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ABSTRACT

This thesis presents an investigation which examines experimentally the change
in modal parameters of a submerged cantilever due to the existence of fatigue cracks,
through vibrational and near field acoustical measurements. The modal behaviour of an
uncracked cantilever, in air and in various water submergences was also studied and
compared with numerical analysis.

The modal properties of an uncracked cantilever plate in air, and in an infinite
water medium were first estimated by solid structure modelling and underwater shock
analysis using a finite clement program called ABAQUS. Ten modes were investigated
for the dry cantilever and three bending modes for the submerged one. The effect of the
depth of submergence of the cantilever on its modal properties was determined
experimentally. It was observed that a maximum lowering in the structure's natural
frequency of 33% occurred in the first bending mode. The damping ratios of the
submerged cantilever increased one to six times in accordance with the different modes.
When the ratio of immersion depth to the span length of the cantilever exceeded 0.4, the
modal properties of the submerged structure tended to be independent of the depth of the
submergence.

In the fatigue test, a cantilever plate was subjected to a cyclic loading with
constant magnitude in air. Vibrational and near field acoustical tests were conducted at
various fatigue cycles both in air and in water. Modal parameters and normalized

acoustic intensities (NAI) were monitored as fatigue cycles accumulated. It was



iii
found that those modal frequencies (bending frequencies in this study). with wave

to the crack ion direction were sensitive

indicators of structural cracking. When the ratio of crack area to the total cross sectional
area of the plate (normalized crack area) assumed 33%, the crack was detectable by a
maximum natural frequency change of 3~4% in both the air and the water media. It was
about 17% when the normalized crack area was 57%. 1.5 to 2 times increase in damping
ratios and 3 to 6.7 dB decreases in NAI magnitudes were observed when the normalized
crack area exceeded 47%. Fatigue results of the submerged cantilever agreed well with
that of the dry cantilever for all modal frequencies and the lower modal damping ratios.
Modal parameters extracted from the acoustical measurements agreed well with those

from the vibrati made on the i and with most of

the parameters noted for the dry cantilever. There were discrepancies of modal damping
ratios for the 2nd and the 6tk bending modes of the dry cantilever.

The frequency response functions (FRF) and the nearfield acoustical pressure
transfer functions (PTF) of the uncracked cantilever in air were simulated by using
ABAQUS computer program and compared with the experimental results. Measured and
simulated natural frequencies of the dry cantilever plate have good agreements. The
maximum difference was 2.67%. Good agreements were also observed between measured
and simulated FRFs for the first four bending modes and PTFs for the 3rd and 4th

bending modes. The it i of PTF i was found to be 5.9 dB

for the PTF magnitude of the first bending mode.
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CHAPTER 1. INTRODUCTION

Future Canadian oil gas related facilities will include a number of large sicel
platforms. These structures reside in an environment that subjects them to cyclic stress
reversals of varying magnitudes, inducing fatigue cracking at the welded joints where
stress concentrations are high. Fatigue cracking is a serious concern in these structures
as it leads to a collapse of joints.

Modal analysis, which is the process of determining the dynamic properties of a

structure either by i or math ical ing, or by a ination of both,
and subsequently characterizing these properties in terms of the structural modes of
vibration, has been studied extensively by many researchers (Gomes and Silva, 1990;
Springer and Reznicek, 1994; Silva and Gomes, 1994; and Perchard and Swamidas, 1994)
as a promising nondestructive detection technique (NDT). Detection of fatigue cracks
through acoustic measurements has the potential advantage of realizing nondestructive,
non-contact monitoring of operating structures.

The feasibility to extract accurate modal parameters from nearfield acoustic
rmeasurements has been investigated by Guigné et al. (1992). Comparisons were made
by Klein et al. (1994) on natural frequencies obtained from contact modal testing and non-
contact nearfield acoustic modal testing for a cantilever beam in air. Detection of fatigue
cracks through acoustic measurements is considered to be a viable approach but with
limits poorly understood or docurnented. While current studies on fatigue detection

techniques concentrate on the detection or localization of fatigue cracks in dry structures,
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swdies on submerged structures are urgently required. However, only a few studies have

d fatigue crack identification of ipri 1993, and
Silva and Gomes, 1992).

Despite the limited application to fatig, k detection, vibrational and acoustical

properties of heavy fluid-structure coupled systems have been studied extensively through
various methods. Experimental studies on the influence of fluid oz: structural dynamic
properties were carried out by Lindholm et al. (1965), Jezequel (1983) and Budipriyanto
(1993). Numerical analysis of the modal properties of fluid-structure coupled systems
were carried out by Dowell and Voss (1963), Everstine (1991), Ettouney et al. (1992),
Daddagzio et al. (1992), and DeRuntz (1989). The influences of immersion depths and
fluid environment on the modal properties of submerged structures were studied by
Lindholm et al. (1965), Muthuveerappan et al. (1978, 1979), and Cao (1994).

In general, current numerical and experimental studies have investigated various
methodologies and techniques to examine in detail the various mechanisms connected
with a fluid-structure coupled vibrating sysiem. It was observed that the vibrational

properties of may be i of the depth of fluid submergence

if certain conditions are reached. However, studies on the effect of immersion depth on
structural modal parameters are restricted to natural frequencies. Few studies have
reported investigations of nearfield acoustic properties of submerged structures, nor have

these properties been used to identify the presence of fatigue cracks.



1.1 Scope of The Thesis

This thesis reports the findings of a i i i igation on

detecting fatigue cracks in a submerged cantilever plate. Theoretical studies include

of modal ies of the ked cantilever plate in air and in water, and
simulation of the frequency response functions and the nearfield acoustic pressure transfer

functions of the cantilever plate in air. The influence of immersion depths on the modal

of the sub i plate was also investigated through
experimentation. These studies are presented in seven chapters.

Chapter 2 gives a literature review of the previous studies on topics of fatigue
crack detection in solid structures, acoustic modal testing, and heavy fluid-structure
interaction problems. A theoretical background to modal analysis and to acoustic
intensity measurement techniques, as well as some practical considerations in conducting
dynamic testing and data processing, have been briefly reviewed in Chapter 3.

Studies on modal properties of an uncracked cantilever plate in air and in water

are presented in Chapter 4, which include i imation of natural ies of

the urcracked cantilever plate in air and in water. An experimental study on the change
of modal parameters due to the change of fluid medium from air to water is also given.
Chapter 5 highlights the results of the experiments on the change of structural

modal parameters both in air and in water due to the presence of fatigue cracks. Natural

frequencies, damping ratios and ized acoustic i ities were itored at various

fatigue cycles and crack dimensions. The results were compared and discussed.
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Numerical simulations of zoom FRFs and PTFs of the uncracked cantilever plate
specimen in air are presented in Chapter 6; these results are compared with those obtained

from the experiments in Chapter 5. Chapter 7 provides a final set of conclusions.



CHAPTER 2. LITERATURE SURVEY

2.1 Previous Studies on Vibrational and Acoustical Properties of
Submerged Structures

Studies on vibrati and i perties of tructures are

generally categorized as acoustic fluid-structure coupled problems. The acoustic fluid
properties and the structural vibration properties are closely related to each other. The
combined vibro-acoustic properties are sensitive indicators of the state of structures.
There are two major areas in the study of fluid-structure coupled problems. One
is on the energy-contained system, in which the research interest has been focused on the

dynamic properties of such as modal freqy modal damping,

‘mode shape and harmonic response (Everstine, 1991; Robinson and Palmer, 1990; and Fu
and Price, 1987). The other is on the energy-radiating system, which determines the
acoustic radiation and scattering responses induced by harmonic excitation of submerged
structures (Ettouney et al., 1992, Daddazio et al., 1992; Everstine and Henderson, 1990
and Marcus, 1978).

‘When ining the dynamic of structures, studies have

been restricted to responses in the low frequency regime. The fluid acts as an added mass

to the structure, i.e., the fluid pressure on the wet surface is in phase with the structural

Dry mode imation theory has been developed for this case. This
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theory was first introduced by Dowell and Voss (1963) when they investigated the effect
of a cavity on the supersonic response of an aircraft panel. The free vibration of a
structure in a coupled system was expressed as the sum of the in-vacuo modes of the
structure. Dry mode theory was applied by Pretlove (1965) to investigate the free
vibration of a rectangular panel in a closed rectangular cavity. Pretlove set the expanded
functions (dry mode) of the structure to satisfy the fluid boundary conditions individually,
thus reconciling the structure and the fluid boundary requirements.

Taylor and Duncan (1980) and Robinson and Palmer (1990) extended the dry
mode theory to heavy fluid-structure coupled problems. Taylor and Duncan described the
dynamic responses of a generally submerged structure as the sum of the in-vacuo mode
shapes of the structure. All the hydrodynamic actions including those induced by the
motion of the structure, were retained on the right hand side of the equations of motion,
which means the effect of the free surface and the three-dimensional fluid flow were
retained in the analysis. Robinson and Palmer deduced the fluid pressure function or fluid
velocity potential by solving the wave equation with the unsteady Bernoulli equation
applied at the fluid-structure interface.

Dry mode approximation theory is simple to perform and is useful to solve low

low

of fluid coupled structures. However, in-
vacuo mode shapes are not eigenfunctions of the coupled system. At higher frequencies,
the fluid impedance, which is the ratio of fluid pressure to velocity, is mathematically

complex, indicating mass-like and damping-like effects. This means that the added mass
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* effect is diminished and the added damping effect is increased. Real modal analysis is
no longer valid in this case. Therefore, when acoustic radiation and scattering of the fluid
coupled structure is the main concern, wet mode theory should be introduced.

Wet modes of submerged structures were investigated by Ettouney et al. (1992)
as a method for determir  tne acoustic radiation and scattering responses induced by
harmonic excitation of a submerged structure. Wet modes in the study by Ettouney et al
were not the complex eigenvectors and eigenvalues of the frec vibration of a structure in
fluid, but were the complex vector components of the spatial part of the free harmonic
vibration at the forcing frequency of the fluid-structure coupled system. The surfuce
velocity could be obtained by multiplying the wet mode with appropriate coefficients, and
thus the far-field pressures could be calculated.

Everstine and Henderson (1990) investigated the combined use of finite element
and boundary element analyses to deal with fluid-structure coupled problems. The surface
fluid pressure and the normal velocity of an arbitrary three-dimensional elastic structure
were calculated by coupling the finite element model with a discrete form of the
Helmholtz surface integral equation of the exterior fluid. Far field radiated pressures were
then calculated from the surface solution using Helmholtz exterior integral equation.

DeRuntz (1989) combined finite element and boundary element analyses to
investigate the transient response of a totally or partly submerged structure due to an
acoustic shock wave of arbitrary pressure profile and source location. The added mass

of the structure, was first calculated using boundary element treatment of Laplace's
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equation for a flow generated in an infinite, inviscid, and incompressible fluid by motions
of the structure’s wet surface (DeRuntz and Geers, 1978). The structural response was
considered to be linear elastic and the mass and stiffness matrices were constructed by
standard finite element codes. Doubly asymptotic approximations were used to
approximate both the low-frequency and high-frequeiicy motions at the fluid-structure
interface. The fluid and structure equations were solved separately and the results were
computed for esch time increment. The combination of finite element and boundary
element analyses would be a suitable technique to deal with the coupled problems if the

advanced

computation time could be reduced by i

Instead of invoking finite element analysis, Jezequel (1983) investigated the
possibility of evaluating the fluid inflience on the structural response through
experimentally measured natural frequency data, for both in vacuo and in contact with
fluid conditions. The discrete model which expresses the dynamic behaviour of the fluid
structure coupled system was obtained through an optimization procedure.

The influence of immersion depth on the natural frequency of submerged structures
were studied by Lindholm et al. (1965), Muthuveerappan et al. (1978), Fu and Price

(1987), Budipriyanto (1993) and Cao (1994). Lindholm et al. carried out extensive

studies on the vibrati properties of plates. Different plate

and fluid i ion depths were i i The natural ies of the
submerged plates were found to decrease as the immersion depth increased. However,

significant changes occurred only when the submerged depth was less than half the span
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length of the plates. Fu and Price (1987) discussed the dynamic characteristics of a

partially or totally immersed vibrating cantilever plate, using a hydroelastic theory. The

y i i were found to reduce rapidly as the plate was
placed further from the free surface, which is in agreement with Lindholm's study.
Muthuveerappan et al. (1978) showed that the first non-dimensional frequency was
always changing until a certain water depth was reached. The higher non-dimensional
frequencies tended to be constant when the immersion depth ratio, which is the ratio of
immersion depth to the span length of the plate, was 2.75. The influcnce of the water
depth under the plate and the water volume in the horizontal direction of the cantilever
plate was also investigated by Muthuveerappan et al. (1979). It was found that the
variation of natural frequencies of a submerged structure was negligible in a fairly broad
fluid medium. This analysis was conducted by using finite element analysis under the
assumption that the acoustic pressure was zero at the free surface and the pressure
gradient, as well, was zero at the interface hetween the fluid and the rigid side walls.
Budipriyanto (1993) studied the change of natural frequencies of a deep submerged
cantilever plate. A 40% reduction of natural frequency was observed when the immersion
depth ratio was 0.76. Cao (1994) investigated the effect of immersion depths on the

added mass factors of a SFSF (S-simply supported, F-free); and a CFCF (C-clamped, F-

free) plate. The i i ion depth ratio i was 0.5.

In summary, the vibrati and i ies of structures have

been examined; yet the acoustic behaviours of heavy fluid-structure coupled systems as
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measured from experiments remain poorly i and
investigations of the effect of immersion depths on the modal parameters of submerged

structures have been restricted to natural frequencies only.

2.2 Previous Study on Fatigue Crack Detection

Fatigue cracks in structural elements are usually monitored by non-destructive
techniques (NDT) such as visual inspection, magnetic field, thermal contours, X-ray,
strain gauge, laser interferometry, acoustic emission and modal analysis (Mannan et al.,
1994). Studies on acoustic-related NDT methods are briefly reviewed in the following

sections.

2.2.1 Detection of Propagating Cracks by Acoustic Emission

Detections of propagating cracks, within solid structures, by sound emission
techniques were investigated by Chishko (1990,1992) and Krylov (1983). Krylov
developed a generalized approach, which analyzed the radiation of sound by cracks of
arbitrary configurations based on Huygens' principle. His paper showed that it was
possible to determine the movement of the edges of a crack under the action of applied
external stresses, and capture the radiations from it. The results indicated that the

stages of the i iate growth of the crack were accompanied by a

sharpening of the direction of the sound waves generated by it.

Chishko (1992) modelled ihe acoustic emission from an axisymmetrical crack
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growing in an unbounded homogeneous, isotropic elastic medium. The extension of the
crack was interpreted as a process where the fluxes of prismatic dislocation loops within
the volume of the medium were annihilated at the surfaces of the cracks, accompanied
by transitional radiation of sound. Based on this assumption, the space-time
characteristics of the growing cracks and their acoustic emission properties were
determined by the dynamics of the dislocation fluxes in the volume of the medium, which
in turn, depended on several factors not directly related to fracture kinetics. Tie volume

mobility of the dislocations indirectly influenced the process of the crack growth.

2.2.2 Detection of Fatigue Cracks by Moda!, Analysis

Theoretical and experimental modal analyses have been carried out by many
researchers such as Gomes and Silva (1990), Springer and Reznicek (1994), Silva and
Gomes (1994) and Perchard and Swamidas (1994), as effective techniques to detect
fatigue cracks through changes of modal parameters. The detection and localization of
cracks in a thick cantilever beam were investigated by Silva and Gomes (1994).

of natural ies were observed on the cracked beam both

from numerical and experimental studies. Changes in natural frequencies were used to
predict and locate the position and depth of an "unknown" crack. A theoretical model
was set up for a cantilever beam with a concentrated load at the free end. The cracked
beam was modelled as two shorter beams connected through a torsion spring, which

simulated the stiffness of the original beam at the section where the crack existed. Based
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on the knowledge of the ratios of the natural frequencies of the cracked/uncracked beam,
a computer program determined the location and depth of a crack in the structural
element. The computation time of this program would be quite lengthy for complex

structure: i these ions would be difficult and even impossible, since

the use of a relatively small number of modal parameters yields a rank-deficient set of
equations.

