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Abstract

The objective of liis researchs to usestructure ambient random vibration response to
detect damage level and location. Tirge of ambient vibration isadvantageous because
excitation is caused by service conditions such as normal vehicle traffic on a highway bridge,
train passage on a railroad bridge, or wind loads on a tall building. This eliminates the need to

apply aspecial impact or dynamic loadr interrupt traffic on a bridge in regular service.

This researcldevelopedan approachn which free vibration ot structure is extracted
from the response of this structure to a random excitatitime time domain (act&ration versus
time) by averagingut the andom component of the responsehe Tesult is the free vibration
that includes all modes based on tlempling rate on time. fen this free vibration is
transferredto the frequency domain using a Fast Fourier Transform (FFT). Variations in
frequency response a function of structural stiffness and member -@otditions. Such
variations are used as aasure to identify the changethe structural dynamic properties, and

ultimately detect damage.

A physical model consisting of a 20 x 2A.870-mm long steel square tul&asused to
validate this approach. The bearastested under difference supfgoconditions varying from a
single to threespan continuous configuration. Random excitati@sapplied to the beam, and
the dynamic responseasmeasured by an accelerometer placedaabuslocations on the span.
A numerical modelvas constructedn ABAQUS andthe dynamic responseasobtained from
the finite element model subjected gnilar excitation asin the physical model. Numerical
results were correlated againstesultsfrom the physical model, and comparisaas made
between the different span/support configurations. subsequent steprould be to induce
damage that simulates loss of stiffness or cracking condition of the beam cross section, and that

would be reflected as a change in the frequency and other ttypeoperties of the structure.

The approach achiegtiggood results for a structure with a limited number of degrees of
freedom. Further research is needed for structures with a larger number of degrees of freedom

and structurewith damage in symmetricédcations relative to the accelerometer position.
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Chapter1-l NTRODUCTI ON

1.1Introduction

Non-destructive testingNDT) refers toa wide group of analysis techniques used in
science and industry to evaluate the properties of a material, componeyistem without
causing damage. Nondestructive examinationor evaluatiofNDE),and nondestructive
inspection(NDI) are also commonly used to describe this technoldggcause NDT does not
permanently alter thenspectedarticle, it is a highly valuable technique that samreney and
time in product evaluation, troubleshooting, and eaesh. Common NDT methods
includeultrasoni¢c magnetieparicle, liquid penetrantradiographic remote visual inspection
(RVI), eddy-current testingandlow coherence interferometryNDT is commonly used i€ivil
and Structural EngineeringMechanical BgineeringElectrical Ehgineering Forensic
Engineering Systems Bgineering Aeronautical BgineeringMedicing andArt.

It is noted thathe majority of the defects found in structures or machinesdanetified
by visual inspection; howeverjsual inspection camt detect small or internal flaws. Flaws
found visually can bdocatednear the fracture toughness or strength limit threshold of the
material, and visual inspectias unable to accurately assessidual capacity of the structure.
Therefore NDE is a cesirable methad

Generally, NDE methods can bategorized as active or passiand surface, near
surface or volumetric. Active techniques are those defined as introducing some form of energy
into or onto the specimen, and a change of the input ememexpected if a flow is presented.
Vibration analysis, ultrasonic, magnetics, and rgdiphy are examplesf this technique.
Passive techniques monitor the specimen without induced energy. Instead, the condition of the
specimen is evaluated under aentiiloading and possibly with a visual enhancing liquid over
the surface. A defect is determined by any irregular response of the specimen. Visual
examination, acoustic emission, and noise analysis are examples of this techniques. As the name
implies, sirface methods are those that are limited to detecting flaws in the specimen near or at
the surface (e.g. eddy current, magnetics, penetrant methods, etc.). Volumetric methods are
capableof finding voids and cracks throughout the thickness of the spacinidey include

vibration, ultrasonic, and radiography.
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Most active NDE methods are more elaborate processes of determining degradation of a
structure, and would require an added cost for equipment and training. The benefit of NDE is
superior informatorabout the structureds overall condi ti
of the system, proper NDE methods can increase the lits oomponents NDE should reduce
the overall costs associated witte life of the structure by detecting flaws wiary are small

thus limiting downtime for repair of larger problems.

1.2 Advantages andApplications of NDE on Structures

Many benefits are achieved when NDE is used civil structures,especially when
accessibility limitationgre present ostructure element# addition to the capability of keeping
the tested location without any damage and the simplicity of processing the required tests
compared to other destructive tests. NDE could be tostanporarilyor permanently evaluate
and monior structures.

The following are some Nedestructive tests (NDTs) that amommonly used in
structural engineering practice

1 Schmidt Hammeto evaluateaeinforced concrete strength.

1 Concrete ultrasonic tester measurerack depth.

1 Ground penetratingadar for rebar detection.

9 Digital coating thickness gauge measurgainting thickness of steel members

1 Steel ultrasonic tester to meassteel member thicknessd detect internal defects

in welded areas.

1.3 Objective of this Research
The objective ofthis researchs to developan approachn which free vibration ofa
structure is extracted fromesponse of structure to random excitationthe time domain
(accderation versus time) by averagiogt the andom component of the responséie Tesult is
the free vibration that includes all modes based on the sagmalie on time. Then this free
vibration is transferredo the frequency domain using a Fast Fourier Transform (FFT).
Variations in frequency response aaefunction of structural stiffnessnd member end

conditions. Such variations are used as a measure to identify the an#mgstructural dynamic



properties, and ultimately detect damaggridges are the mostcommon structures that will
benefit from this procedure due to their importanteffic loads, andhe requiredStructural
Health Monitoring SHM) for their performance.
The main advantages @mbient vibrationcompared toother nondestructivetesting
procedures are:
1 No traffic disruption
Utilization of vibration occurringon a bridge
Limited preparation and testing time
Lower costand simple when equipmeistavailable
Using ordinary traffic
Measuring the structure acceleration
No need for specific loads

Using dynamic data

= =2 =4 A4 A4 A4 A -

No damagss inflicted to the structure

The ulimate goal of this effort is to use thesponse o$tructureto a random excitation
results fromtraffic, wind, and/or earthquakéo evaluate and monitdahe structure performance
by recording the structure vibration response due to the mentioned reambrewvaluate this
vibration signalto determine any changes in the structure performance due to aging, different

and repetitive loading conditions, the impact of climate and other environmental issues.



Chapter2-L1 TERATURE REREEWVI BRATI ON F
MULTDEGREE OF FREEDOM SYSTEMS

Free vibration relates tothe motion of a structure without any dynamic excitation,
external forces or support motioit.is initiated by distributing the structure from its equilibrium
position by sora initial displacement and/or by imparting some initial velocities.

This chapter on free vibratioof Multi-Degree of Freedom (MDF) is divided intwo
parts In PRart (2.1), the notation of natural frequencies and natural modes of vibratian of
structurehave been developedh@se concepts play a central role in the dynamic and earthquake
analysis of linear systems.

Part (2.2) $ a description of the use of these vibration properties to determine the free
vibration response of systems. Undamped systemanaigzed first, followed by a discussion
of the differenceébetweerthe free vibration responsé systems with classical oging andthat
of systems with nonclassical damping. The analysis procedure is extended to systems with
classical damping, recognizing that such systems possess the same natural modes as the

undamped system.
2.1 Natural Vibration Frequencies and Modes

2.11 Systems without @mping
Free vibration of lineaMDF systems is governed by
i0 A EO DO P

where,

3

. mass

: acceleration

(@] Oz

: damping
. velocity

. stiffness

c X O

. displacement
with B0 = 0 for free vibration (no force). d¥ systems without dampindequation (2.1)

becomes



IO EOm cg
Equation (2.2) represents homogeneous differential equations that are coupled through the
mass matrix, thetéfness matrix, or both matricebt is the number of DOFs. It is desired to find
the solutiom u() of Equation (2.2) that satisfies the initial conditiatt = O :

O Onod Om C®

Figure (2.1) shows the free vibration of a two stgar frame. The story stiffness and lumped
masses at the floors are noted, and the free vibration is initiated by the deflection shown by curve
ain Figure (2.1b). The resulting motionof the two masses is plotted in Figure (2.1d) as a

function of tme; T1 will be defined later.
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Figure 2.1 Free vibration of an undamped system due to arbitrary initial displacement: (e
two-story frame; (b) deflected shapes at time instanta, b,and c; (c) modal coadinates gn
(t); (d) displacement history. (Chopra, 2000)



Deflected shapes of the structure at selected time insdarisand ¢ are also shown. The
displacemeritime plot for thej™ floor starts with the initial conditionsj(0) ando (0); the

uj(0) are identified in Fig. 2.1b an@(0) = 0 for both floors. The motion of each mass or floor is

not a single harmonic motion as in Single Degree of Freedom (SDF) systems, and the frequency
of the motion cannot be defined. Furthermdhe, deflected shape (i.e., the ratio ui/ u2)

varies with time, agvidenced byliffering deflected shapdsandc, which also differfrom the

initial deflected shapa.

An undamped structure would undergo simple harmonic motion withoutgehah
deflected shapé# free vibration is initiated by appropriate distribution of displacements in the
various DOFs. As shown in Fig. 2.2 and 2.3, two charactedsfiected shapes exist for this
twol DOF system such that if it is displaced in one of thbés@as and released, it will vibrate in
simpleharmonic motion, maintaining the initial deflected shape. Both floors reach their extreme
displacements at the same time and pass through the equilibrium position at the same time. Each
characteristic defleet shape is calledratural mode of vibratioof an MDF system.

Observe that the displacements of both floors are in the same direction in the first mode
but in opposite directions in the second mode. The point of zero displacement, cadieel a

doesnot move at all (Fig. 2.3); as the mode numbémncrease, the number of nodes increases

accordingly
(c)
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Figure 2.2 Free vibration of an undamped system in its first natural mode of vibration: (a
two-story frame; (b) deflected shapes at time instanta, b, ¢, d,and e; (c) modal coordinate
g1(t); (d) displacement history. (Chopra, 2000)
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Figure 2.3 Free vibration of an undamped system in its second natural mode of vibratio
(a) two-story frame; (b) deflected shapes at the time instanta, b, ¢, d,and e; (c) moda

coordinate g(t); (d) displacement history. (Chopra, 2000)

A natural period of vibration Tof a MDF system is the time required for one cycle of
the simple harmonic motion in one of these natural modes. The correspoatling circular

frequency of vibratioms] and thenatural cyclic freqiency of vibrations fn ,

where
y < ca
1
n p
Q ~ ¢

Figures 2.2 and 2.3how the two natural periods and natural frequencigs (n =1, 2) of the

two story building vibrating in its naturahodesn o n O. The smaller of the two
natural vibration frequencies is denoted1by, and the largenatural vibration frequency is
donatedby] . Correspondinglythe bnger of the two natural vibration periods is denotedby

and the shorter one @s.



2.1.2 Natural Vibration Frequencies and btles
This section introduce an eigenvalue problem whose solution gives the natural

frequences and modes of a systemre& vibration of an undamped system is one afatsiral
vibration modes g@raphically displayed in Figure 2.2 and 2.3 for a @OF syster), can be
described mathematically by
606 n orn &
where the deflected shape does not vary with timeThe time variation of the displacement is
described by the simple harmonic function
n o 06 AN0o 6 OFETo ¢
whered0 and6 are constants of integration that can be determined from the initial conditions
that nitiate the motion. Combiningdaations(2.6) and (2.7) gives
660 n o6 Al1OGo 6 OFlT o (¢2]]
wherg andh are unknown.
Substituting this form ofi(t) in Equation(2.2) gives

1 ar /4 o6 m N
This equation can be satisfied in one of two ways. Edhé) = 0,thatimplies that uf) = Ofor
which there is no motion of the systelfthis is the socalled trivial solution, or the natural
frequencies and modes must satisfy the following algebraic equation:
Kol 1 an P T
which provides a useful condition. This algebraic equation is callednttex eigenvalue
problem. When necessary it is called the real eigenvalue probldime stiffness and mass
matices k and m are known; the problem is to determine the $caland vectorn

To indicate the formal solution togiation (2.10), it is written as

Q1 o oom ®p
which can be interpreted as a setNohomogeneous algebraic equations for khelements
no (= 1, M), Thié set always has the trivial solution = 0, which is not useful because
it implies no motion. It has nontrivial solution if
AAO 7 Tt P C
When the determiate is expanded, a polynomial of ortlein]  is obtained. Equation (2.12) is
known as thecharacteristic equatioror frequency equation.This equation ha$N real and

positive roots for because m and k, the structure mass and stiffness ma@ireesymmetric



and positive definite. The positive definite property of k is assured for all structures supported in

a way that prevents rigidody motion. Suchs the case for civil engineering structures of

interest but not for unrestrained strucas such as aircraft in flight. The positive definite

property of m is also assured because the lumped masses are nonzero in all DOFs retained in the

analysis after the DOFs with zero lumped mass have been eliminated by static condensation.
TheN roots] of Equation (2.12) determine th¢ natural frequencigs (n=1, 2, ..,

N) of vibration. These roots of the characteristic equation are also knowigesvalues,

characteristic valuespr normal values. When a natural frequengy is known, Ejuation

(2.11) can be solved for the corresponding ve¢torto within a multiplicative constant. The

eigenvalue problem does not fix the absolute amplitude of the véctpmnly the shape of the

vector given by the relative values of tRelisplacemerstr (= 1, ), Coé&esponding

to theN natural vibration frequencigs of anN-DOF system, there af¢ independent vectors
N which are known asatural modes of vibratiomr natural mode shapes of vibratiohese
vectors are also known agjenvalues, characteristic vectoos,normal modes.

In summary, a vibrating system with DOFs hasN natural vibration frequencigs
n= 1, A), arrénged in sequence from smallest to largest (7 E 1 N
corresponding natural periods ; and natural modes . The termnatural is used toqualify
each of these vibration properties to emphasize the fact that these are natural properties of the
structure in free vibration, and they depend only on itssnand stiffness properties. The
subscriptn denotes the mode number and the first made=(1) is also known as the

fundamental mode.

2.1.3 Modal and Spectral Bltrices
The N eigenvalues anlll natural modes can be assembled compactly into matrices. Let
the natural mode® corresponding the natural frequency have elements" , where]j
indicates the DOFs. Thd eigenvectors then can be displayed in a single square matrix, each

column of which is a natural mode:

D>
Memp M
D>



The matrix is called themodal matrixfor the eigenvalue problem,glation (2.10). Thé
eigenvalues can be assembled into a diagonal malktix which is known as thepectral
matrix of the eigenvalue problem, equation (2.10):
1
L ‘ e
1

Each eigenalue and eigenvector satisfieguation (2.10), which can be written as the relation
T an o
By using the modal and spectrahtrices, all relationsn(= 1, ) carfhe assembledto a
single matrixequation:
Qa4 U P T
Equation (2.14) provides a compact presentation of the equations relating all eigenvalues and

eigenvectors.

2.1.4 Orthogonality of Mdes

The natural modesorresponding to different natural frequencies can be shown to satisfy
the following orthognality conditions. When 1 h
nor i P
nanom QN0
These impodnt properties can be proven as follow: Tenatual frequency and mode satisfy
Equation (2.10); premultiplying it by , the transpose of , gives
O P X
Similarly, ther" natural frequency anthode satisfy Buation (2.10); thu&» 1 an
Premultiplying by gives
Lo R RN P Y
The transpose ahe matrix on the left side ofdmation (2.17) will equal the transpose of the
matrix on the right side of theyeation; thus
pr ] 0 an P w
wherein we have utilized the symmetry property of the mass dfreess matrices.Subtracting

Equation(2.18) fromEquation(2.19) gives

10



1 1T noan s ¢® T
Equation (2.16) is true when 1 which for systems with positive natural frequencies
implies that 1 . Substituting 2.16) in (2.18) indicates thatglation (2.15) is true when
1 1 . This completes a proof ftlhe orthogonality relations ofdaations (2.15) and (2.16).
We have established the orthogonality relations between modes with digqancies
(i.e.,] 1 ). If the frequency equation (2.10) hagfald multiple root (i.e., the system has
one frequency repeatgdtimes) it is always possible to find modes associated thi this
frequency that satisfydtiations (2.15) and (2.16). If thgsmodes are included with the modes
corresponding to the other frequencies, a sé{ afodes is obtained which satisfiegj&atiors
(2.15)and (2.16)fon 1 r .

