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Abstract

This thesis has investigated the analytical and experimental changes that occur in modal
parameters (i.e., natural frequency, damping and peak response magnitude) of a vibrating
horizontal cantilever plate due to the presence of a crack and due to immersion in two fluids
having different densities. Three plates were investigated, viz., an uncracked plate and two
cracked plates with 1/32" and 3/32" crack depths, machined on both sides of the plates.

From the analycal study, it was found that cracks caused the natural frequencies of plates
in air to reduce by a maximum of 3% and also changed the modal vectors slightly. The modal
vector changes were mainly around the region of the cracks. It was also observed that the modal
vectors changed from "in vacuum" to "in air" condition.

Experiments were carried out in air and at two levels of water submergence. For the
experiment in air, it was observed that due to the presence of a 2x1/32" crack, the natural
frequencies of the plate were lowered by a maximum of 0.75% than the uncracked one. When
the water level was just about the middle of the plate thickness, the natural frequencies reduced
by as high as 26.8% and the damping increased by 5 times. For full submergence (where the
water level was about 23 cm above the upper surface of the plate), a maximum natural frequency
reduction of 40% and damping increase of about 6 times were observed.

Experimental and analytical results were compared for plates tested in air. The maximum
difference between the measured and the predicted natural frequencies were found to be within
8.6%. The correlation of normalized peak strain response magnitudes were good for modes one,

two and four.
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Chapter 1

Introduction

Due to wave, wind, current and other environmental forces acting on them, fixed or
floating structures in the sea experience reversal of loads. Consequent stresses of various
amplitudes can result in fatigue damage to the structures. Statistical studies performed by
‘Wheeler (1980), Almar-Naess (1985) and Parfitt (1986), on the hot spot regions of welded
tubular joints of offshore and onshore structures, showed that large stress concentrations occur
around these regions resulting in fatigue cracks due to the repeated load cycling. Akita (1°83)
reported that large fatigue cracks of lengths, more than 200 mm, were observed around the ends
of (welded) stiffeners fitted on the floor plates or bulkheads in the peak tanks of ships registered
with Nippon Kaiji Kyokai, Japan.

In order to determine whether the cracks will affect the integrity of structures, these
cracked regions have to be detected early so that detailed studies can be carried out on the sizing
of cracks. Many procedures and techniques for detecting and measuring cracks are available
today, such as Magnetic Particle ion (MPI), A ing Current Field




(ACFM), Eddy Current (EC) and Ultrasonic Technique (UT). In all these techniques, the
sensors have to be located very close to the cracked regions and measurements made at a small
distance away from the damaged zones, may not indicate the presence of cracks.

In the last few years, the experimental and analytical modal analysis method has been
utilized to detect cracking of structures through observations made on the change of modal

parameters, i.e., mode shapes, damping, natural frequencies and transfer functions. Due to the

existence of cracks, natural frequencies reduce, mode shapes get altered depending on the
damage magnitude, unit response amptitudes may increase or decrease depending on the position
of crack and damping also changes. By comparing the modal parameter changes that occur in

structures due to cracking, a researcher may be able to detect and localize the damage area.

1.1 Scope of the thesis

The purpose of the present study is to carry out analytical and experimental studies on
uncracked and cracked steel plates with the intent of :
a. Identifying the modal changes that occur in structures, in air and water, due the
presence of cracking in structures;
b. Making some observations on the sizing of cracks from these modal changes;
c. Carrying out experiments on uncracked and cracked structures in order to verify the
results of the theoretical prediction;

d. Determining whether the presence of cracks cause any change of modal properties

of structures vibrating in water, dueto the ch; d mode of fluid-

©n



The organization of the topic introduced above is made in the following manner. The
second chapter reviews the relevant research carried out on fluid-structure interaction, strain

gage application to modal analysis studies and other studies on crack identification. The

of i ical and i modal analysis is given in
Chapter 3. Numerical results on modal behaviour obtained using ABAQUS computer program
are given in Chapter 4, and results of experimental studies are presented in Chapter 5. Analytical
and experimental results are compared and correlated in Chapter 6. The final chapter
summarizes the salient findings of the work carried out in this thesis and gives relevant topics

for further research.



Chapter 2

Literature Review

Studies on the dynamic behaviour of structures, interacting with air or water, have been
carried out extensively to determine the effect of fluid on the structural response in terms of
added masses, hydrodynamic damping and natural frequencies. In the last few years, modal
analysis approach has been used to identify the change of modal parameters due to apparent
added mass contribution. In addition, along with extensive research on integriy assessment of

structures using various experimental techniques the modal analysis methodology has also been

used to determine the existence of ges in Recently, i i have
proposed procedures, not only to detect cracks/damages but also to localize them. The possibility
of using strain gages as transducers in modal analysis allows the approach to be used in the
fatigue life prediction of structures. Strain gages are believed to be more reliable in the fatigue
experiment since the transducers show directly regions where the highest strain/stress magnitudes
occur; this is not given by other transducers.

This chapter is broken into three sections. The first section contaiis a review of work on
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fluid-structure interaction. The second section discusses work carried out on modal analysis
using the strain gage as a transducer. The last section is a review of recent studies on crack

identification.

2.1 Experimental and Analytical Studies on Fluid - Structure Interaction

Components of structures, such as plates and cylinders, have been used as test specimens
either to understand the phenomenon studied or to gain an accurate computational procedure
before tests on large and more complicated structures are carried out. Examples of research
investigations carried out using these kinds of specimens, can be found elsewhere; for instance
in Leibowitz (1975) who carried out extensive analytical and experimental studies to investigate
the response of turbulence excited structures in fluids. In the rest of this section, a few of the
recent studies on vibration of plates or cylinders in fluid are reviewed.

Vibration response of steel plates of various sizes interacting with air and water was
examined by Lindholm er al. (1965). Frequencies of the first five modes of plates, in air and
in water, with several levels of submergence, were measured. As an numerical comparison,
"beam in vacuum" natural frequencies were calculated using the thin plate theory. To get a
better agreement to measured values the added mass factors were derived and used to correct
the frequencies computed using the theory. For the ratio of plate width to plate length equal to
3 and the ratio of plate thickness to plate width equal to 0.0611, which is nearly the same as the
ratio used in this thesis, the difference in resonant frequencies between analytical and

experimental values ranged from 5.0% to 6.2% for plates in air; and the analytical values were



higher up to 39% than the experimental values for plates deeply submerged in water. Compared
to plates in air, the experimental resonant frequencies of plates, deeply immersed in water,
reduced by about 35%. No pattern was found in the frequency variation of the fluid structure
system. Experimental results of plates vibrating in water, at various levels of submergence
showed that natural frequency variation between various levels of submergence was relatively
small when wate:r level above the plate surface exceeded approximately a half of the plate length.
Damping variation was not investigated in this study. Almost a similar study was carried out by
Muthuveerappzi er al. (1979). They employed fluid-beam finite element models to investigate
the change of the natural frequencies of a cantilever steel beam due to different levels of
submergence in water. An important observation that could be made from their study was that
by increasing the water depth above the beam surface, the relative varialion’ in the natural
frequency became less and less. They stated that mode shapes changed slightly in water
compared to those in air. They also observed that the submergence effect was larger in the
higher modes than in the lower ones. These results agreed well with the earlier ones given by
Lindholm er al. (1965). They extended their study to different plate materials, i.e., aluminum
and copper, fluid densities and plate boundaries (Muthuveerappan ez al., 1980). Like Lindholm
et al. they found that natural frequencies reduced significantly until a certain level of
submergence. And after that level, the changes in resonant frequencies were not substantial; also
the modes shapes, in general, altered slightly for different fluid densities.

Added mass and hydrodynamic damping of perforated and unperforated circular plates
were determined by De Santo (1981). Three different plates were investigated both in air and

in water; two perforated plates were of the same in diameter and hole patterns but the second



one was three times thicker than the first one; and the third plate was unperforated, same
thickness as the first one and one c¢m smaller in diameter. Semi-empirical formulae, for
computing added mass and hy ic damping of plates, were given. These
formulae were obtained by correlating derived analytical formula with experimental values. It

was found that the natural frequency shifts of the plates ranged from 10.89% to 16.03%. Added
mass for the third plate was the highest; and for the first plate, the perforated one, it was the
lowest. Damping of the first plate was found to be less than the second plate but slightly higher
than the third plate. Jezequel (1983) proposed a method to compute the hydrodynamic added
mass based on measured mode shapes in air and in water. By a mass modification procedure,
the computed added mass was used to predict the change in dynamic behaviour of structures
immersed in fluids. To validate the method, test on a steel rectangular plate partially immersed
in water, to about two third of the plate height, was carried out. The plate was hung vertically
by two wires which were fastened to the corners of the specimen; and the first six modes were
measured. Because of the influence of immersion, the reduction in measured natural frequencies
varied from 18.34%, in the fifth mode, to 40.7%, in the sixth mode; the other frequencies
reduced between those two values. Comparison was also made between the measured and
predicted natural frequencies of the structure. The computed values were close to the
experimerital values when the apparent added mass was taken into consideration.

Randall (1985) reported his work on the identification of natural frequencies and mode
shapes of a cylindrical structure in air and totally immersed in water, using the modal analysis
method. Using accelerometers, mounted both around and along the cylinder height, he compared

the response of the cylinder in air and in water. He found that the experimentally measured first



frequency decreased by 50.5%; and the higher frequencies reduced by less than 50%. They
noted that a problem was encountered in distinguishing the cylinder modes since the frequencies

were closely spaced. Formulas for ing the natural of a cylinder i ing with

fluid medium were derived by assuming the cylindrical shell to be infinitely long. There was a
good correlation between the measured values and calculated values.

Added mass of circular plates which were partially submerged in water were
experimentally investigated by Lieb et al. (1989). The plates were with and without perforations.
The plates were vertical; and to measure the natural frequencies three accelerometers were
mounted on top, mid-height and bottom of the plate with their direction normal to plane of the
plate. Natural frequencies were measured for seven different levels of submergence. Using the
measured natural frequencies and the mass of the plate specimen or known additional masses
attached on the specimen, when the plate mass data was not available, added masses of the plates
were calculated. As in the previous studies, the natural frequencies reduced from air to water.
For an unperforated plate with 9% submergence, i.e., when 99% of the area of the plates were
covered with water, the first resonant frequency reduced by 55.5% from that in air; and for the
perforated plates a frequency reduction as high as 25.9% was observed. It is quite
understandable that the unperforated plate reduction in the natural frequency was larger than the
perforated one, since the added mass contribution is greater in the case of unperforated plate.
They also found that there was a good agreement between the added masses obtained
experimentally and those calculated using formulae given by De Santo (1981); the values given

by 1.ieb er al. (1989) are higher than those given by De Santo.



2.2 Studies on Modal Analysis using Strain Gages

In the last few years, strain gages have become a popular tool in studying dynamic
response of structural elements using the modal analysis method. Due to several reasons, many
researchers prefer to use strain gages than accelerometers. One of the reasons is that strain gage

transducers give more reliable information in stress/strain fields of vibrating structures than other

In parallel with i studies, a number of theoretical developments on strain
frequency response function determination have been proposed and developed. It is possible that
in the near future, strain gages may play an important role, especially in the fatigue life
prediction and failure analysis of structures, using the modal analysis or modal testing approach,
Some of the pertinent studies carried out on the same are reviewed here.

