) 11" mode shape at 438.87 Hh) 12" mode shape at 449.54 Hg); 13"

mode shape at 527.91 Hz

When the modes of the ity iteration of the finite elementaudel of the test seip

with the concrete block are compared with the experimental modes, it can be seen
that the ¥ modal frequency of theigtth iteration of the finite element model of the

test seup with the concrete block, which is 162.62 Hzalimost the same as th& 1
experimental modal frequency, which is 162.8 Athe T' mode shapesilready

resemble to each othdrherefore, further iterations are not required to be performed.

Besides the Simode, the 3 experimental mode shaji similarto the 18" and 13’
mode shapes of the eighth iteration of the finite element model of the tegt\wéh
the concrete blockHowever, the8 experimental modal frequency, which is 393.18
Hz, is in between the 0and 12" modal frequencies of the eighth iteration of the

finite element model of the test agh with the concrete block, which are 378.01 Hz
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and 449.54 Hz, respectively. This is most probably due to the fact that the modal
tests are not able to distinguish thése modes. In addition, the"7experimental
mode shape is similar to the ™ 8rode shape of the eighth iteration of the finite
element model of the test agp with the concrete block. TH&' experimental modal
frequency, which is 530.34 Hz, is also yetose to the 18 modal frequency of the
eighth iteration of the finite element model of the testugetvith the concrete block,
which is 527.91 Hz.

The problems are that th&823¢, 4" and &' modes of thefinal iteration of thefinite

element modelof the test setip with the concrete blockwhere there is a

considerable deformation of the upper part of the testsado not appear within the

experimental mode This is most probably due to the fact that these modes are not

able to be excited durgj the modal testsin addition, the ?# 4" 5" and &

experimental modes do not appear within the modes of the final iteration of the finite

element model of the test agh with the concrete block. This is most probably due

to the fact these modeseaidentified consideringhe highly damped peaks of the

driving-poi nt FRF6s obtained as a liketygoubke t of the

misleading.

As the final remarks,when the modal analysis results of the final iteration of the
finite element model of the test agh with the concrete block are investigated, it is
clearly seen that the frequencies at which the structural modes of the whole-test set
up occur (disregardg the local modes of the base plate) are quite lower than the
ones for the previous finite element model of the testigewith the base plate,
which takes the boltepbints between the parts into consideration. It must also be
stated thatlthough therare a few additional modes{@nd 4" modes in Fig.71),

the mode order has nget changed. Since the latest modelst simulateshe real
world conditions, it can easily be said tiia first structural modal frequency of the
whole test setup has eventually decreased from286 Hz to 163 Hz, which
corresponds tan approximately43% decreasen conclusion, tiis obvious that the
first natural frequency of the test ae1, which is 163 Hzjs in fact much lower than

the initially estimated one of 520 Hz, whicbrresponds t@n approximately 69%

total decrease, and this factveals the significance of defining the boundary
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conditions of the structures and the contact relations betweempathte of the

structures properly.

It is also quite important to point out thaince the excitation induced on the
specimendy the vibration exciteis expected to bdirectly transmittedo the mid-
point of the upper blockn the vertical directionthe 1% mode of the test seip is
hardly excited duringhe VEM characterization test:isteagthe 3* mode with the
frequency of 393 Hz is highly possiblelie excited. Therefore, the upper frequency
limit of the VEM characterization testain be speciid as approximatel®00Hz, so

that the accuracy of the measured data is ensured
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CHAPTER 4

SELECTION OF THE SENSORS, ACTUATORAND DATA ACQUISITION
HARDWARE

In this part of the thesis, the studies carried out to decide on the electrical and
electronic test equipment to be employed in the VEM testisetre presented. The

objective is to select the vibration transducers, vibration exciter (i.e., electrodynamic
shaker), and data acquisition cards considering their operating principles and

technical specifications.

The most important factors to consider while selectinguibeation transducershe
data acquisitiorcarcs and the vibration excitas the possiblelevels of dynamic
qguantities such aslisplacemers acceleratioa and force that will be observed
during the vibratiortests, and the frequency and temperature saimg&hich the
vibration tests are intended to be carried. dine frequency limitup to which the
data obtained duringEM characterization tests is acate is determined to libe
first structural natural frequency of tldesignedest setup, which is approximately
500 Hzaccording to the initial finite element modet mentioned beforehan@he
lower frequency limit is generally set by the low freqeyeresponse of the amplifiers
of the vibration transducers and the vibration excitgr [The temperature range of
interest in which th&/EM characterization tests are carried out is specified to be
50AC t oThepdsBifle®vels of displacemengcceleration and force signals
that are expected to be observed/lBM characterization tests are significant to be
estimated beforehand by simulating the actual testing conditions in order to select the

electrical and electronic test equipment considethreggr measurement and signal
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generation capabilitiedVhen theV E MsGare inthe glassy regionthey exhibitthe
smallestresponse levslespecially at low frequencies. This fact is signifidanbe
consideredince lowlevel signals are highly susceptiblediectrical noisgaffecting

the measurement accuracy adversg|yLf]. On the other handyvhen theV E Mscare

in the rubbery region, they exhibit the largest response levels espeatally
frequenciesat which the viscoelastic specimeandthe steelrigid block attached to
them get into resonance with the fixture behaving fased rigid body. This fact is

also significant to be considered due to maximum signal levels that the test
equipment can handlén addition,the maximunstrain levels that the specimens are
expected to experience are to be estimated since Lipttaynamic strain amplitude

V E MsGexhibit linear viscoelastic behavidr]].