The othogonality of natural modes implies that the following square matrices are

diagonal:

Lk Q c& p
Ok 4 & ¢
where the diagonal elements are

0 n oo & O
0 n an C® o

Sincem andk are positive definite, the diagonal elementXoédndM are positive. They are
related by

0 1 0 & 1
This can be demonstrated from the definitionkafand M, as follows: Substituting equation
(2.10) in (2.23) gives

R R T oan 1 0 g v

2.1.5 Interpretation of Modal @hogonality
In this section we developgohysically motivated interpretations of the orthogonality
properties of natural modes. One implication of modal orthogonality is that the work done by
the n'-mode inertia forces igoing through the"-mode displacements is zero. To demonstrate

this result, consider a structure vibrating in tHenode with displacements

6 0 n or 8 ¢

11



The corresponding accelerationsared0 13 0 " and the associated inertia forces are

Q ao6 o dr nf o C& X
Next, consider displacements the structure in its!" natural mode:

6 0 n on & Y
The workdone by the inertia forces ofgHation (2.27) in goig through the displacements of
Equation (2.28) is

Q0 nan n on o & w
Which is zero because of the modal orthogonality relation of Equation (2.16). This completes
the proof.

Another impication of the modal orthogonality propertias that the work done by the
equivalent static forces associated with displacements in‘tieode in going through the"
mode displacemenegjual tozero. These forces are

M W o O o & T
and the work they do in gajrthrough the displacements dfuation (2.28) is

Q0 nr R o o ¢® p
which is zero because of theodal orthogonality relation ofduation (2.15). This completes the

proof.

2.1.6 Normalization of Mdes
As mentioned earlierthe eigenvalue problemEquation (2.10)determines the natural

modes to only within a multiplicative factor. If the vector is a natural mode, any vector
proportional to» is essentially the same natunabde because it also satisfieguation (2.10).
Scale factor are sometimes applied to natural modes to standardize their elements associated with
various DOFs. This process is calledrmalization.Sometimes it is convenient to normalize
each mode so that its largest element is unity. Other timeg/ibenadvantageous to normalize
each mode so that the element corresponding to a particular DOF, say the top floor of a
multistory building, is unity. In theoretical discussions and computer programs it is common to
normalize modes so that te have unitvalues. In this case
o nanr p C® ¢

a O Cd o

12



wherel is the identity matrix with unit values along the main diagonal. Equations (2.32) and
(2.33) states that the natural modes are not only orthogonal but are normatlizesspect tan.
They are then called a masdghorormal set. When the modes are normalized in this manner,
equations (2.23) and (2.22) become
0 noQ 1 0 1 T
0 ko) L ¢® v
2.1.7 Modal Expansion of Bplacement

Any set ofN independent vectors can be used as a basis for representing any other vector

of orderN. In the following sections the natural modes are used as such a basis. Thus, a modal

expansion of any displacement veaidras the form
0 non QN0

where g are scalar multipliers callednodal coordinatesor normal coordinatesand
n @ n 8 1 O. Whenthe are known, for a givenit is possible to evaluate thug
by multiplying both sides of equation (2.36)/by & d,

noaob noan A & X

Because ofthe orthogonality relation of quation (2.16), all terms in the summation above
vanish except the= n term; thus

nao nan o on C® Y
The matrix products on both sides of this equation are scalars. Therefore,
nao " oadod

nan 0

n Cd W

The modal expansion of the displacement veciosquation (2.36), is employed in
Section(2.2.1) to obtain solutions for the free vibration response of undamped systems. It also
plays a central role ithe analysis of forced vibration response dgdamicresponse of MDF

systems.

13



2.2 Free Vibration Response

2.2.1 Solution of Free bration Equation: Undamped $stems
This section revives discussion tbfe problem posed bydtations (2.2) and (2.3) and
find its solution. For the example structure of Figure (2.1a), such a solution was shogurén Fi
(2.1b). The differential uation (2.2) to be solved had led to theinweaeigenvalue problem of
Equation (2.10). Assuming that the eigenvalue problem basn solved for the natural
frequencies andhodes, the general solution ofji&ation (2.2) is given by a superposition of the

respons in individual modes given bygtation (2.8). Therefore
00 n 6 Al1oo 6 OBl o cg

where A, and B, are N constants of integration. To determine these constants, we will also

need the equation for the velocity vector, which is
60 no o OETo 6 AlTOo 8 p
Settingt = 0 in Eguations (2.40) and (2.41) gives

0T n o c8 ¢

o n1 06 cg8 o

With the initial displacemend 1t and initial velocityé 1 known, each of these two equation
sets represent algebraicequations in the unknowA, and B., respectively. Simultaneous
solution of these equations is not necessary because they can be interpreted as a modal expansion

of the vector® 1 and6 1. Following Ejuation (2.36), we can write

0T nAm g 1

0T n A m cg v

where, aalogous to Ruation (2.39)1] 1 andrfy T are given by

14



ndom

] 8
n m 5 ca ¢
) N aom

nmn —5 c8 X

Equations (2.42), (2.43), (2.44) and (2.45) are equivalent, implyingthat 1 ando
n 1A . Substituting these indgation (2.40) gives

L , R | B | SR
00 nn mAITOoO W—OEIO g8 Y

or, alternatively,

00 nno 8 w
where

. . VR { I | SR

n o n mAINOoO T—OE|O d m

is the time variation of modal coordinates, which is analogous to the free vibration response of
SDF systems. Equation (2.48) the solution of the free vibration problem. It provides the
displacementu as a function of time due tmitial displacementd 1 and velocity 6 1.
Assuming that the natural frequencjes and mode$ are available, the rightand side of
Equation (2.48) is known witl) Tt andr) 1t defined by Euatiors (2.46) and (2.47).

2.2.2 Free \oration of Systems with @mping
When damping is included, the free vibration respook the system is governed by
Equation (2.1) withgf =0

i0 2O EOmn ¢ p
It is desired to find the solutial 60 of Equation (2.51) that satisfies the initial conditions
O OnobO On ® C

att = 0. A procedure to obtain the desirsalution will be developed ine&stion (2.2.3) for

certain forms oflamping that are reasonable models for many real stegctun this section the
solution is presented for a specific system that enables us to understand qualitatively the effects
of damping on the free vibration of MDF systems.
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For this purpose we express the displacenueint terms of the natural modes ofetlsystem
without damping; thus guation (2.36)s substituted in guation (2.51):

4 4 ®©f QAR ¢ ® o
Premultiplying by  gives

0n 6n R ™ ¢ T

where the diagonal matricésandK were defined in Ruations (2.21), (2.22) and

6 &) c® v

The square matrilC may or may not be diagonal, depending on the distribution of damping in
the system. IC is diagonal,Equation (2.54) represend$ uncoupled differential equations in
modal coordinateg, , and the system is said to haslassical dampingdpecause classical modal
analysis is applicable to such systenfhiese systems possess the same natural modes as those
of the undamped system. Systems with damping suchCtlimtondiagonal are said to have
nonclassical dampingThese systems are not amenable to classical modal analysis, and they do

not possess the same natural modes as undamped system.

2.2.3 Solutiom of Free Vibration Equations: Classically Damped/S&tems
This sectionrepresentsa formal solution for free vibration of systems with classical
damping due to initial displacements and/or initial velocities is presented. For this form of
damping the natal modes are unaffected by damping. Therefore, the natural frequencies and
modes of the systeiare first computed for the system without damping; the effect of damping
on the natural frequencies is considered in the same manner as for a SDF syssdrecohhes
apparent by dividing §uation (2.56) governingn(t) by Mn to obtain Ejuation (2.57)

0 N 0 n on T ¢d @
n ¢ 1 71 1 7 = ® X
This equation is of the same form as Equation (2.58) when dividqugaion @.51) by m

6 ¢,1 0 ] Tt cd Y
wherg o and, —_—

governing the free vibration of a SDF system with damping for which the soluteguéation
(2.59)

1 oM
1
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where

1 1 P

Adaptingthis result, the solution forduation (2.57) is given by
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where thenth natural frequency with damping is

1 1 P,
The displacement response of the systetinds obtained by substitutingyiation (2.60) for
gn(t) in Equation (2.49):

nm ,1 Qm
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This is the solution of the free vibration problem for a MDF system with classical damping. It
provides the displacementas a function of time due to initial displacemef) and velocity

0(0). Assuming that the natural frequengiesand mode$ of the system without damping

are available together with the modal damping ratigghe righthandside of Euation (2.61) is
known withfy 1 andfy Tt defined by Huations (2.46) and (2.47).

Damping influences the natural frequencies and gsraf vibration of a MDF system.
Therefore the effect of damping on the natural frequencies and periods of a MDF system is
negligi bl e f obelow20%,mirangg that endludes siost3practical structures.

In a MDF system with classical dampiogdergoing free vibration in th&h natural mode, the
displacement amplitude at any DOF decreases with each vibration cycle. The rate of decay
depends on t hginthamode, in g manrert simdar ta SDF systems. Thus the
ration of two respnse peaks separated jogycles of vibration is related to the damping ratio
with appropriate change in notation.

Consequently, the damping ratio in a natural mode of a MDF system can be determined,
in principle, from a free vibration test following tipeocedure for a SDF system. In such a test
the structure would be deformed by pulling on it with a cable that is then suddenly refleased,
causing the structure to undergo free vibration about its static equilibrium position. A difficulty
in such test is to apply the pull and release in such a way that the structure will vibrate in only

one of its natural modes. For this reason this test procedure is not an effective means to
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determine damping except possibly for the fundamental mode. After trensespontribution
of the higher modes have damped out, the free vibration is essentially in the fundamental mode,
and the damping ratio for this mode can be computed from the decay rate of vibration

amplitudes.

2.3 Applications of NDT to Special StructuredJsing Other Methods

A brief description of some applications is given below.

2.3.1 Damage Detection in Concrete by Fourier and Wavelet Analysis

Melhem and Kim (2003) investigated the effectiveness of vibrdiamed methods in
damage detection of tgpical highway structure. Two types of f@tale concrete structures
subjected to fatigue loads are studied: (1) Portland cement concrete pavements on grade; and (2)
a simply supported prestressed concrete beams. Fast Fourier Transform (FFT) ancb@ontin
Wavelet Transform (CWT) are used in the anal
impact, and results from both techniques are compared. Both FFT and CWT can identify which
frequency components exist in a signal. However, only the wavelstdramncan show when a
particular frequency occurs. Results of this research are such that FFT can detect the progression
of damage in the beam but not in the slab. In contrast, the CWT analysis yielded a clear
difference between the initial and damagedes for both structures. These findings confirm the
conclusion of previous studies conducted on sisedle specimens that wavelet analysis has a
great potential in the damage detection of concrete. The study also demonstrates that the
approach is appable to fullscale component of sizes similar or close to actusemice

structures.

2.3.2 Structural Damage Detection using Signal PattedRecognition

Qiao et al. (2008) applied a sigrtssed patternecognition procedure for structural
damage detéion with a limited number of input/output signals. The method is based on
extracting and selecting the sensitive features of the structure response to form a unique pattern
for any particular damage scenario, and recognizing the unknown damage patest thg
known database to identify the damage location and level (severity). In this study, two types of
transformation algorithms are implemented separately for feature extraction: (1) Continuous
Wavelet Transform (CWT); and (2) Wavelet Packet Tramsf@N/PT). Three pattermatching
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algorithms are also implemented separately for pattern recognition: (1) correlation, (2) least
square distance, and (3) Cosh spectral distance. To demonstrate the validity and accuracy of the
procedure, experimental stusgliare conducted on a simple three story steel structure. The results
show that the features of the signal for different damage scenario can be uniquely identified by
these transformations, and correlation algorithms can best perform pattern recogmitsify

the unknown damage pattern. The proposed method can also be used to possibly detect the type

of damage.

2.3.3 Damage Detection on Bridge

Omenzetter et al. (2004) identified the unusual events in -chdinel bridge by
monitoring strain dta using wavelet transform and outlier analysis. The strain data was
recorded during continuous, loigrm operation of a mulsensor SHM system installed on a
full-scale bridge. Outlier detection in multivariate data was to find and localize abnormal,
sudden events in the strain data and wavelet transform was used to separate the abrupt strain
changes from slowly varying ones. The method was successfully tested using known events
recorded during construction of the bridge and later effectively usedkfection of anomalous
postconstruction events.

Omenzetter and Brownjohn (2006) proposed and examined the application of concepts of
time series analysis to the processing of data from a continuously operating SHM system
installed in a major bridge stiture. The recorded static strain data was modeled using ARIMA
models. The coefficients of the ARIMA models were identifiedlioa using an extended
Kalman filter. The method was first applied to strains recorded during bridge construction, when
strucural changes corresponded to known significant events such as cable tensioning. Then the
method was used to analyze signals recorded during thecqstruction period when the
bridge was in service. The results show that the method can provide indorrmatstructural
performance under normal environmental and operational conditions.

Ding and Li (2007) proposed an online structuralltitemonitoring method for lorterm
suspension bridgperformanceusing wavelet packet transform (WPT). The method besed
on the wavelet packet energy spectrum (WPES) variation of structural ambient vibration

responses. As an example application, the WB&®d health monitoring system was used on
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the Runyang Suspension Bridge to monitor the responses of the briggétime under various

types of environmental conditions and mobile loads. As for the vibration monitoring of the
bridge, a total of 27 uraxial servo type accelerometers were installed at the nine sections of the
bridge deck. In each deck section,eolateral accelerometer directly recorded the lateral
response, and vertical acceleration of the deck section was obtained by averaging the
accelerations measured by the two vertical accelerometers locatesl upriver and downriver

cross sectiog respectively. The analysis showed that actual environmental conditions,
including temperature and traffic loadings, weneexcellent agreement with the measured
WPES. Changes in environmental temperature had atéosngtrend influence on the WPES,
while the effect of traffic loadings on the measured WPES of the bridge presented instantaneous
changes.

Zhang (2007) presented a statistical damage identification procedure for bridge health
monitoring. It was assumed that the structure, in both healtthyuaknown conditiosy was
continuouslymonitored and the dynamic responses under ambient excitations were available.
The damage features were extracted based on time series analysis combiniagragsive and
autoregressive with exogenous input preitic models. The structural condition was evaluated
in a stastical way based on the damage possibilities that were derived from a quite large number
of data samples to minimize the effect of the variability in data acquisition process and in
structural poperties on the damage assessment. The validity of the proposed damage
identification procedure wagemonstrated by numerical studiesng a 3span continuous girder
bridge under random ground excitations. Reasonable damage severities for beamssascture
well as realistic noise levels were simulated. The results show that the damage identification
procedure has great potential to detect structural damage at early stage, in which the structural
modal frequency changes are almost imperceptible.

2.3.4Crack Detection on Beam and Plate
Wang and Deng (1999) detected the crack on beam and plate structures based on wavelet
analysis of spatially distributed structural response measurements. Simulated deflection signals
of a beam containing a transverse krand the displacement response of a plate with a through

thickness crack were used. Wavelet transforms were performed on these signals to obtain the
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wavelet coefficients along the span of the structures. The crack location was detected by
observing a siden change, such as a spike, in the distribution of the wavelet coefficients. The
magnitude of the ske in the wavelet analysis wasaximum when the measurement point was
next to the damage location.

Douka et al. (2003) identified the location and sifehe crack in a cantilever beam
based on wavelet analysis. The fundamental vibration mode of a cracked cantilever beam was
analyzed using continuous wavelet transform. The location of the crack was determined by the
sudden change in the spatial vaoatiof the transformed signal at the site of the crack. To
estimate the size of the crack, an intensity factor was defined which related the size of the crack
to the corresponding wavelet coefficients. It was shown that the intensity factor changed with
crack depth according to a second order polynomial law and theretmuld be used as an
indicator for crack extent. The viability of the proposed method was investigated both
analytically and experimentally in a cantilever beam containing a transsarfece crack.

Douka et al. (2004) also applied the same method to detect the crack in plates.

Chang and Chen (2005gtcted the locations and the sizes of rurlicks in a beam by
spatial wavelet analysis. The crack type was open crack and wasergpdeas a rotational
spring. Frist, the mode shapes of free vibration and natural frequencies of theraukid
beam were obtained. Then the mode shapes were analyzed by wavelet transformation. The
positions of the cracks were observed as a sudugamge in the plot of wavelet coefficients. The
natural frequencies were used to predict the depth of the cracks through the characteristic
equation. The limitation of this method is that there are two peaks near the boundaries in the
wavelet plofand thke crack cannot be detected wlikeis near the boundaries.

Poudel et al. (2007) employed high resolution images for damage detection on a simply
supported prismatic steel beam. A hgpeed digital video camera was used to recode the free
vibration disphcement of the beam which was excited by imposing an initial displacement near
the midspan from the left support. The camera had a CMOS (complementary Metal Oxide
semiconductor) sensor with 12801024 resolution and a 10 bit A/D converter. Its frante ra
ranges was from 100 to 2000 frames/s. The displacement data with high spatial resolution were
then used to obtain the mode shapes and the mode shape difference function between the
reference and damage states of the stractuThe spatial signal in nes of mode shape

difference function was decomposed by wavelet transformation to display the changes due to
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cracking damage. The appropriate range of wavelet scale was determined by the spatial
frequency bandwidths of the mode shape difference functibhe.maximum modulus and sign
change of phase angle in the wavelet coefficients indicated the changes at the damaged locations.