‘Young and Joanides (1982) investigated the use of strain gages in fatigue life certification
of a space shuttle orbiter component. Experimentally derived modal strain response functions
were developed. According to them, the use of the strain response function in any experiment
has at least two advantages. First, unlike in a pure analytical model, in experimental modal
testing using strain gages boundary condition assumptions are not needed. Second, strain and
stress concentration can be predicted with relatively lower measuremer cost. One of the
disadvantages is that the strain gages can only measure strains at the local area. Another
disadvantage is that the strain may not be spatially continuous as that of displacement. This
implies that smooth strain mode shapes perhaps cannot be determined. For verification of the
theory, tests on the body flap of the space shuttle orbiter was carried out to obtain the frequency

response function data. Then the frequency response function was synthesized using proposed



theory. The synthesized result was next compared to the original data. Furthermore, during the
acoustic data analysis, measured and predicted response spectra were also compared. The
conclusion of this study was not given out because of the sensitive nature of their studies. But,

it was stated - the combination of the results of analytical model with the experimentally

measured mod2l was important and desirable since it ined the strengths of i 1y
and lytical
Hillary and Ewins (1984) ped a ical model for icting the strain transfer

function and determining the force acting on the system. Tests on a uniform cantilever beam and
a compressor blade were carried out. Both accelerometers and strain gages were used to monitor
the behaviour of structures; they were subjected to two forces, applied simultaneously. It was
observed that the strain model was more reliable in estimating the force and the strain frequency
response function than the accelerometer one. Staker (1985) highlighted the advantages of

implementing strain frequency response functions in production problems and in design

Two were i viz., the ability to estimate the fatigue life of a
structure and the ability to identify the structural area where high stresses could occur and zoom
on the area to get more reliable results. Based on the solid elastodynamic theory, Bermnasconi and
Ewins (1989a) derived mass normalized modal strain and strain frequency response functions.
A sample application to a beam with an abrupt change of section was given. Three methods,
FEM, displacement modal testing applied by use of accelerometer and strain modal testing using
strain gages were compared to verify their theory. A good agreement was found among those
methods. Similar to Staker's paper (1985), implementation of strain modal testing in fatigue life

evaluation was suggested. Based on the theory given in their previous paper, Bemasconi and
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Ewins (1989b) carried out i studies on a di i beam, a curved plate and a

steam turbine blade. They further i and i of the

strain modal testing theory, especially in simulating a real case where modal strains are complex.

Strain gage transducers were used in modal testing to identify the causes of failure in a

finned-tube heat (Powell and G 1989). The reason for using the strain gages
was that they showed the failure region more reliably since at resonance high strain amplitudes
are observed around these regions; this was not the case in the measurements using
accelerometer. They reported that strain gages could be employed successfully as a tool to
identify the vortex induced vibration problems. Debao et al. (1989) derived strain transfer
functions on the basis of strain-displacement relationships. They found that the shapes of modes,
measured by accelerometers and strain gages, for a plate and a beam were similar for the first
three modes. It was also found that the strain gages gave a little bit higher values of natural

frequencies and damping than the accelerometers.

2.3 Recent Studies on Crack Identification

Change of modal parameters due to changes in structures, from a "virgin" to cracked/
damaged condition, can be utilized as a tool to detect and localize the existence of damages in

Using an i plate and a carbon reinforced plastic trapezoidal plate

as test pieces, Cawley and Adams (1979) performed transient tests on these plates. A hole, a

number of saw cuts and a crushed damage were i in the i after

were leted on und: d i To find out the effect of defects on the natural
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frequencies of plates, saw cuts and crush damages were applied sequentially to the plastic plate.
Analytically, they used eight-noded isoparametric elements to predict the frequency shifts and
the damage location. The natural frequency shifts were computed by sensitivity analysis while
damage locations were predicted through the use of an error function which gave a minimum
value at the damaged position. They observed that the resonant frequencies reduced when
damages existed. But the location and magnitude of the damages could not be detected
successfully. Damage detection of a real offshore structure located in the North sea was
performed by Kenley and Dodds (1980). They measured the natural frequencies of the platform,
before and after the platform members were cut, using accelerometers which were placed both
above the water line and under water. Accelerometers mounted above the water line were
intended to measure the so called overall mode of vibration while those placed underwater were
used to obtain local mode of the platform. They stated that only the fermer could be utilized to
detect severe damages while the latter could be used to observe the less severe damages.
Nataraja (1983) reported his investigations on the integrity monitoring of three jacket type
platforms in the North sea. Accelerometers were used constantly to measure the response of the
structures over a period of time; strain gages were used for only one of the platforms which was
considered to be a complex structure. In order to simulate the damage possibility of the
structures, dynamic behaviour of the "damaged" structures was analyzed using the finite element
approach. The analytical results showed that the resonant frequencies of the lowest five modes
reduced considerably and in the other modes the frequency changes were negligible, According
to Nataraja, only the first three natural frequencies were stable during the time of investigation.

From the stability characteristics of the resonant frequencies, he concluded that there was no



considerable damage in the structure when the investigations were carried out.

Chinese researchers (Feng et al., 1989) i i he ch of natural ies and

strain mode shapes of a 410x30x5 mm thick slotted beam. Fifteen strain gages, mounted along
the longitudinal axis of the beam, were used as sensors to acquire the responses of the vibrating
beam; additional seven strain gages were placed in an area near the slot to study the strain mode
shapes in the region. The beam was clamped at one end and free at other end. From the study,
they found that around the area of the slot, the strain mode shape vector magnitudes increased
significantly; in areas far away from the slot there were no significant changes.

Mannan and Richardson (1990) examined the methodology to detect and localize damage
in a free-free aluminium plate via frequency response function. The plate response data was
acquired before and after a saw cut was made. It was found that the natural frequencies changed.

By ing the stiffness di: between the and damaged plates, they

examined the procedure of localizing the damage. However, it was found that the damage
localization effort was not successful, since there were large stiffness differences not only in the
near DOFs where the damage existed but also in some of the other DOFs. Investigations on
crack identification and localization of free-free beams, in which simulated cracks with various
depths and locations were introduced, was carried out by Gomes and Silva (1990). Analytically,
they used a torsional spring element to model the cracked part of the beam. But comparison of
analytical and experimental results were not given in this paper. Natural frequency variations
of experimental results of cracked and slotted beams with different depths of crack or slot were
plotted against the simulated damage locations. The plots showed that, although those variations

were similar, the resonance frequency variations of cracked beams are a little higher than the
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damper was added to the system. Using the formulation derived by Mannan and Richardson
(1990), Chowdhury analyzed a three DOF mass, spring, damper model with various mass and
stiffness values. He found that a stiffness reduction did not influence the mass matrix, while
mass changes affected both mass and stiffness matrices; it was also found that a damping change

did not influence either the mass or the stiffness matrix of the system.

2.4 Summary

Modal analysis has been used to study phenomena in fluid structure interaction, crack

and fatigue life iction. In the last few years, strain gages have been used as
complementary transducers in experimental studies. To facilitate the experimental results,
analytical strain modal testing theories have been developed. It has been found that the use of
strain gages as response sensors gives better accuracy of measurements and also assists in the
location of the cracked/damaged regions.

‘This thesis examines the change of modal parameters of a simple cantilever plate, with
and without the existence of cracks, immersed in water/air for the first five resonant frequencies
of the structure. Analytical and experimental studies are carried out. The experimental study
primarily relies on the data acquired using strain gages; only one accelerometer was mounted
in the plate and used in modal testing. To predict the dynamic response of the plates, both in

vacuum and in air, the ABAQUS computer package was employed.



slottsd ones. They mentioned that the discrepancies may be because of the fact that the crack
propagation line is not parallel to the axis toward which it propagates. Consequently, the crack
area is larger than the equivalent slot area.

By assuming a small damage in a structure, Richardson and Mannan (1991) derived the
s called sensitivity equations for the changes in mass, damping and stiffness of structures. The
inherent assumption was that mode shapes do not alter substantially due to the existence of
damage. A three DOF system was used to validate the equations. Up to a w.aximum of 10 %
change in structural properiies, i.e., mass, stiffness and damping could be predicted accurately.
According to Mannan and Richardson, unlike small change case in which modal parameters of
undamaged structures, i.e, mode shapes, mass, damping of damaged structures are needed, the
"large” change case requires additional data on mode shapes of damaged structures. Chowdhury
(1991) carried out i and analytical studies to investi the variation of modal

parameters due to changes in mass, damping and stiffness properties of a simply supported beam
system. Experimentally two steel plates, with and without damages (cracks), were tested. To
examine the effect of stiffness reduction on the dynamic behaviour of the system, the first plate
specimen was tested under two conditions, i.e., before and after a saw cut was introduced. Two
more cases were also investigated for the second specimen when external mass and damping
were introduced. First, an additional mass was mounted on the plate. Second, a damper was
fastened to the plate. By comparing the plate with and without a cut, Chowdhury found that most
of modal frequencies decreased after the saw cut was introduced; the modes whose modal
patterns were not influenced by the defect did not undergo any changes. The additional mass

resulted in the reduction of lower frequency modes and the modal damping increased when a
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Chapter 3

Modal Analysis Theory

Modal analysis is defined as the process of characterizing modal parameters of a system
either through lytical or i approach. A i , modal analysis is

by the use of finite element method. The general finite element procedure includes the

assemblage of local structural element istics and its fc ion to global

coordinates; thereafter the elemental mass, stiffness and damping matrices and load vector are
assembled for the whole structural system and solved to determine the pertinent variables of

these system i In order to i putati all the degrees of freedom of
structures need not be included in the analysis; ing and
techniques are often needed.

Experimentally, modal analysis is performed by monitoring the input and the output of
an oscillating structure at salien* points of measurement. The measured data are, then, analyzed

1o get the desired modal parameters. Experimental modal analysis is needed to verify the results

obtained by i i orto ine the condition of a prototype structure during

16



its ional life. Due to ions made in solving the analytical modal probleras, analytical
modal parameter values may differ from those acquired experimentally. Usually comparison
between analytical and experimental modal analyses is made in order to refine or to validate the

finite element model. In this chapter, the th

d of analytical and

modal analysis techniques are briefly reviewed.,

3.1 Analytical Modal Analysis

As mentioned earlier, finite element method is an analytical tool which is being
increasingly used to predict the dynamic behaviour of structures. In the present study, the
general purpose finite clement program ABAQUS, version 4.9-1, developed by Hibbitt, Karlsson
and Sorensen, Inc. is used for analyzing the dynamic response of an uncracked/cracked
cantilever plate in vacuum and in air. Two types of modelling have been considered in the
discretization of the structure for analysis. When the plate was considered to be immersed in a
fluid (air), a plane strain modelling of the fluid-structure medium using three-noded beam
element for the structure and eight-noded plane strain element for the fluid was utilized along
with a three-noded interface element between the structure and the fluid. When the discretization
of the plate in vacuum was carried out for eigenvalues, eight-noded shell (otherwise called plate)
elements were used to model the plate with condensation of unwanted degrees of freedom to
achieve computational economy. Node ordering of the shell and beam element are shown in

Figure 3.1 and 3.2.




Figure 3.1 Eight-noded shell element : node numbering

Figure 3.2  Three-noded beam element : node numbering

©

Figure 3.3 Eight-noded acoustic element : node numbering



3.1.1 Analysis of Fluid Structure Interaction

The vibrating plate in air, was modeled by using three-noded beam element and eight-
noded acoustics element. Figure 3.3 shows the acoustic element used in the study. The interface
element, shown in Figure 3.4, was used to couple the fluid elements to structural elements so
that compatibility with the structural model as well as acoustic model were achieved. It is

assumed that the fluid is i inviscid and small motion. Two types of

boundary conditions are available for implementation, namely, (i) the general boundary
conditions which could be used by giving kinematic values for the boundary degrees of freedom
and (ii) fluid absorbing boundary conditions which could be obtained by relating the boundary
surface normal velocity to the pressure at the point and the time rate of chmge of pressures,
Using the condition given in (ii) above the normal velocity of fluid at the boundary can be

written as,

(&)
where:
4, = normal fluid velocity component with positive direction into the fluid,
k; = the proportionality factor between pressure and displacement of the surface in the
normal component of surface displacement,
¢, = the proportionality factor between pressure and the velocity of the surface in the
normal direction,

p = pressure in fluid.
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Figure 3.4 Interface element : node numbering

By giving specific values to k, and ¢, at desired regions, normal fluid velocity can be specified
for the problem.