In order toestimate the possible levels akplacements, accelerations, forces and
strains the tweDOF mathematicalmodel of the test setp shown inFig.26 is
utilized for both tensile and doubkhear specimen configuratioftsd]. The fixture

IS assigned ra effectivemass value of 80 kg and first structural natural frequency
value of 500 Hzwhich are close to the corresponding values of the initial model of
the test setip. For tensile specimen configuration the effective vibrating mass
attached to the specimen i&éa as 1.2 kgand the length and the edge length of the
square crossection of the specimen is assignbe values of 6 cm and 3 cm,
respectively while for doubleshear specimen configuration the effective vibrating
mass attached to the specimens i®iais 0.7 kgand the thicknesand the edge
length of the square cresection of the specimens are assigtiedvalues of 3 mm
and 5 cm, respectivelyyhich are acceptable amtbse to the actual valueBSor the
purpose of this simulatiotwo codes arewritten in MATLAB [see AppendixA.2]
wherethe harmonic force amplitude is taken as 15 N, fandensile specimen the
VEM named LD400 by Lord Corporatioj2] and for shear specimahe VEM
named 3M467 by 3M Company] are usedThe results are presentedTiablesl],

12, 13 and 14 for tensile and doublshear specimen configurations at several
frequencies at the minimum and maximum temperatoresaluate the responses of

the specimens in the glassy and rubbery regions, resggct
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Table 11 Vibration response and strain determination of tensile specimen

configuration for harmonic force amplitude of 15 N in glassy region

¢SYLISNY G§GdzNBY mpnc/
. Harmonic Harmonic Harmonic | Harmonic
Harmonic . . . .
: amplitude of| amplitude of|amplitude offamplitude ofj
Frequency [HZ amplitude of{ . , ) , . , . .
.| rigid block's| fixture's | rigid block's| fixture's
normal strain . . : .
(%) displacementdisplacement acceleration acceleration
[m] [m] [m/s"2] [m/s”2]
10 8,05E-0% 6,73E-08 1,90E-08 2,66E-04 7,50E-0
20 8,05E-0% 6,73E-08 1,90E-08 1,10E-08 3,01E-01
30 8,05E-0% 6,74E-08 1,91E-08 2,40E-08 6, 78E-0:
335 8,29E-05 8,53E-08 3,55E-08 3,78E-01 1,57E-0

Table 12 Vibration response and strain determination of tensile specimen

configuration for harmonic force amplitude of 15 N in rubbery region

¢ SYLISNF GdzNBY T1nc/
. Harmonic Harmonic Harmonic | Harmonic
Harmonic amplitude of| amplitude of|amplitude ofjamplitude of
Frequency [Hz i
g y [H7amplitude c.)f rigid block's| fixture's rigid block's| fixture's
normal strain . . : .
(%) displacementdisplacement acceleration acceleration
[m] [m] [m/s"2] [m/s"2]
10 4,90E-08 2,95E-06 1,90E-08 1,16E-02 7,51E-0
20 4,90E-08 2,94E-0$ 1,91E-08 4,65E-02 3,02E-0
30 4,90E-08 2,95E-06 1,92E-08 1,05E-01 6,83E-0:
335 9,57E-02 5,81E-0% 7,08E-0f  2,57E+0R  3,14E+0

Table 13. Vibration response and strain determination of deghkar specimen

configuration for harmonic force amplitaaf 15 N in glassy region

¢SYLISNY GdzZNBY mpnc/
. Harmonic Harmonic | Harmonic | Harmonic
Harmonic amplitude of| amplitude of|amplitude off amplitude
Frequency [HZ amplitude of] . p , . , . , . .
.| rigid block's| fixture's | rigid block's| of fixture's
shear strain| . : : .
(%) displacementdisplacemeni acceleration acceleratior]
[m] [m] [m/s”2] [m/s”2]
10 2,10E-08 8,20E-08 1,90E-08 3,24E-04  7,50E-0
20 2,00E-08 7,88E-0$ 1,90E-08 1,20E-08  3,01E-0j
30 1,90E-08 7,75E-O$ 1,91E-08 2,80E-08  6,78E-0
115 1,90E-08 7,57E-O$ 2,01E-08 3,95E-02  1,05E-0!
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Table 14. Vibration response and strain determination of doghkar specimen

configuration for harmonic force amplitude of 15 N in rubbery region

¢CSYLISNI GdZNBY Tnc/
. Harmonic Harmonic | Harmonic | Harmonic
Harmonic : . : :
. amplitude of| amplitude of|amplitude off amplitude
Frequency [HZamplitude of] . ' , . , . . : :
.| rigid block's| fixture's | rigid block's| of fixture's
shear strain| . . : :
(%) displacementdisplacemeni acceleration acceleratior]
[m] [m] [m/s”2] [m/s2]
10 3,90E+0pD 1,17E-04 1,94E-08  4,62E-01  7,65E-0}
20 3,36E+0D 1,01E-04 2,03E-O$ 1,59E+00  3,20E-01
30 3,14E+0pD 9,43E-0b 2, 16E-0$ 3,35E+0D  7,68E-01
115 2,35E+0D 7,05E-0% 2,80E-O$ 3,68E+0L  1,46E-0]

When the results are investigated, first of all, it is clearly seen tisaa itvise choice

to use accelerometers instead of displacertransducers sincéne estimated levels

of displacements that are expected to be measured during vibration tests are quite
low, and thereforat would be difficult to amplify the signals sufficientifthen,
looking at the acceleration levels at low frequencies3A®1z)whenboth the tensile

and shear specimens are in glassy region, it is decided to use accelerometers with
1000 mV/g nominal sesitivity value (the highest sensitivity valusommercial
accelerometersurrently have in order tominimize the adverse effect of electrical
noise and maximize the measurement accuracy by obtaining the largest possible
levels ofoutput voltage ignals fran the accelerometefd9]. The levels of output
voltage signals from 1000 mV/g accelerometers corresponding to the acceleration

levels given in Table$l, 12, 13and14 are presented in Tabl&S and16.
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Table 15. Output voltage signal levels from 1000 mV/g accelerometers for the

responses of tensile specimen configuration to harmonic force amplitude of 15 N in

both glassy and rubbery regions

¢ SYLJS

NJ § dzNEB

¢ SYLIS NI G dzNB

Frequency [Hz

Output signal of
the acceleromete
at the rigid block

Output signal
of the
acceleromete
at the fixture

Output signal of
the acceleromete
at the rigid block

Output signal
of the
acceleromete
at the fixture

[mV] [mV] [mV] [mV]
10 2,71E-0p  7,65E-08 1,18E+0p  7,66E-0f
20 1,12E-01  3,07E-0P 4,7A4E+0D  3,08E-0]
30 2,45E-01  6,91E-0P 1,07E+0L  6,96E-0;
335 3,85E+0L  1,60E+0]L 2,62E+0ff  3,20E+0