Yan et al. (2004) detected crack damage in a honeycomb sandwish plate by using two
structural vibration damage feature indexeatural frequency and WPT energy index. The
finite elementdynamic model of a honeycomb sandwish plate was presented using different
mesh division for the surface plate and the sandwich plate to accurately express the crack
damage status (locations, ¢gh and direction) of the plate. In order to acquire the experimental
dynamic response of the plate, two pigmiches with the size of 2% 15 x 0.28 mm were
bonded on the surface of the plate. One of them acted as an actuator and the other acted as a
sensor. The natural frequencies of the undamaged plate were experimentally measured to verify
the numerical model. Based on the dynamic model verified by the experiment, the damage
feather indexes for various crack damage status were numerically compitied. the crack
damage status was determined by comparing the damage feature indexes obtained from the
numerical and experimental results. The authors found that using structural natural frequency
might not be suitable for detecting crack damage less 1886, even up to 20%f the total size
of a platelike structure; however energy spectrum of wavelet transform signals of structural
dynamic response had higher sensitivity to crack damage, it could exhibit structural damage
status for a crack length de to 2% of the dimension of a pHilee structure. They also found
that structural damage information was often contained in some high order modes of a structure,
and more vibration modes should be included in a structural dynamic model for detecion of
small damage.

Biemans et al. (2001) applied the piezoceramic sensors for crack propagation monitoring
in aluminum plate specimens with a crack initiated by spark erosion. The plates were
instrumented with piezocerami devices bonded in a symmetriofigocation on both sides of
the crack. One of the piezoceramics was used as an actuator and excited by a sine sweep and
Gaussian white noise signals in order to exploit broadband excitation. The plates were subjected
to static and dynamic tensile loadin The growing crack was monitored by the remaining
piezoceramic sensors. The response strain data was analyzed using a number of time, frequency,
and wavelet domain statistical parameters. The results show that low frequency broadband

excitation offersa possible means of dime detection of cracks in metallic structures.
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2.3.5 Damage Detection on Mechanical Structure

Seibold and Weinert (1996) localized the cracks in rotating machinery based on time
domain analysis. Aank of extended Kalman filte(EKFs) was designed to localize a crack
based on measured displacements picked up during normal operation of the rotor. Each filter
was turnedd a different damage hypothesig., in this case the specific crack location. By
calculating the probabilgs of the different hypotheses, the crack could be localized and its
depth could be determined. The method was applied for the localization of a crack in a
simulated rotor on hinged supports and for the identification of the crack depth in a rofgr test r

Li et al. (1998) applied neural networks to the detection of motor bearing conditions
based on the frequency features of bearing vibration. Five basic frequencies related to rolling
bearing dynamic movement were extracted by fast Fourier transféifi) {Echnique. The basic
frequency amplitude vectors were constructed to represent different bearing vibrations. These
vectors were created from the power spectrum of the vibration signal and abositte five
basic frequenciewith varying amplitude based on the defect present. The network consisted of
five input measurements corresponding to the amplitudes of the five basic frequencies of interest,
ten hidden nodes, and three output fault detectors (bearing looseness, defects on the inner
raceway,and defects on the rolling elements). The network was tested using the data generated
by MOTORISM. The results show that neural network can be an effective agent in the detection
of various motor bearing faults through the measurement and the inteégorefamotor bearing
vibration signals.

Kar and Mohanty (2006) applied the mulkdisolution Fourier transform (MFT) of
vibration and current signals for gearbox health monitoring. One and two teeth were artificially
removed in one gear of the gearboxstonulate actual fault condition. When the gearbox was
operated under several loads, the vibration signals were acquired from-thedtbiaring of the
gearbox, and simultaneously the current drawn by an induction motor is acquired and monitored.
MFT combined the characteristics of shtetm Fourier transform (STFT) and wavelet transform
(WT) by convolving a moving window with the signal at a particular scale. Discrete wavelet
transform (DWT)wi t h  an or t h og o nwa$ used dovsedleetriebvatoh and d b 8 6
current signals. Then aarning window with 256 data points and 50% overlap was applied to
the scaled signal to find the MFT coefficients. It was inferred that MFT coefficients of vibration

and current signals could predict a consistent tiaenithe energy level processed by the gear
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mesh frequencies with an increase in the severity of the defects, and hence could be a useful tool
in gearbox health monitoring.

Staszewski and Tomlinson (1994) applied the wavelet transform to the problem of the
detection of a broken tooth in a spur gear. The fault detection algorithm was based on pattern
recognition analysis. Features of the pattern were the modulus of the wavelet transform.
Spectral analysis and an orthogonal transform were used to comgatsie felements. The
Statistical concept of similarity analysis was used to compare patterns obtained from the normal
(no fault) condition and not normal (fault) condition. It is shown that the Mahalanobis distance
between contours plots of the modulidghe wavelet transform can be used as a fault detection
symptom; it increases monotonously with the fault advancement. Visual inspection of the
modulus and phase of the wavelet transform were used to localize the fault.

Wang and McFadden (1995, 1996) distne wavelet transform to detect abnormal
transient generated by gear damage. The early damage to a gear tooth usually caused a variation
in the associated vibration signal over a short time, initially less than one tooth meshing period,
taking the formof modulated or unmodulated oscillation. In later stages, the duration of the
abnormal variation became longer, lasting more than one tooth meshing period. Other
distributed faults, such as eccentricity and wear, might cover the most part of the whole
revolution of the gear. Changes in the vibration signals therefore could be analyzed to provide
an indicator of gear condition. When the size and shape of a wavelet were exactly the same as a
section of a signal, the transform gave a maximum absolute whlueavelet coefficients.
Therefore, the abnormal signal caused by a gear fault could be displayed by the wavelet
transform, which could be regarded as a procedure for comparing the similarity of the signal and
the chosen wavelet.

Liao et al. (2004) developed a novel technique for monitoring the gearbox condition
based on the setfrganizing feature maps (SOFM) network. Seven {ilmmain features
parametersnamelystandard deviation, Kurtosis, root mean square value, absolutevalean
crest factor, clearance factand impulse factor were extracted from industrial gearbox vibration
signals measured under different operating conditions. Trained with the SOFM network and
visualized using the Whatrix method, the feature data wemapped into a twdimensional
space and formed clustering regions, each indicative of a specific gearbox work condition.

Therefore the gearbox operating condition with fatigue crack or a broken tooth compared with
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the normal condition waslearly identfied. Furthermore, with the trajectory of the image points
for the feature data in twdimensional space, the vibration of gearbox condition was observed
visually and the development of eadiage gearbox failure was monitored in time.

Ozturk and Yesilyrt (2008) presented the use of a scalogram awhetin frequency
variation for monitoring the progression of pitting failure in gear system. Real gear vibrations
were obtained from a test rig utilizing a t8tage industrial gearbox. Pits represendiffiprent
degres of fault severity were simulated on a few tooth surfaces. The continuous wavelet
transform was used to obtain a scalogram and its mean frequency variation. It was found that the
presence of the seeded pits was not clearly revealecsc#tiogram in the early phases of fault
progression. When the severity (or number) of pits was further increased, the scalogram
exhibited fault symptoms as an increase in energy density. In contrast, the mean frequency
variation showed the presence bé ffault even when there was only a single pit. The resulting
fault displayed itself as a localized deviation which repeated itself every pinion rotation.
Increasing the number of pits caused correspondingly stronger fault symptoms and sharper fault

locdization at the same gear positions.
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Chapter3-THEORETI CAL BACKGROUND

3.1 Historical Overview

Vibration analysis has been used for many years, and in many ways. In ancient times
sounding of clay art#cts revealed cracks and voids (Hey®96). Shaking coconuts to test
ripeness is an example of vibration analysis without rigorous concern for instrumentation or
sensitivity.

Sir Isaac Newtonlargely credited forexplainingthe basis oimoderndynamics as we
know it today. His formulation of laws of motion were first stated in 1687 ifPhisophiae
Naturalis Principa Mathematic@-ertis 1995). Newton reached these conclusions by expanding
on work established by Galileo. Galileo had madefca observation of bodies in free fall,
motion on an inclined plane, and motion of the pendulum, but this work was hindered by the low
sensitivity of measuring devices (Meriam and
developed for measimg time. Some original observation of the pendulum were trackied
his own pulse as a timepiece (Ramirez 1985).

Currently measuring time is conducted with much more precisiddne second is
defined as 9,192,631,770 transition between two specifigoerfine levels of a cesium 133
atom (Ramirez 1985). Science demands such precision when researching or observing motion.
Most applications of vibration analysis require precise measurement of timelinatet
influence from data acquisitioning hardwaaind software. This precision is needed for proper
correlation between data acquired and degradation to be established.

The fundamental behind using vibration analysis is that wearthge to fatigue loading,
corrosion, cr-afakpeaggmowti h,| et c¢é@r the speci mends
due to vibration signals. The state of the speciinémcluding supports, flaws, loading, and
internal stressek at the time of applying a vibration waveactive excitement of specimén
establishes aignature for the specimen. The signature reflects the natural frequency of a system
at time of analysi s. The signature should no

Vibration could be obtained in a form of Time vs. Displacement, Velocity or
Acceleration. Nowadays, one of the most common ways to record the system vibration is by
using accelerometer that sending the recorded signals to a software over the base station in a

form of Time vs. Acceleration which is identified as Time Domain. efa@tion is preferred
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and used in spite of Displacement and Velocity because it is usually hard to determine a specific
datum for the displacement to be measured from and the acceleration is the second derivative
from the displacement and the first detiva from the velocity which gives a better resolution

when recording the vibration.

3.2 Time Domain

Time domains the analysis of mathematidahctions physicalsignalsortime
seriesof dynamic,economicor environmentaldata, with respect tiime. In the time domain, the
signal or function's value is known for adlal numbersfor the case otontinuous timgor at
various separate instants in the caseisdrete time An oscilloscopés a tool commonly used to
visualize realworld signals in the time domaim time-domainsideshows how a signal changes
with time (Figure 3.1) whereas a frequey-domainside shows how much of the signal lies

within each given frequency band over a range of freges(Figure 3.2)
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Figure 3.1 Time Domain

The use of the contrasting tertmee domaimandfrequency domainleveloped in
US communication engineering the late 1940s, with the terms appearing together without
definition by 1949(Lee et al 1949)when an analysis uses thecondr one of its multiples as
aunit of measurementhen it is inthe time domainWhen analysis concerns the reciprocal units

such adertz then it is in the frequency domain.

3.3 Frequency Domain

In engineering andtatistics thefrequency domainefers to the analysis ofiathematical

functionsor signalswith respect tdrequency rather than timeBroughton and Bryan 2008).
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Simply, atime-domaingraph shows how a signal changes over time, whereas a frequency
domain graph shows how much of the signal lies within each given frequency band over a range
of frequencies. A frequencydomain representation can also include information on
thephaseshift that must be applied to easinusoidin order to be able to recombine the

frequency components to recover the original time signal.

A given function or signal can be converted between the time and frequency domains
with a pair of mathematicalperatorscalled atransform An example is thé&ourier transform
which converts the time function into a frequency domain functidre 'spectrum’ of frequency
components is the frequency domain representation of the sigidleinverse Fourier
transformconverts the frequency domain function back to a time functioh.spectrum

analyzeris the tool commonly used to visualize reairld signals in the frequency domain.

Signal processing also allows representations or transforms that result intemjeifnequency
domain with theinstantaneous frequenbging a key link between the time domain and the

frequency domain.

3.3.1Magnitude and Pase

In using theLaplace Z-, orFouriertransforms, the frequency spectrum is complex,
describing thenagniudeandphaseof a signal, or of the response of a system, as a function of
frequency. In many applications, phase information is not important. By discarding the phase
information it is possible to simplify the information in a frequency domain representation to
generate &requency spectrurar spectral density A spectrum analyzas a device that displays

the spectrum, while the time domain frequency can be seenastidinscope
Thepower spectral densify’SD)is a frequencydomain description that cdre applied
to a large class of signals that are neigpetiodic nor squarentegral to have a power spectral
density, a signal needs only to be the outputwide-sense stationamandom process.
3.3.2Different Frequency mains

Although "the" frequency domain is spoken of in the singular, there are a number of

different mathematical transforms which are used to analyze time functions and are referred to as
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"frequency domain” methodsThese are the most common transforms, andigtas in which

they are used:

Fourier serie$ repetitive signalspscillatingsystems
Fourier transforni non-repetitive signals, transients

Laplace transfornii electronic circuit@ndcontrol systems

= =_ =4 =4

Z-transformi’ discretesignals digital signal processing

More generally, one can speak of thensform domainvith respect to any transformThe
above transforms can be interpreted as capturing some form of frequency, and hence the

transform domaims referred to as a frequency domain.

3.3.3Discrete frequency domai

The Fourier transform of jgeriodic signabnly has energy at a base frequency and its
harmonics. Another way of saying this is that a periodic signal can be analyzed udisgrete
frequency domain Dually, adiscretetime signalgives rise to a periodic fregacy spectrum.
Combining these two, if we start with a time signal which is both discrete and periodic, we get a
frequency spectrum which is both periodic and discrete. This is the usual contexiidorete

Fourier transform

frequency

Figure 3.2 Frequency Domain
For this researchptobtain the system frequentythe signaturé which is identified as
Frequency Domain from Time Domain, Fourier Transfornthes used transforrthat converts

the Time Domain to Frequency Domain and vice versa.

29


http://en.wikipedia.org/wiki/Fourier_series
http://en.wikipedia.org/wiki/Oscillation
http://en.wikipedia.org/wiki/Fourier_transform
http://en.wikipedia.org/wiki/Laplace_transform
http://en.wikipedia.org/wiki/Electronic_circuits
http://en.wikipedia.org/wiki/Control_system
http://en.wikipedia.org/wiki/Z_transform
http://en.wikipedia.org/wiki/Discrete_(signal)
http://en.wikipedia.org/wiki/Digital_signal_processing
http://en.wikipedia.org/wiki/Periodic_signal
http://en.wikipedia.org/wiki/Discrete_frequency_domain
http://en.wikipedia.org/wiki/Discrete_frequency_domain
http://en.wikipedia.org/wiki/Discrete-time_signal
http://en.wikipedia.org/wiki/Discrete_Fourier_transform
http://en.wikipedia.org/wiki/Discrete_Fourier_transform

Amplitude

IS
m ain
D 7}/77 o 7}/7-) o
O’hafn

Figure 3.3 Descriptive graph of difference between Time Domain and Frequency Domai

for a signal

3.4 Fourier Transforms
The Fourier transform (named after its discoverer, the French mathematician Jean
Baptiste Joseph Fourier) is a frequetithsed transform widely used in analysis of linear
systems. It decomposes a signal into sine waves of different frequencies whidb #un
original waveform, and also distinguishes such different frequency sine waves and their

respective amplitudes.

3.4.1 Fourier Series
A Fourier series is an expansion opexiodic function f(x) in terms of an infinite sum
of sinesandcosines Fourier series make use of thehogonalityrelationships of
thesineandcosinefunctions. The computabn and study of Fourier series is known
asharmonic analysiand is extremely useful as a way to break upraitrary periodic function
into a set of simple terms that can be pluggedoatvesl individually, and then recombined to

obtain the solution to the original problem or an approximation to it to whatever accuracy is
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desired or practicalExamples of successive approximations to common functions using Fourier

series are illustrateieh Figure 3.4

Sofidadre Werk'e sawloath wave
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Figure 3.4 Successive approximations to common functions using Fourier series

In particular, since thsuperposition principlaolds for solutions of a linear
homogeneousrdinary differential equatignf sud an equation can be solved in the case of a
single sinusoid, the solution for an arbitrary function is immediately available by expressing the
original function as a Fourier series and then plugging in the solution for each sinusoidal
component. In somepecial cases where the Fourier series can be summed in closed form, this
technique can even yield analytic solutiondAny set of functions that form @mplete
orthogonal systerhave a correspondingeneralized Fourier seriamalogous to the Fourier
series. For example, using orthogonality of the roots &essel function of the first kingives a
so-calledFourierBessel series

The computation of the (usual) Fourier series is based on the integral identities

OE& @ OEE® Qo * 0P
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form, nwherel@, is theKronecker delta
Using the method for generalized Fourier seriethe usual Fourier series involving sines and
cosines is obtained by takingi(x)=cos xand f> (x)=sin x. Since these functions form

acompleteorthogonal systeraver[-" ], the Fourier series of a functid{x) is given by

Q6 gw & AT ®6 HOEE®h o
Where

P s
W - Qw Qw o
o6 2 ekitooo o)
6 2 0w O0Eda Qe o8

Andn=1, 2, 3, .... Note that the coefficient of the constant tayrhas been written in a special
form compared to the general form fgeneralizedn order to preserve symmetry with the
definitions of a, andbn .

A Fourier series converges to the functififequal to the original function at points of continuity

or tothe average of the two limits at points of discontinuity)
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if the function satisfies scalledDirichlet boundary conditionsDini's testgives a condition for

the convergence of Fourier series.