Investigations into the changes of modal parameters of a slender plate with notch
type cracks were carried out by Perchard and Swamidas (1994). Results showed that the
presence of a crack caused reductions of the natural frequencies for a number of modes,
when the mode shapes exhibited high degrees of curvature in the vicinity of the crack.
This phenomenon, namely, "The position of the crack obviously affects the modes
differently", was also observed by other researchers, for example, Springer and Reznicek
(1994), Silva and Gomes (1994), and Meneghetti and Maggiore (1994).

Perchard and Swamidas (1994) and Chance et al, (1994) investigated the change
of mode shapes and curvatures of structures due to the existence of cracks. It was
assumed that at the crack location, there would be a characteristic change in the mode
shape that did not occur in the uncracked model. Therefore the modal displacement or
the curvature, which was obtained by differentiation of the mode shapes, could be used
as sensitive indicators of fatigue cracks, even for the modes that exhibited very little
frequency shifts. Curvatures obtained from the experimental data in the study by Chance

et al. were found to be limited in highlighting the presence of cracks. Chen and



13
* Swamidas (1994) studied the change of modal parameters of a plate with a small growing
surface crack. Different methods were compared for their sensitivities to indicate the
presence of a surface crack. Local strain frequency response function was found to be
a sensitive method for detecting surface cracks.

Springer and Reznicek (1994) investigated an appropriate model that could be used
to represent the physical properties of a crack. Four linear spring stiffness constants,
namely, one axial spring stiffness constant, two bending spring stiffness constants, and
one torsional spring stiffness constant, were used to model the cracked section of a L-
section beam. Numerical results showed a much greater reduction in natural frequencies
than that observed from experiments, indicating that some coupling effects in the actual
beam were not properly represented in the numerical model.

The signal processing part of a fatigue crack identification program is sometimes
called a neural system. A neural system mimics the pattern recognition capability of a
human brain. Based on measured changes of structural modal parameters caused by
fatigue cracks, the neural system locates and quantifies the changes of mass, stiffness and
damping in a structure. A prerequisite for the use of a neural netwcrk is that it must be
trained. Mannan et al. (1994) trained the neural system by structural dynamic
modification (SDM) procedure, which sets up the relation between the modified structure
and the modification in its mass, stiffness and damping matrices. Chance et al. (1994)
showed that mode shapes and curvatures calculated from finite element approaches could

also be used to train the neural system. In general, changes of modal parameters, of
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cracked/uncracked structures, obtained from experimental tests, serve as a basic indicator
of physical fatigue cracks in structural elements. However, studies on detection of the
presence of fatigue cracks in submerged structures are quite limited. The mechanism in

which a crack ii the modal ies of dry and structures requires

further study.

2.3 Nearfield Acoustic Measurements for Fatigue Crack Detection
Application

Traditional modal analysis was carried out through contact measurements by

and i i ible in the

accelerometers or strain gauges, which s il
monitoring of complicated operating structures. Acoustic modal testing and acoustic
sensitivity analysis have been investigated by Guigné et al. (1987 (a), (b), 1989, 1992)
and Okubo and Masuda (1990) as effective nondestructive and non-contact detectors of
fatigue cracks. A conceptual idea of detecting fatigue cracks through acoustic
measurement was introduced by Guigné et al. (1987a). Analysis of the deformation of
a partially cracked welded T-plate was carried out using this methodology by Guigné et
al. (1987b). The feasibility to extract modal information from nearfield acoustic profiles
was illustrated by Guigné et al. (1992). Vibro-acoustic studies of a cantilever plate were
carried out in air, using the finite element program ABAQUS. The system was modelled
using beam elements and acoustic elements. The structure was excited at a frequency

around one of its natural frequencies. Acoustic pressure variation was investigated in a
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plane perpendicular to the surface of the plate along its length. The acoustic pressure

variation at the plate surface was observed to be in the shape of the specific bending

mode of the plate. The feasibility of ing modal data from i v obtained
acoustic pressure measurements and acoustic intensity measurements were also illustrated

by Guigné et al. (1992). The relation between the mode shape and the vertical component

of acoustic intensity was given on a ical basis and proved

Monitoring change of structural modal parameters, due to the presence of fatigue
cracks, through vibrational and nearfield acoustical measurements was studied by Klein
et al. (1994). FRF (Erequency Response Function) and PTF (Pressure Transfer Eunction)

from and mi were on a cantilever

beam in air at different fatigue cycles until the plate failed. The reduction of natural
frequency was observed from both FRF and PTF measurements.

Dynamic Acoustic Intensity Scanning (DAIS) (Guigné et al., 1989), or Nearfield
Acoustical Holography (NAH) (Hallman et al., 1994) were also used to detect acoustic
sources or sinks in light or heavy medium. Guigné et al. (1989) studied a DAIS
technique for its potential capability of detecting fatigue cracks of submerged structures.
A plate was put into a cylindrical water tank. Acoustic intensities at different locations
near the plate surface were measured by using a pair of hydrophones. Measurements
from repeated tests showed good agreement, indicating that it is possible to detect fatigue
cracks through a DAIS type of technique. Hallman et al. (1994) used the NAH technique

to locate sources in a full enclosure with hard, rectangular walls. An aluminum plate was
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excited mechanically by a point force, and the velocity of the plate surface and the
acoustic intensity near the plate surface were reconstructed using the NAH technique.
Experimental results showed that the acoustic energy entered and left the vibrating system
through the driven point and the leaks (loose mountings of the plate) at low frequencies.
At higher frequencies, the effect of the leaks became dominant. These leaks were
detected as sources or sinks of acoustic energy on the plate surface. The results showed
promise in detecting structural cracks (leaks) by the sink or source effect of the normal

acoustic intensity measured or reconstructed.

24 Summary

In summary, the vibration and acoustic properties of submerged structures have
been studied. Studies on the influence of immersion depths on the natural frequency of
submerged structures have been explored. Reports on the effect of immersion depths on
damping ratios of submerged structures are however limited. Detection of structural

fatigue cracks through vibs tics is i feasible in i and

advantageous in practice. Currently reported studies focused mainly on fatigue crack
detection of plate structures in air, Hence the studies presented in this thesis focus on the
detection of fatigue cracks in submerged structures through vibrational and nearfield

acoustical The i of i ion depths on both natural frequencies

and damping ratios of a i plate were i i with regards to the

first ten structural modes. A ical study i the vibrati and nearfield
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acoustical properties of the uncracked cantilever plate in air medium.



CHAPTER 3. MODAL ANALYSIS THEORY

Structural modes are represented by their natural frequencies, damping ratios and
mode shapes in a modal analysis. The basic aspects of a modal analysis include three
parts: 1) mathematical modelling, using different assumptions about the vibrating
systems such as single degree or multi-degree systems, undamped or damped systems etc.,
2) modal testing, using various testing techniques and signal processing methods to
obtain frequency response functions of the structure; and 3) modal parameter extraction
that serves as a bridge to link the mathematical model and the modal testing data. Simple
or complicated software is involved in the identification process, which extractes modal
parameters of the structure. A brief review is given in the following sections on various

aspects of modal analysis, with an emphasis on those aspects used in this study.

3.1 Mathematical Model
Experimental modal analysis is so closely related to vibration theory that

mathematical modelling becomes a basic part of the process. The system modelled is

assumed to be linear, time-invariant, and satisfies B theory.
3.1.1 Single Degree-of-Freedom (SDOF) Model
The simpiest mathematical model of a dynamic system is a single-degree-of-

freedom model; the practical system is modelled as a spring-mass system with hysteric
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or viscous damping. The governing equation is:

3.0
mit(£) +ex(£) +kx (£) =E (£) ‘
where m, c, and k are the mass, damping and stiffness of the system. Taking Laplace

transform of Equation (3.1) and assuming the initial displacement and velocity of the

system to be zero, the transfer function of the vibrating system can be obtained as:

X(s) .
F(s) ms?+cs+k

H(s)=s" 32)

where s = 0 + jo is the Laplace variable; and F(s) and X(s) are the Laplace transforms
of the input force and the output response. H(s) represents different response quantities
in measurements when o is assigned different values. It is a displacement transfer
function or receptance when @ = 0, a velocity transfer function or mobility when ot = 1,
and an acceleration transfer function or inertance when o = 2. When the system is
excited by a sinusoidal force, the transfer function H(s) is called frequency response

function or FR.F. and for the case of receptance itis:
s ) = X(Jw) 33
H(jw) o 33)

where F(jo) and X(jw) are the fourier transforms of the force and displacement signals.
It is clear that H(jw) is complex in nature due to the existence of damping in the
structures.

For a system with viscous damping, the Nyquist plot of the mobility function



20

Y(jw) = jo * H(jo) represents a modal circle. Its equation is:
[Re(¥) =5 13+ (In(¥) 122 ()2 @4)
Zc Zc

Equation (3.4) forms the foundation of various curve-fitting methods used to extract
modal parameters from experimentally measured data.

The SDOF model stated above is useful because it is a principal analysis that can
be adopted to the analysis of a multi-degree-of-freedom (MDOF) system. It is applicable
to the analysis of a MDOF system when the vibration modes of the system are relatively

separated between each other.

3.1.2 Multi Degree-of-Freedom (MDOF) Model

A MDOF model can be expressed as:

[m) % (£) b+ [ b (£) b+ [k be (£) D=4 (£)) 82

Following similar procedures described for the SDOF system, the displacement transfer
function of a MDOF system can be expressed as :

_&(s)}, 1 (6)
A IO EI GRS

or
(H(s)]=[B(s)], where [B(s))=s?[m] +s[c] +[k]

The frequency response function matrix [H(jo)] is obtained by replacing s with jo in



Equation (3.6) and is given by:

S TE e e "
(H(jo) 1 =[B(jw) ] TetTBGaT (K}

where [A(jw)] is the adjoint matrix of [B(jw)], and Det[B(jw)] is the determinant of
[B(jw)). The natural frequencies w, (r=1,2,3....) of the system can be obtaincd by setting

the determinant of [B(jw)] to zero:

Det [B(jw,)]=0 3.8
Combining Equations (3.7) and (3.8), the following condition is deduced :
[B(j@)] [Ajw)]=[0] 3.9)
Matrix [A(jo,)] in Equation (3.9) contains information about the eigenvectors of the
system. To illustrate this, consider the homogeneous form of Equation (3.6):

[B(o)] (x,)=(0} =12,..n (3.10)

where {X(jw)) has been replaced by {x,) to indicate the satisfaction of the homogeneous

condition; «, and {x,) are the rth natural frequency and

P y.
Comparing Equations (3.9) with (3.10), it is clear that any one column of matrix [A(jw,)]

is proportional to the eigenvector {x,} for the same order of natural frequency.

The transfer function in Equation (3.7) can further be expressed as a linear sum

of the modal responses of the structure:
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[A()q)] (A(ja)"*]
H ;E e LA A SE8) @an

or

n
o s HsJ™1 | (s, (3.12)
[H(jw)) ,g;(_'_w-ﬁk it )

Equation (3.11) or (3.12) is the mathematical model for a linear MDOF system with
general viscous damping, where @, is the rth complex frequency, and (s} is the rth
eigenvector (x,} normalized with respect to the mass matrix [m]. It can be shown that
matrix [A(jo)] in Equation (3.7) is a symmetric matrix. In practical measurements, only
one row or one column of matrix [A(jw)] needs to be measured to determine the

eigenvectors completely.
The physical meaning of [H(je)] can further be stated as:

H, (50)= _A}?,'_:’r (3.13)

where Fy(jo) is the Fourier transform of the excitation force acting at point k of a
structure; and X(jw) is the Fourier transform of the response measured at point i of the

structure. The reciprocity of the system ensures that H,(jo)=H,(jo).
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If a system is proportionally damped. it will satisfy: (k] [m]" [c] = [¢] {m], [K].

A simple decoupled form of Equation (3.12) can be obtained as:

n
o)1= UsHs ) 3.14)
wOO Y, ot ‘

where @, is the rth undamped frequency, E, is the rth damping ratio of the system, and
(s,} is the rth real mode vector normalized to the rth principal mass. Equation (3.4) and
(3.11) through (3.14) are the basic mathematical models that are widely used in practical

modal parameter extraction procedures.

3.2 Modal Testing

The objective in modal tests is to obtain structural response functions, which are
used as inputs in the modal parameter extraction process. Various kinds of excitation and
data processing methods have been used to obtain accurate measurement data, and they

are briefly reviewed in the following sub-sections.

3.21 Choice of Excitation Signal

Different measurement techniques are closely related to different excitation signals

such as fast: p sine and pseuds dom signals. In a fast. p sine excitation, the
system is excited by a sine signal with a sweeping frequency and the linear response of

the structure is measured. It is important to maintain a proper sweep rate to eliminate the
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distortion effects of FRFs in these tests. In a pseudo-random excitation, a "periodic
random” signal, which consists of a mixture of magnitudes and phases of various
frequency components is used to excite the structure, and the responses of all frequency
components are measured at the same time. A "pseudo-random" signal may be adjusted
to satisfy certain requirements such as equal energy at each frequency or/and eauct
periodicity in the analyzer bandwidth, to effectively reduce the leakage and aliasing errors
usually encountered in discrete signal analyses.

322 of Transfer from Power Spectral Analysis

The acceleration or acoustic pressure response of a structure excited by a random
signal f(t) can be written as a random process x(t), where f(t) and x(t) are assumed to be
ergodic for a stationary random excitation. The properties of these random processes can
be represented by their correlations R,,(t) or Ry(t) in the time domain and their power
spectral densities S,,(®) or S{w) in the frequency domain. The frequency response
function of the system H(w) is related to the spectral density of the input and output

signals by:

S, (@) =|H(w) [ 25, (@) (3.15)

The above equation does not contain information about the phase of the transfer function.
In practical analyzers such as a B&K 2032 dual channel analyzer, a FRF is defined by

the cross spectral density of the two channels. If channel A represents the force input
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f(t) and channel B represents the response X(t), the FRF can then be written as :

_(_Tx ) (3.16
.16)

(@) -

Sy (@)

e @aan
xt

H(w) =

where Si{(w) is the one-sided, real valued ensemble average of the squared magnitudes of

the one-sided instantaneous complex spectrum as shown in Equation (3.18).

Sge (@) “F* (@) .F(w0) (3.18)
The cross spectrum between the force and response signals is the complex ensemble
average of the complex product of the complex conjugated one-sided instantancous

spectrum F'(w) of force and the one-sided instantaneous spectrum X(w) of response:
S (@) “F*(0) .X(0) (3.19)

A one-sided spectrum is double the value of the two-sided insta * aneous spectrum at the
positive real frequency axis and zero at the negative real axis.

In practice, the choice of H, or H, in Equations (3.16) and (3.17) depends on the
influence of noise. If the input signal is more prone to noise, for example, in the case of

resonant Se(w) will give results, and H, will be the appropriate

choice. If the output is more prone to noise, as in the case of anti-resonant or acoustic
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measurements, S,,(w) will be erroneous and H, will be the proper choice. The presence
of noise is verified by the coherence function, which is defined as:

|55 Ter |
PR (320)
Goclal G (@)

Yix (@) =

where 0 <y, (@) < 1.

3.23 Digital Signal Processing Techniques

Due to the truncation and discretization of measured signals, errors are introduced
in the estimations of FRFs, which include aliasing and leakage. Most analyzers have built
in methods to provide for proper compensation. A brief review about these problems and
compensation methods are given in the following sub-sections.

3.23.1 Aliasing

Aliasing is the result of a low sampling rate in an A/D conversion procedure. The
frequency component that is higher than the Nyquist frequency will be reﬂec.(ed back into
the corresponding lower frequency range, causing spurious resuits. To overcome aliasing,
an anti-aliasing low pass filter was automatically installed in the B&K 2032 vanalymn
However, a rejection range of (0.5-1.0) (@/2) is still recommended by Ewins (1984),
where , is the sampling frequency in the measurements.

3.2.3.2 Leakage

Leakage is caused by the use of a finite length of time history in signal analysis

and by the assumption that the data are periodic in that finite length. As a result the
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spectral magnitude is reduced in the vicinity of the true frequency value and spread over
the adjacent frequencies. To overcome leakage, weighting functions, or windows, are
used to modify the time domain signals. Different types of windows are available in
practical analyzers, for example, Cosine Taper, Hanning, Bessel, Flat top and Force

windows.

