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ABSTRACT

A beam structure subjected to different loading conditions is likely to have localised stres
concentrations when loaded. High magnitudes of stress and repeated loading may lead to the
development of crack&iven the wide use of steebams, the presence of cracka isource of

serious concern as cracks decrease the structural integrity ofrtlwture. This can have
catastrophic consequences in terms of human life, property damagdjeeconomic lossedn

order to eliminate or reduce the chances of structural failure duerémlg it is desirable that

any crack is detectedin its early stage of development, before it becomes structurally

significant.

The purpose of this thesis is to evaluate a crack on a simple structure using a vibration
technique. This investigation presents a method ofdestructively assessing a structure to

detect acrack from vibration measurements taken at a single point on the structure.

Finte element analysis (FEA) software was used to model and understand the effects of crack
severity and varying crack position along the lengtlthe beam. This analysdeternmed how

these crack characteristics affect the reso

An impact test was used to obtain vibration measurementa noncracked andracked beam.
A sawcut of variouspercentage reductienin crosssedional area was used to resemitiie
crack. The data obtained wewsed inconjunction with receptance methods to indicate the

location of the crack

Experimental results wergerformedon a universal bea@50UB14.0Grade 30
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SYMBOLS & ABBREVIATION
SYMBOLS:

E Elastic Modulus

I SecondMoment of Area
k Stiffness Constant

L Length

M Mass

M Mass per unit length

n Frequency mode
1 Resonant Frequency
1 n" Resonant Frequency

n.b Standard Sunits 7 kg, m, s

ABBREVIATIONS:

CDU CharlesDarwin University
FFT Fast Fourier Transform
UB  Uniersal Beam

FEA Finite Element Analysis
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1.0 INTRODUCTION

Cracking and the subsequent loss of strength is a main cause of failure in str{igiueesl.,

2005) It is a source of serious concern as structural failure can have catastrophic consequences
in terms of human life, property damagend economic losses. The chances of structural failure
due to crackingcan be reducedr avoided if crack can bedetected in the early stages of

development, beforthey becomes structurally significant.

In theory eery system haaninfinite number of unique resonant frequencies and associated
mode shapes. Resonant frequen@re thefrequencies that occur in a system when driven into
flexural, torsional or axialibration. A system that is forced or allowed to vibrate at these
frequencies wil experiencdarge amplitudes of oscilationin a structure, thignay produce
damaging defl@ons andhigh values ofstress at one or more points on the strucamémay

even result in collapseThe resonant frequencies of ayde structure such as a beam are
determined by its structural and material propertesdominately its stiffness,mas and
restraints One of the earliesstudies byAdams et. al, (1978)found that the presence of damage
within a structure can be expected to reduce its dynamic stiffness. A reduction in the stiffness
causs a reductionin the values ofresonant frequeres of the system which allows vibration

to be used to detect a crack. The earliestiagpln ofvibration as a noulestructive test to
detect a significant f -dapping whohr wasl eoridecied to detacs  p r
cracks in cast iron taay wheels.(Liley, 2016)

The most common methods of damage detection were those whittheisshange in resonant
frequencies as they are reliable and can be obtained quiskkwu, 1997)Ove the years,

new methods of nedestructive testing has been developed, such as ulirasonic testiag, X

and acoustic emission. However, most of these methods require access to the entire component
under analysis. Adams et. 1978)developed atechnig which used vibration measurements

for nondestructive evaluation of structurmtegrity. It was showrthatvibration measureme nts

taken at a single point could be used to indicate the location and magnitude of a defect for a
onedimensional batype stucture. This method was supported by experimental results
obtained from a variety of components including straight prismatic bars, a-dapblgd bar

and an engine camshaft. Adams et. al. modelled the structures using receptance methods and
neglected daping. Receptance is defined as ampltude of dynamic displacement divided by
ampltuce of dynamic force at harmonic steastgite vibration (Bishop & Johnson, 1960)
Receptance alowed for the damadggructure to be modeled #&so beams connected by a
massless spring of infinitesimal length to represent the damage. This can be seen in.Eigure 1

where the damage location, x and the stiffnes@r&unknown. Manipulation of the frequency
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equation with the appropriate recapte of the two bars allowed twgossible damage

location(s) to be identified using graphical methods.

- !

SUA

Spring, stiffness K,

Figure 1.1: Structure with demage represented as a spridglams, et al., 1978)

Superposing the appropriate equation obtained through manipulation of the dyeapmation
and plotting the first three modes against position x alloves the damage location to be
identified. The possible damage location(s) are shown whezevalues of K/(EA) are
approximately equal for each frequency. This can be seen in FigareThe values where
K/(EA) for all three curves arexactly the same isare due to the accuraaybtained from

vibration measurements oeal bars.

0 0.5%/1 1.0
Figure 1.2:Receptance analysis to indicate the location and magnitude ofc dafe fre&y suspended bgAdams,

et al., 1978)

In the research reported by Adams et(E278) the choice of modes of vibration was mainly
restricted to axial vibration. Axial vibration is also known as longitudindkraton which

occurs wheroscilation of the testpecimenis parallel to its length.

The results indicated that the minimum amount of damage to a structure which could be

detected was about 1% reduction in the cessional area of the various bars testeaimge
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sites were located accurately except when they were near the end of the bar, aessiat s

the end of the bar wadmost zero in all modes of axial vibration.

The position of the damage was located at two possible sites which weretriganabout the
mid-point ofthe length of the bar. Symmetry of the bar prohibits the graph to indicate a single
damage location. One of the possible damage sites was eliminated when tests were conducted
on an asymmetrical structure. Figute3 shows a single daange | ocation | abel

asymmetrical structure, a tapered.ba

204

0.5 x/I 1.0

Figure 1.3 Damage location in tapered b@dams, et al., 1978)

The effect of damage on a structure is not the same for each mode of axial vibration since the
stress dtribution through a vibratingstructure is notuniform and different in eacmode of
vibration. Adams et. al. measured and used the first txieéresonant frequencies to detect a
defect.

The method of detecting and locating aakr proposed by Adams et. #1978) required
information about the dimensioresnd stresswave velocity within the bar. The dimensionsf o

the bar were measured and stand#dsity was assumed. The use of quoted values of material
proprieties obtained from the Onesteel cataloguere not sufficiently accurate for this purpose.
Adams et al were able t’ocer come this issue by determinin
from experimental testing on an undamaged bar. As the quoted values of material properties
are not suficiently accuratéo detect defectand resonant frequency measurements of the

structureare required during two stages of its life, one of the measurerfientghe undamaged

Crack evaluation in a simple structure using aatiomn technique 4



structure. This is an issue for structuhich are already in service and the condition of the

structure is unknown.

Measured changein resonant frequencies alone revsufficient to detect and locate a crack
using the metbd proposed by Adams et. &awley & Adams, 1979)However, this method

was limited to simple structures. The change in resonant frequencies alone may not be sufficie nt
to detect and locate damage in a complex structure as frequameiebtained for the entire
structure. Damage to a component within the structure may have local effects on the resonant

frequencies however may not affect the global resonant frequencies.

Research has shown that damage located in regions of high stress in a,stuctuses frame,
resuls in significant reduction inhe associatedesonant frequencies. These findings suggested
that measurements of vibration alpa@e not sufficientt accurate to detect damage located at

regions of low stres§Salawu, 1997)

Adams et. al (1978) considered the effects of temperature and incorporatéeimperature
correction. anges in resonant frequencies do not autoahigtidmply that there is presence

of damage. Changes in resonant frequencies exceeding 5% has been recorded within a single
day for both concrete and steel bridges due to changes in ambient con@iidas, et al.,

1994)

Repeatable and reproducibleare two commonterms referred to in experimental testing
Repeatabilty is a measure of variation in measurements obtained by a single person using the
same instruments, in the same conditi@m&l within a short period of timdRepoducibility is

a measure of whether amperiment can be reproduced in its entirbtydifferent individuals,

using different equipment, and in different conditioAslams et. al(1978)stated that théasic
requirements otheir proposed method atee eproducillity to determine several resonant
frequencies of the structure under consideratdssuming idealised boundary conditions, the
measured frequencies do not have to be the esa® as long as the mode shape daliffer

from that predicted bgtheoretical model.