As a result, near points of discontinuity; "ringing"” known as thé&ibbs phenomengrcan

occur, as shown in Figure 3.5.

Fix)

Figure 3.5 Gibbs phenomenon

For a functionf(x) periodicon an interva[-L,L] instead off-

"], ‘a simple change of variables

can be used to transform the interval of integration from] to [-L,L], let

. 1] @
W e
U
ot Qe
Quw ——
U

Solving forx @givesx 0 = L, and plugging this in gives

”n, A p e o ~ - é “ @ ';‘ 7z . /\é @ ~

Qe - w Al 66— w OE I— h
C 0 0

Therefore,

W 5 Q ox2Q ap
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Similarly, the function is instead defined on the interial 2L], the above equations simply

become
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In fact, for f(x) periodic with period2L , anyinterval (xo, X + 2L) can be used, with the choice

being one of convenience or personal preference (Arfken 19869p.

Thecoefficientsfor Fourier series expansions of a few common functions are given in Beyer
(1987, pp411-412) and Byerly (1959, b1). One of the most common functions usually

analyzed by this technique is tbguare wave The Fourier series faaommon functions are

summarized in the table below.

Table 3.1 Fourier seriesfor common functions

Function J ) Fourier series

Fourier seriessawtooth wave x / 2| = L Xy -sin()
Fourier seriessquare wave |2[H(;)-H (> -1)] -1 52 55 Lsin(")
Fourier seriestriangle wave | T (x) 3y o =-H;' b sin (")
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If a function isevenso thatf(x)=f(-x), thenf(x)sin(nx)isodd (This follows sincesin
(nX) isoddand areven functiortimes anodd functionis anodd function) Thereforep,=0 for
alln. Similarly, if a function isoddso thatf(x)=-f(-x), thenf(x)cos(nx)s odd (This follows
sincecos (X)isevenand areven functiortimes armodd functionis anodd function)
Therefore an=o for all n.
The notion of a Fourier series can also be extendednplexcoefficients Consider aeat

valued functiorf (x). Write
Qw 0 Q o8] T

Now examine

NMOQ Qo 5Q Q Qo o& p
0 Q Qw o8 C
o) AT 4G "MEE 4 o Qw o} O
0 ¢ o] T
¢“o6 h og U
So
P i~ s
0 C_ QwQ Qw og o

Thecoefficientscan beexpressed in terms of those in the Fourier series

(@}
|

C‘i 06 AT 86 ®ES0 Qo o’ X
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For a funtion periodic in[-L/2, L/2, these become

"Q 0 0 Q T oD T

NOXANo! T Qo oD p
T

P
0
These equations are the basistfo¥ extremely importaritourier transformwhich isobtained
by transformingA, from a discrete variable to a continuous one asetigthL. —»

3.4.2 Continuous Fourier Transform

The Fourier transform is a generalization of ¢cbenplexFourier seriesn the limit as
L —» Replac®the discrets, with the continuoudg= (k) dkwhile letting n/L — k Then

change the sum to amegral and the equations become

"Qw "0QQ 0Q oD ¢
"0Q MQw Q Qw o O
Here,
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F K) =ijx[ f(X)] (K (3.34)
Qw Q Qw oD v

is called thdorward (-i ) Fourier transform, and
FO= [f0)](K) (3.36)

000 00 o X
is called thenverse(+i) Fourier transform. The notatiap [ f (x) ] (K) is introduced in Trott
(2004, pxxxiv), and"Q(k) and"QXx) are sometimes also used to denote the Fourier transform and
inverse Fourier transform, respectively (Krantz 199202).
Note that some authors (especially physicists) prefer to write the transform in termslaf angu
frequencyy = 23instead of the oscillation frequengy However, this destroys the symmetry,

resulting in the transform pair

H¥)=i[h®] (3.38)
VOQ QO 0B W

hty [HEY) | (3.40)
c% 01 Q O a8 o

To restore the symmetry of the transforms, the convention

g(y) fed i [ (3.42)
p o~ s —
—_— Q0 Q Qo o8 o
I/lc“
f® = tigy)l (3.44)
p o~ e —
I/IC“

is sometimes used (Mathews and Walker 197Q0R).
In general, the Fourier transform pair may be defined using two arbitrary corsstaus as
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Unfortunately, a number of other conventions are in widespread use. For exayhpls,used
in modern physicg(1,-1) is used in pure mathematics and systems engine€tirfigjs used in
probability theory for the computah of thecharacteristic function(-1,1)is used in classical
physics, andO, -2 ) is used in signal processingn this work, following Bracewell (1999,
pp.6-7),it is always asumed thata=0 and b=-2 ‘unless otherwise statedlhis choice often
results in greatly simplified transforms of common functions such@ss1@ "ok), etc.

Since any function can be split up irmeenandoddportionsE(x) and O(x)

"Q 0 g Mo Q o g MO Q w o8
Ow U wh 08 W

Fourier transform can always be expressed in terms didheer cosine transformndFourier

sine transfornas

~

Mo Q OwATO® QO Q U » OEJ Qi@ w o} T

A functionf (x) has a forward and inverse Fourier transform such that

ceQ Qo0 QOQQ EI®OAT T OERBT OO o® p
Ve
u,g Q6 Qe EIr®OAEOAT 1 GEh 61 00

provided that

1. S QwsQ@®w @ oi

2. There are a finite number of discontinuities.

3. The function has bounded variationA sufficientweaker condition is fulfillment of

the Lipschitz condition
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(Ramirez 1985, [®R29). The smoother a function (i.e., the larger the number of
continuouderivative$, the more compact its Fourier transform.

The Fourier transform is linear, sincef ifx) andg (x) have Fourier ansformsF (k) andG (k),
then

Qe QG Q Qw ® "QwQ Qw w "NQoQ Qw o ¢

=aF(k +b G(K). (3.53)

Therebre,
j af(®)+bg]=aij f +bij[g(X)] (3.54)
=aF (k) +b G(K). (3.55)

The Fourier transform is also symmetric sifkclk)  Jf (X)] (K) impliesF (-k)  d f (iK)] (K)
Let F+£ denote theonvolution then the transforms of convolutions of functions have

particularly nice transforms,

ij fid] = ] [g] [ (5.56)
j[fg] =ij[f1*ilgl (3.57)
@i =f*g (3.58)
ita@O* i@ =fg (3.59)

Thefirst of these is derived as follows:

"2 Q Q MO Qo o XWAw o T
Q QO w Q Vo ©Q® o® p

Q ROXAION Q Qo o C

Q "Qh oD o

Wherex 6 6 1T x0 x
There is also a somewhat surprising and extremely important relationship between

theautocorrelatiormand the Fourier transform known as WenerKhinchin theorem Let
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iix [f()] (K =F (K, and"d®denote theomplex conjugatef f, then the Fourier transform of

theabsolute squaref F (k) is given by

SOQs QT ®Qo

oP 1

The Fourier transform of derivativef &) of a functionf (x) is simply related to the transfa of

the functionf (x) itself. Consider

NQw Q MQwQ QO

Now useintegration by parts
' Qo 0’ oqQ

With
d u (&dxf 6
3 a2 Li kx
and
u =f(x
dv=-2 ike? =i dx¢
then

~

MQw Q "QwQ Qo ¢ WO

The first term consists of an oscillating function tinigs).

that
l ElQo
(o]

o ¢

(3.67)
(3.68)

(3.69)
(3.70)

Qw o¥ p

But if the function is bounded so

o ¢

(as any physically significant signal must be), then the term vanishes, leaving

Mo Q ¢ QQeQwQ Qw

¢ Q0 0m 08
This process can be iterated for i derivativeto yield
M o Q ¢MQQ Qo 08
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Theimportantmodulation theoremf Fourier transforms allowigx [ cos @ Z5 k) f (x)] (K) to be

expressed in terms 9% [ f (X) ] (k) =F (k) as follows,

AT Qo on 0 MwAl ©@QnQ Qw oX @

E QwQ Q Qw E Qw Q Q Q oo X
P o P A —~ s
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Since thalerivativeof the Fourier transform is given by

I Q o s ,

o 90 Qw 0 ¢ QR wQ Qwd o 1t

it follows that

o n C‘"Q 0wQwOd od) p

Iterating gives the generfdrmula

‘ 0w QwQw od) ¢
O 1
_— o o
C 113 'D &J
Thevarianceof a Fourier transform is
., 0 ' G o} T

and it is true that

” ” n 8 O-aJ Y
If f (x) has the Fourier transforijx [ f (X) ] (K) = F (k), then the Fourier transform has the shift

property

MQw w Q Qw MNMw w Q Q Qw o @
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Q "0Qh o X
Sof (XT xo) has the Fourier transform
Mo ® Q Q "0'Q8 o Y
If f (x) has a Fourier transforijx [ f (X) ] (k) = F (k), then the Fourier transform obeys a

similarity theorem.

Q.
QG Qe —  QEE T Q06 — 04k ot
SO LB W
So flax) hasthe Fourier transform
. ) Q
MO Q  In "OchS o®0 T
The "equivalent width" of a Fourier transform is
. QwQw -
 Tan e
on
T o080 C
. 0QQQ
The "autocorrelation width" is
) L0 QQw "
0 —_— o®0 0
nQ ,‘S.E
,‘m d)? n@ (ﬁ &
oB T
"Q‘(E}b
Wheref g denotes therosscorrelationof f andg and"ths the complex conjugate
Any operation orf (x) which leaves itereaunchanged leavds (0) unchanged, since
QwQw Qw m Omn38 oo U

The following table summarized common Fourier transform pairs.
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Table 3.2 Common Fourier transform pairs

Function fx) Fk)=%F: [f ] (k)
Fourier transform1 1 4 (k)

Fourier transformcosine Cos @k X) | L6 (k- k) + 8 (k+ o)l
Fourier transformdelta function o (x —xp) “2mikx

Fourier transformexponential function | ™" ¥ : a:{isg

Fourier transformGaussian g \,/T g K fa

Fourier transformHeaviside step functio # (x) ow- =]

Fourier transforminverse function PV L i[1-2H(-#)]

Fourier transformLorentzian function

Fenr

E—Z mikiag -Tr k|

Fourier transformramp function

R (x)

nid 2nk) - ——

At g2

Fourier transformsine

sin (2 7 ky x)

i[0(k+k)=0dk=-k)l

!
2

In two dimensions, the Fourier transfob@comes

"O ot "MQhQQ

"0 QhQ "QuhonQ

Q0 Q0
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Similarly, then-dimensional Fourier transform can be defifadck, x N 2 by

00
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As a brief letf (xX) be a given continuous signal in time domain. The continuous Fourier

transform off (x) is defined by thequation:
00 QW Q QW oP T

wherei = -1 andsis often called frequency variable. Giver( k), we can go backwards and

get f ( x) by using inverse continuous Fourier transform:

M w MNQ Q0 oP TP

Equation(3.100) andEquation 8.101) are called Fourier transform pair§. ( k) is the Fourier
transform off ( x ) and thaf ( x) is the inverse Fourier transform B k ). The only difference
between théorward and inverse Fourier transform is the sign alwhich makes it easytgo

back and forth between time domain and frequency domain.

3.4.3 Discrete Fourier Transform
The continuou$ourier transfornis defined as
f( (D] (8 (3.102)

"QoQ Q8 op Mo

Now consider generalization to the case of a discrete funciidn, © Q0 by letting

Q Qo ,whered Y, withk = 0 -1. Writing thi$ out gives the discrete Fourier
transform™O Q € i

O 00 78 oP T
The inverse transforrig O Qs then

. p o~ ¥

Q v 0Q 8 op 1L

Discrete Fourier transforms are extremely useful because they reveal periodicities in input data

as well as the relative strengtbsany periodic componentsThere are a few subtleties in the
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interpretation of dis@te Fourier transforms, howevém, general, the discrete Fourier transform

of areal sequence of numbers will be a sequenceoaiplexnumbers of the same lengthn
particular, if fx are real, thefrn.n andFn are related by

O Q (3.106)

Forn = 0, 11, wheéred[déhotes theomplex conjugate This means that the component
Fois always real for real data.

As a result of the above relation, a periodic function will contain transformed peaks in not one,
but two paces. This happens because the periods of the input data become split into "positive"

and "negative" frequency complex components.

Ty (sin x) ()
0.4 Frsinf3 01/ 2 + sin x)(m)
4
0.4
3
0.3 -
0.2 ‘ -
0.1 f 1
J— _'_'_'_H-'JI " 1 — | n
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Figure 3.6 The real part, imaginary part, and complex part of the discrée Fourier

transforms of the two indicated functions

The plots above show the real part (red), imaginary part (blue), and complex modulus (green)
of the discrete Fourier transforms of the functibg = sinx (left figure) andf (X) = sinx + sin
(3x)/2 (right figure) sampled 50 times over two periodisthe left figure, the symmetrical spikes
on the left and right side are the "positive" and "negative" frequency components of the single
sine wave. Similarly, in the right figure, there artwo pairs of spikes, with the larger green
spikes corresponding to the lowleequency stronger componesih x and the smaller green
spikes corresponding to the higHezquency weaker componentA suitably scaled plot of
thecomplex modulusf a discrete Fourier transform is commonly known pewaer spectrum
The discrete Fourier transform is a special case df-inensform

The discrete Fourier transform can be computed efficiently udiasf &ourier transform
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In other words;The continuas Fourier transform is a continuous function of frequency
and is not suitable for computation with a digital signal processing (DSP). Discrete Fourier
transform (DFT) representation of the continuous time signal permits the computer analysis and
is used gtensively in signal processing applications. The analog signal which consists of an
infinite number of contiguous points is sampled at regular intervals. The input to the DFT is a

sequence of sampled values rather than a continuous function df(tirneso that

O Q0 7 oP T X
And,
9 P oo 7

5 op T Y

Equation(3.107) is called the DFT and thegHation(3.108) is called the inverse discrete Fourier
transform (IDFT). fx and Fn are the discrete sample values corresponding {ox ) and
F (k). TheNinthe DFT pair denotes the number of elements irfiktbeF, sequence

The discrete Fourier transform allows calculating the Fourier transform on a computer,
but it is not sufficient. The number of complex multiplications and additions required to
implement Equatior§3.107) and(3.108) is proportional taN 2. For everyF, , it needs to use all
of f(0) , &(N-1) and there ard F, to calculate. For a largd, there computations can be

prohibitively time consuming, even for a high speed computer.

3.44 Fast Fourier Transform

The fast Fourier transform (FFT) isdascrete Fourier transforalgorithmwhich reduces
the number of computations needed fopoints from2 N to 2 N Ig N,wherelg is the base
2 logarithm If the function to be transformed is not harmonically related to the sampling
frequency, the response of aRTFlooks like asinc function(although the integratgabweris
still correct). Aliasing(also known as leakage) can be reducedapmdizatiorusing
anapodization function However,aliasingreduction is at the expense of broadening the spectral
response.
FFTs were first discussed by Cooley and Tukey (1965), although Gauss had actualhedesc
the critical factorization step as early as 1805 (Bergland 1969, Strang 1®®@8crete Fourier

transformcan be computed using an FFT by means ofDé@elsonLanczos lemmd# the
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number of pointsN is apowerof two. If the number of point&Nis not apowerof two, a
transform can be performed on sets of points corresponding to the prime fadtbmshach is
slightly degraded in speedAn efficient real Fourier transform algorithm or a fhstrtley
transform(Bracewell 1999) gives a further increase in speed by approximately a factor of two.
Base4 and bas@® fast Fourier transforms use optimized code, and can {3%0fasterthan
base2 fast Fourier transformsPrimefactorization is slow when the factors are large, but
discrete Fourier transforms can be made fasiN&&#, 3, 4, 5, 7, 8, 11, 13, and 16 using
theWinograd transfornalgorithm(Presset al. 1992, pp412-413, Arndt).

Fast Fourier transform algorithms generally fall into twassks: decimation in time, and
decimation in frequency.The CooleyTukey FFTalgorithmfirst rearranges the input elements
in bit-reversed order, then builds the output transform (decimatiom&).t The basic idea is to
break up a transform of lengthinto two transforms of lengtN/2 using the identity

o 7

_ o Q 7

_ w Q 7

_ 0w Q 7=

Q 7 ) & Q "Th 0P T W

sometimes called tH@anielsonLanczos lemma The easiest way to visualize this procedure is
perhaps via th€ourier matrix
The Sanddukeyalgorithm(Stoer and Bulirsch 1980) first transforms, then rearranges the

output values (decimation in frequency).
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Chapter4-APPROARNDIP ROCEDURE

The gaeral equation for any structursystem ambient vibration signal in time doma

is:
60 0Q o1l o | 0O 6QFéadd Q¢ ¢ 1)
The first part of this equation6'Q OET o6 | represents the free vibration die

system embetkd in the ambient vibration signal of the system, while the second part (Particular
Solution) represents the ambient part of this signal, the vibration noise.