3.2.3.3 Zoom

In structures with light damping, resonant peaks are very sharp. Zooming of the
frequency spectrum within a narrow frequency band is needed to obtain accurate
estimations of modal damping ratios. In order to eliminate the energy outside the
interested frequency range, the excitation should also be banded if zoom is applied.
When measurement quantities are not transfer functions, recalling of the weighted data

is needed to compensate the attenuation of the signal by the application of the window.

3.2.3.4 Average and Overlap Average

Averaging of the processed data is required when random or dynamic signals are
processed to extract characteristic parameters. The number of averages required is
governed by the statistical reliability and the removal of spurious random noise from the
measured signals. Overlap average is another feature of modern analyzers. Overlap
effectively reduces the data length needed in the measurement. It also produces a

smoother spectrum than would be obtained if each data sample is used only once.
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3.3 Modal Parameter Extraction
For a generally damped MDOF system, the relation between a FRF obtained from

experimentation and that obtained from a mathematical model is :

n, o
. s Hs ") | s, s, 1" 1 (3.20)
Hy (o) w.a“’};m‘—”—:w R e A

where the summation from n, to n, is the modal response in the interested frequency
band; and the quantities M.R,, and K.R;, are the inertia and the stiffness residuals of the
response, which reflect the influences of the modes below and above the interested
frequency band and are usually treated as constants. In the vicinity of a natural mode,
the total frequency response of a structure is assumed to be mainly contributed by the
modal response of that mode. According to the treatment of the influence from other
modes, modal parameter extraction methods can be divided as SDOF methods and MDOF

methods.

33.1 SDOF methods
The simplest SDOF method is the Peak-Picking method, which assumes that a
FREF is only contributed by the rth modal response in the vicinity of the rth mode.

Therefore, Equation (3.14) becomes:

s 61,
2las-

@321
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The modal parameters of the rth mode can be extracted as follows:
1. The frequency that corresponds to the peak magnitude of the FRF is the estimated

natural frequency ©,;

2. The damping ratio &, is related to the frequencies , and «, as:
al-g? an
Vo o

where @, and ®, are the half-power points of the FRF magnitude spectrum.

3. The rth mode shape is obtained from Equation (3.21) as :

UsHs ™), = Hy (@) | - (28,@7) (323)

The sign of the modal vector can be obtained by comparing the relative phase difference
of Hy(®,) when i and k take different values. The Peak-Picking method is a rough
estimation because it does not consider the influence of other modes and uses data from
a small number of measured data points.

The most widely used SDOF method in practice is the SDOF curve-fitting method.
In the vicinity of the rth mode, the influence from other modes is assumed to be a
complex constant B,". Equation (3.21) becomes:

Hy, (@) =$£;}-—:%+EH' (3.24)

The first part of Equation (3.24) satisfies Equation (3.4) and is a modal circle in the
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complex domain. Modal parameters can then be extracted in the following steps:
1. The frequency that corresponds to the maximum rate of sweep of the arc at the
successive measured points near resonance is the rh natural frequency.
2. The damping ratio can be obtained by the following equation:
e i i
q,(tan,z‘_vtan%)

(3.25)

where , and @, are two angular frequencies on either sides of angular frequency ®, and
6, and 8, are angles shown in Figure 3.1. In practice E, is obtained by choosing different

sets of @, and , and by averaging the results obtained from Equation (3.25).

Figure 3.1 Nyquist circle
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3. The rth mode shape is related to the diameter ( D) of the Nyquist circle by:

Us s J™1 =Dy, (2.0 (3.26)

3.3.2 MDOF Methods

If modal frequencies of a structure are very closely coupled, MDOF methods are
required. The simplest MDOF method is the extension of the SDOF curve-fitting method.
A more detailed influence of modal response from other modes is considered in the

vicinity of the rth mode. Equation (3.14) is expressed as:

o,
sk, 3 Uske)l,, @

O [ s e
*r

The second term in Eqration (3.27) represents the influence of the other modes on the rth
modal response.

The SDOF and MDOF methods mentioned above are used in real modal analysis,
which assumes proportional structural damping. If the structural damping is of general
case, complex modal analysis has to be carried out. Natural frequencies and eigenvectors
of the structure will be complex in nature.

Time domain methods, such as Complex Exponential Method and Abraham Time
Domain Method, have been used to deal with complex modal analysis. A detailed

discussion of these methods can be found in Ewins' book (1984) or Perchard and
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Swamidas's overview (1990). These methods may give spurious modes in the estimations,

and the computation time would be quite lengthy for handling practical problems.

34  Acoustical Measurement to Extract Modal Parameters
Acoustic intensity is the amount of acoustic energy passing through a unit area per
second. Its unit is joule per square centimetre per second. The measurement of acoustic

intensity involves measuring the time-averaged sound intensity:

I=p.u (3.29)
where r represents the measurement position, p and « are the acoustic pressure and
velocity respectively. The accuracy of intensity measurement is limited by the accurate
measurernent of particle velocity i.

Cross spectrum method was proposed by Chug and Pope (1978) and Fahy (1977)
to measure the acoustic intensity. Two pressure signals, which are measured from closely
spaced microphones, are used to estimate the acoustic intensity I, and intensity spectrum

1,(w) at the midpoint by the following equations:

T, ﬁj I, (0)de (3.29)

I(0) = ——I[S

Gpeae e Son 0] (330)

where Sp,p,(0) is the one-sided cross spectrum between pressure signal p, and p,, ar is the
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microphone spacing, and p; is the density of the fluid medium. A simple verification of
Equation (3.30) is given as follows.
The acoustic intensity stated in Equation (3.28) is the cross correlation R_(1) of

pressure and particle velocity when T equals to zero. R,,(0) can be expressed as:

Ryy(0) = =[S, (w1do @an
and
I, (0) =Re(S,, ()] (332)

If the acoustic pressure p, and the velocity u, of a spatial point r is approximated by two

signals p, and p, , which are closely positioned near point r, as:

SPitPy L1 (Opgpno_1 _
B, p—fj‘.aidt plm[(p, p,)dt (3.33)

then the corresponding Fourier transforms are:

Pr(”)ntP,(m)*P,(o)]
(3.34)
1

U, (@) --]thu

[P, () -P,(w) ]
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Assuming, P (@) =P,, +j P, and Pyw) =P, + j Py, the acoustic intensity spectrum

can be obtained from Equation (3.32) as:

1

Tpeae (PP Puac) (335)

I(w=

According to Equation (3.19), the cross spectrum Sp,p,() of pressure signals p, and p, can

be obtained as:

S,p, (©) =P, (@) .B,* (@) = (P, P, +P, Py )+ (P, Py =Py P,.) (3.36)

Comparing Equations (3.35) and (3.36), it is found that :

S
L0 =t nlS, (0] @37

To reduce errors related to the measurement, the two microphone positions have
to be very closely matched compared with the acoustic wave length of the interested
frequency, i.e., koar << 1, where k, = w/c, is the acoustic wave number and c; is the sound
speed in the fluid medium. This condition is relativcly easier to be satisfied for intensity
measurement in water medium, because the speed of sound in water is much faster than
that in air. In fact, the hydrophone spacing has to be extended to reduce the error of
phase-mismatch between the two hydrophone measurement channels.

The phase mismatch error is caused by the phase mismatch between the two
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or

and filters in the two measurement channels.
A circuit-switching technique can be invoked to eliminate this error. The corrected

formula to estimate the acoustic intensity spectrum is:

s 1 v
BT e E 8

where H, and H,; are the frequency response functions of the first and second microphone
channels, respectively.
The phase mismatch error is directly caused by the use of two different sets of

microphone channels. Petterson (1979) improved the method by using only one set of

system. One mit moves from point to point, with phase referencing
to the driving system. A separate sensor such as an accelerometer or another microphone
can be used as a phase reference. The sound intensity spectrum is then calculated as:

1 g o Sor (3.39)

PATO

I(0)=

where S, is the auto-spectrum of the reference signal, Sp, is the cross spectrum between
the pressure signal at first position and the reference signal, and Spy is the result when the
pressure signal from the moved position is used. By setting up a reference signal, this

method removes the strict requirement of phase-match between the two microphone cha
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nnels. The measurement accuracy is actually controlled by the moving distance of the
microphone.
In order to set up common reference for comparison between different tests,

Guigné et al. (1992) further derived the normalized acoustic intensity spectrum, which is:

L@ 1SS 340
T =2 eI R ) (340)

If the structure driving force f(t) is used as the reference signal, Equation (3.40) becomes:

1

I"(m)=prnrw

In[H, ¢ (0) . H,(0)] @4

where Hp,r (0) and Hpy (w) are the pressure transfer functions (PTF) measured at two

points separated by distance ar, and they can be expressed as:

H Blw) EPz(m

A o™ o
where P,(w) and P,() are the Fourier transform of p, and p, and F(w) is the Fourier
transform of the driving force f(t). Equation (3.41) is useful in acoustic modal analysis
where the driving force varies with different resonant modes. The construction of mode

shape, however, requires the driving force to be constant throughout the tests.



CHAPTER 4. NUMERICAL ANALYSIS OF AN UNCRACKED
CANTILEVER PLATE USING FINITE ELEMENT
ANALYSIS (FEA)

4.1 Esti ion of Modal P by FEA

Finite element analysis (FEA) was carried out to estimate the natural frequencies
and mode shapes of an uncracked cantilever plate specimen in air and in water, using a
software called ABAQUS, developed by Hibbitt, Karlsson & Sorensen Inc. (ABAQUS
manual, 1994). The first ten modes were determined for the cantilever plate in air.
Natural frequencies of the submerged cantilever plate were estimated by using the
underwater shock analysis (USA) program incorporated in ABAQUS. Only the first three

bending modes were computed.

4.1.1 The Cantilever Plate Specimen

Figure 4.1 shows the geometry of a cantilever plate specimen. A stub was welded
near its clamping end to simulate a "T-joint", which is an accepted structural unit for
tests. The plate was made of mild steel with a mass density of @ = 7860 kg/m’, a
Young's modulus of E =2.01 x 10"" N/m? and a Poisson's ratio of v = 0.3. The physical

properties of the water medium, used in the ical si ion are at a

of T=20°C, a mass density of =998 kg/m’ and a sound speed of c=1450 mJs.
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Figure 43 Finite element mesh of uncracked cantilever without the weld stub

Figure 44 Finite element mesh of uncracked cantllever with the weld stub
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Figure 4.5 (cont. ) Mode shapes of the uncracked cantilever plate in air

4.12 Modal Parameters of the Cantilever Plate in Air

S8RS5 shell element, shown in Figure 4.2, was used to model the plate. This is a
8 noded doubly-curved shell element with five active degrees of freedom per node,
namely three displacements and two in-plane rotations. The cantilever plate was first
modelled without considering the weld stub; 200 elements were used as shown in Figure
4.3. Natural frequencies and mode shapes of the cantilever plate in air are shown in
Table 4.1 and Figure 4.5 respectively for the first ten modes. In a second case, the weld
stub was modelled by an additional 20 S8R5 shell elements as shown in Figure 4.4.
Table 4.1 shows the natural frequencies of the cantilever plate with the weld stub. The

mode shapes are almost the same as that shown in Figure 4.5.
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4.1.3  Underwater Shock Analysis (USA)

When a structure is submerged in water, its dynamic properties are influenced by
the coupling motion of the fluid. The influence is usually categorized into two aspects,
viz., the added mass and the added damping of the structure caused by the deformation
of the fluid surrounding it. As a result, the modal parameters of the coupled fluid-
structure system are different from that of the dry structure. Underwater shock analysis
(USA) program, available in ABAQUS, was used to investigate the changes in natural

frequency and damping due to deep submergence of the structure. A smooth cantilever

Figure 4.6 A S4RS shell element Figure 4.7 An USI4 boundary element

plate was used in the USA modelling. S4RS5 shell elements, which are four noded shell
elements with five active degrees of freedom per node as shown in Figure 4.6, were used
to model half the cantilever plate. Symmetric boundary conditions were applied along

the central line of the cantilever plate. USI4 elements, which are four noded boundary
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elements as shown in Figure 4.7, were used to model the fluid medium. USI4 elements
coupled the structural vibration with that of an infinite fluid medium by a doubly

asymptotic approximation (DAA). "Doubly i imations are

equations for the simplified analysis of the transient interaction between a flexible
structure and a surrounding infinite medium" (Geers, 1978). The first order

approximation DAA1 was given in classical matrix notation by DeRuntz (1989) as:

M, 1{,}+p, c, [A,)Ip }=p, c, [M ] ta,} @n

where [M,] is the symmetric fluid mass matrix, {p,} is the scattered-wave pressure vector,
pr and c, are mass density and sound velocity of the fluid, respectively, [A] is the
(diagonal) matrix of fluid areas, and {d,) is the vector of scattered-wave fluid velocities

normal to the structure's surface, which is coupled to the structure's response by:

(0, )=16]76d-(,} 42)

where [G]" is the transformation matrix that converts the structural velocitics {X} into
normal surface velocities at the centroid of each fluid element and lfn,) is the fluid
incident velocity.

An acoustic impulse excitation was applied to the centre of the cantilever plate's

free end. This simulated an explosion occurring in the z-axis far from the cantilever. The
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distance between the explosion source (or charge) to the location of the charge stand off.
i.e., the centre of the free end of the cantilever, was given as 9999 to approximate the
source wave as a plane wave. The pressure profile at the charge stand off was a step
function with a magnitude of 1.0. The charge was released at 0.00075 second and the

free response of the i plate was at 16384 time i

with a fixed time interval of 0.000025 second. The free vibration displacement at the
centre point of the cantilever free end is shown in Figure 4.8. Fast Fourier transform
(FFT) of the free displacement response was obtained by using computer program
MATLAB. The power spectrum of the free response was then calculated and is shown
in Figure 4.9. The peak frequencies in Figure 4.9 are also tabulated in Table 4.1. The
choice of time interval and time increments in the analysis is a compromise of data
quality and computation time. While small time intervals could catch high frequency
components in the frequency domain, they also increase the computation time and

decrease the frequency resolution. The frequency resolution in Figure 4.9 is 2.44 Hz.

Table 4.1 Natural of the from FEA

Mode | 1b | 2b | 1t | 3b | 2t | 4b | 3t | 4 | Sb | 6b

'f, (Hz) | 25.84|161.3 | 165.1 [451.8 | 516.2 | 885.2 [ 926.1 | 1424 | 1455 [ 1708

Air 'f.. (Hz) [ 25.87 | 161.4 | 165.4 | 451.8 | 517.0 | 884.4 | 927.1 | 1424 | 1452 | 1708

Water | fy, (Hz) | 17.08 | 1123 - 13368 - - - -

: natural frequencies of the uncracked cantilever in air without and with the weld stub
2f,: natural frequency of the smooth cantilever in water.
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4.2 Experimental Study on Modal Properties of the Uncracked
Cantilever Plate in Water

4.2.1 Set-up and Measurement System

The experiment was conducted in a 12x12x13.5 ft deep tank. An I-beam of height
1673 mm was fixed onto a 1100x650x300 mm concrete block to simulate a rigid base.
The cantilever plate specimen shown in Figure 4.1 was clamped to the top of the I-beam
with a cover plate and four bolts, each tightened with a 250 ft-Ib torque. The cover plate
was also clamped to the [-Beam alone with another four bolts, each tightened with a 150
ft-Ib torque.

The cantilever plate was excited by a point force acting at the centre of its free
end. A Kistler MOD 912 force transducer was used to acquire the excitation signal. A
B&K 4809 exciter was attached to an aluminum tube, which in tum, was clamped through
an aluminum clamping system to a steel frame that sat on the top of the deep tank. A
hollow stainless pushrod and a steel stinger connected the vibration exciter and the force
transducer. The overall set-up is shown in Figures 4.10 and 4.11. The exciter-hanging
system was designed to provide sufficient dynamic stiffness in the vertical direction. The
clamping frame also allowed the exciter to be adjusted in three displacement directions
and three rotational directions. This allowed the precise alignment adjustments between
the central line of the exciter and that of the force transducer. The pushrod was designed

in view of varying the water depth above the cantilever plate specimen.