Over the years there have been many new methods edestructive testing developed to
assess the integrity of structures. This thesis aims to expahtowledge within this field, by

exploring a method of nedestructive testing tdetect cacks in simple beam structures.
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2.0 PURPOSE

This investigation attempts to detect and locate the presence of a crack in ssgppalyted
beam with vibraton measurements obtained from experimental testing. The vibration
measurements were abted for a standard 150UB14.0 sectiommjor axisfiexural ubration.
The vibration data weresed with receptance methodso confrm whether the changein

resonant frequencies asefficient to detect a crack on a structure of this type.

Flexural \bration occurs when the beam is oscillatingaidirection ormal toits length. In this
investigation, the use of the tedfiexural vibratiod refers toanin-plane flexure of the system.

This fiexure mode is wherthe bending is about the major priraipaxis.

The aim of this investigation is twe achieved through the completion of the primary objectives.
If tme permits, the investigation malgeneft through the completion of the secondary

objectives.
Primary objectives

1 To wuderstand concepts of wttural dynamics, particularly the effects of a
structurés stiffness and mass on its resonant frequencies.

1 To investigate the effects of crack characteristissich as severity and position
along the length of the bearn the resonant frequencieand asociated mode
shapes usingnite element analysis (FEA).

1 To devisea method of data acquistion and data analysis to obtain the resonant
frequencies of the beam

1 To dbtain vibraton data for an uncracked beam and a ethddeam from
experimental testing inhe Structural Load Testing Faciity at Charles Darwin
University.

1 To construct a mathematical model using recepanethods to locate a crack using

experimentallyobtained resonant frequencies.
Secondary objectives

1 To introduce another crack at a sed¢docation on the same beam and identify both

defect locations.
To locatea crackwithin a different steel section
To locate a crack within a steel section witiffecent support condiions, i.ea

simply-supported beam with cantiever overhang.

Crack evaluation in a simple structure using aatiomn technique 6



3.0 METHODOLOGY

The folowing section is an overview of the methodology folowed in this investigation to
identify and evaluate a crack in a simple structure from vibrational data of a beam in fiexural
vibration. This section comprises three parts which @wnud calculations, Microstran

analysis, and experimental testing.

3.1 MANUAL CALCULATION

As discussed in the previous sewt the resonant frequencies of a simple structure are
determined by the @ionship between its stiffnress amass. The general radatship is given
by the folowing equationgLiley, 2016)

Simple Structure:

1 - Equation 1

Simply Supported Beam:

] — — Equation 2
Where:
¥ = resonant frequency=rodeauwnbess ns/ s)
E = Youngds 9d9Modul us ( MEmass perunit length (kg/m)
| = Second moment of area4m L = length (m)

The resonant frequencies of a uniform, defest, simplysupported beam were calculated
using Equation 2. These frequency values were thentoselfy the analyis conducted using
computer software, ensuring that values such asriatand section properties wergut
correctly A limitation to boththe classic theory andquations behind theomputer software is
that there waso consideration of the inttial uovature of the beanor noruniformity of the

material or section properties.

According to the equations used to obtain the resonant frequencies of a strowteeial
damping was ignoredThis is notentirely accurateas an increase ithe damping proprties
causes a reduction ime resonant frequencie®amping has litle effect on theeriod value
tseff but is responsible for the speed at which the system returns back to equiliardm

reduces the maximum ampltude tbé dynamic responseDamping within a system can be

Crack evaluation in a simple structure using aatiomn technique 7



determined from the decay of vibration duringransient test. This is called the logarithmic

decrementi() and the standard expression is given by

1 =1 T— Equation 3

Wheree ande are the peak values of acceleration in two different wave cycle
which are N cycles apart.

Damping can be defined as the ability t o

structures are damped. If an undamped system is vibrated, the vibratiothewifetically

continue indefinitely.
Damping can be classified t different forms (Casciati, et al., 2006)

1 material dampingi energy dissipation through the material

1 geometric dampingi energy dissipation as vibration travels and spreads through the
structure

1 fiuid dampingi energy dissipation through interaction betweenstinacture and fluid

elements.

The effects of damping on resonant frequen@es neglectedas the damping propertied the
structure generally reduce the observed resonant frequenoylybgt small amant, generally
less thara 1% reduction in the periodf the resonant frequency of the structiidley, 2016),

however @mping has a large effect on the ampltude of the vibration at these frequencies.

3.2 FINITE ELEMENT ANALYSIS (FEA)

FEA was conducted with MicrostraBentley, 2016) This computer software was used to
perform a dynamic analysisf the structure in this investigatiprand was chosen due to past
experience wittthe ug ofthe program. Microstran was used to obtain the resonant frequencies
and their associated mode shapdsr a simplysupported beam. Further investigation was
conducted on the same sim@ypported beam with a crack introduced. Several analyses were
conducted, each with a crack aérying positon along the length of the beaamd varying

crack severity.

Dynamic analysis computes tihesonantfrequencies of a structure and the associated mode
shapes. In this computation, only the mass and stiffnressieombdel are considered. The
software uses the O6stiffnessdé method to c

and mass of each member of the structure.

Crack evaluation in a simple structure using aatiomn technique 8
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Matrices are used in dynamic analysis. The size of the matrices depends on thietlsize
system and can become large and complex aathplex problems. Soling the system directly
requires considerable computational tirewever this time is decreased by reducing the size
of these matrices. This can be done with eigensolutions of aixpawhich consist of sets of

eigenvalues and their associated eigenvectors.

An eigen equation can be writersd & QdLiley, 2016), where A is an n n square matrix,

X'is an unknown column vectavith n rows, (n,1)andk is an unknown scalar muittipliefThe
equation can also be writters 6 Q'@ Ttwhere | is an identity matrix. There are n number
of k and each value of k having a different matrix X to produce a nul matrix, where al its
entries are zero. The vatuef k which produce the null matrix are termed eigenvalues and the

corresponding X matrices are termed eigenvectors.

Microstran <conduct swhich chiecko al snpus data raed ytries @hdeteck 6
problems witin the geometry and loading. Alnalyses use double precision arithmetichich

doubles the usual number of computational bits that represent a number, and so increases the
accuracy ofthe results. After an analysis, a report is presentegihtaninga o6 Condi t i
N u mb, evhich is a mease of the loss of precision that has occurred during the solution. A
value greater than 0 s cons-ctdedetdi @mnéd 6 and should be
Conditon Number is calculated after the decomposttion of [K] and that it is suspectesh that

Oiclolndi t i onedd nwmadaegé numbproosnedetbsk proxidity & one another.

Dynamic analysisis able to determine the resonanbde shapes and frequencidsut by an
applied loaddoes not provide quantitative information about tesponse of the structur®
excitaton. Determining vibration modes argsonant frequencies is sufficient for fnarpose

of FEA in this investigation

3.3 DATA ACQUISITION AND ANALYSIS

Testing was conducted to obtainpexmental vibration data. iMation measurements were
obtained using araccelerometer in conuncton with a charge amplifier. The specific
accelerometer used was a O6Br ¢el & Kjbr Type
resonant frequenciesf the beamobtained frommanual calulations were within the inherent

working range ofthe equipment according tothe calbration chartsin Appendix K
Accelerometes generally contain @iezoelectric material such as Ziraam Titanate which

generates smatlectric charge when subjectéalvibration.

The accelerometer was mounted on the top surface of the top flange of the beam using a

magnetic clamp.The accelerometer measured the flexural acceleraton of the beam in a

Crack evaluation in a simple structure using aatiomn technique 9



direction at right angles to its top surfadc&hen the beam was eteri, the accelerometer
generateda small electric chargproportional to theaccetration. The small electric clogr is
converted to a voltage using the charge amplifidfithout the charge amplifiers, tldectrical
chargesare too small and occur too ckly to be captured using conventional measuring

instruments.

Dynamic tests were conducted on the beam using an impact hammer with a force transducer
connected to a separate charge amplifier. The accelerometer and transducer were connected to
the chargeamplifiers using lowloss cables.In order to obtain vald results,he charge
amplifiers hadseparatesensitivties which were set before uséhe first setting is the charge
sensttivity of the accelerometevhich wasspecified by the manufacturgBriel & Kjeer, n.d.)