The primarypurpose of this approach is to extrte free vibration of the structure from
arandom vibration response in the time domain (&cagon versus time) by averagiogt the
random component of the respomsel eliminating the particular solutiorThe result is the free
vibration that includes all modes based on the sampling faim®, which isthen transferred to
the frequency domain using a Fast Fourier Transform (FFT). Variations in the frequency
response are function of the structural stiffness and memberoeniitions. Such variations are

used to identify the change is theustural dynamic properties, and ultimately detect damage.

4.1 ProcedureFollowed
Figure 4.1 shows a samptd an ambient vibration signal as recorded frphysica

model experiment with magnification tfe first part of that signal

Acceleration

Time

Acceleration

Time

Figure 4.1 Sample of an ambient vibration signal as recorded for a physical model

experiment with magnification of the first part
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To simplify the formulation, the acceleratiod denoted agu). The procedureequired the

following steps

1)

2)

3)

4)

600

400

200
Uop ¢

A trigger value for the initial acceleratiomiof and the time intervalsgd) is
carefully chosen so thahe horizontal line will intersect asany points as
possible on the signal curve.

A horizontal line peallel to the time axiss extended from the initial acceleration
(uo) point until it intersects the curve. It is important to determine whetmer t
point of intersection is between two ascending or descending values

From the point of intersection, thetzontal lineis extended with a value equal
top T (See Figure 2.that shows case of an ascending point of intersegtion
Wherever thdengthof gp T ends, a vertical linés extendedup or down till it
intersects the signal cunata point. Theordinate of this point becomes the next
acceleration valueuf). Interpolation is usually necessary to obtain an accurate

value between two ascending or descending points on the curve.

e —————

Acceleration
(en]
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—
=
B
>
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89 <

-600

Time

Figure 4.2 A graph showinghow to choose a trigger value for the initial accelerationu)

and the time interval (@) on theambient vibration signal of Figure 4.1

49



5) From the poinbf intersection described inep 3, a horizontal line parallel to the
time axis is extended until it intersects the curve again (ascending if the first point
was on the ascending portion, or descending otherwise).

6) From the newpoint of Sep 5, the horizontal line is extended with a valuepdf
once again, and a new acceleration valug) (s obtained as previously
accomplished in Step 4See Figure 4.3).

7) Steps 5 and 6aresequentiallyepeatedill the end of the curve ireached and the
final acceleration valueug) is recordedwheren is the last intersected point on
the curve for this iteration(See Figure 4.3).

8) Steps 3 to7 are repeatedvith different values of(gp?). These values will be
denoted asp?, % ..€ . hwherept=2xpT,pt=3xpT,é. oh
=mx T, with g beingthevalue ofg Tin the last iteration.

Note: For the sake ofomputationakffectivenessthevalueof mis selected such that
sufficient portion on the ambient vibration curvis included(rather thanthe entire ambient
vibration curve), as the free vibration curveusuallyembeded in the first part ofie ambient

vibration curveand the restnostlyrepresergthe danping part.

600
Un
400

Acceleration
()
(]
(o] o
9
13
17
21
——=.____
29
—
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41
45
65
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73
<
-
89 <
97
1

Time

Figure 4.3 Graph showing how to obtain different values for the acceleration by extending equ

time interval (o) untill the end of the ambient vibration signal
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4.2 Free Vibration

The procedure described in theeceding section is used to generate a curve that should
representhe free vibration of the systewith time onthe x-axis and acceleration dhe y-axis,

i.e., in time domain.This process is illustrated in Figure 4.4.

1PMIC one

Acceleration

Time

l MATLAB CODE l

W T T T T T T T
100

50t

50 - 1-4

Acceleration (Averages)
=1

-100

AR SR N SN A N S TN
0 100 200 300 400 500 600 700 800 900 1000
Time (Equal Intervals)

150

Figure 4.4 Extracting the free vibration of a system from a response of this system t

random excitation

The first point on this curve i@ T, U1) whereqTis as previouslygefined,andU; is
the average odll acceleration values resultifgpom the use ofpp T (Steps 3 through 6 in the
proceduredescribedn Section 4.1 The second point on the free vibration cuivép?, U2)

wherep?t=2 xpT, andU:is the average ofllaacceleration values resultifigom the use of
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g®t. The third point on the free vibration cungg(p %, Us) wheregp¥= 3 xpTandUzis the
average ofall acceleration values resultiigpm the use ofqp¥. This processs repeatedm
times. The last point on thecurveis (Ph, Um) wheregohh = m x ¢pT, and Um is a single
acceleration valueesultingfrom the use otp .

In other words, the poiabn the free vibration curvare

o T vt S o) o] o] 8888888 o
OQivieoQe 0 Y'YhY -

£
U v o} o) o) 8888888 o
YQwénee' e aY'YhY T
o S o) o) o) 8888888 o)
YCQIU 0CE Qe oY'Yh'Y T
s % 1 ws s ol v o]
A0QULE Qe O YYhY T

VIAMY ¢ YYhYY o YYRYY 1 VYYh88888YY a VYV
It should be notethat the value oh is not the same for all points, but it decreases each
time a new point is computed till it reaches1 for the lastigi") point.
After extracting theree vibration (in the time domaiffom theresponse o$tructure to
random excitatiorfor each systenconfiguration a Fast Fourier Transform (FFi§ appliedto

transform it to the frequency domain. This process is illustrated in Figure 4.5.

1400

150 T T T T T T q‘m

1200

L MATLAB _ ot
| ‘}‘«;"\'~:=‘I-Lv":k,"€ﬁ’”"“ FFT

{ i i
|

Magnitude

600

Acceleration (Averages)
o

400

(/1)) SECERE EEPRIRE SRRPPRE: feenenes prenees [EEEREES CLTERES SELCRES Feeanns Foases -4 : s '
A S T A 200 T i
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Time (Equal intervals) “ Frequency (Hz)

Figure 4.5 Getting the Frequency Domain from the Time Domain using Fast Fourier
Transform (FFT)
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4.3 Application

A physical steel model wasonstructeddiscused in details in Gapter 5) and different
configurations weraised After applying a random vibration amdcording the corresponding
ambient vibration signalshe above approads used to get the free vibrationin the time
domain - for the individual cases, then FFTis applied toobtain its representation irthe
frequency dmain for each case.

A numerical modeis developedn ABAQUS (Abaqus/CAE 6.1€, © DassaulSystems
2010) tomatch each physical model configuratiomhe same approadh used onthe anbient
vibration signal resultingfrom each model to get its frebration signal(in time domain)then
FFTis applied tcconvert it intofrequency dmain.

By comparing the physical and numerical models frequency domain results, damage is

detected hsed on variationsf the frequency contents in the frequency domain

4.4 Matlab Codes
In order to numerically implement the computational procedure presented above, two
computer codesvere developed. The first extracthe free vibration from theesponse of
structure to random excitatipand the second transfositine signal from the time domain tioe

frequency domain.

4.4.1 Extraction of Free bration
In order to extract the free vibration fromresponse of structure to random excitation
usingthis approach, a Matlab co@ATLAB R2013a, The MathWorks, Incyasimplemened
to be used in this approachhi¥ code idistedin Appendix A.

4.4.2 Fast Fourier Transformation
In order to change the free vibration signal from the time domain tdrég@ency
domain, a second Matlab cod&IATLAB R2013a, The MathWorks, IncWas implemerted.
This code is listed in Appendix B.
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Chapter5-SOFTWARBR NUMERANKALYSI S

ABAQUS (Abaqus/CAE 6.142, © DassaultSystems 2010) was usedto model the
physical model wth different boundary condition configurations amdspective loading
conditions, ando analyzethe correspondg numerical model t@btainthe ambient vibration
response for each case.

MATLAB (MATLAB R2013a, The MathWorks, Inc.) was used to numerically
implement the compational procedure presented in Chapter 4woTcomputer codesvere
developedThe first is to extract the free vibratisignalfrom the ambient vibratiosignal and

the second is to transform the signal from the time domain toeifp@gency domain.

5.1 Abaqus/CAE 6.162 Analysis
The following is a stepby-step procedure (24 steps) to numerically simuleaeh
physical modelused in the experinmgal investigation. Acomplishedtasks are shown in
Table 5.1

Table 5.1 Accomplished tasksand corresponding steps.

Tasks Steps #
Creating model geometry 1to 6
Defining material properties 7,8
Instances assembly 9
Creating analysis steps 10
Identifying supports, loads artcelerometer positions 11to 13
Boundary conditions modeling 14
Applying Loads 15
Selecting points where vibrations need to be recorded and bounds 16, 17
conditions need to be specified
Creating the model mesh 18, 19
Submitting and solving theodel 20 to 22
Output data and results 22 t0 24
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Below is the detailed description of the 24 steps referred to in Table 5.1.
1. Start Abaqus/ CAE and <cl i ck,asshowh WFigure5.5t and a

B Start Session

Create Model Database
§08 With Standard/Explicit Model

»8 With CFD Model

Open Database "—_fl Run Script
3 = 3

M Stert Tutorial

Recent Files

1 /. /Case 5/APMSEC one Blast.cae
2 &/ JCase 4/1PMAC one Blast.cae
3 O/ JCase 14/2PMTC one Blast.cae
4 & fCase 14/2PMTC one.cae

5 C/PM Test.cae

The Abaqus Saftware iz a product of Dazsault Systémes Simulia Corp., Providence, Rl UEA.
Abaquz, the 308 lage, EIMULIA, and CATIA are krademarks or registered trademarkz of Dazzault
Eypstemes of its subsidiaries in the UE anddar other countrics,

E ’ S & Dazzault Systémes, 2010

S’MULIA Thiz product includes software that is Copgright P:] 1334 - 2006 by Jeroen van der Zijp.
See htkpetfwwwe simuliz.comproductsfproducts_legal_foxBT.heml For mare information.

Figure 5.1 Abaqus/CAE 6.10 Interface

2.l n the model tree doubl e click oselet he APar
Create, as shown in Figure 5.2.
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Model | Results
& Model Database EI Q‘

B 48 Models (1)
= Model-1
i 2
|,U£ Materials
ﬁ!'._t,‘» Sections
@' Profiles
ﬂ Assembly
ol Steps (1)

Figure52i Part so node i n

3. As shown in Figure 5.3nithefiCreate Padtdialog box name the part and:
a. Sel ect AMDBelng Space

Sel ect nADefiTypgdomabl ed i n

Sel ect Base Featdre Shape

Sel ect A ENBase keatureoType i n

Set Approximate size = 20

Click fAContinueéo

-0 o0o

Mame: | Beam
Modeling Space

@ 3D ) 2D Planar () Axisymmetric

Type Options

@ Deformable

() Discrete rigid

) MNone available
) Analytical rigid

() Eulerian

Base Feature

Shape Type

® Solid
) Shell Revolution

_ Swee|
) Wire P

) Point

Approximate size: | 20

Continue... ] [ Cancel

Figure53A Cr eat e Part o dial og bo:

56



4. As shown in Figure 54,lci ck on ACreate LinesandtRect ang]
selecta starting corner for the rectanglEnter XY coordinatsfor the opposite corner of
the rectangle using Sl unj@ndthenpressEnter

Module: | Part H

C:;_—.:g Create Lines:
Rectangle
{D 4 Lines)

Figure54A Cr eat e Lines: Rect angIMedulé:PartL i n

5. Asshownin Figure5.5esl ect AOf fset Curveso, select th
A D o neater the tube thickness valamdthenpressEnter therselecti O K 0

Figure55A Of f set Curveso icon in Aba

6. Click on ADoned then enter the, Ashwmini engt h

Figure 5.6. _ _
- Edit Base Bxtrusion =)

End Conditicn

Type:  Blind

Depth: I

Options

Note: Twist and draft cannot be specified together.
[ Include twist, pitch: |0

[] Include draft, angle: |0

Figure56A Edi t Base Extrusiono
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7. Doubl e c

Figure57A Mat er i al s 0

l ick the

Mndel Database H : By (;)‘
Bﬁ Models (1)

= Model-1

# [ Parts (1)

3 ﬁE} Sections

E‘ Profiles

Ejﬁ Assembly

ol Steps (1)

- B= Field Output Requests

% History Output Requests

node

i n

i Mat ,asshavhia Bigune5.de i n

Abaqu

a. As shown in Figure 5.8,ame the new material and give id@scription

b. Clickon t

he AMechanical o

tab,

Mame: | Steel

Description:

Linear [sotropic Steel (S units)

Material Behaviors

General

ey ]

Mechanical Thermal Other

v

Plasticity
Damage for Ductile Metals

Damage for Traction Separation Laws

Hyperelastic

Hyperfoam
Low Density Foam

Darnage for Fiber-Reinforced Compaosites Hypoelastic

¥ ¥ rvrrv¥-yez.:

Damage for Elastomers Porous Elastic

Deformation Plasticity Viscoelastic

Damping
Expansion
Brittle Cracking
Eos

Viscosity

Cancel
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c. DefineMaterial Properties i1 units

Mame: | Steel

Description: | Linear Isotropic Steel (SI units)

Material Behaviers

General Mechanical Thermal Other
Elastic
Type: | Isotropic EI

[] Use temperature-dependent data

"

MNumber of field variables: 0=
Moduli time scale (for viscoelasticity): | Long-term EI

[7] No compression

=] No tension
Data
Young's Poisson’s
Modulus Ratio
1 2109 0.25

Concel

Figure5.8A Ed i t

Modul us
tab

d. Enterthevaluesof oung 6 s
e. Click on AGeneral o
f. Define the material density ( 7800 Kg/in
g- Click fAOKO
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8. Doubl e clicksoonodébaei i Sadshowmdiguel!5.9.t r e e

Model | Results | Material Library |
QMndel Databaze E| : V Q‘

=] ﬁ Models (1)

= Model-1

[ Parts (1)

22 Materials (1)

%

@' Profiles

= ﬁ Assembly

ol Steps (1)

- B= Field Output Requests
% History Output Requests

Figure59A Secti ons o node in

a. As shown in Figure 5.10aname t he secti on fABeamPropert:.i
Categoryand A Homogenetohuesnd cfloirc KT ylppGGont i nueéo

Mame: | BearnProperties

Category — Type

© Solid

) Shell Generalized plane strain

® Beam Eulerian

Composite
7) Other

Figure 510 Cr eat e Sectiono di

b. Sel ect fnSteel 0 for Materi al, as shown in
c. Click nOKO

Mame: BeamProperties

Type  Solid, Homogeneous

Material: | Steel EI

[7] Plane stress/strain thickness: |1

Figure511AEdi t Sectiono di
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Figure 5121 As si gn

on

AAsSsSI gn

Sect

Module: | Property EI

7z B

Assign
Section

Ay
G
Sll=

e. Select the whole steel beam

f. Click
g. Sel ect

Figure513n Ed i t

h. Cl i ck

AfDoneo

i BeamPr o,mseshown ie Rgore 5.18.r

© | Edit Section Assignmer

Region
Region: (Picked)

Section

Section:  BeamProperties

applicable to the selected regions.

Type:
Material:

Steel

A OKo
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9. Expandtheh As sembl y o

shown in Figure 5.14.

a. Sell
b. CIl i

e
c

ct
k AOKO

Model | Results | Maternial Library |

10.Double ci

Model Database

= #3 Models (1)

= Model-1
i Parts (1)
[U,/_E Materials (1)
=) ﬂ_r,‘» Sections (1)

H:®E %

BeamProperties

- @' Profiles

=] ﬁ Assembly

Y vconces

- i Position Constraints
- Features

-5 Sets

-t Surfaces

ﬁ Connector Assignments
Uﬁg Engineering Features

Figure 514 [Leff il nst anceo

Figure 515[Rightf i Cr eat e |

ck on t

he

Model | Results

=

0odel

i medée han

Instance Type
() Dependent (mesh on part)

@ Independent (mesh on instance);

Note: To change a Dependent instance's
mesh, you must edit its part's mesh.

[7] Auto-offset from other instances

t hen

[ Cancel ]

[ Apply ]

I

node i

nstancebo

& Model Database

= 3 Models (1)
= Model-1
i Parts (1)
E Materials (1)
=%
BearnProperties
E‘ Profiles
= ﬁ Assembly
[+ @ Instances (1)
- i€ Position Constraints
# & Features (1)

- b Sets

Sections (1)

@? Surfaces

H2:® % @

*

Figure 5161 St ep s O

@ Connector Assignments
47 Engineering Features

Y

- B Field Qutput Requests
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a. Name

b. ClI

i ck

t he

step, set the

A C pas showm in Eiguée 5.17.

Figure517in Cr eat e

Mame: | Ambient

Insert new step after

Procedure type: | General H

.
Dynamic, Temp-disp, Explicit
Geostatic

Heat transfer

Mass diffusion

Soils
Static, General
Static, Riks

[Continue...] [ Cancel ]

c. As shown in Figure 5.18j\g a step description
d. Choose a Time period in secor{@01 sec.)

e. Cl

c k

N OKo
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Mame: Ambient

Type: Dynamic, Explicit

Basic | Incrementation | Mass scaling | Other |

Description: | Ambient Load

Time period:

O 0ff (This setting controls the inclusion of nonlinear effects

Nigeom: @ On of large displacements and affects subsequent steps.)