Random and pseud: d itations were used in the ion and acoustic
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Figure 4.10 Experimental set-up in the deep tank
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Figure 4.11 A photo of the experimental set-up
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Figure 4.12 Measurement system

pecti The itation signal was generated by a B&K 2032
analyzer, amplified by a B&K 2706 amplifier and then output to a B&K 4809 exciter.
This signal gave a point random excitation to the free end of the cantilever plate. The
force signal was acquired by a Kistler MOD 912 force transducer, amplified by a B&K
2635 charge amplifier, and inputted into the analyzer for spectral analysis.

The responses of the fluid-structure coupled system were acquired through

and i The ions and nearfield

pressures of the plate were captured by B&K accelerometers, microphones and
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hydrophones in air and in water. The microphone responses were amplified by the built-
in pre-amplifying system, and the acceleration and hydrophone signals were amplified by
B&K 2635 charge amplifiers before being inputted into the analyzer for spectral analysis.

The measurement system is shown in Figure 4.12.

4.2.2 Calibration of Transducers

4.2.2.1 Calibration of Accelerometers

The calibration of accelerometers were carried out by using a dedicated B&K 4291
calibrator and 2 B&K 2032 analyzer. When the calibrator was properly adjusted
according to the weight of the accelerometer, it gave a standard acceleration output. The
root mean square (RMS) value of its autospectrum equalled 7.07 m/s’, which was
monitored by the analyzer. Figure 4.13 (a) and Table 4.2 shows the calibration set-up and
results. The measured outputs and the reference outputs were in good agreement,

indicating that the sensitivity factors of the accelerometers were very stable.

4.2.2.2 Calibration of Force Transducer

The calibration of the force was. through a reference

The calibrated was used as a reference. The
calibration setup is shown in Figure 4.13 (a). A series of standardized weights were

added to the cali Both the and the force were mounted

on the output of the calibrator. When the calibrator was properly adjusted according to
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Figure 4.13 Calibration set-up

the total mass of the calibrating system, it gave a standard acceleration a, equal to 7.07
ms? RMS value, which corresponds to a voltage output of 223.5 mV given the specific
scale setting of the charge amplifier for the reference accelerometer. The total mass
included the mass of the accelerometer m,., the moving mass of the force transducer m,,,
and that of the standard weight block m,,; the output force F., was acquired by the force

transducer and monitored by the analyzer. The sensitivity of the force transducer Sy can
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be obtained from Equation 4.3.

S “.3)
Vo Vonico’ 55 (M Tg?m, ) 2

where Sp and V,,,, are the temporary settings of the sensitivity of the force transducer
and the unit output on the charge amplifier. V,,, is the voltage output of the measured
force. By changing the standard mass added to the vibrating system, a series of force
outputs can be read out and used to calculate the sensitivity of the force transducer and

its moving mass. The results are shown in Table 4.2.

Table 4.2 Results of force transducer calibration

Load (g) | a(mV) Vou (mV) | S (pe/N) | my, (gram)
5 223.54 37.82 == o
10 223,69 5348 11.28 4.87
15 22326 68.48 108 5.62
20 22332 81.74 9.55 8.64
25 22372 97.42 11.29 386
30 223.34 11229 1071 5.56
38 223.57 13595 1071 5.56
Average 2235 | - 10.71 572
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4.2.2.3 Calibration of Microphones

A B&K 4220 pistonphone and an intensity coupler UA09 14 were used to calibrate
a pair of intensity microphones. The pistonphone generated a 117.9 dB,, ., icoustic
signal at 250 Hz. The signal was measured and amplified by the microphone under
calibration. The acoustic signals were taken through an eight channel multiplexer to the
analyzer. The linear RMS value of the autospectrum of the signal was then calculated.
The spectrum was averaged 100 times in a 0-800 Hz frequency span. 50% signal overlap
and a rectangular window were used to obtain the averaged spectrum. Figure 4.13 (b)

and Table 4.3 show the calibration setup and results.

‘Table 4.3 Results of calil i of response
Serial Sensitivity Reference RMS
‘Transducers
number factor output output

1342690 | 0.310 pe/ms? 2234 mv 2230 mv

Accelerometer | 1342691 | (0,320 po/ms® 2234 mv 2228 mv

1335821U | 120 mv/Pa | 117.9 dB 9,5, 118.06 dB

Microphone 1335821L 11.5 pc/Pa 1179 dB. 20,0 117.6 dB

Hydrophone 1250163 0.458 pc/Pa 15176, 1,p, 151.59 dB
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4.2.24 Calibration of Hydrophones
A hydrophone calibrator 4223 with extension units UA0O546 and UA0903 were

used to calibrate the B&K 8105 ‘The calibrator d a 15176 dB,, 5,

standard acoustic pressure signal at 254.5 Hz. The signal was acquired by the
hydrophone, amplified by the charge amplifier, and then sent to the analyzer. The linear
RMS value of the autospectrum was then calculated in a 0-400 frequency span. 50%
signal overlap and a rectangular window were used to obtain the spectrum. The

calibration set up and results are shown in Figure 4.13 (c) and Table 4.3 respectively.

4.23 FRF Measurements in Air and in Water

FRF measurements in air and in water were made to obtain a preliminary

understanding of the dynamic ies of the i plate. The modal
parameters extracted from FRF were d to the ical results
from FEA. The reliability of the i set-up and the system was
verified.

The modal properties of the submerged structure with various submergence depths
were experimentally studied, as it was difficult to extract these properties through a FEA.
Water depths were established in accordance with the natural frequencies and the damnping

ratios of the submerged structure.
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4.23.1 FRF Measurement in Air

FRF measurements in air were performed in two steps. In the first step, the mode
shapes of the first four bending mode, the 4th torsional mode, and the 674 bending mode
were located by using broad band FRF measurements. Random noise was used to excite
the cantilever plate. Acceleration FRFs of the cantilever plaie were measured at the
intersections of a 3-by-9 mesh for the first four bending modes and the 4th torsional
mode, and a 7-by-9 mesh for the 62k bending mode. At each acquisition point, FRF was
collected through three broad band windows, namely, 0-800 Hz, 800-1600 Hz, and 1600-
2400 Hz. FRF peak magnitudes were used to construct the mode shapes of the specimen,
which are shown in Figure 4.14. In the second step, Zoom FRFs were obtained to
correctly identify the natural frequencies and damping ratios of the cantilever plate. The
first six bending mode and the first four torsional modes were investigated. Frequency
resolutions were 62.5 mHz for the first and second bending modes, 0.25 Hz for the third
to sixth bending modes, and 7.81, 15.6, 31.3 and 62.5 mHz, respectively, for the first four
torsional modes. The accelerations were measured at 10 positions along the centre line
of the cantilever for the first six bending modes and 3 comer positions for the first four
torsional modes. The FRF data were processed by using a SDOF model. In the vicinity
of the resonant frequency under consideration, the modal response from other modes were
considered to be constant (Equation 3.24). The natural frequencies and damping ratios

of the cantilever plate in air are shown in Table 4.4 .
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Figure 4.14 Mode shapes of the cantilever in air obtained from the experiments
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Table 44  Natural frequencies and damping ratios (5*10°) of the uncracked

cantilever plate obtained from test in air and in water

Immersion depth
| 26 | 't [ 3 | 20| 4b| 3t |Sb |4 | 6b
ratio ( d/1)
A Freq.(Hz) {25.82|158.5|167.2 | 439.7 | 517. | 857.8| 917. | 1385 | 1415 | 1727
r
Damp.(e-3)| 0.53 | 1.41 [ 0.41 | 213 | 0.56 | 2.46 | 0.81 - 099 | 0.3
*0 | Freq.(Hz) |19.98124.5| 146.0 | 344.0 | 454.0{ 709.9| 8138 | 1160 | 1251 | 1554
0 Freq.(Hz) 19.08| 119.1(140.2 | 344.0 | 435.7 [ 681.5[781.1| 1124 | 1200 | 1491
: Damp.(e-3)| 1.72 | 2.64 | 0.75 | 430 [ 059 | 104 | 1.67 - 146 | 2.92
02 Freq.(Hz) (17.29| 108.7 { 132.1 | 311.6 | 412.1 | 632. [741.2| 1049 | 1144 | 1442
i Damp.(e-3)| 1.77 | 2.80 | 0.93 [ 439 | 0.73 | 158 | 1.02 = 170 | 36
04 Freq.(Hz) |17.11|107.8 | 132.0 | 309.8 | 411.9| 632.1| 740.9| 1047 | 1144 | 1441
: Damp.(e-3)| 1.80 | 2.87 | 0.85 | 487 | 0.73 | 122 [ 0.99 - 170 | 4.16
05 Freq.(Hz) |17.09(107.7 [ 132.0 | 309.7 | 411.9 | 632.8 | 741.0| 1047 | 1144 | 1441
i Damp.(e-3)| 1.80 | 2.76 | 0.85 | 507 | 0.72 | 11.8 | 0.98 - 169 | 4.13
06 Freq.(Hz) [17.07|107.6  132.0 [ 309.6 | 41.9 | 632.7|740.9| 1048 | 1143 | 1441
: Damp.(e-3)| 1.84 | 2.70 | 0.88 | 5.14 [ 071 | 11.0 [ 0.99 - 1.65 | 5.00
066 Freq.(Hz) [17.07|107.6 [ 132.0 | 309.3 | 411.8 | 632.3 | 740.5| 1048 | 1143 | 1441
) Damp.(e-3)| 1.88 | 2.62 | 0.87 | 5.14 | 0.72 | 114 | L.11 - 227 | 535

* 0 - in contact with fluid on one side only
'b - bending mode, ‘t - torsional mode



4.2.3.2 FRF Measurements in Water

To determine the change of dynamic properties of the i plate
due to fatigue cracking, it is important to distinguish the change in modal parameters
caused by the water medium and that by fatigue cracking. Influence of immersion depths
on modal parameters of the submerged cantilever plate was investigated in this test.

Seven immersion depths were used, which varied from structure-fluid contact
position to a position of maximum immersion depth (d) equal to 430 mm or 0.66 1, where
1 is the span length of the cantilever plate. At each immersion depth, zoom FRFs were
obtained at ten positions along the central line of the plate for the first six bending modes
and three comer positions for the first four torsional modes. The frequency resolutions
were the same as those used in air FRF tests. Table 4.4 shows the modal frequencies and

damping ratios of the submerged cantilever plate for various immersion depths.

4.3 Discussion
4.3.1 Natural Frequencies of the Uncrack=a Can!iVever

Natural frequencies of the uncracked cantilever in air, extracted from experimental
FRFs and FEA estimations, are compared in this section. Figure 4.15 shows the natural
frequencies cstimated from FEA (Table 4.1) versus that extracted from the experiment
(Table 4.4). The FEA results tend to give slightly higher values for higher bending

modes, indicating that the numerical model is stiffer tha+: 12 actual experimental
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Figure 4.15 Experimental and FEA results of natural frequency of uncracked

cantilever plate in air

specimen. In fact, this stiffening effect has caused a switching of mode numbers between
the 5th bending and the 4tk torsional modes, i.e. the Sth bending modal frequency was

higher than the 4th torsional frequency in FEA, but opposite results were observed in the

The overall between i ion and theory was idered

to be very good. The maximum error was 5%, which was observed for the 5tk bending
mode.
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The natural frequencies of the submerged cantilever plate with immersion depth
ratio d/1=0.66, could be compared with those obtained from FEA by using underwater
shock analysis as shown in Table 4.1. Good agreement was observed for the first three
bending modes. The maximum difference was 8.7%, which was observed in the third

bending Since lower i i the energy of the free impulse

response, it was difficult to estimate higher modal ies of the

plate by USA program. The experimental tests described below overcome this limitation.

432 Change of Modal Parameters due to Water Submergences

4.3.2.1 Natural Frequency

The relative change of natural frequencies, from air to various immersion depths,
were determined and shown in Table 4.5. The natural frequencies of the cantilever plate
dropped significantly when the plate was just in contact with the fluid. Figure 4.16 shows

that the relative decrease in the natural due to of the

plate was therefore observed to be frequency dependent. The decrease was found to be
greater in the bending modes than in the torsional modes and it decreased as the natural
frequency increased. The change in natural frequency was very small when the
immersion depth ratio d/I exceeded 0.4, where d is the immersion depth and 1 is the span

length of the cantilever,
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Table 4.5 Relative change of natural frequencies of uncracked cantilever in water

'l | 2b| 1| 3b 2 4b 3t | S5b| 4t 6b

‘0 226 215|126 188 | 122 | 172 | 113| 162 11.6 | 100

002 | 26| 248 16.1 | 21.6 | 157 | 206 | 148) 18.8| 15.1 | 13.7

02 330) 314 21.0(29.1 203 | 263 192 24.2| 19.2] 165

04 | 337 320|21.1|29.5] 203 | 263 | 192| 244 192 166

0.5 338| 32.1|21.1|29.6 [ 203 | 262 | 192 244 19.2| 166

06 339 32| 21.1| 29.6 [ 203 | 262 | 192 | 24.3| 19.2| 166

066 | 339 | 32.1{21.0(29.7 (203 | 263 | 192| 243 19.2 | 166

- ion depth ratio, where d is i ion depth and 1 s the span length of the cantilever;
*b - bending mode; * t- torsional mode; ‘0 - in contact with fluid on one side only

4.3.2.2 Damping Ratio

The increase of damping ratios of the uncracked cantilever plate at various
immersion depths, as a function of the damping ratios in air, are shown in Figure 4.17.
A marked increase in the damping ratios were observed when the plate was just in contact
with the water medium. The damping ratios increased by 1-6 times depending on the
different modes. The change of damping ratios became smaller when the immersion

depth atio exceeded 04,
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Figure 4.17 Increase of damping ratios of uncracked cantilever at
various immersion depths

43.2.3 Mode Shapes

The variation of mode shapes with different immersion depths is shown in Figure
4.18 for the first four bending modes. Three conditions; air, shallow submergence with
d/1=0.02, and deep submergence with d/1=0.66, were investigated. The mode shapes of
the submerged structure was found to be flatter than thai of the dry structure. The modes
of the submerged cantilever also have their central nodes, i.c., the nodes on the central
line of the cantilever plate, moved toward the clamping edge. However the overall

change of mode shapes from air to water is considered to be very small.
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Figure 4.18 (cont.) Mode shapes of the plate for: "+" air, "o" d1=0.02, "x" d/1=0.66

4.3.2.4 Modification of the Added Mass Calculation
The added mass A,, from air to various immersion depths was calculated and

shown in Table 4.6 based on the following equation :

5.2

where f, is the natural frequency of the cantilever plate in air; f,, is the natural frequency
of the cantilever plate in water; and m is the mass of the cantilever, which was calculated
by using the density of steel p, equal to 7860 kg/m"® and plate geometries shown in Figure
4.1. The formula to calculate the added mass of submerged cantilever plate, as given by
Lindholm et al. (1965) is (1/4)pdw?, and (3/32)npdw? for the bending and torsional

modes respectively, where py is the fluid density and | and w are the length and
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Table 4.6 Added masses of the submerged cantilever plate

a1 | 1 2b 1 3b 2t 4b 3t 5b 4t 6b

‘0 | 921|854 | 424 | 693|400 621 | 3.64 | 569 | 377 | 3.17

002 [ 112 | 104 | 5.69 | 855 | 550 | 7.88 | 5.10 | 6.95 [ 527 | 4.61

0.2 16.6 | 153 | 8.12 | 13.4 | 7.74 | 114 | 7.16 | 100 | 7.15 | 5.86

0.4 172 | 157 | 815 | 13.7 [ 7.76 | 114 | 7.17 | 101 [ 7.15 | 5.89

0.5 173 { 157 | 8.15 | 13.7 | 7.76 | 113 | 7.17 | 10.1 [ 7.15 | 5.89

0.6 174 | 159 | 815 | 13.7 [ 7.76 | 11.3 | 7.17 | 100 | 7.18 | 5.89

0661 | 174 | 159 | 8.15 | 13.8 | 7.77 | 11.3 | 7.19 | 100 | 7.18 | 5.89

' d/l - immersion depth ratio, where d is immersion depth and 1 is the span length of the

cantilever; * b - bending mode ; t- torsional mode; *0 - one side fluid

width of the cantilever plate. Based on these formulae, the added masses of the

cantilever plate i ig: in this study were predicted as 21.36 kg and 8.013
kg for the bending and torsional modes. The predict.] added masses arc in good
agreement with that obtained from the experiments (results of the deepest submergence

in Table 4.6), tor the first torsional mode. The difference between the predicted added
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Figures 4.19 Added masses of the submerged cantilever as a function of in-vacuo
natural frequencies

mass by Lindholm's formula and the experimental results in this study is 22% for the first
bending mode, and it increases as the mode number increases. Instead of treating the
added masses as constants for all the bending modes or torsional modes, they were
considered as functions of the in-vacuo natural frequency of the cantilever plate, and are
shown in Figures 4.19 (a) and (b) for the bending and torsional modes respectively.
Polynomial curve fitting has been used to obtain the added mass functions and they can

be expressed as:
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Aqba = 5 PelW?-0.006F, @4

3x -
Aguc® 5 PelW?-0.002£,47.67x10 7£,? (4.5)

where A, and A, are the added masses of the submerged cantilever plate for bending
modes and torsional modes, f, is the natural frequency of the cantilever plate in air, p, is

the density of the fluid, and | and w are the length and width of the cantilever plate.