Full derivation of the fluid structure interaction equation taken from ABAQUS Manual (Hibbitt,
Karlsson and Sorensen, 1989), can be found in Appendix A.

The equations of motion for fluid-structure interaction is,
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in which:

p' is the pressure on the fluid structure interface,

=H’P'

HF is the interpolation function for pressure in the fluid at node P*,
P’ is the generalized pressure at node P*,

u® is the nodal variables in the structure,

SNM N

NMis the interpolation function at M degree of freedom,

WM is the generalized variable in the structure at M™ degree of freedom,
x is spatial position of the fluid particle,

p is material density,

peis the fluid density,

r is volumetric drag (force per unit volume per velocity),

K, is the Bulk Modulus of the fluid,

n is the outward normal to the structure,

o is the stress in the structure,

D* is the material elasticity matrix,

«, is the mass proportional damping factor (Rayleigh damping),

B. is the stiffness proportional damping factor (Rayleigh damping),

P2 and v™ are the steady state values of p@ and W,
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® (p9, ¥ (pY and R (M), ¥ (v™) are the real and imaginary part of the amplitude of

the response,

R (P%) and ¢ (P¥) are the real and imaginary part of the forcing applied to the structure,

w is complex circular frequency,

and

tis time variable,

Superscripts P and Q refer to pressure DOF in fluid and superscripts N and M refer to

displacement DOF in the structure.

The response of the system can be obtained through the so called steady state dynamics
procedure over the frequency range of interest.

In ABAQUS, the above equations of motion are solved using either eigenvalue based

solution or direct i i i The ei based solution technique is used in the
linear system. In the non-linear system case or in the case of coupled fluid-structure where the
matrix in Equation (3.2) may not symmetric, ABAQUS integrates the equation using a direct

These two i are summarized in Appendix A.

32 Experimental Modal Analysis / Modal testing

Modal Testing is usually done by following a procedure that consists of several phases,

i.e., modal analysis theory, i modal analysis modal data

modal parameter estimation and modal data presentation (Allemang and Brown, 1988 and
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Allemang, 1990). The first phase, modal analysis theory, deals with the part of vibration theory
that discusses concepts of natural frequency, mode shape and damping. The next phase,

modal analysis discusses th i the relationships that exist
between the measured data and the conventional modal analysis theory. In the modal data
acquisition phase, the requirements for modal data acquisition are characterized. The data are

analyzed in the next phase (modal imati estil the modal Since

processing errors may be involved in the analysis of the acquired data, this phase should be
carried out carefully to minimize the contribution from extraneous sources of noise. The quality
of the estimated modal parameters are judged on the basis of the mathematical model used in
the experimental modal analysis methods. Error in this phase is defined as the difference
betwen the measured data and the result of the mathematical model. Since it is assumed that
the results of experimental data analysis are correct, the mathematical model employed is
sometimes forced or modified to fit the experimental data. The last phase, modal data
presentation, deals with the mode of tabulation and graphical presentation of data for modal
frequency, modal damping and modal vectors so as to elicit the maximum information available

from i i results. Ci ison of and predicted values are often
carried out. This leads to the validation of finite element model used in the study.

In the subsequent sections the various phases involved in experimental modal analysis are
briefly discussed.



3.2.1 Modal Analysis Theory

Modal Analysis theory utilizes three basic assumptions. The first assumption is that the
structure is considered to behave in a linear manner and that its dynamic response can be
represented by a series of second order differential equations. Secondly, during the test the
structure is time invariant. And the third one is that the structure follows Maxwell-Betti's
reciprocal relationships.

Based on the domain of analysis, the results of the theoretical modal analysis can be
grouped into three categories, viz., (i) transfer function in Laplace domain; (i) frequency
response function in frequency domain; and (iii) impulse response function in time domain
(Allemang et al., 1988). Modal parameter estimation is carried out in this thesis through the
frequency domain; in other words, frequency response function approach is used to obtain those
parameters.

In understanding modal analysis theory, a sound ing of the basic

vibration becomes prerequisite. Since multi-degrees of freedom systems (MDOF) can be
generally represented as the linear superposition of a number of single degree of freedom
systems (SDOF), the SDOF sys. s is briefly discussed first before the multi-degree of freedom
systems. Discussion also includes the concept of transfer function, frequency response function

(for displacement and acceleration) as well as strain response function.
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3.2.1.1 Single Degree of Freedom System

Considering a single degree of freedom system, shown in Figure 3.5, the governing

equation of the system is given by,

mE@R) +ci() +kx=£() 3.3)
where:
m = system mass,
¢ = system damping,
k = system stiffness, and
f = forcing function.
() o
!
moT
x(t)
kg dc

Figure 3.5 A single degree of freedom system
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For underdamped single degree of freedom systems, i.e., damping ratio £ < 1 (since most of

real structures behave in an d: d manner) the

ic roots are a pair complex

conjugate oncs (see Figure 3.6). For convenience the pole locations in mode r are denoted by

p,and p,’ ; thus
p, =-§0:i(y1-¥)a
=-0,+iw,
S=-£0:(/1-8) a
=-0,-iw,
where:

Q = system natural frequency,
o, = damping factor,
w, = damped natural frequency.

8= o+ lw

§=cosp

“‘)I‘

Figure 3.6 Pole locations

(.4)
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The particular solution, i.e., the steady state condition, depends on the forcing function and is
obtained using Laplace transform. With zero initial displacement and velocity, the solution for
displacement X(s) is obtained as

X(s)=H(s) F(s) (3.5
where:
s =g, + iw,
F(s) = forcing function in Laplace domain,
X(s) = system response in Laplace domain,
H(s) = system transfer function which relates system input to system response in
Laplace domain which can be written as,

1/m
(s-p)(s-p;)

For a SDOF system, the transfer function H(s) can be written in a simpler form as,

Hi)= L 4
G-P) (s-p)

(3.6

where A,” (a complex conjugate of A,) is the residue at the pole p,” (a complex conjugate of p,).
The displacement frequency response function (DFRF) can be derived by evaluating the

transfer function along the imaginary axis, i.e., s = iw, as

4, A

H(w)= 7
Ge-p) Go-p,)

()]
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3.2.1.2 Mu'ti-Degrees of Freedom System

Assuming that the input-output relationship of multi-degrees of freedom system (MDOF)

can be represented as a linear superposition of a number of single degree of freedom systems,

the system transfer function and displacement frequency response function (of underdamped

systems) can be written in partial fraction expansion form as,

Transfer Function :

~| A Ay
HE=Y | A, A
(s) 'Z.l: ‘(S'P,) *(:-p:)

Displacement Frequency Response Function :

Alb & AI;I

H@)=3
=2 @©-p) (w-p)

=

where:
s = Laplace variable,
@ = angular frequency,
r = number of the eigenvector (modal vector),
n = number of eigenvalues (modal frequencies),
subscripts i = response at i* degrees of freedom,

subscripts k = input at k* degrees of freedom,

3.8
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Ay, = A%, = residue,
=QU, Uy
Q. = modal scaling factor,
U, = modal coefficient at measured degrees of freedom i and mode r.

Further details of the experimental procedure for obtaining the modal parameters of the

displacement multi-degree of freedom system are given in subsequent sections.

Strain Frequency Response Function :

Several strain frequency response function theories have been proposed; two of them,
developed by Ewin and Bernasconi (1989a) and Debao er al., (1989), are summarized here.

Ewins and i (19892) have ped the strain frequency response function
(SFRF) using elastod ic theory. Full derivation is not reviewed here; but the strain
frequency response function is rewritten as,

SI‘(Q)=E——€I'_’£___ (3.10)

T (0 -0?42iE,0,0)

where:
w = frequency variable,
w, = damped natural frequency,
£, = modal damping ratio,

e = of mass i i mode shape in a known direction at
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point k, and

& = component of r* strain modal vector in a known direction at point j.

Debao ez al., (1989) derived strain frequency response function for | -ate and beam which

is written as,
L) [CRIT L
() =Y — Pl @.11)
() g[x,-u’u,nuc,]
where :

K, = ($,)7(K114,,)

is generalized stiffness,
M, = ()7 [M1{p,)

is generalized mass,
c, = ,)7[ClHs,)

is generrlized damping,

€, = the r* strain mode shape in x direction,

¢, = the r* displacement mode shape in z direction.

Equation (3.10) and (3.11) are not used in this thesis, because the strain frequency response
function needs both displacement mode shapes and strain mode shapes while in the experimental
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part of this thesis only one accelerometer was used to monitor the displacements; hence the
displacement mode shapes could not be obtained from the results. Obviously it is possible to get
the responses for several points on the specimen by moving an accelerometer to several different
locations. But that method is time consuming and as such is not used in the experimental modal

analysis carried out in this study.

3.2.2 Experimental Modal Analysis Procedure

In performing experimental modal analysis or modal testing, the system is assumed to

be linear, time invariant, and is i to follow Betti-] s

theorem. The linear assumption on the system implies that the response of the system, due to
any combination of inputs which applied simultaneously, is equal to the sum of the individual
responses to the each input, acting individually. The second assumption means that the measured
parameters are constant during the duration of the test. Observable assumption implies that the
measured data contains sufficient information to model the dynamic behaviour of the system.
This assumption is needed because measurements are generally done in a limited frequency range
and resolution. In addition the measured data are limited only to strains, accelerations or
displacements; other data such as rotation or curvature cannot be obtained because no rotation
or curvature measuring transducer is available in the market today. Betti-Maxwell’s reciprocal
theorem states that the deformation at point j due to a force applied at point k is equal to the
deformation at point k due to a force at point j. Assuming the system to obey the theorem, it is

required to measure only a column or a row of the system transfer function matrix as well as
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the system frequency response function.
Input and output relationship for the di response function procedure

for a multi-degrees of freedom system can be expressed as,
[[mls? + [cls + [KI){X(s)) = {F(s)) (.12)
where [m], [c], [K] are system mass, damping and stiffness in matrices.
1f B(s) is defined as,
[B(s)] =[(m)s® + [e]s + [k]] 6.13)

Equation (3.12) can rewritten as,

[B)1X(5)} =(F(s)} @14
and,
{X(s)} =[H())(F(s)} (3.15)
where:
Hesy = SV BO)] (.16)
) G136

The modal vector can be extracted from the adjoint of matrix B(s), using
[B®IBEI " =1
[D(s)] = adj [B(s)]

[B()1[D(s)] =det [B)][1]



Evaluating the suvove equation at the location of poles, i.e., det [B(s)] = 0, leads to

(B(p)] (D(p,)1=0 [cBY))

Evaluating Equation (3.17) for an arbitrary column of adjoint matrix B(s) at the pole locations,

[B) (D)} =0 (3.18)
gives the modal vectors of the Equation (3.15).
Thus by evaluating an arbitrary column of adjoint matrix B(s) to D(s), modal vectors of a system
can be obtained. When the real part of the pole becomes zero, the transfer functions become
frequency response functions. Since it is assumed that the Betti-Maxwell theorem applies to the
system, as stated before, modal vectors can be estimated by measuring either a column or a row

of system frequency response function.

3.2.3 Digital Signal Processing

Digital signal processing deals with the transformation of a continuous analog data into
a vector of discrete digital data for system input and output. In this phase of the experimental
modal analysis, errors due to extraneous noise and due to limitations in measurement are taken
into account and eliminated from the data before analysis. Digital signal processing methods are
used to minimize noise in measurement. Elimination of three types of noise present in the data,
viz., (i) a noncoherent noise resulting from stray electricai signals or unmeasured excitation

sources, (ii) signal processing noise produced during analysis due to the use of discrete fourier
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transform to convert time into frequency domain or vice versa, and (iii) nonlinear noise due to

i system iour need to be i in the signal ing methods. These
noises are eliminated by utilizing a signal agil (for noise) and
sufficient length of data with proper windows and ion (for signal p

noise). The possibility for the presence of nonlinear noise due nonlinear system behaviour must
be eliminated.