Table 16. Output voltage signal levels from 1000 mV/g accelerometarghie

responses of doubkhear specimen configuration to harmonic force amplitude of 15

N in both glassy and rubbery regions

¢ SYLIS

NJ (G dzNEB

¢ SY LIS NI (i dzNB

Frequency [Hz

Output signal of
the acceleromete
at the rigid block

Output signal
of the
accelerometel|
at the fixture

Output signal of
the acceleromete
at the rigid block

Output signal
of the
acceleromete|
at the fixture

[mV] [mV] [mV] [mV]
10 3,30E-02 7,65E-08 4,71E+0L  7,80E-0;
20 1,22E-01 3,07E-02 1,62E+0R  3,26E-0]
30 2,85E-01 6,91E-02 3,41E+0R  7,83E-0;
115 4,03E+00  1,07E+0p 3,75E+0B  1,49E+0

Looking at the output voltage signal levels at low frequencie3QlBz) when both
the tensile and shear specimens are in glassy regiorgaheuded that it would be
better to useraanalog inputlata acquisition cardith 24-bits of analogto-digital
conversionresoluton apabi | i ty
themeasurement accurafi®]. It is found out that 335 Hz ithe frequency at which
the representativetensile specimen in rubbery region and the steel rigid block
attached to it gets into resonance with the fixture behavingfa®dirigid body.
When the results ifable 12 at this frequencyare investigated, it is seen that the

dynamic strain amplitude ismallerthan 1 % as it has to be; howevke levelof
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maximum accelerations quite large that the measurement capacity of selected
accelerometers could be exceedBEuerefore, in rubbery regn it would be better to
excite tensile specimenswith harmonic force amplitudes much less than 15 N.
Similarly, it is found out that 115 Hz is the frequency at which riq@esentative
shearspecimesnin rubbery region and the steel rigid block attacheithéongets into
resonance with the fixture behaving afxad rigid body.When the results in Table

14 at this frequencyreinvestigated, it is seen that this time the level of maximum
accelerations such that the capacity of selected accelerometers could be sufficient to
measure; however the dynamic strain amplitudeslightly larger than 1 %.
Therefore, in rubbery region it would also be better to excite shear specimens with

harmonic force amplituddsss than 15 N

Once the necessary technical information is acquired, the vibration transducers, data
acquisitioncards and the vibration excitdr.e., electrodynamic shakeaye selected

also considering the economical conisits
4.1. Featuresof the SelectedVibration Transducers
4.1.1.Featuresof the Accelerometers

Four PCB Piezotronics, Inc. Model 352B ceramibh & a r | CPE acceleromete
selected31]. The nominal sensitivity of these accelerometers is 1000 mV/g. The

maxi mum acceleration | evel t dhelalowablee a sur ed i -
frequency range is given as 2 Hz to 10,000 Hz, while the allowable temperature

range is given as5 4 AC 3 A CSine® IEPE accekrometers haventegal

electronics for signal amplificatioto minimize cableénduced noisgthey require

low-current excitation[1]. The selectedype of accelerometersequires constant

current excitation in the rangd 2 mA to 20mA. Finally, it must be noted that the

excitation voltage is specified as 20 Vdc to 30 Vdc.
4.1.2.Featuresof the Force Sensor

OnePCB Piezotroni cs, | forae sensirdseblected 32].0TBeC0 2 | CPE
sensitivity of ths force sensois 11241 mV/N. The maximum force level to be
measured i s 449N pki The allavable $requéncy ranige given as
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0.001 Hz to 3@00Hz, while the allowable temperature range is giver5ad AC t o
+12IAC. The s e foreecsensodlsotequipes cowsfa current excitation in

the range of 2 mA to 20 mAcinally, it must be noted that the excitation voltage is
specified as 20 Vdc to 30 Vdc.

4.2. Features of the Selected Vibration Exciter

Dongling Vibration Co., Ltd. Model ESED45 permanent magnet modal shaker is
selected as the vibration exciter [36]. The maximum sinusoidal force level to be
generated is specified as 450 N, which is much larger than the harmonic force
amplitude with which the spguens are planned to be excited. The maximum stroke
is given as 25 mm (pRk) and the maximum acceleration is given as 100g. The

allowable frequency range is specified as 2 Hz to 3000 Hz.
4.3 Featuresof the SelectedData Acquisition Cards
4.3 1. Featuresof the Analog Input Data Acquisition Cards

Two National Instruments Model NI 9234cthannel analog input modulesth USB
connectios are selected33]. This type of analog input cards supplies an IEPE
excitation current of 2 mAat each channel so that IEPE sensors can be connected.

They havebuilt-in antialiasing filtes with an aliasfree bandwidth of 0.45f The

sampling frequency for this type of analog input cards is formulatéQ as—2—

wher e n |3l ahd f, stands fér the frequency of the internal master{ime

base and is equal «8.1072 MHz. The analeg-digital conversion resolution is 24

bits and the i nput VWV bowayer the gain seftiegcis rfoi ed a
available.Finally, it must benoted that the IEPE compliance voltagfethe selected

type of analog input cards given as 19 \lax, which is equal to the lower limit of

the selected vibration tr athedul measurement e x c i
range of the selectadbration transducers can be utiliz34].