44 Summary

Modal properties of an uncracked cantilever plate were examined numerically and
experimentally in air and in water. Finite element analysis was used first to estimate the
natural frequency of the dry and submerged cantilever plate. The first ten natural
frequencies were estimated for the dry cantilever and the first three bending frequencies
for the submerged one. Underwater shock analysis program was used in the analysis of

the submerged structure.

were toi igate the modal ies of the cantilever
plate in air and in various depths of water submergences. The first ten modes were
studied. When the structure was just in contact with the water medium, the frequency
decreased by 22.6% in the first bending mode. A marked increase in the damping ratio

was also observed. When immersion depth ratio d/l exceeded 0.4, both natural frequency
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and damping ratio of the submerged cantilever plate tended to be independent of the water
submergence. The frequencies decreased by 16.6%~33% of their original values and the
damping ratios increased 1-6 times according to different modes. Mode shapes of the dry
and submerged cantilever plate along the central line of the cantilever were compared and
the difference was observed to be very small.

C ison between the i and ical results was made for the

natural frequency of the cantilever plate in air and in water. Good agreement was
recorded. The maxinum difference between computed and experimentally obtained

natural frequencies of the dry cantilever was 5%, which was observed for the 5¢th bending

mode. The i it between the puted and i ally obtained
natural frequencies of the submerged cantilever was 8.7%, which was observed for the

3rd bending mode.



CHAPTER 5. DETECTION OF FATIGUE CRACKS OF THE
SUBMERGED CANTILEVER BY VIBRATIONAL
AND ACOUSTICAL MEASUREMENTS

5.1 General Procedure of Experiments

In order to investigate the change of modal parameters of a structure with fatigue
cracking, the cantilever plate specimen shown in Figure 4.1 was subjected to repetitive
cyclic loading in air. After a specified number of cyclic loads, acceleration frequency
response function (FRF) and near field acoustic pressure transfer functions (PTF) of the
cantilever plate were measured in air and in water. Natural frequencies and modal
damping ratios were extracted from both FRFs and PTFs. The change of natural
frequency and damping ratio due to fatigue and to actual cracking were then determined.

Normalized acoustic intensity (NAI) spectra were also calculated from the cross
spectrum of two PTF signals based on Equation (3.41). Normalized acoustic energy flow
in the zoomed frequency band, which is the area enclosed by a normalized acoustic

intensity spectrum, was also monitored at various fatigue cycles.

5.2 Fatigue Testing Procedure and Crack Profile
5.2.1 Fatigue Testing Procedure
The cantilever plate was made of mild steel with an approximate yield stress of

330 Mpa. The fatigue load was a periodically varying bending load, acting in the



Figure 5.1 Fatigue test set-up
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direction perpendicular to the plate surface, at a distance of 224 mm from the clamped
end (Figure 4.1). An EA-13-120 LZ-120 strain gauge was fixed around the centre of the
cantilever plate near the clamping end to monitor the variation of the strain field at the
back of the weld stub. The strain gauge magnitude ¢ varied from O to 1360y per cycle

at the beginning of the fatigue. The corresponding local fatigue stress o (t) was:

a(t) =0,. (1+sinw,t) (5.1)

where o, =E ¢,,/2 = 138 Mpa, was the mean fatigue stress. @, which is the angular
frequency of the fatigue load, was kept in the range of 1 < @, < 8; a frequency of 4 Hz
was used for most fatigue cycles. The load was measured by a MOD 3116 load cell and
monitored by a T922 oscilloscope. This load level was kept approximately constant
during the fatigue cycles regardless of further changes in the strain readings. The fatigue

test set-up is shown in Figure 5.1.
5.2.2 Beach Marking

Beach marking was used to delineate the crack profile obtained during fatigue load

cycles. In this study, the load condition for beach marking was :

Opy=0pt0,. Sinwp,t (5.2)
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Figure 5.2 Location and propagation direction of the crack

where o, = 6,/2 = 69 MPa, and ,, = 8 Hz. After specified fatigue cycles, beach
marking was carried out to a significant number of cycles; during this process the crack
growth rate slowed down to give a distinct crack growth striation on the crack front,

which could be observed when the failed plate was bent open.

© 523 Crack Profile
The cantilever plate specimen was fatigued for 1,434,500 cycles before it reached
its failure state. Modal tests were carried out at specified fatigue cycles to monitor the
change of modal parameters of the structure. When accumulated fatigue cycles were

553,000 cycles, a 20 mm surface crack was observed at the back of the weld stub,
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Figure 53 (a) Crack profiles, (b) A photo of the crack surface
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Table 5.1 Fatigue history and crack profile

Fatigue Crack Crack | Normalized
Cycle Length Depth | Crack Area O
(mm) (mm) (mm’ )
0 5 z =
200,000 - - -
500,000 N b %
553,000 20 0.5 ~04%
693,000 34 20 ~2.5%
1000,000 68 25 ~6%
1296,000 84 50 13.2% Ink staining
1389,000 125~130 8.0 334% ’
1419,000 150 10. 48% Beach marking
1435,000 152 12 51% Beach marlg‘iL=

beginning from y = 205 mm to y = 185 mm, as shown in Figure 5.2. The fatigue cycles
at which modal tests were conducted as well as thie corresponding crack dimensions,
obtained using visual measurements with the aid of a 10X magnifier, are shown in Table
5.1. The crack profiles were recorded by examining the crack surface of the failed plate

and are shown in Figure 5.3. The normalized crack area (Table 5.1), which is the ratio
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of the crack area to the total cross sectional area of the cantilever, was estimated from the

crack profile.

5.3 FRF Measurements at Specified Number of Fatigue Cycles
Measurements of FRFs of the dry and the submerged cantilever plate were carried
out at a specified number of fatigue cycles as shown in the first column of Table 5.1.
Random noise was used to excite the cantilever plate. FRFs were measured in zoomed
frequency bands that include the natural modes of the vibrating cantilever. The first six
bending modes and the first four torsional modes were investigated. The shapes of these
modes have been shown in Figure 4.4 and Figure 4.14. The locations of measurement
positions are shown in Figure 5.4. Five acquisition points were used along the central
line of the cantilever plate for the symmetric modes. Three off-cenu;l points were used
for the antisymmetric modes. Different frequency resolutions were used for various

modes. Higher frequency resolutions were used for those modes with smaller modal

damping ratios. Table 5.2 shows the frequency i central ies and
averaging numbers of zoom FRF measurements for the different modes. When the
cantilever was submerged in water, the water depth above the cantilever was set to be
430+£2 mm. The natural frequencies were not sensitive to small variations of water depths
at this submergence depth (see results given in chapter 4). The change of damping ratios
was also noted to be small.

A SDOF model shown in Equation 3.4 was used to extract modal frequencics and
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5.4 Acquisition position for FRF and PTF
measurements in air and in water

Table 5.2 Central (€, T (af) and
numbers (Avg.) of zoom FRFs
Modes 1b 2b 1t 3b 2t 4b 3t Sb.at 6b
f, 25 150 | 167 | 440 | 515 | 860 | 917 1410 | 1720
Alr af |.003|.031| .06 |.125|.031 | .25 .06 [ .125 | .125
Avg. 10 25 10 ) 100 | 25 | 100 | 50 100 100
f. 17 110 | 130 | 320 | 410 | 640 | 74C 1080 | 1440
Water | Af [ 003 ] .031[.006.125 | 031 [ 05 | 06 05 | 025
Avg. | 10 | 25 | 10 | 100 [ 25 | 100 | 5O 100 | 100
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Table 53 Frequencies & damping ratios of the dry cantilever at specified fatigue
cycles from FRF tests
F, |Mode| 17b| 26 | vt| 3b | 2| 4o | 3| sv | 40| ob
¢ sea | 1597 - | aa2gl - | sea) - |isi| 1151728
5 A
| | | - |26 - - | 1ss | 10 |023
o | 2582 1ssel - | 4307l - [ es78 - | 138 | 1ol 1727
200000 , 1t
8% | 053|141 | - | 213 246 683 | 105 | 023
o | 256| 157301672] 4362 517 | sa6s|917.1 [ 1371 | 1415{ 1725
500000 ;4
(%) | 059 | 1.65 | 0.41 | 223 | 056 | 352 | 081 | 375 | 100 | 033
o | 25600 15721665 435.5| 515 | Beas|o13s| 1371 | 1413|1725
553000 gt
(%) | 055 | 1.48 | 031 | 222 044 | 283|040 [ 333 | 181 |025
o | 25:64] 1573(1669| 4357|5162 | 845.8|9156| 1373 | 1412|1724,
693000,
)| 065 | 157 | 030 | 260 | 069 | 207 | 042 | 332 | 146 | 028
25.50| 156.6|166.5| 434.0| 515. | 843.6(911.3| 1368| 1408|1723
1000, | £,
000 |&%a) | o509 | 1.61 | 030 | 210 {052 | 294 | 1.09 | 402 | 164 | 0:28
o6, | ¢ | 2541558 1665|4325 |5157| 8430 912:3| 1372 | 1409 |1723.
| f
000 |&(%a) | 077 | 165 | 038 | 220 | 054 | 156 | 103 | 404 | 197 | 0.30
lgo, | ¢ | 249 [1543(166:5|4304 |5149] 8407 9147 1370 | 1412 |1723.
| g
000 |&G%0) | ogg | 149 | o040 | 229 | 049 | 142 [055] 363 | 250 | 028
o, | ¢ |219] 1472 1666|4188 5119] 8346 [917.3] 1370 | 1412|1723,
| g
000 | &%) | 109 | 137 [033 | 234 | 067 | 1.16 [ 070 | 368 | 257 [ 032
w35, | g, |2165] 1419 1644097 | 5083 827.5 |917.4| 1360 | 1404 |1720.
|
000 &%) o7 | 102 | 028 | 249 | 100 | 111 073 | 3.40 | 030 | 033
"b -- bending mode;  *t -- torsional mode ; 'F,, --- Fatigue cycle;
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Table 5.4 Frequencies & damping ratios of the submerged cantilever at specified
fatigue cycles from FRF tests

‘F, [Mode| 1 | 2b] Pt [3b | 2t [4b | 3t |4t ] 6
f, |17.07{1085| - |3118| - [6399| - - | 1aa1

0
E%a| - 320 - |693| - |098 - | - |22
f, (1707|1076 - [3089| - |e304| - - | 1430

200,000
E(%c) | 1.88 | 2.60 - | 534 - | 99 - - | 40
f, |1697[107.0|131.9|307.9 [ 4115 | 6289 | 740. | 1143 | 1435

500,000
E%o) | 1.81 | 235 | 0.83 | 503 [ 066 [ 155 | 1.21 | 227 | 0.71
f, | 16.95[106.7 | 131.2 | 306.5 [ 409.0 | 628.4 | 7343 | 1130 | 1434

553,000
E%o) | 179 [ 227 | 083 | 40 | 067 | 139 | 115 | 1.37 | 1.05
f, | 1696 [106.7| 131.4 | 3069 | 4100 | 628.4 | 736.5 | 1134 | 1433

693,000
&%) | 128 | 2.36 | 075 | 3.59 | 059 | 133 [ 1.12 | 1.37 | 0.62
100000 fn | 1690]106.5| 1313 | 3062 | 4096 | 627.6 | 735.7 | 1132 | 1433
O leg@n| 181 | 242 | 085 | 37 [ 069 | 134 | 142 | 148 | 057
1296.00| fo |1685]1062| 1313 [3059| 4094 | 624.6|735.8 | 1134 | 1433
O e |193 | 261 | 082 | 40 | 082 [1813] 131 | 181 | 113
138900 fo [16641055] 1315|3053 | 4102 [ 6274 | 739.1 | 1141 | 1433
O fe@a| 217 [ 275 | 077 | 412 | 076 | 1535 | 0.98 | 124 | 062
141900 fa [1541]1006( 1312 (2983|4083 | 627.0| 7400 | 1142 | 1433
O le®n| 276 [ 268 | 071 | 376 [ 067 | 85 | 1.09 | 119 [ 065
143500| fa [1428]96.48] 1309 (2940|4065 | 624.0 [ 740.2 | 1140 | 1433
O g 180 | 184 [ 068 | 28 | 12 | 7.13 | 093 | 10 [054

'b - bending mode; 't - torsional mode ; °F,, --- Fatigue cycle;
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the modal damping ratios of the cantilever. Contributions from other modes to the mode
under consideration was viewed to be constant. Generally, this method gives good modal
parameter estimations for well separated modes. Most of the modes investigated in this
study fall into this category. Modal frequencies and damping ratios of the dry and
submerged cantilever plate are shown in Table 5.3 and Table 5.4 respectively, as a

function of fatigue cycles.

54 PTF Measurements at Specified Number of Fatigue Cycles

PTFs of the dry and submerged cantilever plates were measured at the near field
of the fluid-structure coupled vibratirs, system. Modal parameters extracted from PTFs
wete compared with those extracted from FRF measurements. The feasibility of
estimating modal parameters from near field PTF measurements and therefore to detect

the presence of fatigue cracks were then verified.