[] Include adiabatic heating effects

Figure518A Edi t Stepo dial og

11.As shown in Figure 5.19hcange t he Modul e to fAAssembl yo
a.Click on ATransl ate I nstanceo

Module: | Assembly EI

Translate
Instance

("

Figure519A Tr ansl ate I nstanceo i commolban Abaqus N
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Select the instance to translate

Click ADoneo

Select a stairtg point for the translation vector

Click on ARender Model : Wjasghdwnim@me o t o s ho
Figure 5.20.

®aoo

= | [

%';_trgu Assembly defaults EI @ hd @ @ @
P @ RendeHr Model:

Wireframe

Figure 520 Render Model : Wireframeo

f. Select an end point for the translation vector, (the purpose is to translate the instance
to the origin at a clear node so you can define the cutting planes easkig in t
following step)

g. Click fAOKO

12.In the menu bar select:
a. Tools, DatumpPoint and therEnter coordinatesas shown in Figure 5.21.

Tools  Plug-ins  Hel|

Query... Type
Reference Point... @ Point () Axis ) Plane ) CSYS
Attachment [
Method

Set [ 3
Surface [ .

N Offset from point
Partition...

Midway between 2 points

| Datum.. Offset rom 2 ediges

Display Group  » Enter parameter

View Cut - Project point on face/plane

CAD Interfaces  » Project point on edge/datum axis
Customize...

Options...

Figure 5211 Cr eat e Datumo path and
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b. Enter XYZ coordinates for the three points that will represent each plane where the

supports, accelerometer | ocations, | oads

13.As shown in Figure 5.22hcange t he Modul e to AAssembl yo

a.Click on APartiitngonPICernda iDedn ne Cut't
b. Selectthrepoi nts for AHow do you want to speci

Module: | Assembly EI Model: | Model-1 EI Step: Ambient E

Partition Cell:
Define Cutting Plane

2
- How do you want to specify the plane? [Point & NormaIJ [ 3 Points ] [Normal To Edge

......

Figure 5.22 Created Portions on the numerical model at places where boundary conditior
loads and accelerometer will benodeled

c. Select three points for each plane

d. Click ACreate Partitiono f
i

or each pl ane
e. Click Donebo
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14Doubl e click on the faBshewdinfkigute®.23i. n t he mode

@ Connector Sections
= F Fields

s Amplitudes

[ Loads

L

- [l Predefined Fields
" Remeshing Rules
Iy Sketches

-1 Annotations

I':'Iii Analysis

Figure523i Boun &andi ti onso node in Ab

a. Asshownin Figure 5.24anme t he boundary condition API
b. Sel ect AAmbiento for Step

c. Sel ect AMechanical 6 for Category

d Sel ect nADisplacement/ Rotationo for Types
e.

D
o

Click AContinue

MName: |Pinned Mame: | Roller

Step: | Ambient E| Step: | Ambient E|
Procedure: Dynamic, Explicit Procedure: Dynamic, Explicit
Category Types for Selected Step Category Types for Selected Step
@ Mechanical | Symmetry/Antisymmetry/Encastre @ Mechanical | Symmetry/Antisymmetry/Encastre

L Displacement/Rotation Fluid Displacement/Rotation
@ Other Velocity/Angular velocity @ Other Velocity/Angular velocity
Acceleration/Angular acceleration Acceleration/Angular acceleration
Connecter displacement Connector displacement
Connector velocity Connector velocity

Connector acceleration Connectar acceleration

Continue... Cancel Continue... Cancel

Figure 524 Cr eat e Boundary Conditiono

f. Asshown in Figure 5.25heck U1, U2andU3 and set them to 0 f
g. CheckUlandU2 di spl acements and set them to O
h. Cl i ©Ko i
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| Edit Boundary Condi ==

Mame: Pinned

- Boundary Condia e

Mame: Roller

Type:  Displacement/Rotation Type:  Displacement/Rotation
Stepr Ambient (Dynamic, Explicit)

Region: (Picked]

CSYS: (Global)
Distribution: | Uniform EI

Step: Ambient (Dynamic, Explicit)
Region: (Picked)

CSVS: (Global)

Distributicn: | Uniform E|

u1: 0 u1: 0

u2: 0 uz: q

U3 [ 3

] UR1: radians [ URL: radians
] UR2: radians [ UR2Z: radians
] URr3: radians ] UR3: radians

Amplitude: | (Instantaneous) E|

Note: The displacement boundary conditicn

Amplitude: | (Instantaneous) EI

Note: The displacement boundary condition
will be reapplied in subsequent steps, will be reapplied in subsequent steps.

Figure525f Edi t Boundary Conditiono di

Figure 5.26 Numerical Model with modeled boundary conditions and thecreated partitions

15, Doubl e click on the flaoshovsioFigured2y. i n t he mo

“ﬂ] Constraints

@ Connector Sections
F Fields

% Amplitudes

u
=[S BCs (2)

Pinned

Roller

Figure527iLoads o0 node in the Abagq

a. As shown in Figure 5.28 ame the load
b. Selecti Ambi ent 6 for Step
c. Sel ect AMechanical 6 for Category
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d Sel ect APressureo for Types for Sel
e. Click AContinueéo

Marme: | AmbientVibration
Step: | Ambient H
Procedure: Dynamic, Explicit
Category Types for Selected Step

@ Mechanical Concentrated force

Mament

© Acoustic Pressure |

Shell edge load
Surface traction
Body force

Line load
Gravity
Cennector force

Connector moment

Continue... Cancel

Figure 528 Cr eat e Loado di al og box

As shown in Figure 5.29¢etect different instance surfaces to apply the load
Click fADonebo

Select AUni formd for Distribution
Select the Magnitudél.0E+006 N/n¥)

j. Select the Amplitude

k. Click @AOKO

@ =

Mame:  AmbientVibration

Type:  Pressure

Step: Ambient (Dynamic, Explicit)
Region: (Picked)

Distribution: | Uniform H

Magnitude:

Amplitude: | (Instantaneous) H

Figure 529 Ed i t dialogbdxdn Abaqus
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l16.Expand the fAAssemblyo node i n tatshowmodel tr
Figure 5.30.

@ 3 Sections (1)

E‘ Profiles

= ﬁ Assembly

i [l Instances (1)

~fiif Position Constraints
& Features (26)

- Surfaces

@ Connector Assignments
Eaﬁ]g Engineering Features
ol Steps (2)

# B= Field Qutput Requests (1)

Figure 530 Set s0 node i n Abaqus N

As shown in Figure 5.31 amethe Set
Click AContinueéo
Select a point at the measured location
Click ADonebo

Repeat this step for each location

® Qo0 oo

Name: | Right SpaVIV{

Name: | Mid Span

Type: Geometry Type: Geometry

LContinue... ] [ Cancel ]

[ Continue... ] [ Cancel ]

Figure531i Cr eat e Set o di al

17.Doubl e click onRedheesiHs St mo ¢ ¢ aSighbwyntinh e model
Figure 5.32.

i Sets (2)
@ Surfaces
@ Connector Assignments
ﬂ]g Engineering Features
ol Steps (2)
# B Field Qutput Requests (1)

H % History Output Requests (1}

I“j Time Points

I+l

I+l

Figure 532 Hi st ory Output Requestso ni
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a. As shown in Figure 5.33ame the History
b. Sel ect AAmbiento for Step
c. ClickinContinueéo

Mame: | TimeVsAcceleration

Step: | Ambient EI

Procedure: Dynamic, Explicit

[Continue...] [ Cancel ]

Figure533n Cr eat e Hi storyo di

d. AsshowninFigure5.34esl ect fi Se t andtHeroselecDooensat fram,
previous ASetso step

e. Sel ect nAEvery fonFrdguemg théniSelectevie nt 0

ff.Sel ect fASelect from |ist bel owo

g Expand fADisplacement/ Vel ocity/ Acceleratio
h. Expand AA, Transl ational and rotational a
i. Check HAAZ2O0

. Click fAOKO
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Mame: TimeVsAcceleration
Step: Ambient
Procedure: Dynamic, Explicit

Domain: Set EI : | Right Span

Frequency: | Every n time increments E| m |1
Output Variables

@ Select from list below ) Preselected defaults () All
A2

() Edit variables

b [ Stresses i
P[] 5trains
w [l Displacement/Velocity/Acceleration
P []U Translations and rotations 1
[ UT, Translations 3
[7] UR, Rotations
b [ UCOM, Equivalent rigid-body translational displacement of the elernent set
B [V, Translaticnal and retational velocities 3
[T YT, Translational velocities
[] ¥R, Rotational velocities
P[] VCOM, Equivalent rigid-body translational velocity of the element set
w [H A, Translational and rotational accelerations
O] A1
V] A2
O] A3
O AR
O] AR2 Al
1 | — 1] F
[ Output for rebar
Output at shell, beamn, and layered section points:
@ Use defaults () Specify:
[] Include senser when available
Use global directions for vector-valued output
(] Apply filter: | Antialiasing
Figure 534 EdHitst ory Out put Requesto
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18Change the Module to
Ty p e 0, asislcowmin Figure 5.35.

Module: Mesh vl

o [l

s =

#8 @

) B

Assign
Element Type

f: [=

=, I3

Figure 535 As si gn TEIlpende ntc o n

a. Select the regions to be assigned element types
b. Cl ick fADonebo

c. Leave all defaul't

d Click fAnDoneo

Family

@) Explicit

Acoustic

Geometric Order Cohesive

@ Linear () Quadratic Continuum Shell

Hex | Wedge | Tet

i Mes ho

and i

n Abagq!

,<aeshosve ih Figure 5.36t h e n

[] Hybrid formulation Reduced integration [] Incompatible modes

Element Controls

Hourglass stiffness: @ Use default
Viscosity: @ Use default () Specify
Kinematic split: @ Average strain () Orthogonal () Centraid

Second-order accuracy: () Yes @ No

R P S 11

C3D8R: An &-node linear brick, reduced integration, hourglass control,

Note: To select an element shape for meshing,
select "Mesh-> Controls” from the main menu bar,

Figure 5361 El e me n't
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e.Click on

Figure537f Seed Part I nstanceo i

f. Choose an
g. Click fAOKO

f | Global Seeds

Sizing Controls

Approximate global size:

ASeed,aPshowninFiguetc.87n c e 0

Module: | Mesh EI

con
NAppTr gasshowa in Eiguge 5.88b a |

Curvature control

Maximum dewiation factor (0.0 < h/L < 1.0): |01
(Approximate number of elements per circle: 8)

Minimurn size factor (as a fraction of global size):

@ Use default (0.1) ) Specify (0.0 < min <10} 01

| oK

)

[ Apply ] [Defaultsl l Cancel ]

Figure 5.38f G| o b al Seedso di

h. Cl i ck on

Figure 5391 Me s h

A Me s h , d ahown inlFigeet58% c e 0

Module: | Mesh EI

Mesh Part
" Instance

Par t l nstanceo i con
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i. Click on AYeso for OKasshownimmeggure5dh e part

Figure 5.40 Meshing the partinstance

19.As shown in Figure 5.41nithe menu bar select:

a. View, and ststeemb | fyA Di sl ay Options ¢é
b. Check the box ARender beam profil eo
c. Click AOKO
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View 5Seed Mesh  Adaptivity
Save...
Pan F2
Rotate F3
Zoom In/Out F4
Box Zoom F5
Auto-Fit Fo
Cycle Views F7
Specify...
Parallel
Perspective

v Show Model Tree  Ctrl+T
Toolbars [ 3
View Options...
Graphics Options...
Light Opticns...
Image/Movie Options...

Assembly Display Options...

Figure 5411 As s emb | yOpDRii somlsay

General | Datum | Mesh | Attribute | Instance |

Render Style
) Wireframe () Hidden @ Shaded
Geometry

Show edges in shaded render style
Show silhouette edges

[T] Highlight only visible entities

Face highlighting: | Stippling EI

[] Show reference representation
Mesh

Show: | Exterior edges E|

Show edges in shaded render style
[T] Highlight only visible entities

Idealizations

Scale factor: |1
[ Render shell thickness
actor: 1

[ Apply ] [Defaults] [ Cancel ]

path and

t he ,@dslshowin Fgord ®42.i n

200Doubl e click on
a. Name the job
b. Cl i ¢k f Cpasshown in&iguce 5.43.
c. Give a description to the job
d. Cl i c k,asisbdwo in Figure 5.44.

[ Loads (1)
25 BCs (2)
E Pinned
: Roller
[ Predefined Fields
Remeshing Rules
I& Sketches
~A Annotations

ii Analysis

NN

%@ Adaptivity Processes
“BH Co-executions

Figure 5.42[Leff A J o b s O
Figure 543[Rightf n Cr eat e

Name: | NumAnalysiq
Source: | Model EI

[ Continue... H Cancel ]

Ab
di ¢

node i n
Jobo
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Mame: MumAnalysis
Model: Model-1
Analysis product Abaqus/Explicit

Description: | Mumerical Model Analysis

Submission | General | IMemon | Parallelization | Precision

lob Type

@ Full analysis

() Recover (Explicit)
i) Restart

Run Mode
@ Background 7 Queus:
Submit Time

@ Immediately

Wait hrs.

Figure544An Edit Jobo dial og

21.LExpand the AJobd node in the

a. Ri ght

click on the |, alhowmnamiregureasMa.
Remeshing Rules | ‘
5 Sketch
a & . o Switch Context Ctrl+5pace
~5 Annctations
: Edit...
ii Analysis
Ehg. i Copy...
,% Adaptivity Delete... Del
4 Write Input
Warning Data Check
bl apelica TS
——— The mod _———
The set =LntlLE
The =st Meanitar...
— | Global :
Global Results
1408 =1,
The mod
The job Export [ 3
A

Figure 5.45 Submitting a job in Abaqus
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b. Ri ght <c¢click on the j,abshawaimEgurab4b. sel ect AN

Remeshing Rules

A : Ib Sl'l:EtCHe Switch Contel| Job: NumAnalysis Status: Running
~fI Annotations —————
- Edit... Total CPU Step Stable Kinetic Total =
i; Analysis Step  Increment y N Ny y
; Copy.. Time Time Time Time Inc Energy Energy
E‘ 'g' R 1 3553 0.00100001 33 0,00100001  2.81359e-07 29.5262 -0.00067421
£ - ENdme...
Delet 1 5331 0.00150028 51 0.00150028  2.81301e-07 39.4316 -0.0006481 |
B Adaptivity | EEe= §) 7109 0.00200009 67 000200009 280776e-07 30,5639 000061087~
EIN—  WobSlp 1 8290 0.00250018 84 000250018 2.80751e-07 485858 00016769
E Global ¢  DataCheck 1 10671 0.00300027 10 000300027 2.80751e-07 13.244 0.0028853. ~
Global = Sybmit < T | ’
1408 e=le N
%ﬂ: ?ggeml Log | Errors | !Warnings | Output | [Data File | Message File | Status File
The job I
Job Humi Results Completed: Abaqus/Explicit Packager
Job Humi K =1
Job Humi———— )| | Started: Abaqus/Explicit S
Job Humi Export
"
Search Text
Text te find: [ [ Match case Il Next {f Previous

Figure 5.46 Monitoring a job analysis in Abaqus

c. Right <click on the paslshowamrgur@aSdd. sel ect AF

Switch Context Ctrl+5pace

Rermeshing Rules ‘
“IY Sketches
~A Annotations

i$ Analysis Edit...
&1 & dobs (1} Copy-
Rename...
*%@ Adaptivity Processes Delete... Del

| m Write Input
Data Check

1

Global ==ed= haw

Q Global =eed= hawe Submit

1408 element= har B

The model databas AL
The job "Huminal- Monitar...

The job input fi.

Job Hundnalysis: Ll

Job Humdnalv=i=s: !