Five error reduction techniques used to minimize errors in frequency response function
measurements are : (i) Choice of the appropriate frequency response function estimator, (i) Use
of signal averaging methods, (iii) Selection of an optimal excitation signal, (iv) Choice of
proper frequency resolution, and (v) Use of a suitable weighting function or window.

Based on the assumed noise input into the system, the frequency response function
estimating procedure can be grouped into three different methods, viz., Hy, H;, and H,.

H, assumes that noise exists in the outpu: and the input is free of noise. Hence

[H,1(X) = {1)-{n} (3.19)

H, ¢stimator considers the noise to be present in the input and to be absent in the output,
(X)) = (1) o2

H, assumes the noise to exist both in the input and output signals, consequently

[H,]{{X}-{v}} =(¥} - (n} 3.2
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‘The most common frequency response function estimation approaches are the least square
techniques and auto power and cross power spectra based techniques. For the system shown in
Figure 3.7, the 2034 B&K signal analyzer used in the experimental part of this thesis utilizes

the spectral approach.

— X N H N &

Figure 3.7 System with no noise
While the excitation could be single or multiple, equation derived for a single excitation is given

as,

G,
H=-2 3.22;
5 3.22)
G,
H=22 (3.23)
GF
where:
Gy is the input auto spectrum,
=5X X
=1
G,, is the output auto spectrum,
=LY Y
i1

k)



G,, = G, is the cross spectrum,
¥ .
=IX Y
i1
el .
SLY X
=1

In any actual situation, the noise occurs both in output and input as shown in Figure 3.8 in

which apostrophe denotes the true measured input/output,

Figure 3.8 System with noise

Therefore, H, and H, are further defined as,

H

B, T (.24)

Hy=H(1+e,) (3.25)
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where:
H is the true response function of system

&, is the relative amount of noise at input

- G‘v
A

=y 1 " V:
&, is the relative amount of noise at output
S

Gy

n=nn,
It can be seen that H, is the lower bound and Hi is the upper bound of H.

The level of confidence in frequency response function estimation can be identified by
the ordinary coherence function which is defined as,

7 _1Gal? 6,6 (3.26)
5
” GG, G,G,

Yy is real valued and varies from 0 to 1. The coherence function is used to measure the degree

of noise in Zero value of function means the response is generated by
the noise or a source other than measured input. When the coherence function is one, however,
the measurement is perfect, i.c., the output is caused by the measured input. Error such as
leakage can cause the coherent function to be less than one. By increasing the number of
averages, the variance of the coherence will be less.

Sig .1 averaging process can be viewed as " the weighted running average process giving
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at any time the average value over the previous averaging time”. Several time averaging methods
are available such as linear, exponential and peak averaging (B&K 2034 analyzer manual, 1987).

For linear averaging,
e [1 —%l,«__‘ +8, e

where:

A, is the averaging after n ensembles,

A, is the previous average after n-1 ensembles,

B, is the n* ensemble.

Signal averaging can be performed with or without the overlapping of the time record.
The overlap process is intended to enhance the measured data by including consecutive history
data before the previous data is completed. In the analyzer the degree of overlap could be 50%,
75% or a maximum of 85%. In the maximum overlap, spectra are calculated as fast as possible
and all of them are averaged.

Choice of a proper excitation function can reduce the bias error. Signals which have been
used in experimental raudal analysis are slow sine sweep, fast sine sweep (or periodic chirp),
impact, and random signals. In the experimental study reported in this thesis, fast sine sweep
signal was applied to specimens. The fast sine sweep signal i1 a sine wave signal in which the
frequency is gradually increased as a function of time over the frequency range of interest while

the amplitude and phase are held constant; in mathematical form (De Silva, 1987),

SO =A sin[o(®)t +4] (3.28)




where:
A = the amplitude,
¢ = the phase,
w(t)= the frequency range of interest,

= ot (04-wp) '1'7‘

w, = the lowest frequency in the sweep range,

w, = the highest frequency in the sweep range,

T, = sweep duration,

t = time variable.

‘The advantages of using the sine signal are the relatively short measurement time, the possibility
of reducing leakage error and the high signal to noise ratio.

Increase of the frequency resolution minimizes the leakage error. Increasing frequency
resolution would mean the reduction of frequency measurement band or the zooming in of
smaller frequency range of interest which would automatically require a longer time record.
When the frequency response function peak is narrower than the frequency resolution
measurement, error occurs. In this case the frequency response function will "leak” or be wider
around the region of interest. Resonant and anti-resonant peaks of the frequency response
function are susceptible to this type of error.

By applying a weighting function or a window, error in frequency response function can
be reduced. There are several type of windows such as Rectangular, Hanning, Flat Top and
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And frequency response function of Equation (3.29) is,

H(Q) 3 Ar AV

il .30)
2i(iuw.)’2i(m-p,') e

Equation (3.30) is symmetric about o, axis. One side describes the motion in the negative
frequencies and the other side characterizes the motion in the positive frequencies, Usually the

FFT analyzer evaluates the data only for the positive frequencies; hence the above equation can

be rewritten as,
A'
E e A— 3.31
H(w) G 7) @3y
‘This can also be thought that the ibution of negative ies are neglected.
of the residue and the characteristic poles into the above equation, yields
H(oy-— 2t Ant (3.32)

2{-(0-w,)-0,i}
Real and imaginary parts of Equation (3.32) are,

& [Hw)]=- A @-0)+4,0,} (3.33)

2{(0-0,*+a} }

9 [H()=+ A% 4n(0 -0} 3.34)

2{(0-w)*+a?}
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Kaiser Bessel (Windows to FFT Analysis, 1987). Randal (1988) suggests the use of Hanning

window for stationary signals; in this study Hanning window is used in the signal analysis,

3.2.4 Modal Parameter Estimation

The STAR computer programme from SMS provides five modal parameter estimators

based on curve fitting i These i are inci peak,

and global methods. The first three methods estimate modal parameters only in single degree

of freedom systems; the other two are i for identifying these in heavily
damped and multi-degrees of freedom systems. The essential theory of these modal parameter
estimation methods are reviewed here.

STAR SMS formulates the frequency response function as,

H(s) = —t— + A (3.29)
2i6-p) 2i(s-p))
where:
A, is the residue,
=A;+ Aqi
A’ is the complex conjugate of A,
s =0 +iw,

P is the pole of the underdamped system, and

P, is complex conjugate of p,.
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Evaluating these values at the peak w = w; gives,

A
& [H(u)1=-2—" 3.39)
ul
4,
SHE@I =+ (3.36)

Real par: of the residue refers to the coincident response or the in-phase response and the
imaginary part of the residue refers to the quadrature response or the out-of-phase response. It
can be seen that the real part of the residue is proportional to the imaginary part of frequency
response function while imaginary part of the residue is proportional to real part of frequency
response function.

In lightly damped system, where the contribution of the adjacent mode in the vicinity of
the identified resonant frequency can be ignored, the residue is always real, Therefore the modal
vectors (modal residues or mode shapes) can be identified by only employing the imaginary part
of the frequency response function.

Complex peak method fits, in the least squared error sense, the complex value of
frequency response function data to estimate the modal frequency and the peak magnitude of the
frequency response function. Modal damping is not identified in this method.

By use of the rational fraction least square method, polynomial curve fitting method
estimates the modal frequencies, damping and the residues. This method can be applied to both
single degree of freedom and multi-degrees of freedom systems. For lightly damped single

degree of freedom model, the frequency response function is written as,



AL 0,+4,0, 44,0

H(w)=
o?+ol-w?+2i0,0

+Cy+Cy(iw) +Cy(-0?) 3.3
in which C,, C, and C, are residual function coefficients.

The extension of rational fraction least square method, which is called the global curve
fitting method, is provided by STAR SMS to get better accuracy and to accommodate the heavy
modally coupled system in which resonant frequencies are closely spaced. Global curve fitting
method is performed in two steps. First, global frequency and damping curve fits are used to
estimate modal frequency and modal damping. And then global resonant method is used to
evaluate the complex residue of frequency response function, i.e., the imaginary and real parts
of the residue. Unlike the polynomial method, the global curve fit method estimates only two
modal parameters in each step. Therefore the modal parameters can be better estimated by this
method,

3.2.5 Modal Data Presentation

In this phase, modal parameter data obtained from experiment and predicted by the finite
element method are presented in a tabular or graphical form so that modal frequencies and modal
residues or peak values of frequency response function can be compared. In finite element
analysis, damping ratio is usually assumed. Therefore analytically, in this thesis, zero damping
is considered as a first step; and then damping values obtained from experiments are used to get

damped modal parameters of the structure.
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3.3 Summary

Modal analysis is the process of izing modal using either
approach or experimental approach. In this study, analytically, beam elements along with plane
strain acoustic elements, provided by package program ABAQUS version 4.9-1, are used to
model the cantilever plate vibrating in vacuum and in air. In addition, shell elements are also
used to obtain modal frequencies of the plate in air which are then compared with the values
obtained using the beam elements. In the experimental part of this study, frequency response
function approach is employed to get the modal parameters of the plate for the first five
frequencies. The exciter is located at a point of the plate; fast sine sweep signal excites the
structure through the frequency range of interest. In spectrum based techniques, the B&K 2034
analyzer is employed to obtained the frequency response functions (FRF) of the vibrating plate;
and damping factor and peak magnitudes of the FRF are extracted vng STAR computer
package program. The result of the analytical study is reported in Chapter 4 and the
experimental results are presented in Chapter S. The comparison of ical and experil
studies is given in Chapter 6.




Chapter 4

Analysis of Cracked and Uncracked Plates

The plates used in this study (for analytical and experimental purposes) were analyzed
using the computer package program, ABAQUS version 4.9-1, to compute the modal vectors,
frequencies and frequency response functions. The dimension and crack shape of the plates
investigated in this study are shown in Figure 4.1 and 4.2. The plate was 652 mm long, 204 mm
wide and 9.5 mm thick. The cracks were "v" shaped and introduced on both sides of the plates;
they are located at 110 mm measured from the fixed end. Two crack depths were investigated,
i.e., 2x1/32" (2x0.794 mm) and 2x3/32" (2x2.381 mm) crack depth. Since the actual crack
width investigated was very small, in the analyses of the plate three crack widths, viz., 1.5 mm,
2 mm and 2.5 mm, were used. For analyzing the plates (cracked and uncracked) in vacuum and
in air (air was considered as a fluid medium), five discretizations were employed; in two of
them, shell elements were used for discretizing the uncracked plate in vacuum (hence no air
discretization is necessary). On the basis of zero damping assumption, the plates were analyzed
over several frequency ranges to obtain the natural frequencies, mode shapes and frequency
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Figure 4.1 Plate dimension and crack location (not to scale)
L = length (652 mm); t = thickness (9.5 mm);
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Figure 4.2 Exaggerated crack shape : h = crack depth;
w = crack width
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response functions at five nodal points of the vibrating plates; and the results are given in tabular
form and plots in Appendix B of this thesis. The response of the structure in water could not be

computed, since an appropri i could not be due to strong

coupling between the plate and water. This chapter highlights the numerical results that were
obtained with the finite element discretization of the plates. After detailing the finite element
discretization procedure, the results obtained for, the numerical frequency response function,

natural frequencies and mode shapes of the plates are presented in this chapter.