54.1 FTF Measurements in Air

A pair of B&K microphones with a 50 mm spacing was placed 35 mm above the
cantilever surface. The axis of the two microphones was kept perpendicular to the plate
surface such that the vertical acoustic intensity component at the midpoint of the two

microphones could be calculated based on Equation 3.41 (see Figure 4.9 for an illustration

of the system). PTF in air were carried out at eight points

above the central line of the cantilever plate for the 1st to 4th, and the 6th bending modes
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Table 5.5 Frequencies and damping ratios of the dry cantilever plate at various
fatigue cycles from PTF tests

Fatigue Cycle|  Mode Ub| 2b | 3b | 4b | 4tc| e
0 Freq(Hz) | 259 | 1592 | 4417 | 8611 | 1415 | 1728
Damp.(%o) | - - | 340 | 204 | 14 | 030
Freq(Hz) | 2571 | 1579 | 437.8 | 8519 | 1417 | 1727
200,000
Damp.%o) | - | 152 | 24 | 189 | 097 | 030
Freq. 563 | 1570 | 4358 | 8456 | 1416 | 1726
500,000 req.(Hz) | 25.63
Damp%o) | - | 175 | 30 | 273 | 083 | o2
Freq(Hz) | 2560 | 1567 | 434.1 | 8431 | 1413 | 1723
ssao00 | Frea(te)
Damp%) | - | 191 | 252 | 301 | 197 | 027
y 60 | 1568 | 4348 | 8aas | 1413 |1724.
oo | Freatin | 2560 248
Damp%o) | - | 189 | 2091 | 22 | 156 | 030
g 50 | 1562 | 433. g !
1000 | Freatiin) [ 2550 3.1 | 8412 | 1408 | 17242
Damp%o) | - | 206 | 241 | 287 | 209 | 031
. 5.4 156.0 432, L %
196000 | PO | 2 6 26 | 8423 | 1408 | 17243
Damp%) | - | 194 | 250 | 186 | 168 | 029
' 2489 | 153 ! i i !
igoco0 | FreacH) 89 | 1536 | 429.8 | 840.16 | 14105 | 17243
Damp%o) | - | 247 | 261 | 161 | 168 | 032
Freq(Hz) | 23. : : 8 | 14 :
Jatooo | Frea) | 2307 | 1465 [ a1ns | e33e | 112 (17237
Damp®%o) | - | 187 | 278 | 118 | 215 | 033
Lassoo | Freati) | 2140 | 1416 | 4092 | w269 | 1404 [17204
Damp%) | - | 120 | 30 | 112 | 044 | 028

"b - bending mode;  *t --- torsional mode
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Table 5.6  Frequencies & damping ratios of the submerged cantilever plate ut
various fatigue cycles from PTF tests

Foy Mode I'b 2b 3b 4b 6b
5 fo 17.17 1085 | 3117 | 6399 1441
E(%0) E 326 7.06 106 66

200,000 fo 17.07 107.6 3093 631.2 1439
&%) | 175 262 52 100 373
sooo | 17.03 1072 | 3084 | 6302 1434
EG%o) | 175 228 464 119 09
s | B 1697 1068 | 3068 | 6273 1434
E%o | 177 219 3.64 1206 | 055
— 1697 1068 | 3073 | 6289 1433
E%) | 186 227 3.62 1270 | o051

1000000 | fu 16.95 1068 | 3070 | 6295 1433
E%) | 181 227 365 14.05 050

oosooa [ 16.86 1063 | 3060 | 6220 | 1434
E%) | 190 260 398 14.63 10
— 16.68 1058 | 3059 | 6207 1434
E%o) | 207 261 4.05 15.0 040

1419000 % 1527 1001 | 2079 | 6270 1434
E%a) | 283 294 339 119 | o052

1435,000 fy 14.27 96.48 294.2 6233 1434
E%) | 180 189 280 6.44 053

b - bending mode
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Figure 5.5 A photo of the il plate and transdi s

and the 4th torsional mode. The acquisition positions are shown in Figure 5.4. A photo
of the microphones, the cantilever plate and the measurement positions is shown in Figure

5.5. The central ] ies and freq y i used in the zoom PTF

measurements were the same as those used in the FRF measurements. These enabled the
comparison of measurement results from FRF and PTF tests. The number of averages per
spectrum was 100 with a 50% overlap. A Hanning window was applied to each

£

averaging spectrum. Modal f ies and d ing ratios d from PTF

measurements in air medium are shown in Table 5.5 as a function of fatigue cycles.
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54.2 PTF Measurements in Water
A B&K 8105 hydrophone was used to measure the near field acoustic pressure
responses of the fluid-structure coupled vibrating system. Hydrophone type 8105 is a
spherical waterborne-sound transducer, as shown in Figure 5.5, for making absolute sound
pressure measurement. Its frequency range is from 0.1 Hz to 160 kHz (Instruction

manual, B&K, 1986). It has excellent directi istics, being

over 270° in the x-z plane and 360° in the x-y plane. The calibration set-up and results
have been shown in Figure 4.9 and Table 4.3 respectively.

PTFs of the vibrating cantilever in water were measured at three positions above
the central line of the plate with two different altitudes: 35 mm and 235 mm as shown
in Figure 5.4. Measurements were carried out for the 2nd to 6th bending modes. The
central frequencies and frequency resolutions were the same as those shown in Table 5.2.
100 averages per spectrum were used with 50% overlap and Hanning window. Tables
5.6 show the modal frequencies and damping ratios of the submerged cantilever piate,

extracted from PTF measurements, as a function of fatigue cycles.

5.4.3 Estimation of Normalized Acoustic Intensity and Power Flow

Based on measurements of PTFs in air and in water, the normalized acoustic
intensity (NAI) spectra were estimated using Equation 3.41 and continuously monitored
as a fatigue crack developed. The objective was to investigate the feasibility of

identifying fatigue cracks by near field acoustic intensity measurements, which would lead
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to a rapid or carly detection of fatigue cracks in structures under complicated
environmental conditions.

Normalized acoustic intensity spectra in air were calculated at three positions,
which are the midpoints of each of the two microphone acquisition positions in the
positive Y axis direction as shown in Figure 5.4, with the X coordinate equal to 15, 128,
and 256 mm. The peak frequency, peak magnitude and the total acoustic power flow in
the zoomed frequency bands that include the natural modes of the cantilever are shown
in Tables B.1, B.2, and B.3 in Appendix B for the 2nd, 3rd and 4th bending modes.

The NAI spectra of the cantilever plate in water were measured at three positions,
which are the midpoints of each of the two hydrophone acquisition positions in the
positive Y axis direction as shown in Figure 5.4, with the X coordinate equal to 15, 128,
and 384 mm. The peak frequency, peak magnitude of the NAI spectrum, and the total
acoustic power flow are shown in Table B.4 in Appendix B for the 2nd bending mode

of the submerged cantilever plate.

5.5 Discussion
5.5.1 Change of Modal Parameters due to Fatigue and Crack

The crack length in Table 5.1 is shown in Figure 5.6 as a function of fatigue
cycles. Figure 5.7 (a)-(j) and Figure 5.8 (a)-(i) show the natural frequencies of the
cantilever plate, in air and in water respectively, as a function of fatigue cycles. Data

from both FRF and PTF tests shown in Tables 5.3 to 5.6 were used in these figures. The
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Figure 5.6 Crack length as a function of fatigue cycles

fatigue crack growth and the consequent change of modal parameters could be classificd

into three regions based on the ination of the modal and the crack growth
rate. These are indicated in Figures 5.6 through 5.8 as threg regions:
L Fatigue crack initiation region; with fatigue cycles varying from 0 to
553,000 cycles;
IL Stable crack growth region; with fatigue cycles varying from 553,000 to
about 1200,000;
IIL.  Fast crack growth and failure region; with fatigue cycles varying from

about 1200,000 to 1435,000.

The natural frequencies and damping ratios as well as the fatigue crack have distinct

characteristics in the three regions and they are discussed in the following subsections.
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5.5.1.1 Crack Feature

In the fatigue and crack initiation region, which was marked as Region [ in Figure
5.6, 4 20 mm surface crack was observed at the back weld toe, beginning at y = 205 mm
as shown in Figure 5.2. In Region 11 of Figure 5.6, the crack was characterized as a
surface crack, since the normalized crack area, which is the ratio of the crack area to the
total cross sectional area of the cantilever plate, was very small at the end of this region.

The fast crack growth and failure region was marked as Region III in Figure 5.6.
The crack growth rate da/dN, which is the gradient of the curve in Figure 5.6 was much
higher than that in Region II. The crack depth also grew very fast in this region and a
large crack area was generated. The specimen quickly reached its failure state within an

addition of approximately (1/6)th of its total fatigue life.

5.5.1.2 Change of Natural Frequencies due to Fatigue Crack Initiation and
Growth

a. Fatigue Crack Initiation Region

In the fatigue and crack initiation region, natural frequencies of the dry and
submerged cantilever plate decreased slightly for all the modes that were investigated in
this experiment (Tables 5.3). When a cyclic load was applied, the residual stresses were
released at the hot spot, leading to a reduction of the stiffness of the structure. The
maximum decrease of the natural frequencies due to such an effect was about 1.9%,

which was observed in the 4th bending mode (Table 5.7).
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Figure 5.7 Natural frequency of the dry cantilever at various fatigue cycles
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Figure 5.7 (cont.) Natural frequency of the dry cantilever at various fatigue cycles
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b. Stable Crack Growth Region

In the stable crack growth region, the variations of natural frequencies of the
cantilever plate, both in air and in water, were once again very little for all modes
(Figures 5.7 and 5.8). When the cantilever plate is viewed as a beam model, the bending

natural frequencies can be expressed as:

(A,L)? [ET 5.3
F \'py

where @, is the rth bending frequency, p, is the mass density per unit area of the plate,

L is the span length of the plate, E is the elastic modulus of the material, I is the moment
of inertia, and A, is the wave number of the rh bending mode. It has been shown that
the change in elastic modulus E is negligible during the fatigue cycling process (Sandor,

1972). The moment of inertia I and the wave number A, are related to the cross sectional
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area and the boundary

of the cantilever respectively. These parameters were
not influenced significantly by a surface crack: consequently the change of natural

frequencies observed in Region II of Figure 5.6 was very small.

c Fast Crack Growth and Failure Region

The change of natural frequencies due to the fast growth of the fatiguc crack were
not consistent for all modes. The modes under investigation were further divided as
crack-sensitive modes and non crack-sensitive modes: the first four bending modes were
crack-sensitive modes; while the torsional modes and the 5th bending mode were non
crack-sensitive modes.

When fatigue cycles exceeded 1389,000 (normalized crack area exceeded 33%),
the crack was detectable by a natural frequency shift of 3~4%, which was observed in the
first bending mode of the cantilever. As the crack grew further, natural frequencies
decreased significantly for the first four bending modes of the cantilever both in air and
in water. The maximum relative decrease was about 17% when the normalized crack arca
was 57%. This was observed for the first bending mode of the cantilever both in air and
in water (Table 5.7).

The decrease in natural frequencies in the final stage of the crack development
could still be explained by using Equation 5.3. Since the crack grew quickly both in
length and depth in the third region, the decreased cross sectional area reduced the

moment of inertia I and consequently reduced the stiffness of the specimen. In addition,
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an increase in crack area significantly changed the boundary conditions of the cantilever
plate specimen and the bending wave number of the cantilever A,. The reason is given
as follows:

i) Modal analysis describes the response of a structure as a linear summation
of its orthogonal vibrating modes. Any change of material property will cause
proportional changes of natural frequencies in all modes.

ii) However, the decrease of natural frequencies due to fatigue crack growth
was not proportional, indicating that in addition to changing the cross sectional area of
the structure, a crack can influence the modal frequency of the structure by changing its
wave flow pattem, or its bending wave number A,.

i) It was noticed that the lower bending frequencies decreased more than the
higher ones, which indicated that the lower modes were influenced more by the crack, due
to their long wave lengths and dominant vibrational energies.

Figure 5.7 (f)-(j) and Figure 5.8 (e)-(i) showed that the torsional modes were not
sensitive to the existence of a crack. Although the 2nd tcrsional modal frequency had a
behaviour similar to that of the lower bending modes, the relative frequency decrease was
much less than that of the bending 1nodes. For the rest of the torsional modes, there was
almost no change in the natural frequencies until the normalized crack area reached 57%.
These results indicated that for tiose modes, whose wave propagation directions were
parallel to the direction of fatigue crack growth, their natural frequencies were not

sensitive to the presence of a fatigue crack.
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5.5.13 Change of Damping Ratios due to Fatigue Crack Initiation and
Growth

Figures 5.9 (a)-(i) and Figure 5.10 (a)-(i) show the damping ratios of the cantilever
plate in air and in water respectively, as a function of fatigue cycles. Similar to the
analysis of natural frequencies, the change of damping ratios due to fatigue crack
initiation and growth was also divided into three regions: (i) fatigue and crack initiation
region; (ii) stable crack growth region; and (iii) fast crack growth region.

a. Fatigue Crack Initiation Region

During the fatigue and crack initiation region, damping ratios of the submerged
cantilever decreased for the 2nd and 3rd bending modes; FRF and PTF results for the 6th

bending mode of the i ‘were not i For the dry cantilever,

the damping ratios decreased for the 3rd bending mode; they did not change for the 4tk
torsional and 6th bending modes; and they increased slightly for the 2nd to 4th bending
modes. These patters of change in damping ratios indicated that the micro-structure was
undergoing changes in the beginning of the fatigue process. The decrease of damping

ratios observed in the i plate was an indication of mi k growth

and release of local strain energy. However, data collected for the air trials did not
completely support this explanation.

b. Stable Crack Growth Region
In the stable crack growth region, the change of damping ratios was noted to be small.

According to the fatigue crack growth rate diagram (Bolotin, 1994 and Nwosu, 1994),
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which is the diagram of crack growth rate da/dN versus stress intensity factor aK, a low
crack growth rate corresponds to a low stress intensity value. The crack growth rate in
this period was much lower than that in the third crack growth region in Figure 5.6;
consequently the stress intensity factor and plastic deformations at the crack tip were
relatively low. Therefore relatively small internal damping ratios were measured for most
of the modes in the modal tests. It was noticed that these small internal damping ratios
slowly increased in Region II (Figure 5.9 (b) and (h) and Figure 5.10 (b), (h) and (i)).
which correlated well with the accumulation of fatigue cycles and the dissipation of
plastic strain energy in the specimen.

c. Increased Crack Growth and Failure Region

As the crack quickly grew both in length and in depth in the 3rd crack growth
region, damping ratios increased by 1.5 to 2 times for the lst and 2nd (PTF results)
bending modes of the dry cantilever and the Ist bending mode of the submerged
cantilever. Damping ratio also increased for the 2nd and 4th torsional modes of the dry
cantilever plate (Figure 5.9 (f) and (h)) and the 2nd and 4th bending modes and the 2nd
torsional mode of the submerged cantilever plate (Figure 5.10 (b), (d), (f)).

The increase of damping ratios is considered to be caused by the increased
dissipation of plastic strain encrgy. This is in turn caused by the increased stress intensity
factor at the crack tip and the increased volume of the plastic deformation zone. Because
of the increased crack growth 1ate (Figure 5.6), the stress intensity factor aK increased

greatly in this region, introducirg large plastic strains 2nd plastic zones at the crack tip.
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When a crack grows from a surface line crack to a 2-D plane crack, the plastic
deformation zone at the crack tip becomes 3-D (Fuchs and Stephens, 1980). Strain
cnergy was dissipated at a greater rate during this fatigue region, causing the increase of
internal damping ratios for most of the structural modes.

The damping ratios dramatically decreased when fatigue cycles reached 1435,000,
which was observed in the lst, 2nd bending and the 4¢h torsional modes of the dry
cantilever (Figure 5.9 (a), (b) and (h)) and the st and 2nd bending modes of the
submerged cantilever (Figure 5.10 (a) and (b)). This phenomenon could be appreciated
and explained given that at 1435,000 cycles, the crack had been fully formed with a crack
length of about 202 mm (Table 5.1), which was almost the same as the width of the
cantilever plate (Figure 4.1). The crack tip tended to disappear while the crack developed
into an open gap. Consequently the plastic deformation zone at the crack tip was greatly
reduced, causing a decrease of internal damping of the structure.

It should be mentioned that the 4th bending modal damping of the dry cantilever
gradually decrcased as the crack grew longer, which did not agree with the trend of other
modal damping ratios. A closely coupled double peak was observed at the beginning of
the fatigue cycling for this mode (not presented), and it gradually disappeared as fatigue
cycles accumulated. The unusual change of damping ratio for this mode may be due to
this. It will be seen later that the acoustic intensity spectra also produced different

features for this mode (see subsection 5.5.2).
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552 Change of Acoustic Intensity Magnitude and Energy Flow due to Fatigue

Crack

From Tables B.1 to B.4 in Appendix B, it can be seen that the peak frequencies
of the NAI spectra are almost identical to the natural frequencies of the cantilever plate
obtained through FRF and PTF measurements (Table 5.3 to Table 5.6). The peak
magnitudes of the NAI spectra and the normalized acoustic power flow in the zoomed
fruquency bands that include the natural modes of the structure are shown in Figures 5.11
10 5.13 for the 2nd, 3rd and 4th bending modes of the cantilever plate in air. They were
investigated at three positions with the X coordinate equal to 15 mm, 128 mm and 256
mm (Figure 5.4). For the submerged cantilever plate, similar results for the 2nd bending
mode are shown in Figure 5.14 for three measurement positions with the X coordinate
equal to 15, 128, and 384 mm, respectively.