4.32. Featuresof the Analog Output Data Acquisition Card

One National Instrumentislodel NI 9263 4channel analog voltage output module
with USB connection is selecte8]. The digitatto-analog conversion resolution for
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this type of analog output card is-bis and the output voltage range is specified as
N 10 V.
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CHAPTER 5

DEVELOPMENT OF THE TEST SOFTWARE

In this part of the thesis, the studies carried outléwelop the test softwarare
presented. Firstly, the general theory of data acquisition and signal processing is
briefly explained. Thenthe development of the software dedicated to the VEM
characterization tests in LabVIEWWogrammingenvironment is expinedin detail
together with the FRF estimation procedufEhe developed test software in
LabVIEW performs two main functions, which are generation of signals to drive the
electredynamic shaker, and measurement and processing of the signals received
from the vibration transducer&dditional functiors are also integrated to the test
software such as measuring the temperature in the vicinity of the specimen during the

tests and saving the resultant data at the end of the tests
5.1. Theory and Application of Data Acquisition and Signal Processing

The purpose of a data acquisition system is to measure a physical phenomenon and
transmit into computer for analysis and presentatios.composed of the following
elements: (1) Transducer; (2) Signal; (3) Sigoonditioning; (4) Data acquisition
device; (5) Driver level and application level softwadé][

Transducersim at converting a mechanical quantity of interest into a measurable
electrical signal, usually in a voltage far#s it is statedn theintroduction partthe
transducers used in this thesis work are the force sensor, accelerometers and

thermocouples.
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There are two types of signals, which are digital signals and analog signals. Digital
signals contain two types of information, which a&tes that is either on or off and

rate that tells how the digital signal changes state with respect to time. Analog
signals on the other handpntain three types of information, which are voltage level

of the signal such as 3.75 Valtshape of the sighguch & sinewave that allows
further analysis withthe peak valueszerocrossingsslopes andareas underneath

and frequency content of the signal in an indirect manner since the signal in the time
domain requireg-ourier transformatiomeforehand37]. In this thesis work, analog

signals are handled.

One main purpose of signal conditioning is to convert the low level sighdligh
impedancdrom transducers into signas low impedancehiat arealmost immune to
electremagnetic noisecontaminationcaused mostly bycabling. If an external
amplifier were to be used, it would best be plagedclose to the transducer as
possible in order to avoid electromagnetic noise-piglkas much as possildle, 37.
However as stated in theelection of thesensors, actuator and data acquisition
hardwarepart the transducers used in this thesis work have {milamplifiers
activated with a constant current supply2 mA. Another main purpose of signal
conditioning is tgpass the signaleceived from theransducershrough special low
passfilters, namelyfantialiasing filter®, before sampling in order to discard the
data withfrequencycontent above half the sampling frequen8ampling of the
measured data at discrete points in ticaeiseshe spectrunof the data to repeat
periodically in the frequency domain such that the period is equal to the sampling
frequency. For receie signals with frequency content above half the sampling
frequency, the corresponding spectral components are projected ormoeheat
frequencies belovhalf the sampling frequency due tioe periodic repetition of the
spectrum in the frequerycdomain, which is known as aliasing, and this phenomenon

results in incorrect spectryras shown irrig.72.
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Figure 72. Representation of aliasir{g) Spectrum of @ontinuous bandimited

signal with a maximum frequengglso known as cenff frequency) 'Q (b)

Spectrum of the sampled signal within a finite length of time with a sampling

frequency,Q  ¢'Q (c) Spectrum of the sampled signal with a sampling frequency,

"Q ¢'Q where the shaded asedisplaythe aliased componerts|

Therefore,in orderto obtain correct spectrum the aaliasing filtering operation is

essential before sampling theeasurement dafd, 37. As statedn the selection of

the sensors, actuator and data acquisition hardwarg the analog input data
acquisition cards used in the thesis work have Houiéintr-aliasing filters, therefore

external filtering is not reqted.

A data acquisition device/card & agent between the signals coming from the
transducers and a software environment, or betweewalkeformsgenerated in a
software environment and the actuatdys.it is stated in theelection of the sensors,

actuator and data acquisition hardwpeet as an analog input data acquisition card

4-channelUSB-basedNI 9234 analog input module with 2ts analogto-digital

conversion resol uti

on

and

N

5

Vol t s

card 4channelUSB-basedNI 9263 analog voltage output module with -b@s
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digitaktooanal og conver si X Wolts rargedreuused o nthis thess N

work.

The driver level softwaraised in this thesis work iBNI-DAQmMx0 in order to

provide the communication between the Nadiblnstrumentslata acquisition cards

and thecomputer B7]. After the installation of the driver software, the data

acquisition device is detected B)I Device Monitob whenever it is connected to

the computer through a USB pdrt.order to configure and teltational Instruments

hardware the software interfac@Measurement and Automatio E x p iswse@ r 0

[37]. Its shortcut icon appears on the desktop onc®ADmMX is installed on the

computer.lt has four categories: (1) Data Neighborhood: Iugsed to view the

current and create newirtual channels (2) Devices and Interfaces: It shows

curmently installed and detected National Instrumenésdware.It also includes

utilities for configuring and testing data acquisition devi€&sce a data acquisition

device is connected to the computer for t h
perfor med. There i s al so a ANtetwytlor panel so |
troubleshooting. (3B5cales: It isused to view the current and create nawstom

scales such as defining the sensitivity of a transducer connected to a specific channel

of the data acquisition device. (&oftware: It provides access tocakhVIEW

programming environment, which is the application level software used in this thesis

work.