4.1 Finite Element Discretization

A total of five different discretizations were used in this study to predict the dynamic
behaviour of the plates. Figure 4.3 shows the 4x13 shell elements discretization; the 8x26 shell
elements discretization is shown in Figure 4.4. The shell element discretization did not need the
discretization of air medium, since it was located in vacuum. The number of degrees of freedom
in 4x13 shell elements discretization was reduced to about one fourth by dynamic condensation
procedure to shorten the computer processing time; the used discretization is shown in Figure
4.5, In the uncracked beam in vacuum model, the plate was considered as a beam and
discretized into 13 beam elements. For the "beam in air model®, plain strain fluid elements

interact with the beam via the interface elements inserted in between the beam and air interface.
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Figure 4.3 4x13 Shell element mesh : plan
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Figure 4.4 8x26 Shell element mesh : plan
(dimension in mm)
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Figure 4.5 Retained nodes used in the reduced shell element discretization : plan
(dimension in mm)

Figure 4.6 shows the "uncracked beam in air" discretization; five nodes, ing to the

location of transducers (three strain gages and one accelerometer) and excitation point (load cell)
in the experiment, are denoted in the figure. The beam in vacuum was modelled by introducing

the beam elements as shown in Figure 4.6. The beam in air discretization was

modified to model the cracked beam in air as shown in Figure 4.7. To model the crack, the air
and beam elements in the vicinity of the crack were altered. The aspect ratio in that region was
maintained as low as possible (< 6), so that reliable results were still obtained. To make the
computation simple, the crack was idealized as a "rectangular crack”, so that in the analysis, the
crack would be considered as a beam element with reduced cross section (the idealization was
carried out also due to limitation in computer memory). Further, since the actual crack width

was very small, in this study, three different crack widths were considered, viz., 1.5 mm, 2 mm
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and 2.5 mm. The cracked beam in air discretization is shown in Figure 4.7; the nodes, where
the sensors and acceleration were located in the experimental study, are shown in the figure. The
finite element mesh around the cracked region for 1.5 mm crack width is shown in Figure 4.8;
the idealized crack used in the analysis is shown in Figure 4.9.

Boundary diti set in these di izati were made up of plate boundary

conditions and fluid boundary conditions. The plate was fixed at one end as shown in Figures
4.6and 4.7. Since the plate is obviously immersed in the air, in the beam-air discretization, only

a half the air di ization was taking into i ion the symmetry itions. To

prevent the air pressure from moving back onto the vibrating structure, an absorbing boundary
condition was introduced at the farthest end of the air medium by giving a large value of k and
¢; in Equation (3.1) (k, and ¢, were assumed having value of 10000). These boundaries are

located at the bottom and at the right and left sides for the uncracked and cracked beam cases.

4.2 Analytical Frequency Response Function

The analytical frequency response function are obtained by applying a unit force to the
structure, in the frequency range of interests; zero damping is assumed in the analysis. This
function is the same as the frequency response function used in the experimental study in this
thesis, but theoretically these two response functions may be somewhat different in the way they
are obtained. ABAQUS uses the equation of motion given in Equation (3.2) to determine the

in the i the resp are ined using Equation (3.22) and (3.23) on

the basis of auto and power spectra methods. However, physically, these two response functions
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Figure 4.7 Cracked beam in air discretization for 1.5 mm crack width (dimension in ram)



tatefoit

=

8376 | 3375 | 3375 | 3375
T T T

-

—

Figure 4.8 Mesh in the vicinity of crack for 1.5 mm crack width
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Figure 4.9 Idealized crack : w = crack width; h = crack depth; t = beam's thickness
(not to scale)
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are quite similar; the frequency corresponding to the peak response magnitude denotes the
natural frequency of the structure. It would be shown later that the acceleration peak magnitudes
are proportional to the modal vectors. The purpose of acquiring the functions is to obtain the

natural ies and peak i using the di ization given in the previous section.

The results are compared with the experimental values in Chapter 6.

The discretization using shell elements, viz., 4x13 shell mesh and 8x26 shell mesh, were
used to compute the natural frequencies of the cantilever plate only, since discretizing the plate
in air using air and shell elements required a lot of computer memory (9,000 to 11,000 DOFs
are involved) and problems were encountered in modelling the "both crack faces" by shell
element. The beam element discretization may be adequate to predict the response of the
vibrating plates since most of the sensors used in the experimental investigation were located
along the center line of the plate; thus only the response in the bending modes could be
measured. Using the uncracked beam in vacuum and cracked and uncracked beam in air
discretizations, the acceleration and strain response at the five nodes shown in Figures 4.6 and
4.7 were computed. The uncracked beam in vacuum was analyzed in small frequency bands
around the peak response. The results, viz., the nawral frequencies and peak response
magnitudes, are tabulated in Tables B.1.1 and B.1.2 of Appendix B. The beam in air was
analyzed in two frequency bands around the resonant peaks; in the smaller one, the frequency
resolution used was the same as that used for the beam in vacuum discretizatic.1 (about 0.025
Hz or 40 points in a one Hz frequency band), so that the results can be compared later. While
in the broader bands, the frequency resolution was 0.1 Hz (around the peak) to study the

variation of peak magnitudes due to the use of larger frequency resolution. Larger frequency
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resolution and frequency bands were used in the area where there is no peak. The plots using
the broader frequency bands are shown in Appendix B. In obtaining the response of 2x1/32" and
2x3/32" cracked plate in air, frequency resolution used in the vicinity of peak area was the same
as the uncracked one. The response peak magnitudes and natural frequencies given by ABAQUS
are given in sections B.3 and B.4 in Appendix B.

The analytical frequency response function plot or bode plot, viz., frequency versus
response peak magnitude and phase plot, of the uncracked and cracked plate in air for the five
nodal points are presented in Appendix B. Two of the response plots, the acceleration and strain
response for the uncracked beam at node 2143, are displayed in Figures 4.10 and 4.11. The
acceleration and strain response are plotted for the uucracked and cracked plate in air; the
displacement responses are only plotted for the uncracked plates. More data on the displacement

response were not computed due to time constraint. Since for the uncracked plate ABAQUS gave

results in the equency ranges, the cracked beams were analyzed in the
vicinity of peak response. For the beam with 1.5 mm crack width, the responses are plotted ;
and the plots are presented in Appendix B. In several frequency ranges, mostly in the higher
frequency ranges, "unexpected peaks" occurred (see Figures B.2.1 to B.2.15 in Appendix B).
Butitis believed that they are not real peaks since from the preliminary analysis, viz., frequency
based analysis, the natural frequencies of the vibrating plates are known and no frequencies were
located around these regions. These "errors” might be caused by large time steps used in the
time integration procedure; since in zoom frequency bands, the peaks do not come up. The given
plots are zoomed around the known resonant frequencies. The strain and displacement phases

shift by 180° degrees at the resonant response peaks and around some antiresonant peaks.
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4.3 Natural Frequency

The natural ies of plate, d using the four models mentioned

earlier are compared and tabulated in Table 4.1. In-plane transverse mode (mode number 5) and
torsion modes (mode 3,6,8,9) were missing when the beam element discretization was used.
Figures B.5.1 to B.5.10 display the displacement shapes of the vibrating plate using 4x13 sheil
element discretization. These figures assist in identifying the modes of the missing frequencies
so that Table 4.1 can be constructed. Compared to the 8x26 discretization, the 4x13 shell
element discretization gave higher natural frequencies, except for the first mode where the
natural frequency was 0.3% lower. The largest difference in natural frequency between these
two discretization was 0.4% (for the third mode). The 4x13 shell element reduced model gave
good results. A 1.5% difference from the unreduced model (4x13 shell) was found in the ninth
mode; for the other modes the difference was lower than the above value. The reduced model
consists of 119 variables (DOFs plus langrange multipliers) and 62 nodes; the CPU time utilized
was 6 seconds. For the unreduced one, there were 1458 variables and 243 nodes and required
391 seconds to complete the eigenvalue analysis. Hence an enormous saving of computational
time was achieved through the reduced model. The natural frequencies obtained using the beam
in vacuum discretization were lower than those obtained using the 4x13 shell discretization; the
largest difference occurred in the seventh mode (2.3%). Using the same frequency resolution,

the resonant frequency changed by a maximum of 1.8% compared to the beam in air (third beam

The natural ies of ked and cracked beam, in air, for the first five

modes are given in Table 4.2. The resonant ies only change insigni due to the
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Table 4.1 Natural frequencies of the uncracked plate

Mode Natural frequency (Hz)
mumber [y 13 shell | 86shell | 4xi3shell | Beamin | Beam in air
(reduced) vacuum
1 19.023 19.081 19.023 18.68 18.48
2 118.82 118.79 118.85 117.00 115.40
3 123.98 123.53 124.04 -
4 333.41 333.20 333.90 327.10 321.3
5 375.23 375.21 377.24 -
6 387.45 386.09 388.26 -
7 654.80 654.06 658.34 640.10 637.8
8 694.62 692.30 699.06 -
9 1068.10 1064.60 1084.5 -
10 1080.70 1078.40 1095.70 1057.00 1052.00
Table 4.2 Natural frequencies of the cracked and uncracked beam in air
Natural frequency (Hz)
Mode Uncracked 2x1/32" cracked beam 2x3/32" cracked beam
beacn. 1.5mm | 2mm | 2.5mm [ LSmm | 2mm | 2.5 mm
1 18.45 18.45 18.42 18.42 18.15 18.04 17.92
2 115.4 115.3 115.4 115.4 115.2 115.2 115.2
3 321.3 319.8 319.8 319.8 319.7 319.7 319.6
4 637.8 637.3 637.3 637.1 632.8 631.2 629.6
S5 1052 1051 1051 1050 1041 1039 1039
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crack. In the first mode the frequency shift is about 0.2% between the uncracked and cracked
beam with a 2x1/32" crack, it is 3% from the uncracked to the beam with the Zx3/32" crack.
For the fourth mode the highest shift is 1.3%. The fifth mode shifts by 1.25%. In the second
and third modes the natural frequencies shift by less than 0.6%. A "strange thing" occurred in
the second mode; when the crack width was increased the natural frequencies reduced. The
crack widths were increased further up to 4 mm (with 0.5 mm increment) and the natural
frequency did not reduce as expected (the results are not presented in this thesis). The result
might imply that the beam crack model used in this study may not be suitable for modelling the

crack in the second mode.

4.4 Modal Vectors

According to the modal analysis theory, the ion response peak i are
proportional to the modal vectors. In this section, the numerical results are verified to check
whether they conform to this. In order to observe the change in the modal vectors due to the
presence of the crack, the modal vectors of the uncracked, 2x1/32" and 2x3/32" cracked plates
in vacuum were examined.

To be comparable with the modal vectors, the ion peak response i of

the uncracked beam in vacuum tabulated in Table B. 1.1 in Appendix B are normalized with the

largest value of the five points for each mode; the results are given in Table 4.3. The

peak i of and cracked beam in air are also normalized to verify

the changes in modal vectors due to the presence of air and crack. The peak acceleration
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response, obtained using the same frequency resolution as the beam in vacuum (Table B.2.1),
are compared in Table 4.3. Tables 4.4 to 4.8 give the modal vectors of uncracked beam in

vacuum, the ized peak i of the beam in air (from values given in

Table B.2.3) and the normalized peak magnitudes of cracked beam in air (from values tabulated
in sections B.3 and B.4 in Appendix B). For the cracked beam in air, the values obtained using
the three crack widths are presented in these tables. Since the nodes at the same location on the
beam are numbered differently in the uncracked and cracked plates discretization, in Tables 4.4
to 4.8 these nodes, where the responses were computed, are numbered from one to five; node
number 1 corresponds to node 2143 for the uncracked plate and 2459 for the cracked plate etc.