As fatigue cycles accumulated, the acoustic intensity peak magnitude and acoustic
power flow also changed. In the fatigue crack initiation region, the change did not have
a clear trend, which corresponded to some irregular changes in the structural properties
at the beginning of the fatigue process. In the stable crack propagation region, the change
of the NAI power flow was relatively small. In the fast crack growth region, decreases
of acoustic intensity magnitudes were observed for the 2nd and 3rd bending modes of the
cantilever plate in air and for the 2nd bending mode of the cantilever plate in water. The

decrease of the peak i of the i acoustic intensities was about 3 and

6.7 dB for the dry and submerged cantilever plate. The decrease of the total
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acoustic power flow in the zoomed frequency bands that include the natural modes of the
cantilever was about 4 to 9 dB in the different modes and measurement positions.
Figure 5.13 showed that the acoustic intensity magnitude and power flow of the
4th bending mode of the dry cantilever increased at all three measurement positions as
the crack developed during its final stage. This did not agree fully with the results of the
2nd and 3rd bending modes. The phenomenon could be explained if it is related to the
change in damping ratios. The damping ratio of the 4th bending mode of the dry
cantilever decrcased in the final stage of crack growth (refer to discussions in Section
5.5.1), which was also not consistent with the trend of the 1st, 2nd and 3rd modes. If the
damping ratio and the normalized acoustic power flow are correlated, the change of
damping ratio will change the normalized acoustic power flow. This experimental result
is also reflected in the theoretical formula described in Chapter 3. The normalized

acoustic power flow is proporti to the absolute i of the PTFs (Equation

341). Assuming that the mode shapes of the cantilever plate before and after the crack
are consistent, the PTF magnitude at a fixed position will be inversely proportional to the
damping ratio (Equation 3.14). Therefore, the normalized acoustic intensity will be

inversely proportional to the damping ratio of the ing mode. The

results showed that both the damping ratio and the acoustic intensity of the 4th bending

mode changed in the final stage of the fatigue crack development.
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5.5.3 Comparison of Modal Properties of the Cracked Plate in Air with That in
Water

5.5.3.1 Natural Frequencies

The relative decrease in the natural frequency of the dry and submerged cantilever
plates, is shown in Table 5.7 and Figure 5.15 as a function of the normalized crack area.
The change in natural frequency with the growth of a fatigue crack was very similar for
the dry and the submerged cantilever plates. This showed that modal parameters of the
submerged cantilever plate could be used to identify the presence of fatigue cracks in a
‘manner similar to that of the dry cantilever plate. The results indicated that the influence
of fatigue crack growth on the modal parameters of llle structure was medium
independent. Figurcs-SJ (), (h), and (j) and Figures 5.8 (e), (g), nnd—gshuwed that
even for those non crack-sensitive modes (torsional modes), the change in natural
frequencies of the submerged cantilever plate, as fatigue cycles accumulated, was very

similar to that of the dry cantilever plate.

5.53.2 Damping Ratios

The changes of damping ratios due to the growth of the fatigue crack agreed well
for the dry and the submerged cantilever plates for the following modes: the 1st and 2nd
(PTF results) bending modes and the 1s¢ and 2nd torsional modes, as shown in Figure 5.9
(a) and (b) and Figure 5.10 (a) and (b); among these modes the first bending and the

second torsional modes showed increases in the final stages of the crack development.



13

Table 5.7 Relative decrease of natural frequencies due to fatigue and crack

Istbending | 2ndbending | 3rd bending | 4tk bending
Fy

air | water | air | water | air | water | air | water
200,000 0.5 0.6 0.69 | 083 0.7 093 | 057 | 148
500,000 131 1.16 1.50 1.38 1.49 125 1.88 | 1.72
553,000 131 122 1.57 1.66 1.69 170 | 2.05 | 1.80
693,000 L1s 122 1.50 1.65 1.60 157 196 | 180
1000,000 170 1.57 1.94 184 199 l.BO- 221 192
1296,000 21 128 | 244 | 212 | 233 | 1.89 | 228 | 239
1389,000 401 309 | 338 | 276 | 280 | 208 | 255 | 201
1419,000 106 | 1025 | 7.83 | 7.28 542 | 433 3.26 | 2.02
1435,000 16.54 | 16.83 | 112 111 748 | 565 | 4.08 | 248
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Figure 5.16 shows the increase in damping ratios of the 1st bending and the 2nd torsional
modes of the cantilever plate in air and in water. The agreements of damping ratios of
the dry and the submerged cantilever plates were relatively good for the 3rd and 4t
torsional modes and they were poor for the 3rd and 4th bending modes.

As the mode number increases, the damping ratios of the submerged cantilever,
can be influenced by other factors such as corrosion, change of water temperature as well

as the water medium it ‘The air bubbles in the water medium

directly affect the measured FRF curves. Figures A.1 and A.2 in Appendix A show a pair

of FRFs of the submerged cantilever plate with and without the influence of air bubbles.

554 Comparison of FRF and PTF Test Results

FRF and PTF tests were conducted as parallel tests in this experiment to

gate the ibility of ing modal from near field acoustic
measurements, and therefore to identify the presence of fatigue cracks. The frequency and
damping ratio of the dry and the submerged cantilever plates, extracted from FRF and
PTF tests, have been shown in Figures 5.7 to 5.10 as a function of fatigue cycles, where
FRF and PTF lest data were denoted by "x" and "+". Results in Figures 5.7 and 5.8 show
that natural frequencies extracted from FRF and PTF tests have excellent agreement for
both the dry and the submerged cantilever plates.

Figure 5.10 illustrated good agrezment between the damping ratios of the

submerged cantilever plate, extracted from ™ <F and PTF tests. The change of damping

ratios due to the growth of the crack, obtained from FRF and PTF tests, were almost
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identical. In the case of the dry cantilever, damping values from FRF and PTF tests had
the same trends for most of the modes such as for the 3rd and 4th bending and the 4th
torsional modes (Figure 5.9 (c), (d) and (h)). The agreements were relatively poor for the
2nd bending and the 5¢h torsional modes (Figure 5.9 (b) and (i)). This discrepancy was
possibly caused by the different excitation energies used in the FRF and PTF
measurements for the dry cantilever plate. The excitation power in the PTF measurements
in air was much larger than that used in the FRF measurements in order to raise the
signal/noise ratio. This could have introduced nonlinear components in the responses,
which is a disadvantage for most linear modal analysis tests but not for a fatigue test. In
fact, the damping ratio of the 2nd mode of the dry cantilever plate, estimated from the
PTF tests, was in agreement with the trends of damping ratios observed for other modes
such as the st and 3rd bending modes and the 4th torsional mode of the dry cantilever

plate, and the st and 2nd bending modes of the submerged cantilever plate.

5.6 Summary

Natural frequencies, damping ratios and normalized acoustic intensities were
investigated as possible fatigue crack detectors. Vibrational and near field acoustical
measummenl§ were carried out at various fatigue cycles to keep track of the changes in
modal parameters of the dry and the submerged cantilever plates, as a fatigue crack
developed and grew.

The specimen showed three distinct regions in its fatigue cracking process: (i)



17
fatigue crack initiation region: (ii) stable crack growth region; and (iii) fast crack growth
and failure region. Each region had distinct vibrational and acoustical properties and

fatigue crack growth features. In the third region of the fatigue crack development, a

large decrease in the natural ies and i acoustic i ities and an
increase in damping ratios were observed. When fatigue cycles exceeded 1,389,000
(corresponding to a normalized crack area of 33%), the crack was detectable by a natural
frequency shift of 3~4%. When the normalized crack area reached 57%, the maximum
natural frequency shift was 17%, which was observed in the first bending mode of the
cantilever plate both in air and in water. Damping ratios increased by 1.5 to 2 times in
several modes of the dry and the submerged cantilever plates.

Torsional modes of the cantilever plate were found to be insensitive to the
presence of the crack that propagated in the chord direction of the plate. It was
discovered that the change in the normalized acoustic imensi;ies were inversely
proportional to the change in the damping ratios.

Modal parameters of the cantilever plate, extracted from FRF and PTF tests, were
compared. Good agreement was observed for the natural frequencies and damping ratios
of the submerged cantilever plate, and for the natural frequencies of the dry cantilever
plate. There were discrepancies observed in the FRF-extracted and the PTF-extracted
damping ratios for specific modes of the dry cantilever plate, which may be due to the

different excitation energies used in the FRF and PTF measurements.



CHAPTER 6. SIMULATION OF THE MODAL RESPONSES
OF THE CANTILEVER PLATE IN AIR USING
FINITE ELEMENT ANALYSIS

Simulations of the frequency response function (FRF) and the near ficld acoustic pressure
transfer function (PTF) of the uncracked cantilever plate in air were carried out using the
finite element analysis program called ABAQUS. Damping ratios and frequency
resolutions obtained from the experiments were used as inputs in the numerical modelling.

The experimental and numerical results were

p and good

were observed. The numerical model could be used in further fatigue crack simulation
studies.

6.1 Simulation of Frequency Response Function (FRF)

To e consistent with the simulation of PTFs of the cantilever that followed, a
beam model was selected to calculate the FRFs of the cantilever plate in air. The FRFs
were first simulated by using a beam-vacuum model. This was followed by an air-beam
model. The PTFs of the dry cantilever were also simulated in the air-beam model.

Twenty elements of B22 type given in ABAQUS were used to discretize the
cantilever. B22 is a three-noded beam element with three active degrees per node, viz.,
two displacement degrees and one rotational degree. Second order quadratic polynomials
were used as interpolation functions. The measurement points with x = 256 and 384 mm

(Figure 4.1) were used as comparison points.
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The frequency resolutions used in the numerical simulations were the same as
those used in the experiments as shown in Table 5.2. Material damping ratios obtained
from the experiments were used as inputs in the numerical simulations. As damping
ratios were functions of fatigue cycles, they were averaged using data from fatigue cycles
553,000 to 1000,000 (Table 5.3) and are shown in Table 6.1. In the numerical simulation,

they were scaled to be stiffness controlled damping ratio o

o =2Ea ©n
The peak magnitudes of the acceleration FRFs of the cantilever plate in air, obtained from
numerical simulations are tabulated in Table 6.2 for the first four bending modes; the
FRF peak magnitudes obtained from the experiments were also averaged for fatigue
cycles from 553,000 to 1000,000 and are shown in Table 6.2. Detailed acceleration FRF
peak magnitudes at various fatigue cycles, as obtained from the =x|l;erim=ms. are given

in Table C.1 in Appendix C.

Table 6.1 Averaged damping ratio of the cantilever in air obtained from
experiments

Damping ratio 1st bending 2nd bending 3rd bending 4th bending

0.5% e -3 175e-3 246¢e-3 265¢-3

o, 0.190 3492 13.720 28.90
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Figure 6.1 Comparison between numerical and test results on FRFs of uncracked

cantilever plate in air



The comparison between the ical and i results of the FRFs

of the uncracked cantilever plate in air are shown in Figure 6.1.

6.2 Simulation of Pressure Transfer Function (PTF)

An air-beam model was used to simulate the acoustic pressure transfer function
(PTF) of the fluid-structure coupled vibrating system. The air medium was assumed to
be inviscid and compressible, and the acoustic wave magnitude to be small. The
equilibrium equation of fluid flowing through a resisting matrix material can be expressed

as (ABAQUS theory manual, 1994):

.gg‘rv (6-0") +p, =0 (62)

where r is the spatial position of the fluid particle, u is the fluid particle velocity, u™ is
the velocity of the material through which the fluid is flowing , ii is the fluid particle
acceleration, p; is the fluid density and r, is the "volumetric drag" caused by the fluid

flowing through the matrix material. The fluid boundary conditions are expressed as :
a. (-4 = ( Lo+ Lp) (63)
1 Y

where n is the inward normal to the fluid medium; k; and ¢, are coefficients that take
different values according to the actual boundary conditions.

B22 elements were used to model the solid structure. AC2D8 acoustic elements
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Figure 6.2 Air-beam model

were used to model the air medium. ASI3 interface elements were introduced at the
interface between the fluid and the structure to model the coupled m~.ion between them.
AC2DS8 is an 8 noded 2-D acoustic element with one active degree of freedom per node,
ie., the acoustic pressure. Second order interpolation functions were used. ASI3 is a
three-noded acoustic-structure interface element with three active degrees, i.., two
displacement degrees and one acoustic pressure degree. Second order interpolation
functions were used. The interface element ensu ed that the displacement compatibility

+ a5 maintained with the modelled structure and also that the pressure field compatibility



123

was maintained with the acoustic model.

The air-beam finite ciement model is shown in Figure 6.2. Nodes 32 and 36
represented positions on the central line of the cantilever plate with x = 256 and x = 384
mm. These positions were also the acquisition points in the FRF tests as shown in Figure
5.4. Nodes 3203 and 3603 represented PTF measurement positions shown in Figure 5.4.
The width of the fluid volume was approximately the same as that of the tank used to
conduct the experiments.

Quiet boundary conditions were applied at the far field of the fluid mesh, which
imitated an infinite fluid medium. This was realized by setting 1/c, = 1/(pc,) and 1/k,
=0 in Equation 6.3, where c; and p, are the sound speed and density of the fluid medium;
they were taken as 341 m/s and 1.0293 kg/m’. Under the assumption that the acoustic
pressure wave was approximately a plane wave at the farfield, no reflections would occur
at the interface between the air medium and the far boundaries. The natural frequencies
obtained from finite element analysis by using a vacuum-beam model, an air-beam model,
and that obtained from the experiments are listed in Table 6.3. The natural frequencies
from the experiments were averaged for fatigue cycles from 553,000 to 1,000,000 (Tables
5.3 and 5.5).

The peak magnitudes of the FRFs and PTFs of the air-beam coupled vibrating

cantilever plate, obtained from both i i i and i are shown

in Table 6.2. For the 1st bending mode, data at nodes 36 and 3603 (Figure 6.2) were
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Table 6.2 FRF and PTF magnitudes of the dry cantilever from test and numerical

simulation
FRF  Magnitude PTF Magnitude
Mode Exp. Vacu.-beam | Air-beam Exp. Air-beam

(m/s? (m/s?) (m/s?) (P) (P)
Lst bending 99.3 114 40.68 6.6 262
2nd bending 52.18 56. 63 45.89 431 11.83
3rd bending 252 303 27.36 221 262
4th bending 15.35 15. 36 1497 213 2.52

Table 6.3 Natural frequencies of the dry cantilever from test and FEA simulation

Experiment Freq. Vacuum-beam Air - beam

Modes FRF PTF Freq. % Error Freq. |% Error
(Hz ) ( Hz ) ( Hz ) Diff. (Hz ) Diff.
1st bending 25.646 25.63 2540 0.93 25.34 L16
2nd bending 158.56 157.812 158.8 0.40 158.8 0.40
3rd bending 434.0 437.875 443.8 1.80 443.6 1.80
4th bending 845.75 844.375 867.6 267 867.5 2.66




125

First bending mode Second bending mods
1o . Test
10 _ Test
FEA
FEA o, 5
8 5 g
) ]
H 20
T o =
£ £
g £ 5
2% =
-10 10|
2 24 26 28 ) 2 10 140 150 160 170 180 180
Frequency Frequency
(a) (b)
Third bendng mode Fourth bending mode
Test 8
6]
5 - Test
o o4
g g, FEA
3 o S
5 2 0
« H
E 2|
E L
£ F 4
& 2
-
-10 9
-10]
380 400 420 440 460 480 500 750 800 850 900 950 1000
Frequency Frequency
() d)

Figure 63 Comparison between FEA and test results on PTFs of uncracked cantilever in

air



126

listed, and for the 2nd to 4th modes, data at nodes 32 and 3203 were used. These points
were relatively far from the node line of the modes considered and therefore had good

ratios in the i tests. C ison between simulated and tested

PTFs of the uncracked cantilever plate in air is shown in Figure 6.3 for the first four

bending modes.

6.3  Discussion

Natural i i d from the peak ies of the simulated FRFs and

PTFs were very close to those obtained from the experiments for all the four bending
modes that were investigated. The maximum error was 2.67%, which was observed in
the 4th bending mode (Table 6.3). The errors in the simulated FRF and PTF peak

magnitudes were calculated based on the following equation:

8B Errors = 10+log (Experimental magnitude!
FEAmagnitude

and the results are shown in Table 6.4. From Figure 6.1 and Table 6.4, itis seen that the
FRF peak magnitudes of the cantilever plate, obtained by using a vacuum-beam model,
had excellent agreement with the experimental results for all four bending modes. The
maximum error was 0.8 dB, which was observed in the third bending mode. When an
air-beam model was used, the agreements between simulated and tested FRF peak
‘magnitudes were good for the 2nd, 3rd, and 4th bending modes of the cantilever plate.