Job HumAnalv=is=s:
Job Humdnaly=sis « Export 3

Figure547i Resul t so0 pat
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d Click on APl ot Contours on Deformed Shape
the applied ambient load, boundary cormfisand the material properties, as shown
in Figure 5.48

Module: | Visualization B QDB: | C:/Research/NumAnalysis.odb El e A > MM B @@

=S
e
sl g

~
s A

5 g

&1 An.

alyzs
aly=zadl  Abaqus/Explcil 6.10-2  SatJan D4 17:18:41 Cantial Slandaid Time 2014

1, Ambanl Load
2B47E: Step Time = E.DDDIE-DI

ez
Defaimatan Scale Faclar: +1.000=+00

Figure 5.48 One case of the Beam Deformed Shape

22.Expand the AOutput Databasesodo node in the
a. Expand the job name node
b. Expand t hCeu tfpHiitsot onroyd e
c. Double click on ASpati al acceleration: A2
shown in Figure 5.49.
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Figure 550 Spati al accel eration

|#1.E7]

Acceleration

Model | Results

Session Data EI

= Q Output Databases (1)

= E] MumAnalysis.odb
= Ef‘ History Qutput (12)

Artificial strain energy: ALLAE for Whole Model

Creep dissipation energy: ALLCD for Whole Model
Damage dissipation energy: ALLDMD for Whole Model
External work: ALLWEK for Whole Model

Frictional dissipation: ALLFD fer Whole Model

Internal energy: ALLIE for Whole Model

Kinetic energy: ALLKE for Whole Model

Plastic dissipation: ALLPD for Whole Model

Spatial acceleration: A2 at Node 48 in NSET RIGHT S5PAN

Strain energy: ALLSE for Whole Maodel

[ patial acceleration: A2 at Node 48 in MSET RIGHT SPAN |

Viscous dissipation: ALLVD for Whole Model

A20

at

d. See the graph showing the Time vs. Acceleration at the selectedasai®wn in

Figure 5.50.

-40. -

D.ooD

b.DDZ

Figure 549 Time vs

D.00A b.ODE
Time

80

D.DDE

. Acceleration at a specific nodéTime Domain)
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23.As shownin Figure 5.51)Jci ck on aidManager 06 i con
a. Click on AEdito in the AXY Data Managero
b. Export the output file to a spread sheet file
c. The spread sheet will be used as an input file in Matlab

Module: | Visualization E| ODB: | C:/Research/MNumAnalysis.odb E| M4 4l Ir MM % E] Iﬁ]
JAEE] E@ 1#1.E1]
s
|
B By
: ,ﬂ.... ; [ .
Sry, &5 i | Edit XY Data ' 5
R L ] A
RoM.|
=y, 5 N Name: _temp_2
:v_xh a7 XY Data Mam ' J I ' I m‘ ) " v E
- ; Data Source 1 0 -411181
== i e _ 2 262625E-007 -143769
E] E::: @ Current session () Current ODB: NumAnalysis.odb 3 5.3525E-007 687742
a]
N re——— T —
o ||| — Spatial acceleration: A2 at Node 48 in NSET RIGHT SPA 02 ~20330.
=17 (B 6 1.31312E-006 -7792.04
tgj 7 1.57575E-006 -27352.2
k> | XV Data 8 183837E-006 -16290.2
. Manager 9 2101E-006 -773.499
By Copy to ODB...
10 2.36362E-006 -147207 -
mi' Quantity Types
) Dismi
i X Time EI Y: AccelerationEI
i 2 o
o

-4D0. -

1 L L L
0,000 r.002 0,004 0006 [.008 0,040
Time

AL N: 4B NSET RISHT SRaN

Figure 5.51 Path showing output file exportation to a spread sheet file to be used as
input file in Matlab

24.Change the boundary conditions and the applied ambient loaddtamadthe results for
each case.

Note: Applying ambient loads could behieved in Abaqu€AE in differentpricedures

other than what was used here.
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5.2 MATLAB R2013a Analysis

The following is a stejbyi step procedure (5 steps) to obtain the free vibration in
frequency domain from a givestructureambient vibration responsggnal

1. Start Matlabas shown ifrigure 5.52.

R2013a

R2013a (8.1.0.609)
64-bit (win64)

February 15, 2013
License Number: 194798

MATLAB

, Inc, Protected by U.S. and international

B

J MathWorks-

Figure 552 MATLAB R2013a Interface

a. As shown in Figure 5.53mport the Extracting Free Vibration Response froan
Response of Structure t@afRdomExcitationMatlab Coded o t h e

b. Import theFast Fourier TransformatioMat | ab Code
C.

ACurrent F

to the ACuUTrT
Import the spread sheetlata file for Time vs. Acceleration obtained from each

Physical Model case and from eachim&ricalModel Abaquscase to thét Cur r en't
Fol dero tree

82



A marLes 2013 R . -~

HOME PLOTS

APPS

@ ':Ej [} Lq] Find Fies &

E=El
B 8 e 5 @) search Documentation

H_E]I Lz, New Variable \_prnaryze Code L%J E @ Proferonces @ (% Community
- [t} open variable + {7 Run and Time 5 Request Support
New New Open |[Z|Compare Import  Save Simulink  Layout |5l Set Path Help
Seript v v Data [ Clear ~ [ Clear ~ Loy o« ~ 0 AddOns v
FILE VARIABLE CODE SIMULINK ENVIRONMENT RESOURCES
«pEa b C b Users b ntadros » Documents b MATLAB | R
Current Folder [GM Command Window [O} Workspace ®
Mame + Foss | Name = Value
(=] DEMO Xl
) FFTTadros.m
] Proglm
F e T P
Command History ®
-clear -
cle
- ProgL
FFITadros
clear
cle
ProgL
FFITadros
cle
Details v cleax
cle
- ProgL
- FFTTadros
-clear
Select a file to view details wele
-%-- 1/4/2014 6:47 PM —-%
..... ProgL
----- FFITadros |
----- %-- 1/5/2014 2:15 PM —-% -

2. Doubl

Figure 553 MATLAB R2013a general command window

e click on the spread sheet dat a

a. Select the two columns A & ,Bas shown irFigure 5.8 and its corresponding graph
in Figure 5.5)

b. Sel

c. Cl

t he nl
Sel ecti

AMatri xo in
on fia | mport

ect

ck t he

ono in
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Mai

Cell Array ImOrt | ort selected data into MATLAB Workspace
=T, Selection

[DEMOAsx x|
A H C D E F G H 1

1 0f -41118e+04] A
2 26263e-07| -1.4377e+04f
3 5.2525e-07| -9.8274e+03]
4 7.8787e-07 -38021f
5 1.0505e-06| -2.0336€+04f
6
7
8
9

13131e-06| -7.7920€+03|
15758e-06| -2.7352¢-+04f
18384e-06| -1.6290e+04)
2.1010e-06| -773.4990]
10 2.3636e-06| -1.4721e+04f
1 26505e-06| -9.6037¢+03f
12 2.9368e-06| 5.5207e+03|
13 3.2229e-06| -9.7821e+03|
14 3.5085e-06| 3.0468e-+03]
15 | 37938e-06| 3.5458e+03)
16 4.0788e-06| -7.3854¢+03]
17 4.3636e-06| 2.4491e+03]
18 4.6483e-06| -5.9960¢€+03|
19 4.9327e-06| -8.0040e+03|
20 5.2170e-06| -541.2330]
2 5.5012e-06| -8.0771e+03]
22 | 57852e-06| -5.1680e+03)
23 6.0692e-06| -3.9438¢+03]
24 6.3530e-06| -1.0711e+04f
25 6.6367e-06| -7.0306€+03|
26 6.9204e-06| -8.7072¢+03|
7

28

29

30

31

32

7.2033e-06| -1.1533e+04f
7.4874e-06| -8.5701e+03]
7.7708e-06| -1.2896e+04)
8.0542e-06 -1.4464¢+04f
8.3375e-06| -1.1695¢+04f
8.6207e-06| -1.1768e+04f
33 8.8033e-06| -8.9347e+03
34 9.1870e-06| -8.3850e+03|
35 9.4701e-06| -1.0276e+04|
36 | 9753le-06| -9.5127e+03)
37 1.0036e-05| -1.2109¢+04f
Sheetl

Figure 5.54 Importing spread sheet file to MATLAB environment

3000

Acceleration

Time

Figure 5.55 Typical graph showing Time vs. Acceleration for an ambient vibration

(Time Domain)
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3. Rename the importespread shedt i | e i n

t he A Wor k snpuafdee 0

name in the Extracting Free Vibration Response from Response of Structure to

RandomExcitation Matlab Code

Run theExtracting Free Vibration Response franResponse of Structure t@iriom

Excitation Matlab Code as shown in Figure 5.56Get the graph showing thizee
vibration for each case with Time on the horizontal axis vs. Acceleration on the vertical

axis SeeFigure 5.9 for anillustrative example

FILE

VARIABLE

;¥ 0ok Users ¥ ntadros #

P EH

Current Folder

Mame
=] DEMO adsx

ﬂ FFTTadros.m
Open

Hide Details

Run

Run Cenfiguraticns
View Help

Show in Explorer

Create Zip File
Rename

Delete

Compare Against

Source Control

Cut
Copy

v

Documents #
Command W

fx »

Ctrl+D

F2
Delete

3

3

Ctrl+x
Ctrl+C
Ctrl+V

Indicate Files Mot on Path

Figure 5.56 Running Extracting Free Vibration Resporsfroma Response of Structure t

RandomExcitation Matlab Code
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7] SRR RN SRS SRS NN SN MO S S
JE [/V] SSE FEEREEEERPR EERERES e S AGRIh RECTERE SRR e
B : : : : : : : : :
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= | ' | | | | |

B ofH{Hial AL AL At T f A

ey

Q

a | | | | | |

< s0p; Jq """" poenoe R R HER roeee reot
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0 100 200 300 400 500 BOO YOO 80O 900 1000

Time (Equal Intervals)

Figure 5.57 Free Vibration response extractedrom response of structure to random

excitation using the Matlab Code for a signal shown in Figure 5.55

5. Run theFast Fourier TransformatioMatlab Gode toobtainthe frequency domain for
each caseas shown in Figure 5.58 and Figure 5.59.

FILE VARIABLE
= E L v Gy Users » ntadros » Documents b
Current Folder UGN Command !
MName >> Pre
Jx 5>
Open Ctrl+D
Hide Details
Run Fa
Run Configurations »
View Help F1

Show in Explorer

Create Zip File
Renarmne F2

Delete Delete

Figure 5.58 Running the Fast Fourier TransformationMatlab Code
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Magnitude

G000

7000

G000

5000

4000

3000

2000

1000 |-

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Frequency (Hz)

Figure 5.59 Free vibration response in frequency domain for the signal

shown in Figure 5.57
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Chapter6-EXPERI MENTS WI TH PHYSI CAL
NUMERI CAL MODELS

A physical model consisting of a 20m x 20mm x 1670mm long steesquare tubevith
1.65 mm average thickneasd four supports (two hinges and two rollexs)s used to validate
the usedapproachdescribed in Chapter.4 The beamwas tested under differencsupports
conditons varying from a singleto threespan continuous configurationRandom excitation
was applied to the beam, and the dynamic respowss measured bya MicroStrain®

accelerometer placed ariouslocations on the span.

A numerical mdel was constructed in ABAQUSAbaqus/CAE 6.12, © Dassault
Systems 2010 and the dynamic respongambient vibration)was obtained from the finite

element model subjected sonilar excitation as the physical model.

The dynamic response (acceleratasia function of time) resulting from the numerical
modelwascorrelated and compared to the drmm the physical modelMatlab codes described
in Chapter 5were used for both respongdise first codewasto extractthe freevibration of the
system from theambient vibration, and the otheodewas usedo transfer the free vibration
from the time domain to the frequency domainpni{parisos weremade between the different
span/support configuratiomsdicaing a change inrequency and other dynamic properties of the

structure.
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6.1 Test Set Up
Figure 6.1 showsthe general configuratiorof the physical model and MicroStrain®
aaccelerometer, base station alagtop to record the random vibration sigf@l one of the test

cases. In order to obtain everal intentionaktiffnesschanges, seven structure configurations

wereimplemented with two accelerometer posis@chievingatotal of fourteer(14) cases.

Figure 6.1 General configuration for the physical model and MicroStrain® accelerometer,

base station and a laptop to record the random vibration signal

Figure 6.2 shows the numericalodel in ABAQUS (Abaqus/CAE 6.1P, © Dassault
Systems, 2010) that corresponds to the physical model for the given case.

Figure 6.2 General configuration for the numerical model in ABAQUS/CAE 6.10 that
corresponds to the physical model
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For each of thdourteencases, two different actual random loadsre applied on the
physical model, and a third simulated random load applied to thecorresponding numerical

model, resultingn a total of forty twa(42) test combinations.

A typical vibration signal obtained from one of the physical model experiments using
MicroStrain® accelerometer is shown in Fig6r8

[/ Microstrain Agile-Link™ - [Real-Time Graph]

x|

WA Fi= Edt View LlaunchPlugn  Help -8 %

HLOIOYE B PE] /ISP & .ﬁ FP@HR 22D

Localhost O x | P Real-Time Graph |
& Comm & Realtine Streaming Graph  Send Port: & Recaive Porti 5 Hode: 227
© Medezzr |, 3200

3000

2300

Seprr—

[ ], “W ”\

~
8
=
=

Sweep Walue
@
z
g

B OE B
2 & I
s 8 &

=
2
=

I I I I I I I I I I
30000 31000 32000 33000 34000 35000 36000 37000 35000 39000
Swesp Numbsr

X Opened port & sccassfilly

O Attempting t tion on port &
Exror: Basest nse of £
g Atterapt

Exor: Basest ived 2 bad response of b
P Attempting to 1t handle 8
3§ Fort & successfully closed

Figure 6.3 An ambient vibration signal from one of the physical model experiments
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A typical vibration signal obtained from one of the numerical model experiments in

Abaqus is shown in Figure 6.4

Module: |Visualization EI ODB: | C:/Research/NumAnalysis.odb EI M4 4 I B ]@ ]@
|#1.E1]
L
X g A Edit XY Data ! @
I b A i
I "r-..
ll?), -4 | | 1 I Il Name: _temp_2
ST i | F
E L] ata Manai ¥ ! X ¥ ;
> s Data Source 1 0 -41118.1
=] ) . ] 2 2.62625E-007 -14376.9
E] g-:: @ Current session () Current ODB: NumAnalysis.odb 3 5.3595E-007 082742
e
1 __ 4 T.BT874E-007 -38021
L E flame Descrytion _ 5 1.0505E-006 203364
o | Spatial acceleration: A2 at Node 48 in NSET RIGHT SPA! S -
T 6 1.31312E-006 -7792.04
Hj E 7 1.57575E-006 -17352.2
b3 .‘ XY Data 8 1.53837E-006 -16290.2
3 Manager 9 2.101E-006 -773.499
Ay ¢ Copy to ODB...
'ﬁ 10 2.36362E-006 -147207 -
mj E Quantity Types
¥ E — R | Time E| Y: Acce\eratlonH
v
LS
4D,
1 1 1 1 1
0.000 0002 0,004 0.006 0.008 0040
Time
| A2 N: 4E NSET RIGHT SRAN |

Figure 6.4 An ambient vibration signal from one of the numerical model experiment:

A labelwith thegeneral formof xXPMyC was created for each caseéhere:

x refers to the accelerometglacementl is when the accelerometer is placedhe outer span
and 2 is for middle sparf-or consistency, the accelerometer was always positioned at the
center of the span in which it is placed.

PM refers to the Physical Model

y refers to the configuration amgement(seven configurationare explained below)

C refers to continuity of thedam.

Table 6.1 and Tale 6.2 indicateschematic sketches for individual caseTable 6.1
shows thesevenconfigurationsvhenthe accelerometavaslocated on the outer span, and Table

6.2 showgheseconfigurations when the accelerometesiocated on the middle span.
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Table 6.1 Case identification for the different configurations when the accelerometer was

placed in the outer span

Case no. Label Configuration

Casel 1PM1C i &

Case 2 1PM2C &

Case3 1PM3C

Case 4 1PM4C

Case 5 1PM5C ®

Case 6 1PM6C

DU

Case 7 1PM7C A

Table 6.2 Case identification for the different configurations when the accelerometer was

Label Configuration

2PMI1C i ) -m ') A

2PM2C - -

2PM3C i ’ /- A
Case 11 2PMAC ~ - <
Case 12 2PMS5C & A ® A
Case 13 2PM6C & & -E B
Case 14 2PMTC S
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6.2 Test Results

Tables 6.3 to 6.16 summarizephysical and numericaéxperiments (as presentedn
Tables 6.1 and 6.2) andorrespondindest results. Thesetablesconsist oftwo different actual
random loads applied on the physical ma@tlown in the tables a@®hysical Modell® Trialo
andfiPhysical Model 2 Triald), and a third simulatechindom load applied to the corresponding
numerical mode(shown in the tables @Numerical Modeb), resultingin a total of forty two
(42)test combinationsThe peak magnitude frequency (in Hz) for each trial is determined. This
value is shown in theolver right corner of each trial test resalblie. These peak frequencies are
used as the basis for comparison of the different test results.