By comparing the moda! vectors and the normalized peak acceleration response of the
“"beam in vacuum" results given in Table 4.3, it can be concluded that the normalized peak
magnitudes are proportional to the modulus of modal vectors. They have same values except at
nodes 2151 and 2155 in the first mode where small differences, i.e., 0.0001, occur. Based on
the assumption that the peak magnitudes behave similarly, the change of modal vectors can be

verified by merely knowing the changed i ion peak i the table also

shows that the modal vectors change slightly from "vacuum” to "in air" conditior. This result

confirms the studies reported by Lindholm et al. (1963, and Muthuveerappan er al. (1979,

1980). Further, Tables 4.4 to 4.8 examine how the ized peak response i or
modal vectors, vary due to the assumed crack depths and crack widths. It can be seen that
because of the crack, the modal vectors alter slightly; they decrease or increase depending on
the modes.

Graphically, the change of modal vectors in vacuum are given in Figures 4.12 to 4.26.

The modal vectors of the 2x1/32" and 2x3/32" cracked beams in vacuum with a 1.5 mm crack
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Table 4.3 Comparison of modal vector with normalized acceleration response peak

magnitudes
R Mode . fon peak magnitude or
number modulus of modal vector at nodes
2143 | 2145 | 2151 | 2155 | 2167
1| 0.0108 [ 0.0462 | 0.2056 | 0.4018 | 1.0
2 | 0.0615 | 0.2301 | 0.6558 | 0.6687 | 1.0
Modal vector in 3 | 0.1568 | 0.4984 | 0.6155 | 0.2608 | 1.0
vacuum 4 |o0.2761 | 07014 | 0.1385 | 05973 | 1.0
5 | o0.4052 | 0.7559 | 0.6954 | 0.4789 | 1.0
1| 0.0108 | 0.0462 | 0.2057 | 0.4017 | 1.0
2 | 0.0615| 02301 | 0.6558 | 0.6687 | 1.0
Beam in vacuum | 3 [ 0.1568 | 0.4984 | 0.6155 | 0.2608 | 1.0
4 | o0.2761 | 0.7014 | 0.1385 | 05973 | 1.0
5 | 0.4052] 0.7559 | 0.6954 | 0.4789 | 1.0
1 |0.0108 | 0.0463 | 0.2058 | 0.4620 | 1.0
2 | 0.0600 | 0.2237 | 0.6336 | 0.6395 | 1.0
Beam in air 3 [0.1471 | 0.4637 | 0.5596 | 0.2478 | 1.0
4 102774 07053 | 0.1344 | 05972 | 1.0
s | 0.4039 | 0.7544 | 0.6981 | 0.4768 | 1.0




Table 4.4

in air : mode number 1

Mode

Node

peak

no
crack

2x1/32" cracked beam

2x3/32" cracked beam

1.5 mm

2.0 mm

2.5 mm

1.5 mm

2.0 mm

2.5 mm

o
0.0108

0.0108

0.0108

0.0107

0.0104

0.0103

0.1020

0.0463

0.0461

0.0461

0.0459

0.0446

0.0441

0.0436

0.2060

0.2060

0.2061

0.2060

0.2072

0.2078

0.2083

0.4022

0.4022

0.4023

0.4022

0.4039

0.4047

0.4055

wls |w]o]-

1.0

1.0

1.0

1.0

1.0

1.0

1.0

Table 4.5

response

in air : mode number 2

Mode

Node

peak

crack

2x1/32" cracked beam

2x3/32" cracked beam

1.5 mm

2.0 mm

2.5 mm

1.5 ma

2.0 mm

2.5 mm

=S
0.0600

0.0560

0.0598

0.0597

0.05%0

0.0586

0.0584

0.2237

0.2231

0.2230

0.2229

0.2198

0.2186

0.2175

0.6336

0.6329

0.6320

0.6330

0.6318

0.6314

0.6310

0.6394

0.6385

0.6388

0.6387

0.6376

0.6375

0.6372

[V P 8 [N

1.0

1.0

1.0

1.0

1.0

1.0

1.0




Table 4.6

in air : mode number 3

peak

2x1/32" cracked beam

2x3/32" cracked beam

1.5 mm

2.0 mm

2.5 mm

1.5 mm

2.0 mm

2.5 mm

0.1443

0.1444

0.1445

0.1476

0.1489

0.1500

0.4541

0.4544

0.4551

0.4672

0.4717

0.4766

0.5420

0.5421

0.5423

0.5462

0.5472

0.5496

0.2444

0.2441

0.2442

0.2460

0.2453

0.2479

[73 PN EO PO I

1.0

1.0

1.0

1.0

1.0

1.0

Table 4.7

in air : mode number 4

Mode | Node

peak

crack

2x1/32" crecked beam

2x3/32" cracked beam

1.5 mm

2.0 mm

2.5 mm

1.5 mm

2.0 mm

2.5 mm

0.2773

0.2783

0.2780

0.2790

0.2860

0.2895

0.2917

0.7051

0.7093

0.7093

0.7125

0.7245

0.7562

0.7666

0.1344

0.1353

0.1363

0.1359

0.1516

0.1562

0.1616

0.5971

0.5955

0.5954

0.5951

0.5884

0.5856

0.5832

[T P I [N

1.0

1.0

1.0

1.0

1.0

1.0

1.0




Table 4.8 i ion response i in air : mode number 5

peak
Mode | Node | Beam 2x1/32" cracked beam 2x3/32" cracked beam

no
crack | 1.5mm | 2.0 mm | 2.5 mm | 1.5 mm | 2.0 mm | 2.5 mm
sz

0.4039 | 0.4035 | 0.4034 | C.4036 | 0.3992 | 0.3798 | 0.3385
0.7544 | 0.7592 | 0.7605 | 0.7622 | 0.7785 | 0.7504 | 0.6767
0.6981 | 0.6911 | 0.6905 | 0.6905 | 0.6969 | 0.6740 | 0.6247
0.4767 | 0.4809 | 0.4816 | 0.4822 | 0.4950 | 0.4947 | 0.4868
1.0 1.0 1.0 1.0 1.0 1.0 1.0

[
als|w o=

width are shown in Figures 4.12 to 4.16; Figures 4.17 to 4.21 show the cracked beam with a
2 mm crack width and Figures 4.22 to 4.26 show the modal vectors of the beam with 2.5 mm
width. To compare with the cracked beam, the uncracked plate modal vectors are plotted in the
same figures. As observed in the previous sections, the modal vector shifts are more noticeable
in the higher frequencies, i.e, modes 4 and 5, than the lower ones.

The ized strain response i do not behave the same as the acceleration

ones; the maximum values occur at different nodes for various modes (the highest value in a
mode of the strain response might be at the nodal point which is very close to the fixed end;
unfortunately the response at that point was not computed). These values are not presented in

this chapter, but they will be compared with the experimental values in Chapter 6.
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Figure 4.12 Modal vectors of beam in vacuuri : 1.5 mm crack width (first mode)
+ uncracked beam; v 2x1/32" cracked and O 2x3/32" cracked beam
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Figure 4,13 Modal vectors of beam in vacuum : 1.5 mm crack width (second mode)
+ uncracked beam; v 2x1/32" cracked and O 2x3/32" cracked beam
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Figure 4.16 Modal vectors of beam in vacuum : 1.5 mm crack width (third mode)
+ uncracked beam; v 2x1/32" cracked and O 2x3/32" cracked beam
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Figure 4.15 Modal vectors of beam in vacuum : 1.5 mm crack width (fourth mode)
+ uncracked beam; v 2x1/32" cracked and O 2x3/32" cracked beam
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Figure 4.19 Modal vectors of beam in vacuum : 2.0 mm crack width (third mode)

+ uncracked beam; v 2x1/32" cracked and O 2x3/32" cracked Leam
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Figure 4.16 Modal vectors of beam in vacuum : 1.5 mm crack width (fifth mode)
+ uncracked beam; v 2x1/32" cracked and O 2x3/32" cracked beam
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Figure 4.17 Modal vectors of beam in vacuum : 2.0 mm crack width (first mode)
+ uncracked beam; v 2x1/32" cracked and O 2x3/32" cracked beam
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Figure 4.21 Modal vectors of beam in vacuum : 2.0 mm crack width (fifth mode)

+ uncracked beam; v 2x1/32" cracked and O 2x3/32" cracked beam
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Figure 4.22 Modal vectors of beam in vacuum : 2.5 mm crack width (first mode)
+ uncracked beam; v 2x1/32" cracked and O 2x3/32" cracked beam
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Figure 4.24 Modal vectors of beam in vacuum : 2.5 mm crack width (third mode)
+ uncracked beam; v 2x1/32" cracked and O 2x3/32" cracked beam
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Figure 4.25 Modal vectors of beam in vacuum : 2.5 mm crack width (fourth mode)
+ uncracked beam; v 2x1/32" cracked and O 2x3/32" cracked beam
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Figure 4.26 Modal vectors of beam in vacuum : 2.5 mm crack beam (fifth mode)
+ uncracked beam; v 2x1/32" cracked and O 2x3/32" cracked beam

4.5 Summa:y

The cracked and uncracked plates are analyzed considering five different models. The
natural frequencies obtained from these analyses have been compared. Tke difference in natural
frequencies is less than 0.4% when the results obtained by using the 4x13 shell discretization
are compared with the 8x26 ones. The natural frequencies obtained using the 4x13 shell
discretization is higher than the beam in vacuum frequencies by a maximum value of 2.3%.
Beam in air discretization gives frequencies 1.8% lower than the beam in vacuum discretization.
Due to the 2x1/32" crack depth, the natural frequencies reduce by as high as 0.5% from the
uncracked one. For the 2x3/32" crack depth the reduction in natural frequency is up to a
maximum of 3%. The acceleration response peak magnitudes in vacuum are divided by the

s



largest value in each mode to determine the modal characteristics; it is found that these values
are proportional to the modal vectors. By izing the ion peak i for the

respons : obtained for the cracked and uncracked beams in air, and assuming that the peak
response magnitudes have the same characteristics as the "in vacuum" ones, it can be concluded
that modal vectors change from "in vacuum” to “in air" condition. The modal vectors also
change due to the presence of cracks, although the changes are not significant. These changes
occur mainly around the location of the crack. At the five nodal points where the responses were

ted, the ized strain i behave dif form the ion ones; these

values will be compared with the experimental values.
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Chapter 5

Experimental Test in Air and in Water

In the experimental study reported in this thesis, the responses of horizontal cantilever
plates (with and without cracks) vibrating in air and in water, were measured for the first five
bending modes. The experiment in water was carried out in two water levels, i.e., (i) water level
which was approximately at the middle of the plate thickness; and (ii) water level which was
about 23 cm above the upper surface of the plate. To carry out the measurements in water, a
130x55x80 cm deep tank was built; the tank was fixed to a rigid platform so that it did not
vibrate when the plate was excited. The plates used in this study were rectangular plates, whose
dimensions were 652x204x9.5 mm thick. Three plates were tested; the first plate was uncracked
while the second and the third ones were fabricated with "v" shaped cracks on both sides of the
plate (see Figure 4.2 or the photograph given Appendix E for the crack shape). The crack depths
for the second and third plates were 2x1/32" and 2x3/32", respectively; the crack width was
very small, compatible with the smallest notch required to produce a crack like feature. The
plate was clamped horizontally between two 30.5x30.5x2.75 cm thick steel blocks; the lower
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block was attached to a heavy I beam support, which was welded to the bottom of the tank. The
complete experimental results obtained in this study are presented in Appendix C; the natural
frequencies, damping ratios and peak response magnitudes are tabulated; in addition the
acceleration and the strain frequency response functions and coherent functions are also plotted

for salient points of interest. In this chapter, the results are discussed and highlighted.