Relatively poor agreement was noted for the Ist bending mode.
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Table 6.4 Errors in simulated FRF and PTF magnitudes

FRF PTF

Mode Vacu.-beam Air-beam Air-beam
(dB) (dB) (dB)
Ist bending 0.5 3.87 5.99
2nd bending 0.36 0.56 4.39
3rd bending 0.80 0.36 0.74
4th bending 0.003 0.11 0.73

From Tables 6.2 and 6.4 and Figure 6.3, it was observed that the PTF peak magnitudes
of the cantilever plate, obtained from the experiments and the numerical simulations
demonstrated very good agreements for the 3rd and 4th bending modes. Again the
agreements were relatively poor for the lower bending modes. The maximum simulation
error of the PTF peak magnitudes was about 5.99 dB, which was observed in the 1st
bending mode.

The relatively poor numerical simulation results of FREF for the 15t bending mode
and PTF for the 1st and 2nd bending modes indicated that the quiet boundary conditions
applied at the far boundaries of the air-beam model were not appropriate for these lower
modes, due to their long wavelengths. Energy absorptions at the interface between the

fluid and the far boundary must be introduced to reduce the simulation error.



128

6.4 Summary

Zoom frequency response function (FRF) and near field acoustic pressure transfer
function (PTF) of the cantilever plate in air were simulated using the finite element
program ABAQUS. Vacuum-beam and air-beam models were used. The first four
bending modes of the cantilever plate were determined. Damping ratios from the

experiments were used as inputs in the numerical si il Quiet boundary

‘were applied at the far field of the air-beam model. Comparison between experimental
and numerical results were made on the FRF and PTF peak frequencies and magnitndes.
Good agreements were observed for the FRF and PTF frequencies, the FRF magnitudes,
and the PTF magnitudes for the higher bending modes. The discrepancy of the PTF
magpitudes for the lower modes was relatively large; 5.99 dB for the sz bending mode.
Quiet boundary conditions used in the simulations were found to be inappropriate for
these lower modes. An absorbing boundary should be introduced to imitate the encrgy

dissipations at the interface between the fluid medium and the farficld boundaries.



CHAPTER 7. CONCLUSION

‘While searching for nondestructive and non contact detection methods to identify
the presence of fatigue cracks in both offshore and onshore structures, vibrational and
acoustical properties of a cantilever plate, with and without fatigue cracks, were

ig: through ical and i analyses in both air and water.

In the experimental analysis, steel cantilever plates of dimensions 649x205x13.1
mm were subjected to a cyclic bending fatigue load of constant amplitude. Vibrational
and acoustical measurements were made at varying fatigue cycles for the cantilever plate
both in air and in water. Natural frequency, damping ratio and normalized acoustic
intensity in the near field of the fluid-structure coupled system were extracted. Changes
in these parameters due to fatigue and crack growth were examined and the trends
analyzed. From this study it can be concluded that:
1. There were three regions in the growth of a fatigue crack in the cantilever plate
specimen:
@i Fatigue and crack initiation region, for fatigue cycles ranging from 0 to
553,000;
(ii)  Stable crack growth region, for fatigue cycles ranging from 553,000 to
about 1200,000,
(iii)  Fast crack growthand failure region, for fatigue cycles ranging from about

1200,000 to 1435,000 cycles.
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A 20 mm long crack was observed at the back weld toe by the end of the first region.
In the second region, the crack tended to grow as a surface crack with a uniform increase
of crack length on its surface and with a smaller thickness penetration. The crack grew
both in length and in depth very quickly in the third region. Wh:u its length was equal
to the width of the plate, the crack became a plane crack and the plate failed.
2. Significant changes in natural frequencies were observed in the third region of the
crack growth. When the normalized crack area, which is the ratio of the crack areato the
total cross sectional area of the plate, was about 33%, the crack was detectable by a
change in the natural frequencies of 3~4%, within the first bending mode. When the
normalized crack area reached 57%, a 17% decrease in the natural frequencies occurred
within the first bending mode of the cantilever both in air and in water. The natural
frequencies dropped slightly (2.1%) in the first crack growth region and did not change
in the second region of the crack growth,
3. The torsional natural frequencies were not sensitive to the existence of the crack
that propagated in the width direction of the cantilever plate, which indicated that a crack
acts to influence the modal frequency of a structure by changing the wave number or
phase velocity of the corresponding mode. The st bending mode which had the longest
wavelength was influenced the most by the crack.
4. The damping ratios increased by 1.5 to 2 times in the third region of the crack
development; this was observed for the Ist and 2nd bending modes of the dry cantilever

and the 1st bending mode of the submerged cantilever plate both in air and in water.
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S. The peak magnitudes of the normalized acoustic intensity decreased by 3 to 6.7
dB for the dry and submerged cantilever plates in the third region of the crack growth,
which was observed for the 2nd bending mode of the cantilever plate both in air and in
water, and for the 3rd bending mode of the cantilever plate in air. The decrease of
acoustic power flow in the zoomed frequency bands that included the natural modes of
the cantilever plate was 4 to 9 dB for the 2nd bending modes of the cantilever both in air
and in water. The acoustic intensity and energy flow varied very little in the second
region of the crack growth and exhibited irregular changes in the first region.

6. Comparisons were made between the dry and submerged cantilever plates related
to changes in modal parameters due to fatigue and crack growth. Good agreements were
observed for all the natural frequencies and the damping ratios of the lower modes. These
results indicate that modal analysis is a useful NDT method, and can be reliably

for imi itoring of structures.

7. Comparisons were made between FRF-extracted and PTF-extracted modal
parameters of the cantilever plates. Excellent agreements were noted between the natural
frequencies and damping ratios of the submerged cantilever plate, and the natural
frequencies and most of the modal damping ratios of the dry cantilever plate. There were
discrepancies in the FRF-extracted and PTF-extracted damping ratios of the dry cantilever
plate, for the 2nd bending and the 4th torsional modes, which were possibly caused by
the different energy inputs in the FRF and PTF tests performed for the dry cantilever.

These results indicate that near field acoustic measurements are capable of detecting
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fatigue cracks in submerged structures by identifying changes in their modal parameters

and acoustic energy flows.

In order to distinguish the principle modal property changes caused by the fluid
medium and caused by the presence of fatigue cracks in a submerged cantilever plate, the
effects of various submergence depths of the cantilever plate on the modal properties were

studied before the specimen was fatigued. By carefully adjusting the water depths, modal

were it i itive to small changes in immersion depths.
8. The natural frequencies decreased by 22.6% when the cantilever plate was just in
contact with the water medium. A marked increase in damping ratios was also observed.
‘When the immersion depth ratio, which is the ratio of immersion depth to the span length
of the cantilever plate exceeded 0.4, both natural frequencies and damping ratios tended

to be independent to the depth of submergence. The maximum decrease in natural

with the i plate was 33% for the st bending

mode. Damping ratios increased by 1 to 6 times for the different modes.

9. The added mass of the il plate was and

with the results obtained by applying the empirical formula proposed by Lindholm (1965).
Good agreement was observed for the first torsional mode. The discrepancy was 22% for
the 1st bending mode and it increased as the mode number increased. A frequency-

dependent added mass was proposed as follows:
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j - %pgw?-o.oosf. 7.1
Am,,,:%p,lw=-n.uuzf,w.57m-7f_2 (7.2)

where A, and A, are the added masses for the bending and torsional modes, and 1 and
w are the length and width of the cantilever plate. It should be noted that the expressed
formulation is only the curve fitted results of the cantilever plate investigated in this
study. Extensive studies are required on handling various dimensions of plates to make

the formulae applicable to a wide range of cantilever plates.

Numerical studies focused on estimating the natural ies of the

cantilever plate both in air and in water, and on simulating the vibrational FRF and the

near field ical PTF of the k il plate in air. An uncracked cantilever
plate, with and without the welded stub in the test specimen, was modelled using the
ABAQUS computer program. The natural frequencies in air were estimated and
compared with the experimental results. Underwater shock analysis (USA) available in
ABAQUS was used to compute the free response of the submerged cantilever plate. The
natural frequencies were then estimated from the power spectrum of the free response and
compared with the experimental results.

Zoom FRFs and PTFs of the cantilever plate in air were simulated using a

vacuum-beam and an air-beam model. Experimentally obtained damping ratios and
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frequency resolutions were used as inputs in the numerical simulations. Quiet boundary

conditions were applied to the far field of a light fluid medium. The peak frequencies and

magnitudes of the FRFs and the PTFs were estimated and compared with the experimental
results.
10.  The first ten natural frequencies of the dry cantilever plate, estimated from finite

element analysis with and without consideration of the welded stub, showed good

with the i results. The i imations gave slightly higher

values for the natural ies. The i i was 5% for the 5th bending

mode.

11.  The first three bending frequencies of the submerged cantilever plate, estimated
from numerical analysis, were compared with the experimental results for the deepest
submergence in the experiments (430 mm). The maximum difference was 8.7% for the
third bending mode.

12, The peak magnitudes of the FRFs of the dry cantilever plate, estimated from
numerical analysis by using a vacuum-beam model, showed good agreement with the
experimental results for the first four bending modes. The maximum discrepancy was 0.8
dB.

13.  The peak magnitudes of the PTFs of the dry cantilever plate, estimated from
numerical analysis by using a air-beam model, showed good agreements with the
experimental results for the 3rd and 4th bending modes. The agreements for the Ist and

2nd bending modes were relatively fair. The maximum discrepancy was 5.9 dB for the



135
first bending mode, which indicated that the quiet boundary conditions as applied at the
interface between the farfield boundary and the fluid medium were not appropriate for the
lower bending modes due to their long wavelengths.
14.  The averaged natural frequencies of the dry cantilever, estimated from the peak
frequencies of the zoom FRF and PTF simulation results, showed good agreement with
the averaged values from the experiments for the first four bending modes. The

maximum discrepancy was 2.67% for the 4tk bending modes.
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APPENDIX A Effect of Air Bubbies on FRFs of the Submerged

Cantilever Plate
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Figure A.1 A FRF of submerged cantilever plate with air bubbles
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Figures A.1 and A.2 showed FRFs of the submerged cantilever plate with and without

the influence of air bubbles at the fluid-structure interface.
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Figure A.2 A FRF of submerged cantilever plate without air bubbles
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APPENDIX B Normalized Acoustic Intensities of the Cantilever
Obtained from the Experiments

The normalized acoustic intensities (NAI) of the cantilever, in the direction that
is perpendicular to the plate surface, are shown in Table B.1 to B.4 for the 2nd, 3rd and
4th bending modes in air and for the 2nd bending mode in water.

Table B.1 Normalized acoustic intensity (NAI) of the 2nd mode of the cantilever plate in air

x=13 x=128 x=256

f L L fi k' L f L L

200*10° | 1579 | 067 | 0.05 158. | 432 | 1606 | 157.9 | 182 [ 93.

500%10° 1572 | 047 | -1.56 | 157.2 | 399 [ 16.02 | 1572 | -5.1 204

553*10° 156.5 14 13.78 | 156.5 183 327 | 1567 9.8 90.

693*10° 156.8 | 1.77 | 10.17 | 1569 | 527 354 | 1569 [ 12.8 88.

1000*10° | 156.1 1.04 | 1023 | 1563 | 4.85 437 156 9.02 | 832

1296*10° 156. 10 911 156. 349 364 156 5.54 37.

1389*10° | 1537 | 0.51 872 | 1537 | 167 29.1 153.8 | 4.56 3L

1419*10° | 1465 | 045 94 1464 | 4.02 51 146.5 -15. -53

1435%10° | 1415 | -13 24 1415 | -2.56 | -5.1 141 -12. 28

'l - Normalized acoustic intensity at the peak frequency
1, - Total acoustic power flow summarized over the zoomed frequency band



Table B.2 NAISs of the 3rd bending mode of the cantilever plate in air
Unit: 1*10' Micro W/m?
x=15 x=128 x=256
FCY
f, molon | of L I A S oo,
0 - ) - |as2s| 421 | 130 4410 223 | 758
200%10° | 4385 | 4.04 | 94.1 [438.5| 876 | 1947 | 4379 | 5.18 | 120.
500410° | 4354 | 0.83 | 40.0 | 4364 | 7.84 | 1923 [ 4364 | 404 | 9695
553+10° | 4342 | 1.42 | 76.55 | 434.5 | 5.02 [ 1637 | 4342 | 52 | 1063
603*10° | 4345 | 3.52 | 9254 | 4353 | 649 | 1853 | 435.1 | 428 [ 1114
1000*10° | 433.1 | 513 | 1234 | 433 | 9.85 | 232 | 433 | 3.18 | 985
1296*10° | 433 | 2.66 | 59.4 [ 4306 | 3.03 | 1105 | 433 | 419 [ 1193
1389*10° | 4296 | 243 | 662 | 4307 | 233 | 726 [ 4296 | 29 | 76
1419*10° | 418.1 | 0.53 | 288 | 417.5| 134 | 39 [417.5] 185 | 40
1435%10° | 409.5 | 148 | 33 | 4083 | 079 | 247 | 409 | 076 | 168

*1i --- Normalized acoustic intensity at the peak frequency

#], --- Total acoustic power flow summarized aver the zoomed frequency band
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Table B.3 NAIs of the 4th bending mode of the cantilever in air
Unit: I*10° Micro W/m?
x=13 x=128 x=256
Fe

f, 1, 1, f L 1, f, Lo
200*10° | 853.1 | 3.64 | 2329 | 852.5 | 503 | 328.7 | 8525 | 192 | 1239
500%10° | 846.0 | 3.00 | 206.8 | 845.3 | 5.82 | 343.1 | 846.2 [ 1.92 | 115.7
553*10° | 843.2 [ 278 | 234.1 | 8434 | 7.2 3994 | 8445 | 1.96 | 1182
693*10° | 843.7 | 543 [ 2557 | 844.5 | 12.6 | 487 | 8444 295 | 136.2
1000*10° | 840.3 [ 4.38 | 215 | 841.3 [ 6.69 | 346 | 8405 ] 2.09 | 110
1296*10° | 843.1 | 9.77 | 374 | 840.1 | 12.5 | 490 843 | 3.83 [ 142
1389*10° | 8404 112 | 378 | 8403 | 257 | 720 | 8405 [ 5.56 | 168
1419*10* | 833.6 | 27.2 | 502 | 833.7 | 55.7 | 1019 | 8343 | 591 155
1435%10° | 826.8 | 16.6 | 409 | 8268 | 27.8 | 628 827 102 | 220

'Ii --- Normalized acoustic intensity at the peak frequency

*], --- Total acoustic power flow summarized over the zoomed frequency band




Table B4  NAls of the 2nd bending mode of the cantilever in water
Unit:  1*10° Micro W/m*
x=15 x=128 x=384
Foy

£ T b f; b1 LA f; L, ',
200%10° | 107.9 | -3.24 | -16.6 | 107.4 | -5.98 | -40.5 | 1074 | -30 <22
500%10° | 1069 | -7.87 | -43 [107.3| -75 | -640 | 107.3 | -108 | -456
550*10° | 106.8 | -7.89 | -53 | 1068 | -50 | -286 | 1068 | -45 | -377
693*10° [107.11| -49 | -347 | 1068 | -39 | -293 | 1069 | -55 | -391
1000%10° | 1066 | -8.13 | -3¢ | 1069 | -10.8 | -111 | 1066 | -25 -44
1296*10° | 1063 | -841 | -50.7 | 1063 | -19 | -211 | 1063 | -28 | -156
1389*10° | 1058 | -4.37 | -59.9 | 105.6 | -27.9 | -312 | 1058 | -97 | -274
1419%10° | 100.1 | -44.5 | -315 [ 100.3 | -184 | -999 | 99.7 | -195 |-1306
1435%10° | 96.4 | -409 | -307 | 96.4 | -204 |-1259 | 964 | -228 |-1389

"li --- Normalized acoustic intensity at the peak frequency

#], --- Total acoustic power summarized aver the zoomed frequency band
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APPENDIX C FRF and PTF Magnitudes of the Uncracked

Cantilever Plate

Table C.1 FRF and PTF of the il obtained

from the experiments ( dB value = 20 log ,,(Lin.))

Ist bending 2nd bending 3nd bending 4th bending

FRF PTF FRF PTF FRF PTF FRF | PTF

Fy
(dB) (dB) | (dB) | (dB) (dB) (dB) | (dB) | (dB)
200,000 358 - 34.8 124 285 179 21 477
500,000 408 - 338 115 282 125 222 | 536

550,000 39.7 164 347 110 28. 5.48 24, 70

693,000 395 - 342 115 27.1 5.51 249 | 7.26
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