The charges for the accelerometer docce transducer were 1.01 and 1.04 pC/ns
respectively. The second setting was the sensitivity of Volt/unit vduth amplified the output

signal The appropriate settingllowed the output signal to be detectable but not result in an
overload of the charge amplifiers. This settivgs adjusted through a trahderror method

and visual checks for a red light on the amplifier Wwhindicates when an overload had
occurred. The separate charge amplifiets which the hammer and the accelerometer were

connectedwere set to 0.01 and 0.1 pC/Unit, respectively.

Regular calbration of the equipment is gooc

Accelerometer

practie to ensure that any data obtained is |

affected by norcalbrated equipment. Calibratior [Impact Hammer |

of the accelerometers were not conducted bei

testing as the hardware had recently be | Force Transducer]|
calbrated by a past student. The transient - +
. Charge Amplifier Charge Amplifier

wer e captured using Lt a
acquisition catt and the data was logged usit + *

) Data Acquisition Card
LabVIEW software. The exgrimental setp can
be seen in Figure 3.1learning to use LabVIEW ‘

and resolving associated issuegsdifficult and lC{}mpuler
time-consuming however with aid of CDU staff Figure 3.1Instruments used in experiment for impa
(Benjamin Saunders and Damien Hilthese (€stng

problems wereeventually resolved. It was later discovered that the software afibvior
complex nanipulation of the data, beyond the scope of this investiga#diarnative methods

sch as oscill osc ofpreise nmdufigciémt & oindoning the @atas required.

Crack evaluation in a simple structure using aatiomn technique 10



Data obtained from the experimentsasprocessed in MATLAB where the signals iatime-

domain (ampltude vs. timejormat were converted intoa frequencydomain (amplitude vs.
frequency) format This was done us i nShowspdrdohndddy PQOAB f u )
which conducted a spectral analysis. Showspec was used as it was angueksy method of

performing fast Fourierransform.

According to Fourierodés Theor em, a periodic
a series of sinusoidal componef@ondon & Ransom, 2010¢ach withspeciic ampltude and
phase coefficients. This is known as the Fourier coefficients. Fourier Transform isrused
continuous signal and discrete signals amalysed using Biscrete Fourier TransfornfDFT).

Fast Fourier Transform (FFT) is essentialFT and requires less computatio-FT
deconstructs a signal in tirtmain and represents it frequerstymain which alows the
different frequencies of the sgl to be analysedn order foraDFT to represenaccuratelythe

signal, NyquistShannon sampling theorem suggests that a sampling rate of at least twice that
of the signal bandwidth is require(Stanford Research Systems Inc., 201B)e signal

bandwidth is the iphest frequency of interest.

Signas analysed using FFT can introduce unexpected frequency components. This can be due
to spectral leakage which occurs when reasured signal Bot an integer number of cycles
(National Instruments, 201dyhich iscommonin experimental testing. FFT assumes the signal
is an integer number of cyclebowever as the measured signals rarean integer number of
cycles the endpoint is discontinuous.n&xample of

this discontinuity in the timedomain ca be seen in

Figure 3.2 This discontinuity showsn the FFT a

frequency components which wemet present in the

orignal data.Theoretically if there was an infinite

number of discrete data points, legk would not

occur however practical dataadinite measurement,

andtherefore there wil always be some leakage.

Spectral leakage can be observed in Figure 3.3 Fgure 3.2: Discontinuity of a repeated discret
The effects ofpectral leakage can be reduced us Sample(Akyildiz, 2012)

6 wi n d owhichnggpdually reducsethe amplitude at the endpoints toward zgvamdowing
alows for a smoother transition between endpoints and signal to be contiroappropriate
window function is determined fronthe frequency content of the sample. The Hamming

window is commonly wed for analysis of sinusoitbased signal and was assumed to be

Crack evaluation in a simple structure using aatiomn technique 11



sufficient for this experimental workWhen applying a window, there is a treafé between

amplitude accuracy and spectral resolution.

TTTTTTM TTTT?M@ e

@) (b)

Figure 3.3 (a) Sample not containing whole number of periods, (b) Sample containing whole number of
Stanford Research Syste(skyildiz, 2012)
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4.0 PRELIMINARY STUDY

The purpose of the prelimina study wasd gain a better understandingtlué effects of a crack

and various characteristics dhe resonant fragncies. This study comprisednanual
calculations, FEA modeling and experimental testing. The preliminary experimental testing
was necesary to ensure that the equipment used, method of data acquisition and analysis were

suitalde to obtain the required data.

4.1 GEOMETRY OF SECTION
The manual calculations, FEA modeling and experimental testing was conducted on a standard
150UB14.0. The bmm was simphsupported with a clear span of 2.0 metrdsformation

regarding the sectionwas obtain fronthe manufacturés catalogue(OneSteel, 2014and can
be observed in Table 4.1.1

Table 4.1.1 Section properties of 150UB14.0

Property Assumed Value

Length (m)(overall) 2.15
Mass per Unit length (kg/m) 14.0
Second Moment g 6.66x10°
Young's Modulus (GPa) 200
Gross CrossSectional Area (mm? 1780
Section Depth, d (mm) 150
Flange Width, b(mm) 75
Flange Thickness,: fmm) 7.0

Web Thickness, wt(mm) 5.0

4.2 MANUAL CALCULATION

Manual calclations were used to obtairhet first threeresonant frequencies of the beam
vibrating about its major axis. The calculations can be seen in AppEndlbe results obtained
are summarised in th€able 4.2.1 These calculations were used to check and endisat the

various value input into the FEA software weoensistent.

Table 4.2.1 Manual calculatiorof resonant frequenaysing Equation 2.

Mode, n | Frequency (Hz)
1 109.87
2 439.47
3 988.81

Crack evaluation in a simple structure using aatiomn technique 13



4.3 MICROSTRAN ANALYSIS

In order to understand the effects of varying crack positionthenfirst three resonant
frequencies of a beam flexural vibration, amodel of abeam (150814.0) 2.0 m longwas
developed in Microsan. The beam was simpdupported over a span of 2.@n with a pin
support at x/L=0 and supported by a horizontal roller at ®/lL. The beam was modelled using
201 nodes spaced 1@m apart therefore the lengthof each memberwas 10mm. An
eigensolution analysis was conducted on the undamaged beam to obtain three resonant
frequencies in flexural vibratiorand the correspondingdisplacementmode shapes. Thenode
shapes obtained from Microstran were normalisedhirwithe programThis process allows the
maximum amplitude to be set as the highest value of 1 and other values are etrangdsist
the maxmum value. The normalisedisplacementmode shapes fahree modes of resonant

vibration can be seen @raph 43.1.

NORMALISED MODE SHAPES FOR THREE MODES OF
RESONANT FLEXURAL VIBRATION

T NNT —

N

NORMALISED MODE AMPLITUDE

-1 ~~o-’ —»
POSITION ALONG THE BEAM (xL)

Model =—-=Mode2 ===-=- Mode 3 ® Antinode ¢ Node

Graph 4.3.1 Normalised mode shapéar three modes of flexural resonant vibration

The associateddisplacementmode shape for each resonant frequecoytains nodes and
antinodes. Antinodes are positions of maximum displacement ampltude and nodes are position

where there is no amplitude for that particular mode shape.