5.1 Experimental Apparatus

To monitor the vibrations of the plate, four strain gages and one accelerometer were
mounted on the plate; they were positioned on the plate at the locations shown in Figure 5.1.
The positions were predetermined, based on the predicted dynamic behaviour of the structure
in the first five bending modes, so that all of the modal response could be obtained (a peak
modal responses cannot be obtained if a sensor is located at an inflection point of a vibrating
structure). The block diagram of the experiment is shown in Figure 5.2. The apparatus used in
this study is tabulated in Table 5.1; and a photograph of the experimental setup is shown in
Figure 5.3.

The plate was excited in the frequency ranges of interest by using a functicn generator.
Fast sine sweep or "chirp” excitation was used in this experiment; the time sweep was selected
so that the best results for coherence and frequency response functions would be obtained. The
signals from the function generator was passed through the power amplifier where the gain was
selected. The signals were, then, input to an exciter; the exciter was connected to the driving

point on the plate by a 33 mm long rod. A force transducer was attached in between the exciter
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Figure 5.2 Block diagram of experimental setup



Table 5.1 List of the apparatus used in the experiment

No | Name of apparatus Type or serial number

1 | Function Generator HP 3314A

2 | Power Amplifier B&K type 2706

3 | Vibration Exciter B&K type 4809

4 | Force Transducer B&K type 8200

5 [ A B&K type 4344

6 | Strain Gage Student gage
EA-06-120LZ-120

7 | Strain conditioner Model 2110
Vishay

8 | Charge Amplifier Model S04E

ta control.

9 | Multiplexer B&K 8 Channel type
2811

10 | Dual Channel Signal Analyzer | B&K type 2034

11 | Filter Model 442, Rockland
Dual Hi/Lo Filter

12 | Personal Computer 386-IBM compatible

The Star System Star version 3.00D
13 | Printer HP Laserjet I
14 | Oscilloscope Model MM 200
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and the connecting rod to monitor the excitation force. The signals generated by strain gages

were input to strain iti the signals i by the and force

transducer were input to the charge amplifiers. The strain conditioners and the charge amplifiers
converted the voltage charge input signals from the sensors (accelerometer and strain gages) and
force transducer, into proportional voltages; the voltages were amplified and output. The gain
of the strain conditioners and charge amplifiers were chosen so that the output did not overload
(go beyond the measurement range of) the system. Output signals from accelerometer and strain
gages were input into a multiplexer, so that only one channel of the sensors was read at time.
Then, the signal output from the multiplexer passed through a low pass filter. The signals from
the force transducer, after being amplified and converted by the charge amplifier, were input to
a low pass filter. The filter was employed to filter out the higher modes of vibration and any
noise embedded in the electrical system (filtering in band pass, high pass and without filter
modes were tried; it was founc: that low pass gave almost same results as the band pass but was
found to be better than the other two). The signals from the filter were output into the B&K
analyzer (two channels) which was calibrated to the charge amplifier/strain conditioner output.
In the analyzer, frequency response function and coherence function were computed and
displayed. These data were then exported to a PC with the STAR computer package program
in it. By using the package program the modal parameters were determined. When the
experiment in water was carried out, the strain gages were sealed so that water did not affect
the strain gages. The compounds used in the sealing process were polyurethane, acrylic and

silicone rubber,
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5.2 Experimental Procedure

The 2x1/32" cracked plate was first tested in air along with the uncracked and 2x3/32"
cracked plates; then they were tested under partially submerged (where the water level was kept
approximately at the middle of the plate thickness - about 27.4 cm above the bottom of the tank)
and fully submerged (where the water level was about 50 cm above the bottom of the tank)
conditions in water. The experiments in air and in water were carried out using the same setup
as that given in section 5.1 so that the changes in modal parameters, i.e., damping, natural
frequency and peak response magnitude could be compared.

The data in the experiment were acquired using two types of frequency band, called "the
broad " and "zoom" frequency bands. In "tie broad frequency bands", five frequency bands
were chosen so that in every band, one resonant peak of the frequency response function could
be obtained. During the measurement in air, for instance, the chosen frequency bands were 10
to 60 Hz, 60 to 160 Hz, 160 to 360 Hz, 360 to 760 Hz and 760 to 1160 Hz. In "zoom
frequency bands”, smaller frequency bands than the "broad" ones were selected so that the
frequency band produces the highest peak response in the frequency response function. For
example, the frequency bands used in the measurement in air were : 5 to 30 Hz, 95 to 120 Hz,
250 to 350 Hz, 585 to 610 and 900 to 1000 Hz. Frequency bands lower than 25 Hz were not
used, due to time limitation in this study; at high frequencies, smaller frequency bands do not
always give higher peak response magnitudes. The purpose of zooming into smaller frequency
bands was to study the change of modal parameters and coherence function due to the increased

frequency resolution.
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Throughout the experiment, linear averaging was used. The number of averages was
selected, depending on th= condition of the frequency response and coherence functions. The
number of averages was increased if a poor frequency response function or coherence was

obtained.

5.3 Discussion of the Results

This section discusses the results given in Appendix C. The first part of this section deals
with the change of modal parameters due to crack; the experimental results obtained for the
uncracked and 2x1/32" cracked plate in air are compared. The modal parameters of 2x3/32"
cracked plate are not compared with these two plates, since the results were not consistent with
the others; the first three natural frequencies of the 2x3/32" cracked plate were found to be
higher than the uncracked ones; the fourth and fifth natural frequencies were lower than the
uncracked plate natural frequencies. This may probably have been due to the fact that the plate
was too stiff with respect to the crack size. The second part of this section discusses the modal
parameter changes due to change of fluid densities between air and water. In this part the
relative frequency reductions of uncracked and 2x3/32" cracked plate in air and water are
compared. The 2x1/32" cracked plate was not tested in water due to time constraint. The last

part of this section discusses the coherence.



5.3.1 Change of Modal Parameters Caused by the Presence of a Crack

The natural frequency and damping of uncracked and 2x1/32" cracked plates are given
in Table 5.2. The parameters given in the table are the average values ta: =~ from Appendix C.
The table shows that due the existence of crack, the frequencies reduce. It can be seen that the

natural frequency shifts are larger in the higher modes. In the first mode the natural frequencies

are basically the same; the di between these i quencies is less than
0.25% (the uncracked plate natural frequency is lower than the cracked one). Figure 5.4 shows
the change of natural frequencies in a graphical form; the natural frequencies plotted in this
figure are the average values of those measured using strain gages and the accelerometer (since
these values are only slightly different). Table 5.2 also gives the modal parameters for the same
plates using zoom frequency tands. Only slight difference in natural frequencies are observed
between those measured in "the broad frequency bands" and in "the zoom frequency bands" (the
highest difference is about 0.1%). Unlike in "the broad frequency bands”, in "the zoom
frequency bands”, the natural frequency shifts can be identified even in the first mode. (see the
lower part of Table 5.2). Figure 5.5 shows the natural frequencies of these two plates
graphically.

By comparing damping values for the corresponding modes of these two plates (the second
and the fourth column of Table 5.2), it can be concluded that the acceleration damping values
wary differently for different modes; in "zoom" frequency bands, the strain damping decreased
due to the crack except in the fourth mode (see also Figures 5.6 and 5.7). The values obtained

in "the zoom frequency bands" are different from those ottained in the broader bands (the



Table 5.2 Modal parameters of the uncracked and 2x1/32" cracked plate in air
(acc : acceleration; str : strain gage)

Modal parameters

Mode Sensor (broad frequency bands)

Uncracked plate 2x1/32" cracked plate
Nat. freq Damping Nat. freq Damping

Acc 17.0338 0.2825 17.0633 0.2522

! Str 17.0158 0.2599 17.0567 0.2637
Acc 106.3433 0.1267 106.2367 0.1460

2 Str 106.3283 0.1556 106.2292 0.1712
Acc 305.9870 0.1838 305.190 0.1608

3 Str 306.0020 0.1768 305.1658 0.1712
Acc 602.3133 0.27465 598.280 0.2897

4 Str 602.3008 0.2820 598.3258 0.2782
Acc 969.9733 0.3776 962.550 0.4164

5 Str 969.5833 0.4223 962.6242 0.4140

Modal parameters
Mode Sensor (zoom frequency bands)

Uncracked plate 2x1/32" cracked plate

Nat. freq Damping Nat, freq Damping

Acc 17.0400 0.1885 17.0167 0.1703

. Str 17.0308 0.1980 16.9992 0.1867
Acc 106.2733 0.1669 106.0233 0.1664

2 Str 106.2542 0.1838 106.0242 0.1792
Acc 306.0067 0.1726 304.5900 0.2028

3 Str 306.7508 0.2178 304.4925 0.2076
Acc 601.7700 0.2886 597.9067 0.2764

4 Str 601.6625 0.2879 597.8625 0.2892
Acc 969.4500 0.3643 962.8900 0.3765

3 Str 969.5133 0.4394 963.5375 0.3705
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Figure 5.4 Natural frequencies of the uncracked and 2x1/32" cracked plate in air (broad)
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Figure 5.5 Natural frequencies of the uncracked and 2x1/32" cracked plate in air (zoom)
+ uncracked plate; a 2x1/32" cracked plate
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Figure 5.7 Damping ratio of the uncracked and 2x1/32" cracked plate in air (zoom)
+ accel. damping (uncracked plate); a accel. damping (2x1/32" cracked plate)
@ strain damping (uncracked plate); v strain damping (2x1/32" cracked plate)



highest difference is about 50% in the first mode). The change of damping values from the
“"broad” to the "zoom" frequency bands, are understandable. Since the values were obtained by
using curve fit based method, different frequency response function will give different values
of damping (even though measurements are made by using a same sensor at a same point).
Discrepancies are also found between "strain damping” and “acceleration damping" values even
though the differences are not much (see Figures 5.6 ar. 5.7). The discrepancies between
acceleration and damping values may be caused by the nature of these sensors; the acceleration
measures "global” behaviour of the vibrating structure; the strain gages measure "local”
behaviour of the structure.

As in the case of damping, the change of peak magnitudes at the five measurement points
could not be justified in consistent manner; for different modes, they either increase or decrease.
When zooming was used, peak response magnitudes of the plates increased. Peak magnitudes
of strain gages no. 1, 2 and 3 were examined further. They were divided by the largest value
amongst them; and "the normalized peak strain magnitudes” in zoom and broader band
frequency ranges were compared for corresponding fit methods; the normalized values are given
in Tables D.1 to D.7 of Appendix D. It is found that for uncracked and cracked plates in air,
the highest difference between those values is 27.96 % and it occurred in the fourth mode of the
uncracked plate; for partially submerged plate, the a maximum difference of 36.98% is found
(2x3/32" cracked plate in the third mode) and for full submergence, in the uncracked plate, it
is 36.98% maximum (in the fourth mode); in the cracked plate a difference of 206.67% was
found in the second mode (in this mode the zoom frequency bands gave lower peak magnitudes

than the broader ones).