5.2 Development of the Dedicated Test Software in LabVIEW Environment

Following the Frequency-Response~unction Estimation Procedure

LabVIEW is a programming package distributed by National Instruments, vidiich

easy to use with a wide range of gengmnapose and speciaurpose functionand

Avirtual i nstr umen tircarporated bntothe progeammirdy a s Vi)
environmensoc al | ed k i BI and offarsredusdriendly interfaceso-called

A Fr ont.THeaataeakcqoisition and signal processing softwladicated to the

VEM characterization tests developed such that it not only measures and processes

signals received from thabrationtransducer$éut also generates signals to drive the
electredynamic shakeimages of the designed user interface in LabVIEW are given

in AppendixB.
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5.2.1. Generation of Signals to Drive the Electralynamic Shaker in LabVIEW

Once the driverevel software NNDAQmx is installed andhe data acquisition

device sconnected to the <computer, the dat
Me as ur e me n t-DAQMxQOn thé FuNdtions paletteFor transmitting the
excitationsignals generated in the computer to the eletyramic shakeamplifier

through the selected data acquisition cardt he A DAQ Assi stant
decided to be usedhis VI achieves multiple objectives of creating, editing and

running data acquisdh tasks using NDAQmx [38]. When the VI is placed on the

Block Diagram, it launches to create anew t#sk.t er sel ecti ng Genel
Anal og Output Y Voltage Y Supporlicked Phys
to edit the newly created datagacsitiontaskFi r st of al l , the fGe
selected as A Commorddrto continously genepate signals to drive

the electredynamic shaker during the tests must be noted that lven continuous
generation isl|lo®epédctiesd,aud ofin&hii cadnday cr ea
APush buttond appears to be connected t
createdloop such that when the button is pressed, the loop terminates execution
Then,a tick is put on fAdJuwse theWimweg ihfarmation T i mi n
(number of samples and sampling rate) contained in the signal wired to [B8].VI

Finally, in order to avoid regeneration of the data written to thlbcamd memory of

the data acquisition devitefore startingthetask he A Use Only Onboar
attribute i s sethatthenewdydeneratedidiawalt hedm t he AW
| o oigpcontinuously transferred from the memory of the computer to that of the data

acquisition devic¢38].

In order to excite the test specimens at all frequencies of interest simultaneously,
random signals are decided to be generated to drive the edgammic shaker-or
this purpose, a sdprogram is developed within the dedicated test software, as

shown n Fig.73.
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Figure 73. The part of the developed software belonging to the generation of signals

to drive the electralynamic shaker

In Fig.73, the ADiIigital Pattern Generator VI o a
Waveform Y Digital Wa v e f o gemeratesna digitake Funct i
waveform composed of a set gandthennttboml y assi
ADi gital to Anal oggnwdmmiancgc e swWdv aifnadrem &®omov e
generated digital waveform tn analog waveform which is transferréal all four

channels ofthe selected data acquisitiotievice B8] . The fAnumber of sam
Asampling rated and i apepchaniebfthe dedcearegener at ed

variables and can be controlled in the Front Panel.

5.2.2. Measurement and Processing of the Signals Received from tkiération

Transducersin LabVIEW

The flowchart for measurement of the signals coming from the transducers

LabVIEW is given inFig.74.
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Create and configure
virtual channels
corresponding to the
physical channels of the
data acquisition device

Read the requested
number of samples

Specify timing
information such as
number of samples to
acquire and sampling
frequency

Start the taskf data
<I,: acquisition

accumulated in the
buffer

Clear resources

> allocated to the task of

data acquisition

Stop the task of data
acquisition

Figure 74. The flowchart for measurement of signals received from the vibration
transducers in LabVIEW3[7, 38

For signal measur ement , the basic dat a
i nstead of th&EexpbA®Qs A¥VbEosthartause their
flexible programming facility. Therefore,he flowchart shown in Figr4 is
programmedn LabVIEW by connecting the correspondibgsicVI 6 s i n t he
orderand configuring t he rogriaté saseanctiredloadki n g

Diagram For testing tensile specimens a total number of four accelerometers two of
which are mounted tthe left and right sides of theensile specimen base block and

the other two are mounted to the left and right sides dfetingle specimen vibrating
block, and one force sensor are used. Therefore, for tensile specimethégsast of

the developed software belonging to the measurement of signals coming from the

vibration transducers is shownHing. 75.
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physical channel of base

hln(k accelerometer (right)
number of samples

physical channel of base
block accelerometer (left) physical channel of for acquisition
forcetransducer
sampling frequency 5’23D
’ for acquisition

physical channel of vibrating

block accelerometer (right)
0,002

‘izsh

1

physical channel of vibrating
block accelerometer (|eft)

-0—0
Analog 1D Wim
ALF 1EPE ~|[s: le Clock | e
‘ orce "l ample Lloc " NChan NSamp

|Al Accelerometer ¥ |AIAcceIerometer '"lAIAcceIerometer hd
sensitivity of accelerometer + B
- o] | Hmein]

connected to vibrating block] {left)
sensitivity of force transducer

sensitivity of accelerometer

li23p sensitivity of accelerometer connected to base block (left) T
sensitivity of accelerometer ‘izag

connected to vibrating block (right) ezl connected to base block fright)

[ ) | R
f iz

Figure 75. Thepart of the developed software belonging to the measurement of
from the vibration transduce

of t Heonsideriagtheusedd accel er
the Ilimits of the measu

signals coming
490 sets the | imits

accelerometersiN 4440 set s
considering the used f thebuikincsrentexcitation Al nt er n al

source of the data acquisition deviceisuge@;. 0020 i s the current ex:
in Amperes.