The amountof reduction in resonarftequency was dependent on the position of the crack in
relation to the mode shape fiat particularmode of resonant vibration. It waspected that a
crack locatednea the end of the beam woultesult in small reductions inhe resonant

frequencies for all three modes of vibratio®mall reductions in the resonant frequesicigere
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alsoexpected when the cratdcation correspondedo positiors near anode in the mode shape
for that particular mode of vibratioMaximum reducbn in resonanfrequencieswas epected

when the crack coincidedith the position of the antinode for that mode of vibration

The first threeresonant frequencies in flexural vibration obtainsehg Microstran can be seen
in Table 4.3.1Microstran is hble toperform eigensolutions tobtain resonantfrequencies for
a structure with masses lumped at eastienor a mass that is consisteaiong its length. A
structure with consistent massedl wield a more accurate resuhowever requires greater
storage and computational effprivhencompared to lumped masseseTresults obtained using

lumped masse®If a structurewith 201 nodesveresufficiently accuratdor practical purposes

Table 4.3.1 First resonant frequendllz) for a 2.15 m simphksupportecheam in flexural vibration
obtained using Microstran

Frequency (Hz)
Lumped mass 104.2
Consistent mass 104.2
Percentage difference (9 0.0

The effects of differentcrack locatioa on the first threeesonant requeries of fiexural
vibration wereinvestigated by introducing a crack into the model. The crack severitfiratas
modelled usig a 150UB14.0 section with &brediction in crosssectional area. Howevethis

crack severityin Microstran was insufficiet to cause reduction in the resonant frequendies.

was expected that a crack of this severity should cause a detectable change in the resonant
frequencies for the experimental testing. The crack severity of the section modeled was
increased to 30% redtion in crosssectional area, whiclvas predictedo cause @eduction in

resonant frequenciesuficient enough to analysthe effects of the crack at different locations.

A 30% reduction in crossectional is roughly equivalent to a cut tugh one eme flange

(29.5%).

The reduction in crossectional area caused by cutting one side of the flange results in a greater
reduction in the resonant frequencies comparegictda which is evenly distributed across each

of the flanges.A diagram of this is shen in Appendix G andhe effects can be observed in
Table 4.3.2The cut on one side of the flange creates an asymmetrical sectiorasvi@mra cut
across all flangeghe section remains symmetrical. Asymmetrical section compared to a
symmetrical sean causes a greater reduction in talevantsecond moment of area which is

used to determine the stiffness of that section.
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Table 4.3.2 Percentage difference of second moment of area for sections with a 30% reduction-n crc
sedional area.

Section Second moment of area{m| Percentage Difference (%
Asymmetrical 256 pm
Symmetrical 370 pm 30.65

Note: Calculations of the second moment of area can be seen in AppendixG.

In order to model a crack in a beam at a gigasition, the section for the length of member
either side of the crack positiowas replaced with the required values. The values for a 30%
asymmetrical reduction in crosectional area can be seenAppendix G As the length of
each member wakdmm, the length of the crack was 2fn. A separate eigensoluticanalysis

was conducteeach time for a crack at each position (b@8 apartjincrements ok/L = 0.05).
Values for the first thregesonant frequencieare presentedh Appendix A The percentage
difference inresonant frequencies between thelamagedbeam andhe cracked beanfor

varying crack postiosn arepresented in Graph 4.3.2.

PERCENTAGE DIFFERENCE ORESONANT
FREQUENCIES FOR VARYING CRACKROSITIONS

1.4
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0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
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0.0

PERCENTAGE DIFFERENCE (%)

Mode 1 =—:-Mode 2 ====- Mode 3

Graph 4.3.2 Percentage reduction for #e modes of resonant vibration with varying crack positions

The lesults in terms of mode shape a®expected. The maximum reduction resonant
frequency for the first mode of vibration occurs at x/L=0eé5 mid-span which is the sime
position as theartinode for mode 1 in Graph 4.3.1The maximumreductiols in resonant
frequenciesfor modes 2 and 3 also occatthe same location abe antinods in modes 2 and
3. In mode 2, when the crack is position at x/L = 1/3 and 2/3 thgeedictedno change n
resonant frequencies. There is also no change in resonant frequencies for mode=30a5% x/L
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This is in ageement with the mode shapes no reductiorin resonant frequencies ispected
at the positios of the nodes.

It can also be observed that {hercentage differensein resonant frequencies for the first tare

modes of fiexural vibration argymmetrical about midgpan. A crack located at any distance

from the end of the beam wil cause the same reduction in resonant frequencies asa crack
the same distance from the other end of the beam. This may be an issue as a crack at one location
can be identified as being in two possible locatiofsis is due to symmetry of the sectiorhe

use of higher or more modes does not eliminate the possibflitwogpotential damage sites.
However, identification oftwo possiblecracklocations may be satisfactory in a practical sense

as tt identifies the presence of a defect(s)

The Microstran analysis was repeated for the same structure with an idcneeber of nodes.
The beam in thidater analysis was modelled using 2001 nodes at a distance ofn.@part.
Increasing the number of nodes allow#fte crack to modelled more realistically rfn cra&
width). As can be observed in Graph 4,3t® reductionn resonant frequencies for a crack of
30% redation in crosssectional areavasvery smal. The maximunpredicted reduction in
resonant frequencie®r a crack of this severity at positions of the antinode for each made
approximately 0.13% of the vale of the resonant frequencies of the undamaged bé&am
practical testing, a 0.13% difference in resonant frequencies bmalffficult to detect or may
go undetected depending on the accuracy of measurement of the instruments luged
predicted with ®perimental testing, a 30% reduction in cresstional area would cause a

greater reduction in resonant frequency than 0.13%.
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PERCENTAGE DIFFERENCE OF RESONANT

g FREQUENCIES FOR VARYING CRACK POSITIONS

|(.|)J (30% REDUCTION IN CROSSECTIONAL AREA)

E 0.14

5 0.12

i 0.10

O 0.08

IEIDJ 0.06

,ii 0.04

E 0.02

B_:) OOO e L. N

H_J 0.00 0.20 0.40 0.60 0.80 1.00

POSITION ALONG THE BEAM (x/L)

——Mode 1l ---Mode2 - Mode 3

Graph 4.3.3 Percentage reduction for three modes of resonant vibration with varying crack positions

There were several assumptions made when determining the resonant frequencies of the beam
using manual calculations and Micr@str Both methods assume the beam pasfectly

uniform material andsection proprieties througtout its entire length. In an actual beam, it can

be guaranteed that the bearih contain imperfectionswhich wil cause variations in both the
material and sdion proprieties The allowable manufacturing tolerance is outined in the
Australian Standards. The maximum possible magnitude of the variation are known however

the exact variation of this section is unknown.
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4.4 PRELIMINARY EXPERIMENTALTESTING

Preliminary experimental testing was conducted to determine whether the proposed methods of
data acquisiion and data analysis was appitepria obtain useful results. This wasan
important process conductezh the beam before atcwas introduced as the beancannot be

restored to its original statance cut.

Figure 4.4.1shows the transienacceleration responsd the beam iflexural vibration Gbout
its major axis) when subjected to a single blow of #teeltipped impact hammer. The
amplitude of vibrationis largest at the moment of ingiaand then exponentiallgecaysowards
zero due talamping. Measurements of the rate of decay carséud to find damping ratiavith
the standardogarithmic decremenexpression given in Equation As discussedpreviowsly,

damping has little effect on the resonant frequencesl wagherefore not considedein detail

Transient vibration about major axis test 1
T T T T T

05

Amplitude

05

. . . . . . . . .
3 32 34 36 38 4 42 44 46 4.8 5
Time (s)

Figure 4.4.1 Transient response of beamin flexural vibration about its major axis

Experimental data representiriige transient response wamsported into MATLAB, to perform
a fast Fourier transformHFT). Resonant frequencies weregardedto be those at which
localised maximum amplitude occurred. The frst threeesoant frequencies can be seen in

Figure 4.4.2
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Figure 4.4.2 Frequency response of beamin flexural vibration about its major axs

In order for this technique of evaluagi a crack to be successfulbasic requirement is that the
method of obtainig results is reproducible, assuming idealised boundary condgibtams,
et al, 1978) It can be observed fronkigure 4.4.3that the results wereeproducible by
frequency responseobtained fromtwo separate testReprodudile experimental results which

showedagreement between each test increases confidence in the results.
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Figure 4.4.3 Frequency response of beamin flexural vibration about its major axis for two separate te

Crack evaluation in a simple structure using aatiomn technique 20



4.4.1 MATERIAL PARAMETERS

Many factorsmay cause discpancies betweeflequencies obtained frommanual calculations

and experimental results. The emdlon ofthe manual calculationsequires knowledge onthe
physical dimensions, massand dynamic value ol¥ o u n gwadslus of the beam. Thelues

from the steel manufacturer catalogue foaterial properties areot suffidently accurate.