Test configurations and resuéise presented in the following pages. Tabled®&39 are
for cases 1 to 7, vém the accelerometeras placedn the outer span. Tables 6.t006.16 are for

cases 8 to 14, when the acceleromet&splaced in the middle span.
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Table 6.3 Case 1 (1PM1C) Test Results

Casel (1PM1C)

Random
Vibration
Free

Acceleration (Averages)

Physical | Vibration
Model T

Trial P I T A N N T T S R
0 100 200 300 400 500 600 700 800 900 1000
Time (Equal Intervals)

0.028
Hz

Frequency

Magnitude

Domain

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Frequency (Hz)
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Physical
Model 29

Trial

Random

Vibration

v i Fiea]

Free
Vibration

Acceleration (Averages)

-20

1} it fj\hlmﬂ\m'\i.ﬁm\. f\/\jmm o
! ‘ V3 Vwivmw :'Vwﬂ‘vv“ 'I?V\IW

100 200

300 400 500 600 OO 800 900 1000

Time (Equal Intervals)

Frequency,

Domain

Magnitude

250

0.01

0.02

0.03 0.04 0.05 0.08 0.07

Frequency (Hz)

0.08

0.02%
Hz
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Numerical
Model

1PM1C Abagqus

20000
10000 |
o
Random 5 e R PR R ET I S TR R e v e FEE
2
]
. . T
Vibration g
-30000
-40000
-50000
Time
3000
2000 {--
g 1000
=
g
Free £
B 0
. . 2
:
Vibration 3
&: -1000
2000 [-4-- i--
-3000 1 i 1 Il Il i Il Il Il
100 200 300 400 500 600 700 800 900 1000
Time (Equal Intervals)
10
12
L T e ESGhut RGTRRTEE EEERRELL EELPRREEE EEPRRRRE
. ]
Frequency, 3 0.0230
g (o] R Tt £ O & EEL SRt SEE LR R LEEEEEEE CERTEELEE SERRRERLS
Domain I O 11 1L T O O O Hz
P SO 1 5 TONUUUE SO SO SO A

i H H
0.03 0.04 0.05 0.06 0.07 0.08
Frequency (Hz)
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Table 6.4 Case 2 (1PM2C) Test Results

Case 2 (1PM2C)

Random
i
Vibration i
25
20
gws
Free g -
Physical | Vibration [
Model 2t ?
Trial % LI S I S A S S

i
0 100 200 300 400 500 600 700 800 800 1000
Time (Equal Intervals)

h 0.0085
Hz

Frequency

Magnitude

Domain

0 0.01 0.02 0.03 0.04
Frequency (Hz)
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Physical
Model 2"
Trial

Random
I I
Vibration
60 T
[0 [ S U SR SUUE WS WU EO -
L L AGEEtt EUTELET TEETEEL EELEELY SPEORE FELTER SRP -
% R O (ALLnrry EETTEES EEEY ST RSN SR B
Free o |
Vibration :
<
7200 1;0 2;0 3;0 4;0 SAU ESU 7;0 830 530 1000
Time (Equal Intervals)
300 T T T T T T
250 - A‘ B R SEETIIN -
Sl f
Frequency, g u \ 7777777777777777777777777 0.0080
Domain L AR L N Hz
iy /\A
50(-4 R \’vﬂ Uf‘vﬂ Vv v
Uﬂ n,im n,gz 0 i03 n,‘ﬂd ﬂ,iﬂﬁ ﬂ,‘OG 0 iﬂT 008

Frequency (Hz)
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1PM2CAbaqus
Random £
]
. . g -
Vibration i
e Time
2000
1500
g 1000
Free H
. s 500--b---
Numerical | \/ipration £l
Model
-500
1000 100 200 300 400 500 600 700 800 900 1000
Time (Equal Intervals)
E,EXN‘ T T T T T T
.
Frequency r 0 1 N S 0.0040
Domain L1 i e Hz
05 N v\ RN AR A N |
e
UU 0.01 0.02 0.03 0.04 0.05 0.08 0.07 0.08
Frequency (Hz)
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Table 6.5 Case3 (1PM3C) Test Results

Case3 (1PM3C)

Physical
Model I

Trial

Random r
Vibration ;
60
Free i
Vibration :
75“0 130 ZaU 360 460 550 BéU TéU SéU 9&0 1000
Time (Equal Intervals)
300 T T T T T T T
Frequency g 1 0.076
Domain = Hz
Uﬂ n,EW n,lnz ﬂ,‘ﬂ} n,‘m, 0 Ins n,‘ns 0 ‘OT 008
Frequency (Hz)
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Physical
Model 2"
Trial

Random
i ik
Vibration
80 T
{11 ) . N N N N NS N A -
Free H
Vibration : !
< H
T/ | SR : ....... .
0 1&0 2;0 380 4;0 SAU ESU 780 830 BAU 1000
Time (Equal Intervals)
300 T T T T T T T
Frequency, g 0.0690
Domain : Hz

I 1
0.01 0.02

i i i i
0.03 0.04 0.05 0.06 0.07 0.08
Frequency (Hz)
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Numerical
Model

1PM3C Abaqus

::: | H || | 1 y I|||
Random
Vibration
8 T T T
60 I I E
= 40 H
Free fa
Vibration s
< 20
-0 H i H
0 ﬂ;n 230 3éﬂ 460 Séﬂ Sl;ﬂ 750 ﬁéﬂ 960 1000
Time (Equal Intervals)
Frequency, g 0.0750
Domain ® Hz

I I i
0.03 0.04 0.05 0.06 007 0.08
Frequency (Hz)
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Table 6.6 Case4 (1PM4C) Test Results

Case 41PM4C)

Physical
Model

Trial

T I.‘

|

||\ﬂﬂ||'

Random
i Febn Rl e i e e i bt o 0 bbb o gt g
Vibration
150 T T T T T T T
Free i
Vibration .
2 -50
100}
-1500 180 Zéﬂ 3li]ﬂ dgﬂ Egﬂ Sgﬂ 7éﬂ Béﬂ 9;0 1000
Time (Equal Intervals)
1400
1200
1000 |-
Frequency, g o 0.0330
Domain = Hz

400

200 -

: ; i : !
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Frequency (Hz)
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Physical
Model 2"
Trial

Random
i,
Vibration
150 T
Free : e,
Vibration £ A e A A S B |
< | H
,150_.....‘3... : ....... 4
VQDDU 1;0 2;0 3;0 4;0 SAU ESU 7;0 830 530 1000
Time (Equal Intervals)
1600
1400~~~
1200+~
1000 -
Frequency, 0.0330
Domain - Hz

: : :
0.02 0.03 0.04 0.05
Frequency (Hz)
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Numerical
Model

Random
Vibration

Acceleration

1PM4C Abaqus

Time

Free

Vibration

Acceleration (Av erages)

-150
0

i i
100 200

i | i i i i i
300 400 500 600 700 GOO 800 1000
Time (Equal Intervals)

Frequency,

Domain

4000

3500

3000

2500

2000

Magnitude

1500

1000

500

| I
0 0.01 0.02 0.03 0.04

Frequency (Hz)

0.0420
Hz
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Table 6.7 Case5 (1PM5C) Test Results

Casé5 (1PM5C)

Physical
Model

Trial

Random I
Vibration i T LU ‘l'. M
140
Free H
Vibration :
[ T T TN N NS NN N N
0 100 200 300 400 500 600 700 800 900 1000
Time (Equal Intervals)
1400 T T T
Frequency 0.0100
Domain : Hz
UU u.|01 U.LZ U.iU3 U.‘UA U.gﬁ U.‘US U.‘U? 0.08
Frequency (Hz)
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Physical
Model 2"
Trial

Random

Vibration

E—
H . H

]

Free
Vibration

Acceleration (Averages)

e |

/\vfh‘

e

R

e
ey

100

200 300 400 500 600 700 800 900 1000
Time (Equal Intervals)

Frequency,

Domain

Magnitude

2500

2000

1500

1000

500 ({3

0.02 0.03 0.04 0.05 0.06 0.07 0.08

Frequency (Hz)

0.0095
Hz
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Numerical
Model

Random

Vibration

Acceleration

-2000

1PM5C Abagus

Free

Vibration

Acceleration (Arerages)

@
=
=

@
2
5

=
S
5

o
S
5

o

200 |-4--pip -1

100 200 300 400 500 600 70O 8OO 900 1000
Time (Equal Intervals)

Frequency,

Domain

Magnitude

14000

12000 -~
10000 -
B0 [-----{4-+

5000 -----{-

4000

2000

1
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Frequency (Hz)

0.0085
Hz
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Table 6.8 Case6 (LPM6C) Test Results

Case 6 (1PM6C)

Physical
Model
Trial

Random
Vibration

200

Free H

Vibration <

71500 180 Z;U 3!i!U 4;0 5;0 630 7;0 8;0 9&0 1000

Time (Equal Intervals)

800
Frequency g 0.0(20
Domain : Hz

0
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Frequency (Hz)
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Physical
Model 29

Trial

Random

Vibration
200 T
Free H
Vibration :
<
71500 1&0 ZLU 3;0 4;0 SAU ESU 7;0 830 530 1000
Time (Equal Intervals)
1200 T T T T T T T
1000 |
Frequency, g 0.0100
Domain : Hz

H : !
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Frequency (Hz)
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Numerical
Model

1PM6C Abaqus

Random ] R ‘
. . PRERRERY 341 - | L {5 L
Vibration |
o0 I
500
400 H
300+
é’ 200
Free :
5 100 - 1
Vibration — oL
* -100
200 -
-SUUO Wgﬂ Zéﬂ Sli]ﬂ Agﬂ Egﬂ Egﬂ 7éﬂ ar;n 930 1000
Time (Equal Intervals)
8000 T T T T T T
7000 ----
6000 ----
5000
Frequency, g 0.0105
Domain = 3000 HZ

2000 -

1000

i i
0.03 0.04 0.05 0.06 0.07 0.08
Frequency (Hz)
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Table 6.9 Case7 (LIPM7C) Test Results

Case 7 (1PM7C)

Physical
Model I

Trial

Random

Vibration

Free

Vibration

Acceleration (Av erages)

100 200 300 400 500 600 700 GO0 900 1000
Time (Equal Intervals)

Frequency

Domain

Magnitude

6000

5000

4000

w
=1
=1
5

2000

1000

: H H ;
0.01 0.02 0.03 0.04 0.05 0.08 0.07 0.08
Frequency (Hz)

0.0675
Hz
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Physical
Model 29

Trial

Random
Vibration
1500 T T T T T
1000 : | Lo _
Free H
Vibration £
<<
annu 1;0 2&0 3;0 4;0 SAU ESU 7;0 830 530 1000
Time (Equal Intervals)
4xm
Frequency, g 0.0680
Domain : Hz

1
0.01

1
0.02

I I I I I
0.03 0.04 0.05 0.06 0.07 0.08
Frequency (Hz)
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Numerical
Model

1PM7CAbaqus

i:: N L | § u ‘ |
Random § 1
§ 500
Vibration i
Free H
Vibration <
500 WAU ziu 3!ilu 4éU S&U SéU Tiu Béu 900 1000
Time (Equal Intervals)
6000 T T T T T
5000
4000 f---
Frequency, 2 0.0690
E 3000
Domain ® Hz
2000
1000 ---

i 4
0.01 0.02 0.03 0.04 0.05 0.06

Frequency (Hz)
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Table 6.10 Case8 (2PM1C) Test Results

Case 8 (2PM1C)

Physical
Model

Trial

Random
Vibration . ull i i ik
40 T T T T T
mﬂw -
20
i‘f’ 10+
Free 2
c 0F
Vibration f ol
q-zu—
-400 160 Zéﬂ 3[‘]0 450 Egﬂ BSD Téﬂ aén 930 1000
Time (Equal Intervals)
Frequency, g 0.0310
Domain : Hz

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Frequency (Hz)
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Physical
Model 29

Trial

Random
Vibration
70 T
Free H
Vibration :
<
0 100 200 300 400 500 600 700 800 5;0 1000
Time (Equal Intervals)
700
600
500
Frequency, g o 0.0310
Domain = Hz
200
100
0 0.03 0.04 0.05 U.‘UE U.IUT

0.01 0.02

Frequency (Hz)
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Numerical
Model

Random

Vibration

Acceleration

2PM1CAbaqus

Time

Free
Vibration

Acceleration (Averages)

4000

3000

1000 H-H-HH- 133

-1000

-2000

-3000

0

100

200 300 400 500 600 700 800 900 1000
Time (Equal Intervals)

Frequency,

Domain

Magnitude

; J H
003 0.04 0.05
Frequency (Hz)

0.020
Hz
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Table 6.11 Case9 (2PM2C) Test Results

Case 9 (2PM2C)

Physical
Model
Trial

Random
Vibration
150 — R A A [
100 H----- - - heeees B
R R S S R R
Free I EMM g Wf\ﬁ, [l i VMJIV"V e i
Vibration 3 R s
D S A .
100 ff------ - - cheeee B
150 L 1 L L L L L L L
0 100 200 300 400 500 600 700 800 900 1000
Time (Equal Intervals)
700
Frequency, g 0.0600
. =
Domain Hz
0 i i i i i \ i
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Frequency (Hz)
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Physical
Model 29

Trial

Random
i,
Vibration
120 T
Free H
Vibration 3
s
VEOU 1;0 2;0 3;0 4;0 SAU EéU 7;0 830 BAU 1000
Time (Equal Intervals)
Frequency, g 0.0610
Domain : Hz

o i i i i i i

1
0 001 002 003 004 005 006 007 008
Frequency (Hz)
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2PM2C Abaqus

Random

Vibration

B e e e S A I I R

3000

2000 {44

1000 [t -1

Free

Numerical Vibration

Acceleration (Averages)

-1000 +
Model i

O S N N I I NN NN N
0 100 200 300 400 500 600 700 800 900 1000
Time (Equal Intervals)

0.0440
Hz

Frequency,

Magnitude
-

Domain 5

+ : ; H
0 0.01 0.02 003 0.04 0.05 0.06 0.07 0.08
Frequency (Hz)
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Table 6.12 Casel0 (PPM3C) Test Results

Case 10 (2PM3C)

Random
Vibration I 2
150 T T
L e 4
Free e S T
Physical | Vibration 3 ofosnsdip ool

Model = =

100 | 1 | | i | | i i
Trlal 0 100 200 300 400 500 600 70O 800 900 1000
Time (Equal Intervals)
600 T T T T T T T

o
=
2

=
=1
2

0.0760
Hz

Frequency

Magnitude
w
g
5

Domain

[
=1
2

i i i i i i
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Frequency (Hz)

0 i
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Physical
Model 29

Trial

Random
i,
Vibration
Free H
Vibration - [
RTINS |
ET:11)! R . : : ..... .
O E N S R N N N i
100 200 300 400 500 600 700 800 900 1000
Time (Equal Intervals)
Frequency 2 0.0770
Domain ® Hz

0.01

0.02 0.03 0.04 0.05

Frequency (Hz)

0.06

1
0.07

0.08
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Numerical
Model

Random

Vibration

Acceleration

2PM3C Abaqus

Free

Vibration

Acceleration (Averages)

4000

3000

1000 [t -1

-1000 1

-2000 (-

-3000

2000 {44

0

I 1 I I I I I I I
100 200 300 400 500 600 700 800 900 1000

Time (Equal Intervals)

Frequency,

Domain

Magnitude
-

i i i
0.01 0.02 003 0.04 0.05 0.06 0.07 0.08
Frequency (Hz)

0.0440
Hz
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Table 6.13 Casell (PPM4C) Test Results

Case 11 (2PM2)

Physical
Model
Trial

| \H\Hwﬂ

0 1
0 0.01 0.02 003 0.04 0.05 0.06 0.07 0.08
Frequency (Hz)

Random
Vibration
4000 T T T
SV R A e
P 6 S G O
Free N ST IRy (e
o N (AR L ;
Vibration 2 f§” g U\ wi v
= e el BAAn R
S 1 L A
-jumﬂ 130 2én Sgﬂ 430 Sgﬂ Sgﬂ '.'éﬂ Séﬂ 9&0 1000
Time (Equal Intervals)
. 10
Frequency 0.0830
Domain Hz
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Physical
Model 29

Trial

Random

Vibration

[——
H .

Swesp e e

Free
Vibration

Acceleration (Averages)

200

150

100 200 300 400 500 €00 700 800 900 1000

Time (Equal Intervals)

Frequency,

Domain

Magnitude

1200

i i
0.03 0.04 0.05 0.06 0.07 0.08
Frequency (Hz)

0.0330
Hz
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Numerical
Model

2PMA4C Abagus

1000
500
]
Random
g -500
Vibration
1000
1500
-2000
Time
200 T T T T T T T T T
150 f-- -
& 100 -
Free fw Wl
Vibration 3 ‘ \
< 5
B S S s S
150 1 1 Il 1 Il Il 1 Il 1
0 100 200 300 400 500 600 700 800 900 1000
Time (Equal Intervals)
6000 T T T T T T T
5000
4000
Frequency 3 0.0420
= 3000
. =
Domain Hz
2000
1000
0

0 001 002 003 004 005 006 007 008
Frequency (Hz)
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Table 6.14 Casel2 (PPM5C) Test Results

Case 12 (2PM5C)

Physical
Model
Trial

Random

Vibration

Free

Vibration

Frequency, 0.0080

Domain Hz
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