For testing shear specimens on the other handa total number of three
accelerometers which are mounted to the dafe block,right side blockand the
center blockand one force sensor are used. Thereforestiearspecimen tests the

part of the developed software belonging to the measurement of signals coming from

the vibration transducers is shownrHig.76.
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physical channel of physical channel of ghﬁsic.ac: cElannkeI of |
center block accelerometer |eft side block accelerometer 13 t side block accelerometer number of samples
PHYS e PHYS = PHIS physical channel of for acquisition

= = T force transducer i

= sampling frequency A2zl
0,002 FHIS for acquisition
IO
ItzsH
49 [ |Interr'|a| 'l -45 49 444 m
49 49 495
EM

|AI Accelerometer '[”AI Accelerometer v[”,t\l Accelerometer 'ﬂlAI Force IEPE 'IHSE"”F'E Clock '“

Y T
sensitivity of accelerortieter LlNewtons ‘l L'm'u’olts.fN v|

connected to center block sensitivity of accelerometer
e sensitjvity of accelerometer  connected to right side block
connected to left side blogk b sensitivity of force transducer

Analog1D Wfm _ uE

MChan NSamp

Figure 76. The part of the developed software belonging to the measurement of

signals coming from the vibration transducers for shear specimen tests

The dAphysi ofdhe datalaequigitienlcard i s e n sfithe vilwatidny o
transducersandi s amp | i ngy &6 r a g d e i n u mieechanrelfof tttea mp | e
cardshown inF i g ®and 7@ are variables and their values can be controfigtie

Front PanelThe series ofdatasampled witin a finite length of time iscollected

from each channeh the form of aonedimensionalwaveform which is streamed to

the other parts of the developed softwavégh bold-blue wiresshownat the right

sides of the Fig s5and76.

After the sampled data at each channel of the data acquisition device is transferred to
the computer memory, the digital signal processing operations start. First @hcth
sampled dataetwith a finite record lengtimust be multiplied literally with a data
window, which is in fact a weighting functiom time domain with an effective
length of time equal to the record lengit order to minimize the possibégfects of

the lekage error

The frequency limit up to which the measurement data obtained during the VEM
characterization tests is accurate sist according to the first structural modal
frequency of the fixture of the test a4, as stateth thedesign and validation of the
test setup part In this frequency range, in which the fixture behaves as a rigid body,
the viscoelastic specimen, esthtensile or shear, and the steel rigid block attached to
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its end is possible to behave as a shif@F system in the direction of the applied
force, depending on the storage modulus value of the specifie fact that the
specimerrigid block assemblgets into resonance in the frequency range of interest
especially when the specimen is in rubbery region essentially poses a problem in the
digital signal processing phase. Due to the nature of digital signal processing, the
measurement data is samplegetdetermined time intervals and recorded within a
finite length of time. When the samples of data are converted into frequency domain
through the usage of discrete Fourier transform algorithm, the record is assumed to
belong to one period of a periodiantttion. It is highly possible that without special
programming precautions this virtual periodic function has discontinuities at
start/end points of each period corresponding to the integer multiples of the record
length. This phenomenon causes the leakafyespectral energy especially at
resonance and afgsonance points into the side frequencies in the frequency
domain; therefore the FRF estimates used in the mathematical modeling of the tested
specimens will be erroneous [1Bince the specimetigid block assembly is
expected to get into resonance in the frequency range of interest, it is required to
utilize special methods to eliminate or at least reduce the effect of tulled

Al eakage errorod such as wusing special data w

For stationary signals, which are expected to be involved in most vibratiated
laboratory experiments, t i's recommended t owhithsise fAHanni n

shown inFig.77.
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weighting
function, w(t)

1 0eYO ™ p Al &6—
forn = 0, 1, 2,
» time, t

| effective length
of time = record
length, T

Figure 77. Hanning data window, whef¢is the number of samplegi is the time

spacing betwaeadjacent sample§,[3§

Since Hanning windovinas a zero value and slope at the start and end points of the
effective length of timejt provides a gradual transition over the discontinuities
occurring due to periodicepetition of the sampled datd].[ Therefore,the one

dimensimal waveforms corresponding to the acceleration and force signals collected

from each channel of the data acquisition device fast converted to one
dimensional arrag/o f scal ar sf rboym ADCyonnavneirct Dsaandh EXx pr
then upon multiplication with the direction information of the corresponding

vi bration transducer that i s codftdhmeol | ed
arraysar e connected t o Apdeanng undeg Sighal RracessingV Il 0 s
Y Wi n d ahe &nctions palette.

After data windowing is applied, the sampled data in the time domain is transformed
into the frequencydomain by a fifast Fourier transform (abbreviated as FFT)
algorithm, which is approximately a hundred times faster thairfidisereteFourier

transfornd [1]. The discrete Fourier transform is formulated as:
W ayQ WEYO'Q YV f oar miplgcB R p8 Eq.h7

wherex ( n ot ) is the sampled dat a, X ( maof ) i
sampl ed diatheafrequency dpaaipf between adjacspectral components
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(also known as frequency resolutipmjhich is formulated a¥'Q — [1, 3§. The

FFTcal cul at or of LabVIEW is accessed under
the Runctions paletteTable17 illustrates the pattern of the elements of B of a

sampled dataeriesfor an even number of samples, which is also equal to the size of
FFT,and forii t r G & o Viallieof L a b V | ERV&aculator, which specifies that

the DC component is at the center of Bt of the sampled data series.

Table 17. Properties of FFT calculator in LabVIEJ8]

N is even (k = N/2)

FFT Element | Corresponding Frequency
Xo - (f42 = Cutoff frequency)
X1 -(k-1)  opf
X2 -(k-2)  opf
Xk-2 -2 opf
Xk-1 - pf

Shift = True X DC component

Xks1 oof
Xk+2 2 pf
XN-3 k-3) opf
XN-2 (k-2) oof
XN-1 (k-1) opof

However, there is not a built frequency calculatocorresponding to the elements
of FFT, as listed inTable17, in LabVIEW; thereforefor this purpose a sgfrogram

is developedas shown irfrig.78.
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E'—L Build Array
[CIH+|
" [E

For Loop Reverse 10 Array

" (i8]
> ,
# ] =
Formula 6
* M
r k Scalar elements accumulate sequentially
inte 10 arrays at auto-indexed output tunnels,