Adams et. al(1978)proposed this issue can beercome by using theesonant frequenciesf

the undamaged structute determine aneffct i ve value of Youngds m

measurements of the physical structure.

4.4.2 CONSIDERATIONS
In order to obtain acrate experimental results, several factors must be considered. These

factors are:

1 measurements of acceleration shohle taken at a point where theis likely to be a
localised maximum respons&hese points correspond to the position of the antinode
of the beams mode shapeéRieoretically, an accelerometgrlaced at miespan will
experience values of acceleration which should clearly identify the first and third modes
of fiexural vibration, but not the second moddowever the experimental results
obtaired for test with an accelerometer at midpan allowed all three resonant
frequencies to be identified

1 effects ofsignal noise on the frequency response are minimal, the coupling between the
accelerometer and the structure must be considered. Toeago®d coupling, the
rough surfaceof the structureshould be cleaned and smoothed

1 the resonant frequencieare sensttive to the position of the suppoais thischanges the
free span of the simplgupported beanThe same satp for each test can be aclesl
by fixing the steel suppts as well as measuringhe distance of theoverhang of the

beamfrom the supports.
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4.5 COMPARISON OF RESULTS

This section is a comparison of the results obtaifiedh manual calculations Microstran

analysis and experirantal testing. The first three resonant frequendigsa beam in fiexural
vibration were obtained using Mrostan analysis and manual calculatiane summarised in
Table 4.5.1 The percentage difference betweba values are very small and mayde to

rounding of numberswithin each method

The manual calculations were computed using Microsoft Excel. Excel is capable of displaying
values up to 30 decimal places however the precision of the computation is restricted to 15
significant figures (Levie, 2004) This precision is sufficient for the purpose of this

investigation.

Table 4.5.% Comparison of three predicted resonant frequesn obtained using manual calculation a
Microstran

Mode Frequen_cy (HZ? Percentage difference (%
Manual calculation | Microstran
1 104.82 104.91 0.09
2 419.27 419.67 0.10
3 943.35 944.26 0.10

The first threeresonant frequenciegbtained from experimental tégf are summarised imable
4.5.2 together with a calculation ofthe percentage dérences between Microstrarand the
experimentalresults. The differences between the two methods range from 12.89% to 19.20%.

These differences may loeie to a number of different factpracluding

1 allowable tolerance in section thicknessand dimensios outined in AS/NZS3679.1
(Autralian Standards, 201l6Microstran assumes a perfect section throughout the
length of the beam.

1 possible variaton in mass due to allowable tolerances in settiokness and
dimensions
possiblevariators i n Youngds modul us
variations in the support positons and free span of the beam modeled in Microstran
when comparedo the experiment setup.

A sensitivity analysis was conducted to investigate the effects of variation in the values used to

determine the resonant frequencies. Thalyars can be seen in Appendix I.
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Table 4.5.2 Comparison of three resonant frequemtyained using manual calculation and Microstran

Experimental

Mode 1 2 3
Test1 91.09 339.1 1066
Test 2 90.71 339.2 1065
Percentage Difference Microstran vs experimen 13.18 19.20 12.89
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5.0 EXPERIMENTAL INVESTIGATION
5.1 EXPERIMENTALTESTING

Experimental testing was conducted to obtain vibration measurements for 2.15 m standard
150UB14.0. Thebeam was simphgupported with a free span of 2.0 m. Measurements were
taken for the beam at three locatiomslicated in Figure 5.1.lalles can be seen in the
Appendix H This was conducted to ensure that the beam dimensions were within allowable
tolerances outlined in the Australian Standards. The measurements were made using a vernier

scale and due to limitation of the scale, the web thickness was not meatdacedion 2 (mid

@ ® ®

£ L A

Figure 5.1.1 Measurements taken for the beam at thoeations

span).

As discused previously, this thesis attempts to confrm whetlige use of vibration
measurements made at a single point is sufficient entudgtect and locate a crack on a beam.
For the purpose of this investigation, the accelerometer was attached to the dearoxinate

0.6 mfrom one support which is 0.3 dfe bear® span At this posttion, theaccelerometer
should experiencevalues of acceleration which should clearly identify daflithe first three
resonant frequencies of the beam in flexural vibration. A diagram of the experimental setup is

shown in Figee 5.1.2.

Point of impact

Crack Accelerometer

75 2000 75

600 " e00

Figure 5.1.2 BExperimental set up of simplyupported beam (all dimensions in mm)
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The location of the cuindicated on the diagram waskthe same position as the accelerometer
but atthe opposite end. iLehe posttion symmetrical about the rggan position.It was
determined from the preliminary investigation that akdacated in this position should cause

a reduction in the first three resonant frequencies. The exact point of excitaton from the impact
hammer was not nominated. The beam was exctedpaint approximately midwapetween

the support and the locatioof the crack. However, close attention was paid to the point of
excitation in respect to position of the web to ensure the beam wdsnginately excited in

flexural vibration.

Ten vibraton measurements were recorded for thenl@@or to the introduddn of the first

cut . Thi s was conducted to examine the rep
After these test were conducted, a cut producing approximatéPp reduction in cross
sectional area was introducddwnnta Fhgurbe a
vibration measurements were taken before another cut of the deptiewas introduced at

| ocat i &ibratiord Znéasurements were thaaken for the beam with a totadf
approximately2 % reduction in crossectional area-ollowing measurements were made with

the cut at location 1 increasing hpproximately 1% reduction in crossectional area before

the cut at location 2 wasmilarly increased. The test was conducted with a cut following this
location trend, increasingt increments of 1% reduction in cressctional areantl a total of

10% reduction wasichieved. Calculations for the reduction in creagional area can be

observed in Appendix G.

l?j | 600
I

0
i
i 11

Denotes support position

Figure 5.1.3 Plan view of the beam (flange)

5.2 ANALYSIS OF VIBRATION DATA

Vibration measurements obtained frdne experimental testing were analysed by applying FFT
to obtain the values ofresonant frequencies. A large number of vibration measurements
presented in frequengyomain appear erroneous asighificantly affected by noise. This was

a problem as the fgeiencies of interest, obtained through manual calculations were not clearly
represented in the frequency response. It was expected that thémexizd resonant

frequencies wuld show as clear peaks within the frequedoynain, similar to the results
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obtaned in the preliminary testing (see Figure 4.4.2). Noise is aterm used to describe unwanted
signal which has been captured. Noise generaly does not carry useful information and may
interfere with the signal of interegNational Instruments, 2016There are different types of
noise, and the effects can be reduced with the use of fiters. Applying an appropriate filter
requires knowledge of the effects of eaativersely type of noisehowever this was not
achieved in this irestigation. An exaple of one of the many samplefieated by noise can

be seen in Figure 5.2.1.
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Figure 5.2.1 Frequency response of an uncut beam affected by noise

There were several different factors which may have caused noise issues in the frequency
responses. It is thought the major source may be due heavy macbpersting outside the
laboratory where the experimental testing was conducted. It was known at the time that an
6elevated work platformé was in use, howeve
were not considered at the time. The effects wetieaab after the intial experiment had been

conducted and theawcuts had been introduced into the beams

Another &ctor which may have causedise issas in the frequency response wehangs in

the experimental setup. In the preliminary investigatitime beam was simpupported on

steel supports which were bolted to a heavy steel frame, weighing several tons. In this
experimental testing, the beam was supported using the same two supports clamped down a
table. It was thought this may have beenissee, howeverit was later determined this was

not the cause as tests conducted in the Structural Load Testing facility had the same issues.

The prelminary testing obtained vibration measurements from the beam in its original
condtion (see Appendix D)The beam was gitlasted and painted after the prelminary

testing. This may cause issues if the paint and the beam have not bonded aacetherds
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between the layers. thimy cause issues with noise as there is an impedance mismatch.
Impedance misaich can also occur between the surface of the metal and the accelerometer
with a magnetic clamp. A couplant such as glycerine is generally used between the test surface

and the accelerometer.

5.3 RECEPTANCE ANALYSIS

Receptance analysis has existed sitiee late 1950s and was developed and published by
Bishop and Johnsori1960) The analysis is essentiallg dynamic flexibility technique for

predicting the response of a structure to harmonic vibration.

Receptance is defideas for low-amplitude harmonic excitation.

Receptance analysis alows members that are connected at the joints to be effectively combined
to produce a composite system. The procedure for analysing a system wiledgriee-of-

freedom can be applied to systems with any number of degrees of freEammerma degree

of freedondis used to describe th@dnumber of directions which a nodeay deflect. A node

on a plane structure geadly has 3 degrees of freedpmwhich indude the three primary axis

in the threedimensional planeReceptance has advantages over other methods of dynamic
analysis as each individual ember ismodeled. This allows factors such as damping to be

given an appropriate value.

Receptance theory wagplied to attempt to locate tp@sition of a crack on a simpsupported
beam in flexural vibration The following section ilustrates the procedure for finditig
receptance of a pinnedpinned (simplysupported) beanThe system ishaovn in Figure 53.1.
OTi po6 rseeertpdadnates at the end of the member almvs a system to be built
up by joining individual members dheir ends.

A

o] I I X
AN JAN

v

Figure 5.3.1 Pinnedpinned beam

For a beam in flexural vibration, there are four ciesseptances between any two sections of
the beamTherefore there are two c@rdinates at any section of the memivéiich is denoted
by cn and @ where

n  AA£ AAAGERN IAGEARA AOAABET 1
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n Ol TARER KREEMA AGAAOCET 1
The system was divided into ssgstems A and Bivith the ceordinates asshown in Figure
5.32.

x Lx
Figure 5.3.2 Composite system shown as two ssystems, pinneffee and fregoinned

The system can also be represented in form ddck liagram sbwn in Figure 5.3.

gl

Figure 5.3.3 Composite systemrepresented as a block diagram.

The frequency equatiorior an interacting system comprising two ssystemsB and Gn

flexural vibrationis given by:

I r 1 I I r 1 Equation 4

where

I andl are the receptances of the system B and C, respectively.

The relevant repentancegereobtained from Table 7.1 (c) by Bishop and Johnson (1970),

f —h —h

I ht hr —_— Equation 5
Where

0 OEla W& 0 GELDED_ &

0 GELa WA i QEAOEA_a O HELa W& § QL AOED_ A
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The change in sign fdr andf wasnecessary when ghendconditons of the beam were
changed over. Subscripts have been added to various symbols to distinguish between the two
sub-systems.The values of flexural rigiditiegE x 1) seen in Equation 6 are the same loth

sections of the beam

00 070 Equation 6

For each of the beams,

Equation 7

Where] resonant frequencyrad) 0 Area (M) " Mass density (kghd)

Equations 5, 6 and 7 are substituted into Equation 4 dokbws that the esonant frequencies

must satisfy the condition

_ — — — —_— — T Equation 8
(if damping is included)

The frequency eqtian was checked for the correeiceptances using manual calculatidos
the first resonant frequency of a beam in flexural vibratidime computation was conducted

using Microsoft Excel ad can be seen in the Figure 8.3

f(Hz) w A P11 F11 Ba Y22 B1z F1z =

121.1285 761.0728 1.5708 -1.8343EH00 -1.8343E+00 -3.8898E-06 -5.8898E-06 1.0000E+00 -1.0000E+00 4.3215E-05
121.1286 761.0734 1.5708 -1.8343EH00 -1.8343E+00 -4.5930E-06 -4.5930E-06 1.0000E+00 -1.0000E+00 3.3700E-05
121.1287 761.0741 1.5708 -1.8343EH00 -1.8343E+00 -3.2962E-06 -3.2962E-06 1.0000E+00 -1.0000E+00 2.4185E-05
121.1288 761.0747 1.5708 -1.8343EH+00 -1.8343E+00 -1.9994E-06 -1.9994E-06 1.0000E+00 -1.0000E+00 1.4670E-05
121.1289 761.0753 1.5708 -1.8343E+H00 -1.8343E+00 -7.0259E-07 -7.0259E-07 1.0000E+00 -1.0000E+00 5.1551E-06
121.1290 761.0760 1.5708 -1.8343E+00 -1.8343E+00 5.9421E-07 5.9421E-07 1.0000E+00 -1.0000E+00 -4.3598E-06
121.1291 761.0766 1.5708 -1.8343E+00 -1.8343E+00 1.8910E-06 1.8910E-06 1.0000E+00 -1.0000E+00 -1.3875E-05
121.1292 761.0772 1.5708 -1.8343E+00 -1.8343E+00 3.1878E-06 3.1878E-06 1.0000E+00 -1.0000E+00 -2.3390E-05

Figure 5.3.4 Calculation in Microsoft Excel to checkfor the corremims for receptance in the frequency Equati

8.
It was understood for a cracked bar in axial vibration, the crack cespiesented aanaxial
stiffness. Direct receptance can be found by adding the receptance of the spring to the direct
receptance of section ofthe beam. However, a beam in flexural vibraton was more
complicated as there were two receptance tetmetween any two sections of the beane for

translational movement, the other for rotation (or slope) of the beam at that point
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6.0 CONCLUSION

The effects of crack positon on the first three resonant frequencies of a beam in fiexural
vibration have been investigated using Microstran. It was fdbatthe maximum difference

in resonant frequencies for each mode occurred when the crack was lata displaceme nt
antinode for that particular mode shape. The analysis also showed that there were no changes
in resonant frequencies when a crack wasitipped at a node. Cracks may not be accurately
detected when posttioned atd@placementnode, as there is little or no ampltude in the

displacementmode shape at these points.

Resonant frequencies obtained from preliminary experimental testivged differences of up
to 19.26 when compared with frequencies predicted by Microstran. Factars wiay cause
this difference werdnvestigated and discussed. The proposed method of data acquisition and
analysis was considered suitable as the resonant maigsie ofa beam in flexural vibration

wereclearly displayd within the frequency response but only in the preliminary results.

Based on this, the primary experiment was conducted to obtain the resonant frequencies of the
beamwith saw cuts introduced teepresent a crackAnalysis of the vibraton measurements
presented many problems. Tpessible causes of thopeoblems were discussed, however the

effect of each potential causessnot determined

The experimental testing was unsuccessful in obtamaig results. This was @ajor problem
for the proposed method of crack detection which relieslada fromexperimental vibration.
It was not possible to conclude whetliangs in resonant frequencies awdficient to detect
a crack. Further investitjan is required to obtain useful vibraton data before pogsible

conclusion can be drawn.

7.0 RECOMMENDATIONS FOR FUTURE STUDY

Obtaining valid experimental results ¢rucial for a thesis whiclset out to detect a crack in a
beam from vibration measements. It is recommended in the future of this study, several trials
should be conducted in an attempt to obtain useful results. A key recommendation is to analyse
the vibration data obtained immediately after each test. This can help determine wiether t
data is useful or if the test needs to beeetpd, before a crack is introduced increased in

severty.

If this proposed method of nadestructive testing is able to detect and locasavacut in a

beam, further investigation should be conductedaobeam with a more realistic form of
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damage. Realistic damage on a beam can be achieved by vibrating the befatigueticracks

are produced.
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APPENDICES
APPENDIXA: RESONANTFREQUENCIES OF A CRACKED BEAM

Three resonant frequencies predicted using Microstran for varying locations of a crack of 30% reduction in cross

sectional area

Frequency (Hz)

x/L Mode 1 | Mode 2 | Mode 3
0.05 121.21 48440 1088.39
0.10 121.10 | 482.88 | 1082.45
0.15 120.93 | 481.05 | 1078.48
0.20 120.72 | 479.61 | 1079.61
0.25 120.48 479.10 | 1084.81
0.30 120.25 | 479.69 | 1089.97
0.35 120.05 | 481.15 | 1090.88
0.40 119.88 | 482.95 | 1086.69
0.45 119.78 | 484.42 | 1080.91
0.50 119.74 | 484.98 | 1078.29
0.55 119.78 484.42 | 1080.91
0.60 119.88 | 482.95 | 1086.69
0.65 120.05 | 481.15 | 1090.88
0.70 120.25 | 479.69 | 1089.97
0.75 120.48 | 479.10 | 1084.81
0.80 120.72 | 479.61 | 1079.61
0.85 120.93 | 481.05 | 1078.48
0.90 121.10 | 482.88 | 1082.45
0.95 121.21 | 484.40 | 108839
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APPENDIXB: PERCENTAGE DIFFERENCE IN RESONANT
FREQUENCIES DUE TO A CRACK