0= - [fi—1=

0 P

Figure 78. Part of the software developed MEM characterization that calculates

frequencies corresponding to the spectral compomdisampled data in time

The AFormul 4§ aExpeseses \haoeScriptd&arrhuamanei cs Y
Functions palette) n AFofatoepsded under Pr ogheammi ncg
Functions palette3hown in Figr8 calculates the positive frequencies listed able
17inrad/sassuchi number of sampl es o amsertedmtampl i n
the formula as inputs n  a  fatiabl® rimat (dccessed und&®r ogr ammi ng Y
Structures irthe Functions paletteand the indexko enters the loop as a constant

v al u e disthdahincreagd by oneat each iterationutilizingt he A Shi ft Reg
which is indicated by up and down arrows on the right and left borders of the loop,
respectively,as shown in Fig8, andis used & passthe values from previous

iterations through the loop to the next iterati@®8]. The numberof iteraions is

speci f iumbgrobsampi@@® and connected to ACount o
A N.dAfter the iterations have finished, the order of the resultantdomensional

array that is composed of t he vpreeslDt i v e
Arrayo (fainmcds soend under Prthe BimctonsmpalettegndY Ar r a
al | el ements of t he r esludl.t iFignaarlrya y naBruei
function, which is alslmccessed under Pr othe Rmnmotmnsn g Y
paletteand concatenates multiple arrays or appends elements taliamensional

array (For example, if two orgimensional arrays {1, 2} and {3, 4, 5} are wired to
ABuil d Arrayo, and AnConcatenate I nputso
output is he onedimensional array {1, 2, 3, 4, 5}.), is used such that the reversed

array, a constant val ueutpusiofthe itesatiodhs irt thee ar r
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Afor |l oopd are inserted into the function i

range 6the frequencies from*" "Qto  “ "Q[38].

After the components of the FFT of easampled signalcoming from the
accelerometers and the force sensord the corresponding frequencies are
calculated,the aute and crosgpower spectral estimates adetermined using the

following formulae:
Y &8 Egha
Y & H8 EqhB
Y Wh8 Eqhs

where k = 0, NY¥Y, “Npg. é, NN/ 2 and

The final step before obtaining FRF estimatetigapply fiensembleaveraging in

order to minimize statistically the effects of random noise in measurenignihis

i's achieved bogf measukeinantg suécessivelys and thearaging

linearly the resulting spectral estimates for each set of measurenf@ntghis

purpose, the part of the developed softwiare c | udi ng measur ement o f
Hanning window Y FFT calculation Y power spe
fiFo r | éNw pnd € r of ensemble averagingo which i:
Cont onahe &ront Anel( accessed under iMoodnectedtoY Numer i
ACount 0 t er mi Roathe ficstf iteratibnethe lawagspthat enter into the

loop to represent the initial spectral estimafi@s each set of measuremerdee

formed b y Initfalize Arrayo function ( accessed under Programmi ng
whi ch c¢creat es a n-diMiensionabaeray inavhich gvargn@ldmess io
initialized temeheoyvalwhe c @b AferEtseple i f i ed as
executes, the termilsaon the right border of thlwop return the l@stvalues of

added spectral estimatiEs each set of measuremestbred in thei Bift Registers.

In fact, the resultant spectral estimatesild be divided by thé&inumber of ensemble

averagin@ and multiplied by — (T: record length N: number of samplésto

obtain the correct values gpectralestimatespower spectral densitieshowever
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this is not done because the ratio of the spectral estimates will be taken to calculate
FRF estimatef26].

The final step is to obtain the FRF estimates. As statdte design and validation of

the test setip part the mathematical modeling of thesttesetup requiresrelative
displacement FRF©f the rigid block attached to the specimeas formulated in

Eqn8. Therefore, the relative acceleration FRF of the rigid block is to be estimated
from the spectral estimates of the measured acceleration and force, sagdatlsen
converted tothe relative displacement FRF making the basic modifica
formulated inEqn9. ThefiH;t echni que o, which is the mos
selected to calculate FRF estimates assuming that the extraneous noise contaminates
the output signals, which ameasuredacceleration signalgather than the input

signals, which are measured force sigih&ls3g. In addition to the FRF estimation,

the fAcoherenceo functions are also esti
involved in the test system, if there are any inputs to the tesipsether than the

force inputoriginated fromthe electredynamic shaker, and/or there is excessive

extraneous noise contaminating the measured sigh&§].

For tensile specimen tests, the drivipgint acceleration FRF of the rigid block is
calcul ated by I inear |l y carvespondiggitontigignalh e acc
coming from accelerometers mounted on the left and right sides of the vibrating
block, and similarly the crospoint acceleration FRF of the fixture is calculated by

l i nearl y aver agi n gorrégspordingto theigghatsscomingifroon F RF 0
accelerometers mounted on the left and right sides of the base block, as stated in the
designand validation of the test sap part. Therefore the following formulae are

used to calcul ate these FRF©6s:

O

o Y ny
C - 8 Eq.bh8a

O

o Y ny
c 8 Eq.hb

~ ~

Then, the relative acceleration FRF of the rigid blémktensile specimen tests

calculated as:
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0 0 8 Eq.h6

and the relative displacement FRF of the rigid block for tensile specimen tests is

obtained as:

O 1 8 Eg.h8

For tensile specimen testthe coherence functions between the force and the
accelerations of the left and right sides of the vibrating block and the base block are

calculated using the follaing formulae, respectively:

my
0 0 Eqg.2
000 N Y 8 Eq.h@a
v v gy “Y

000 VALY, 8 Eq.2D
[T “Y

o000 VALY, 8 Eqab

ny
v E g2
000 N Y 8 Eg.nd

For shear specimen tests, on the other hand, the dpwaing aceleration FRF of the

rigid block isequal to the drivingpoint acceleration FRF of the center blpakd the

crosspoint acceleration FRF of the fixture is calculated by linearly averaging the
acceleration FRFO6s corr espondelerometers o t he S i
mounted on the left and right sibicks, as stated in théesign and validation of the
testseippart. Therefore the following formul ae &

O A 8 Eg.2a
V g.
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O

N |O
2
_<

~ ~ 8 Eq.2h

Then, the relative acceleration FRF of the rigid block dboearspecimen tests is
calculated as:

0 0 0 8 Eqat

and the relative displacement FRF of the rigid block dboearspecimen tests is

obtained as:

0 - 8 Eqad

For shear specimen tests, the coherence functions between the force and the
accelerations of theenter block and th&ft and right side blockare calculated

using the following formulae, respectively:

ny
. E g2
000 N v 8 Eqna
o gy “Y
o000 N Y 8 Eq.2B
my
. E g2
000 N Y 8 Eg.he

5.2.3. Additional Programming in LabVIEW

The developed test software has some additional features other than signal generation
and signal measurement with FRF estimation. These dre: Témperature
measurement; (2yetting delay between signal generation and signal measurement;
(3) Determination of the storage modulus and loss factoresfetl viscoelastic
specimens; (ASaving the resultant data;)(Plotting the measured signals and the
resultant data
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Since dynamic properties of viscoelastic materials are also temperature dependent,
characterization tests are to be conducted at various predetermined tempétatures.
this purposethe upperpart of the test satp, whichcontainsthe test specimeris

placed into a thermal chambewhich controls the temperatureAlthough the
nominal temperature value at which the test is desired to be conducted is known in
advance, the temperature of the specimen is still measured by thermocouples placed
at certain points on the test 4gt close to the specimen since the testptrature
enterel into the control panelfahe thermal chamber surebxhibits differences

within the chamber due to thermal characteristics of the tesipsét addition, the
temperature of the specimen is tottaekedthroughout the test since the aaelastic
specimen dissipates heaten it experiences deformation dynamicaliyie toits
inherent internal dampingmechanism [12, 13]. Therefore, a temperature
measurement part similar to the vibration transducer signal measurement iscadded

the developed test software, as showRi@79.

Thermocou ple Card Channe
ﬁ, Buift-In 7}

80

Thermocouple Card Channel-2 Thermocouple Card Channel-3

e|Card Channalrl[

- ] 20
on

thermocouple type connectedto  thermocouple type cofnected to. thermocouple type connected to|  thermocouple type connected to
thermocouple card channel-0 thermocouple card chapnel-1  thermocouple card channel-2 thermocauple card channel-3

Figure 79. The part of the developed software belonging to the measurement of
signals coming from the thermocouples wh-6 9 £+ 800 sets the | i mits
measured temperature in dégconsidering thelanned temperature rangetests
10000 is the sampling frequency per <c

The thermocouple cardsed in the test system Mational Instruments NI 9211-4

channel thermocouple input module with USB connectiort her mocoupl e carc
¢ h a n anddortespondindgi t h e r mo ¢ osh@vhie Figt7y goeevariables and

their values can be controll@dthe Front PanelOne sample per channel is collected

during the record length of the signals coming from the vibratemmstiucers antb

repeat thigor each vibration transducer signal measurement cycle p@ot i n u mb e r

of ensemble averagingo, -prdqgamshewnindigdlat ur e meas

ispl aced into the s amerhefaéquined témpergiuce dadafis t he f or
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then linearly averged per channel and the resultant average temperature per channel
is then multiplied with a weighting factaontrollablein the Front Panekuch that

the sum of four weighting factors corresponding four channels of the
ther mocoupl e c akindlly, the weagltad average temp@ratores are

summed to determine the test temperature.

Setting a delay between the signal generation and the signal measurement is essential

in orderto wait for the transient responses to die satthat steadgtatesignals are
measuredFor thi s purpose, the AFor | oopod <co
processing operations i strucwire raccessed drelet wi t
Programmi ng Y th& functioost paletes The #AEvento str
composed offiEventca s e s 0, and i Ev ewddatrsso executeithe an 7
corr es pon d38]nly thedéevalaped dest softwarthe eventis specified to

bet he AValuefAPhahgeatobdbna, whichioin® mamed
the Front Panebnd the corresponding case is the measurement and procdsbiag

signas When the fAPush buttono is psemssed i
the signal generation starts, teeentwhicht he A Event 0 stffortact ur e
handle occurs toexecute the signal measurement and processasg It is
recommended to surround an fAEvento struc
APush ,bwvhichtispia@aced in t he,tidEWdotcdriited r uct u
terminal of the loopwhich isspecf i ed as ([i38.tThepefore,fwheh thar e 0

fiStart Acquisitio® i s p r esignalenttasuremént and processicage is
execut ed; then the AWhile | oopochecksads t |
against the | oop termination condition o
loop.

The developed test software calculates the storage modulus and loss factor values of

the tested viscoelastic materials as a function of frequency at afiegpeeist
temperature using Edi® together withEqnl3 and Eqn.M. For tensile specimen
testssifef fective vibrating mas-segtionalfaleeofgt h o
VEMO are identified amorreSpdndindgeront Parelivhile ont r o

for shear specimen tests fAthe effective
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Acr-9scti onal area of V E Mo are ondhenti fied e

correspondingrront Panel.

LabVIEW offers a file I/O format designed specifically for engieg data
management , whi ch iTlis file dormatdprovadss sdvingoaics o .
documenting the test data in a wethanized andearchreadymanney as shown in
Fig.80 [39].

Figure80.A TDMS o0 f i | e f o offeriagthrae kevels af biararcByWwW
namely ARooto, AGroupod, and AChannel 60, with

number of custom propertiés be defined4Q]

|t i s al so advantageous that ATBIMSOo files
Therefore, it is decided to save the necessary data obtained thsirtpveloped

software for viscoelastic material characterization testisis file format.The sets of

data that are saved for each test thee frequencies corresponding to the spectral

estimates, the storage modulus and loss factor values calculated for the tested
viscoelastic specimenthe test temperatures, the estimated FRF and coherence

function values, and the test settings such as number of samples to acquire and

effective vibratig mass.As an example of the stfrogram developed for TDMS

file saving using the basic functions acces

TDM Streaming, the test settings data logging is shovgr8l.
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