Percentage difference in resonant frequencies between a uniform and defective beam of varying crack locations

Frequency (Hz)
x/L Mode 1 | Mode 2| Mode 3
0.05 0.03 0.12 0.26
0.10 0.12 0.43 0.80
0.15 0.26 0.81 1.17
0.20 0.44 1.11 1.06
0.25 0.63 1.21 0.59
0.30 0.82 1.09 0.11
0.35 0.99 0.79 0.03
0.40 1.12 0.42 0.41
0.45 1.21 0.12 0.94
0.50 1.24 0.00 1.18
0.55 1.21 0.12 0.94
0.60 1.12 0.42 0.41
0.65 0.99 0.79 0.03
0.70 0.82 1.09 0.11
0.75 0.63 1.21 0.59
0.80 0.44 1.11 1.06
0.85 0.26 0.81 1.17
0.90 0.12 0.43 0.80
0.95 0.03 0.12 0.26
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APPENDIXC: SECOND MOMENT OF AREA FOR ALLOWABLE
MANUFACTURING TOLERANCE

DIMENSIONS WITH LARGEST NEGATIVE TOLERANCE

o 8 8 8 8
| 2 o

_ I' To

VB T pTTA

148.5

| le

DIMENSIONS WITH LARGEST POSITIVE TOLERANCE

78

| . T UCUTBIX YT CQUTBIX G O

pC (US

152.5 5.7

-

L
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150UB14.0 (current condiion)

150UB14.0 (original condttion)
Steel beam supports

Conditioning  Amplifier
Type 2626
oo
Sensitivity p& { U

Limits

Volt/Unit Ogt 20088
oo %1 .
1 10
10-110pC /Uit
o1 01
o0
Sens.
001 11005C /Unit
© Freq kHi  Upper
1
h

Charge amplifier Data acquisition hardware
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Magnetic clamp Accelerometer Low-loss cable

Impact Hamer

Forcetransducer
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APPENDIXE: MANUAL CALCULATION OF RESONANT

FREQUENCIES

150UB140 71 In-plane flexural vibration(about major axis)

Section propertiegnominal values)

0 ¢8tm

O ¢mnmnp nbja
O opopma
G p B

First resonantréquency

Secondresonant requency
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2| O |

CTTPT Q@ p T

0

p Bt

X 9% Y

C

X oY OQQDdE i

P ¢H dOq

CMTPT QPP pT

O 1 OQQPdE i

C8tm

Third resonant requency

0

O T ®TTT

p Bt

qu

T & cOd

CTTPT GO P T

Cqtm

0

p Bt

¢ Y wpap

C

PP Bl DQQPDE
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APPENDIXF: CALCULATION OF PERCENTAGE REDUCTI ONIN
CROSSSECTIONAL AREA

—
1

N

Gross area of cross section of a standard 150UB14.0 section obtained from mand&cturer
catalogue(OneSteel, 2014)

0 pX Yom
Area of a cut which results in a 1% reductioncnesssectonal area
O pxymdip pRad
Depth of the cut, x introduced intd@.0 mm thick fiange required for a 1% reduction in cross
sectional area.

p A a

Y& G C® @ &

Cw
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APPENDIX G: CALCULATION OF SECOND MOMENT OF AREA

Section dimensib were obtained from manufactuiercatalogue(OneSteel, 2014)

NON-DEFECTIVE SECTION

. . . bf, t
Section dimensions <« > l f
A L |
Component| Values(mm) [ /
d 150
A 136 t
5 70 d 1w |d
@) 5.0
A A 75 )
e r1 ¥
A /CE 75 ) T
by, b
2
Second moment of area
Area (mm?2) y (mm) areaxy (mmd) | | xx (
flange 1| 7x75=525 3.5 1837.5 2686075
flange 2| 7x75525 146.5 76912.5 2686075
web 136x5%680 75.0 510000 1048107
X = 1730 1297500 6420257
6.42x10° m*
W A Tt
PoPREET xuwa
p X @t
Second moment of area of flange
o XU X -
(@] Y- VLQUL XL 08 Chwpmaa
v o
O P PoF p&tu p T GQ

PG

CO g8 cpm aa
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1% REDUCTION IN CROSS-SECTIONAL AREA

Section dimensions

Component,  Value (mm)
d 150
A 136
O 7.0
O 5.0
A A& 75
A A 72.5

Second moment of area

Area (mm?)[ y (mm) | areaxy (mm3)| | x x (
flange 1 525 3.5 1837.5 2630624
flange 2 507 146.5 74307.7 2649239
web 680 750 510000 1048482
total 1712 127145.2 6328344
6.33x1C m*
PG X MTdd o
— ® @a
P X @cga X A
o XV X .
O o C VLGUL X8 @ 0B Co pm aa
. X® X
O — VLTS pPT& X® O
pPC
. L PCQ -
o T PUT XL X®B @ pgtu p T aq

CO oo pm Ga
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2% REDUCTION IN CROSS-SECTIONAL AREA

Section dimensions

Component Value (mm)
d 150
A 136
O 7
O 5
A & 75
A A 70

Second moment of area

Area (mm2)| y (mm) | areaxy (mn®) [ | x x (
flange 1 525 3.5 1837.5 25763P
flange 2 490 146.5 717850 2611523
web 680 75.0 510000 1049589
total 1695 124622.5 6237490
6.24x10° m*
. s
b5 q&q a X ®aa
pown
. XV X s
(@) T VLQULU Xo® 08 CdR Y pmm aa
“ XX L
(@) Y TWMPTA X @ ChmTpm aa
o v poo .
(@) T eQYmxXuv X @& p&tu p T adQ

CO g T p1t ad
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3% REDUCTION IN CROSS-SECTIONAL AREA

Section dimensions

Component, Values(mm)
d 150
A 136
O 7
O 5
A A& 75
A A 67.5

Second moment of area

Area (mm?)| y (mm) | areaxy (mm3) I xx (0
flange 1 525 35 1837.5 2520708
flange 2 473 146.5 69221.3 2571030
web 680 750 510000 1051512
total 1678 122058.8 6143249
6.14x10° m*
P OXB®ROA
o XV X .
(@) T VLCULU X 0d ¢® ¢ pm aa
o W X .
O NrYS TX&% pt1d X @ X pmaa
“ v poo .
(@) T eYymxuv X@ p&tu p T adQ

CO ¢opt1 pTt GA
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SUMMARY OF CALCULATED AREA AND SECOND MOMENT OF AREA

Area (mm?2)| Ixx x10°( m
Catalogue 17800 6.66
nondefective| 17300 6.42
1 1712.2 6.33
2 16950 6.23
3 1677.5 6.14
4 166Q0 6.05
5 1642.5 5.95
6 16250 5.85
7 1607.5 5.75
8 15900 5.64
9 1572.5 5.53
10 15550 5.42
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30% REDUCTION IN CROSS-SECTIONAL AREA FOR AN ASYMMETRICAL

SECTION
Section dimensions )
Componen | Values(mm)
5 50 C ]
A 136 . .
O 7
O 5
| |
A& 0
A& 75 .
Asymmetrical section (coloured area indicating removi
Second moment of area of section)
Area (mm?) y (mm) areaxy (mm3) | LEE 6
flange 1 0 0.0 0.0 0
flange 2 525 146.5 76912.5 856847
web 680 75.0 510000 1707987
total 1205 127912.5 2564834
2.56x10° m*

PG X @b E° C
poma  PTwUA

XL X .
o LGu pT& pmd WX pT da

“ L POO .
0 T o QYT pTE XU PX P P T Oa

COcdoprm aa
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30% REDUCTION IN CROSS-SECTIONAL AREA FOR AN SYMMETRICAL

SECTION

Section dimensions

Component, Values(mm)
d 150
A 136
@) 7
@] 5
A A 37.5
A A 37.5

Second moment of area

-

Symmetrical section (coloured area indicating remova
of section)

Area(mm?) y (mm)| areaxy (mm3)| LEE o
flange 1 263 3.5 918.8 1343038
flange 2 263 146.5 38456.3 1343038
web 680 75.0 510000 1048107
total 1205 903750 3734182
3.73x10% m*
. wmnalxif ,
W — X @ta a
pCma
., oR X ..
(@) T Co&% x @&t od P T p T aaQ
. aR X ..
O T Co& prTd X G PO T pT aa
. v po@ .
(@) T eYymxuv X@ p&tuv p T adQ

CO o§oprm Ga
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APPENDIXH: MEASUREMENT OF PHYSICAL BEAM

t;

3

i, %ﬁ%

tfz Tr Trtf4
< bfz >
Measured Dimension (in mm)
Location
Dimension(mm) End Middle End
@) 6.9 7.1 7.1
@) 7.1 6.8 7.3
O 6.9 6.9 6.9
@) 7.1 7.2 7.3
A 75.5 75.5 75.6
A 75.5 75.3 75.9
@) 4.9 5.2
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APPENDIXI: SENSITIVITY ANALYSIS

The following section contain a retivity analysis to investigate the effés of variation in
input values used to determine potentedonant frequenciesThe effect of the input value is

shown as a percentaghfference of resonant frequencies.

Table Al1 : Section properties of 150UB14.(neSteel, 2014)

Property Assumed Vale
Length (m) 2.15
Mass per Unit length (kg/m) 14.0
Second Moment d 6.66x10°
Young's Modulus (GPa) 200

FREQUENCY SENSITIVITY TO FREE SPAN

15.0

10.0

o
o

o
o

1.85 2.20

-5.0

PERCENTAGE DIFFERENCE (%)

FREE SPAN, L (m)

Graph ALl : Percentage difference on the first resonant frequency due to variation in free span
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FREQUENCY SENSITIVITY TO MASS

2.0

1.0

0.0

13.4 14.6

PERCENTAGE REDUCTION (%)

-1.0

-2.0
MASS, m (kg)

Graph AlL2: Percentage fference on the first resonant frequency due to variation in mass

FREQUENCY SENSITIVITY TO SECOND MOMENT OF .

10.0

5.0

0.0

5.0 8.0

-5.0

PERCENTAGE DIFFERENCE (%)

-10.0

-15.0

SECOND MOMENT OF AREA, i)

Graph AL3: Percentage difference on the first resonant frequency due to variation in second moment
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FREQUENCY SENSITIVITY TO ELASTIC MODULUS

4.0
3.0
2.0
1.0

0.0

190 220

PERCENTAGE DIFFERENCE (%)

-1.0

-2.0

ELASTIC MODULUS, E (GPa)

Graph AL4: Percentage difference on the first resonant frequency duaigdion in elastic modulus
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APPENDIXJ: MATLAB PROGRAM

The following program 06Shdwsop 0% was
function [X,w] = showspec(x,fs)

%SHOWSPEC Plot a simple estimate of the spectrum of a signal.

% usage: [X,w]=SHOWSPEC(x,fs)

% x = the signal

% fs = the sample rate (if omitted, it defaults to 2)

% X =the magnitude of the spectrum

% w = the corresponding frequency vector

%

% If nooutput arguments are used SHOWSPEC plots the spectrum.

% Otherwise, no spectrum is plotted.

%

%- Updated by jMc (10/98) include Hamming window as in - line

code.
%

if nargin < 2,

fs=2;
end
if  nargin <1,

error(  'SHOWSPEC expects 1 or 2 input arguments' );
end
X =x();
L = 2”ceil(log2(length(x)));
%-

Lx = length(x);
HammW =0.54 - 0.46*cos(2*pi*(0:Lx -1)/(Lx  -1));

%-
XX = abs(fft((HammW.*x,L))/length(x)*3.86;
XX = XX(1:2);
ww = [0:L/2 - 1]/L*fs;
if nargout==0,

plot(ww, XX);

grid on;

zoom on;

xlabel( 'Frequency in Hz' );

ylabel( 'Approximate Amplitude’ );
else

X =XX;

W = WW;
end

create
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APPENDIXK: TECHNICAL DATA SHEET FOR EXPERIMENTAL

INSTRUMENTS

BRUEL & KJ/ER ACCELEROMETER TYPE 4391

(Briel & Kjeer, n.d.)

Calibration Chart for
Accelerometer Type 4391
Ground Isolated

Briel & Kjaer
Serial No. .1e85 64l ...

Reference Sensitivity at 159,2Hz (w = 1000s™),
100ms™ and Q... °c
Charge Sensitivity* LORA pe/ms or 9,89 perg
Voltage Sensitivity* (incl. 280 pF cable)

........ ©:F20..... MV/ms2 of oo HOT mv/g
(Voltage Preamp. input Capacitance: 3,5pF)
Capacitance (excl. cable) U‘q ..... pF
Capacitance to Ground ............... L*S pF
Typical Capacitance of AO 0231 ... 280pF
Maximum Transverse Sensitivity 9

(at B0HZ, 100MS ™) .ooovvrrmeerriessereneeseeeessies Q... %
Typical Undamped Natural Freq Y s 52kHz

Typical Transverse Re Freq y, using Ex-
citer Table 4290, with accelerometer mounted on a tita-
nium cube by a 10 — 32 UNF-2A steel stud, mounting
torque 1,8Nm and greased surfaces:

Polarity is positive on the center of the connector for an
acceleration directed from the mounting surface into the
body of the accelerometer

Resistance minimum 20.000 MQ at room temperature

Date: qa\\ab Signature: OYY\ ...........

1g=9807ms™2 or 10ms™2 = 1,029

* This calibration is traceable to the Nationa! Bureau of Standards
Washington D.C.

Environmental:

Humidity: Welded, Sealed

Temperature Range: -60 to + 180°C (-76 to +356°F)
Max. Shock Acceleration: 20kms™ peak

Typical Magnetic Sensitivity (50Hz - 0,03 T):
ams™?/T

Typical Acoustic Sensitivity: 0,01 ms™ at 154dB SPL (2
- 100Hz)

Typical Base Strain Sensitivity (at 250 ue¢ in base
piane): 0,005ms ™2/ e

Typical Temperature Transient Sensitivity (3Hz LLF):
0,2ms™/°C

Specifications obtained in accordance with ANSI $2.11-
1969

Physical:

Electrical Connector:
7/16 — 28 UNEF-2A

Material: Titanium, ASTM Grade 2

Sensing Element: Piezoelectric, type PZ23

Weight: 16 gram

Construction: Delta Shear

Mounting Thread: 10 - 32 UNF-2B

Mounting Stud: 10 - 32 UNF-2A x13 mm, steel
Mounting Surface Flatness: <3um

Mounting Torque: Normal 1,8 Nm. Min. 0,5Nm.

Max. 3,5Nm

Seismic Mass: 2,6 gram

Center of Gravity of Seismic Mass: 135mm from
mounting surface on central axis

Center of Gravity of Accelerometer: 13mm from
mounting surface on central axis

For further information see B&K “Piezoelectric Acceler-
ometer and Preamplifier” handbook

AC 0158-14 Pat. DK 131401
Date: : Potentiometer: B Zero Level: —— D A B C Lin
+:40 v L ) - L] L L. L e 1w ¥l
B 0 N e ] v
H ] —
+ —+— -
t ——+——
=
+ 30 H
8 —+—1—
= S S ==
==
s ==y
dB + +
+ ———
t —
+20 - : + =
i | X 7] -
A
1 t +
| B | 2 =7 o B
] H i |
+10 " 2 |
t +——
y o N -
7 H t 1
/ ;
7 \ 3 2
/ |} B m
A A H ) S |
0 N7 \ H K
LY +
t ———
+ +-
t +———
t -+ -
L W
B WH G
- iEEEEEREES
0 500 1kHz 2 10 20 50 * 100
. Freq: —___ _Hz Writing Speed: mm/sec. Paper Speed: mm/sec.

Crack evaluation in a simple structure using aatiomn technique

53



BRUEL & KJ/ER IMPACT HAMMER TYPE 8202
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