5.3.2 Change of Modal Parameters for Varying Fluid Densities

Table 5.3 gives damping and natural frequencies of the uncracked plate in air and
partially/fully submerged condition in water (partial submergence condition is shortened into part
and fully submergence condition is abbreviated to full; acc stands for acceleration and str stands
for strain gage in Table 5.3). Natural frequency reduces as high as 40% (in the first mode) for
air to fully submerged condition in water. Compared with the values obtained by Lindholm er
al. (1965) (who found the frequency reduction to be as high as 35% for plate width to plate
length ratio equal to 3 and plate thickness to plate width ratio equal to 0.0611), the frequency
reduction obtained in this study is a bit higher since the plate size used in this study is not
exactly the same as theirs. Figures 5.6 and 5.7 show the natural frequency of .lhe plate in air,
and under partially/fully submerged conditions in water for the "broad” and "zoom" frequency
bands. Figure 5.8 shows the relative frequency reductions of the plate natural frequencies
measured using strain gages under those three conditions. Figure 5.9 displays the natural
frequency reductions in "the zoom frequency bands” for the same plate. In Figures 5.8 and 5.9,
the relative natural frequency reductions are plotted against the water depth (abov.: the base of
the tank) to plate length ratio. The values of relative natural frequency reduction (the ordinate

axis of Figures 5.8 and 5.9 ) are calculated using formula :

FRogg= 9279 100%
Ql
Fi (0,-w)
Rorey = —2—2L x 100%

@



Table 5.3 Modal parameters of the uncracked plate in air and in water

Modal parameters
Mode Sensor (broad frequency bands)
Natural frequency (Hz) Damping (%)
Air Part Full Air Part Full
Acc 17.003 | 12.490 - 0.2825 | 0.5731 =
! Str 17.016 | 12.4875 | 10.1875 | 0.2599 | 0.5378 | 0.5522
Acc 106.343 | 79.583 - 0.1267 | 0.64055 -
2 Str 106.328 | 79.582 | 67.5733 | 0.1557 | 0.6770 | 0.8824
Acc 305.987 | 238.076 - 0.1838 | 0.8344 .
2 Str 306.002 | 237.990 | 201.152 | 0.1769 | 0.8340 | 1.05505
Acc 602.313 | 481.143 - 0.2746 | 0.8311 -
4 Str 602.301 | 481.388 | 409.272 | 0.2820 | 0.8550 | 1.3450
Acc 969.973 | 808.063 - 0.3776 1.08 -
3 Str 969.583 | 807.332 | 682.769 | 0.4223 | 0.9747 | 1.5362
Modal parameters
Mode Sensor (zoom frequency bands)
Natural frequency (Hz) Damping (%)
Air Part Full Air Part Full
Acc 17.04 12.47 - 0.1885 [ 0.5191 -
! Str 17.031 | 12.462 | 10.172 | 0.1980 | 0.5270 | 0.5329
Acc 106.273 | 79.4033 - 0.1669 | 0.7216 -
2 Str 106.254 | 79.3942 | 67.3033 | 0.1839 | 0.7321 | 0.8601
Acc 306.007 | 237.543 - 0.17126 | 0.8221 -
3 Str 305.751 | 237.683 | 199.442 | 0.2178 | 0.7920 | 1.0327
Acc 601.77 | 481.173 - 0.2886 | 0.9396 -
4 Str 601.66 | 480.923 | 409.2 0.2879 | 0.9717 | 1.6512
Acc 969.45 | 807.367 - 0.3643 | 0.9311 -
3 Str 969.51 | 806.665 | 670.412 | 0.4394 | 0.9846 [ 1.7675
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where :
FRy 0 is the relative frequency reduction in percent for water depth to plate length ratio
is equal to 0.420 (partially submerged condition),
FRy as above except for the ratio equals to 0.767 (fully submerged condition),
@, w, and w are the natural frequencies of the plate in air and under partially
and fully submerged conditions in water.

It can be noted that there are small discrepancies between natural frequencies measured using

strain gages and

ina (by ing two rows for a mode in Table
5.3). Unlike the experimental results in air, under full submergence, zooming causes frequency
shifts as high as 1.8% (about 12.36 Hz) in the fifth frequency and less than 1% in the other
resonant frequencies.

As expected, the damping ratio increases due the increase of the fluid density; Figure 5.12
shows the variation of "strain damping”, i.e., damping measured using strain gages under these
three conditions. In the "zoom" frequency band, the damping variation is shown in Figure 5.13.
From Tables in Appendix C, it can be seen that the damping values vary not only in the "broad”
and "zoom" frequency bands, but also at the different sensor locations.

‘When the peak response magnitudes are examined, it is found that most of them reduce
due to vibration in water. In the zoom frequency bands, peak magnitudes are higher than the
broader band except in the second and the fifth modes of the plate under full submergence.
(unlike the measurement carried in air where in "the zoom frequency band" all of the peak
magnitudes were higher than the those measured in the broader frequency bands). The peak

respo..se magnitudes were, at least, affected by two factors. The first one was frequency
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resolution; by zooming around the area of the peak the number of points in a frequency band
increase, so that higher peak magnitudes are obtained. The second one is the frequency response
function condition; since the modes of the plates in water are closely separated (see frequency
response function plots in sections C.1.2 and C.1.3 in Appendix C), by observing around a
smaller frequency band, the contribution of the adjacent modes may be reduced or made
insignificant. However, it may be quite reasonable to say that in the zoom band for the
experiment in water the peak magnitudes of the two modes (second and fifth) are lower than that
obtained using the broader band.

‘The results of the 2x3/32" cracked plate are presented in Table 5.4 in both frequency
bands. This plate was used to examine the frequency variation in air and in water. It can be seen
from Table 5.5 that for the first three natural frequencies, the relative frequency reductions from
air to partially submerged and from partially submerged to fully submerged are almost similar
to the uncracked one (the resonant frequencies given in Table 5.5 are those measured using
strain gages) for the first three modes. Differences begin to show for the fourth and fifth modes,
indicating the possibility of the influence added water masses due to crack. This needs to be
examined further in subsequent studies.

For the second mode of the plate partially submerged in water, the peak response
magnitudes decrease in the zoom frequency band. This behaviour was also found to be the same
with the uncracked plate. The fifth mode of this plate behaves differently since the experimental

results were not consistent.
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Table 5.4 Modal parameters of the 2x3/32" cracked plate in air and in water

Modal parameters

Mode | Sensor (broad frequency bands)
Natural frequency (Hz) Damping (%)

Air Part Full Air Part Full
Acc 16.933 12.42 10.1567 | 0.2725 | 0.6047 0.6240

! Str 16.933 | 12.398 10.154 | 0.27925 | 0.5566 | 0.6022
Acc 109.033 | 81.693 69.093 | 0.17305 | 0.8073 | 0.9048

2 Str 109.690 | 81.690 69.081 | 0.17675 | 0.8709 0.9394
Acc 310.740 | 239.910 | 203.233 | 0.3137 | 0.8203 1.26
3 Str 311.085 | 239.957 | 203.233 | 0.3137 | 0.7849 1.2737
Acc | 602.277 | 449.253 | 402610 | 0.3024 | 1.1950 | 1.4878

4 Str 602.126 | 449.093 | 402.716 | 0.2952 1.2700 1.4681
Acc 966.967 | 808.190 | 741.447 | 0.4657 1.115 1.2850
3 Str 967.112 | 807.726 | 741.397 | 0.5161 | 1.0165 | 2.3562
Modal parameters
Mode | Sensor (zoom frequency bands)
Natural frequency (Hz) Damping (%)

Air Part Full Air Part Full
Acc 16.983 | 12.4267 10.11 0.2134 | 0.4220 | 0.4880
! Str 16.920 | 12.373 10.122 | 0.2302 | 0.4584 | 0.4740
Acc 108.703 | 82.1467 68.86 0.1738 | 0.5321 0.5634
. Str 108.711 | 82.119 68.932 | 0.18005 | 0.5196 | 0.5456
Acc 310.630 | 240.950 | 203.306 | 0.4405 | 1.2110 1.245
A Str 310.645 | 240.816 | 203.362 | 0.4225 | 1.1169 1.2575
Acc | 601.770 | 465.517 | 417.313 | 0.2887 | 1.1800 1.5770
4 Str 601.664 | 464.600 | 417.287 | 0.2878 1.0500 1.5857
Acc | 966.153 | 806.497 | 742.057 | 0.3691 | 1.0000 | 1.5600
. Str 966.352 | 804.506 | 742.332 | 0.3827 | 1.0005 1.5450




Table 5.5 Comparison of relative frequency reduction of the uncracked and 2x3/32"
cracked plate in air and in water

Natural frequency reduction (%)
Mode Uncracked plate 2x3/32" cracked plate

Air-Part | Part-Full Air-Full | Air-Part | Part-Full | Air-Full
1 26.613 18.418 40.130 26.782 18.102 40.035
2 25.155 15.089 36.448 25.062 15.435 36.629
3 22.225 15.478 34.264 22.864 15.283 34.652
4 20.075 14.981 32.04¢ 25.415° 10.327° 33.118"
5 16.734 15.429 29.581 16.481° 8.212° 23.339°

5.3.3 Coherence Function

Coherence functions obtained using the accelerometer were very good; the coherence
values were almost one everywhere, except at some points. Strain gages generally gave good
coherence in the vicinity of the resonant frequencies. In general, in frequency bands where the
first and second mode were located, the coherence was good; in the bands of the third and fifth
mode, the values were fair. The worst was around the frequency bands of the fourth mode;
the coherence values at several points in the vicinity of the resonant frequency were 0.6 or
greater; for other frequencies in the band the coherence was very poor. From the frequency
response function presented in figures given in Appendix C, it can be seen that the poor
coherence function, generally, corresponds to the region of low peak response amplitudes.

Attempts to improve the coherence were made; one of them was by zooming into smaller
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frequency bands, viz., increasing the number of points in a frequency band. Figures 5.14 and
5.15 show the coherence function in a broad frequency band and in zoom frequency band; this
is one of the worst coherence functions obtained in the experiment. By comparing these two, it
can be seen that the coherence function is much better in the smaller frequency band (zoom) than

in "the broad one".

5.4 Summary

Due to the existence of crack, the natural frequencies reduce; the reductions are higher
in the higher modes. Damping and peak magnitudes at the five point of measurement
increase/decrease depending on modes. In the zoom frequency bands, damping values differ
from those obtained in the broader bands; the peak magnitudes in the zoom band are higher than
the peak magnitudes in the broad band.

When the plate is partially submerged in water, the natural frequencies reduce by a
maximum of 26.8% and the maximum damping increase is about 5 times. In full submergence
condition, the natural frequencies reduce by as much as 40.3%; damping increases as high as
6 times and most of the peak magnitudes decrease. The change of damping and natural
frequencies increases as the depth of submergence of the plate increases until a certain depth is
reached after which no change is seen. Unlike in air, by zooming into smaller frequency bands,
the peak response magnitudes of several modes in water were lower than the broader bands. It

was found that the coherence function could be improved by increasing the frequency resolution.



Chapter 6

Comparison of the Experimental and
Analytical Study

One of the rcasons for doing modal analysis was to compared the predicted dynamic
behaviour of a structure with those actually measured in the experiment. This phase should be
followed by validation of the modal characteristics of the structure which would lead to the

adjustments of the theoretical model so that the model gives results which match with the

ones. By this s ination of the ical and i 1 models
can be made; and a better analytical model can be developed. In this chapter, the analytical and
experimental results presented in the two previous chapters, viz., natural frequencies and
normalized peak strain response magnitudes given in Chapters 4 and 5, are compared and
correlated. In addition, the behaviour of peak acceleration and strain response magnitudes of the
uncracked plate due to non-zero damping were examined further. The peak response magnitudes
and bode plots (frequency versus response magnitude and frequency versus phase plots) are
given in Appendix D. The results are discussed in the last part of this chapter. The adjustment
of analytical model to correspond to the experimental results was not carried out in this study.
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6.1 Measured and Predicted Natural Frequencies

The comparison of natural frequencies of the uncracked plate in air obtained through the
present analytical and experimental investigation is yiven in a tabular form in Table 6.1, both
for the "broad” and "zoom" frequency bands. And a in graphical form the natural frequencies
obtained using the "broad" frequency bands are shown in Figure 6.1. As given in Table 6.1, the
differences between measured and predicted values are found to be within 8.6% for these two
frequency bands. In Figure 6.1, the linear fit of the natural frequencies is denc'ed by the dashed
line; the line where the points should lie is denoted by a straight line with slope of one. It can
be seen that the points lie in a line which is slightly different from expected one. According to
Ewins (1984), this type of discrepancy may be due to "an erroneous material property used in
the prediction”. This might be true since it was found that the plate thickness along the plate
edge, parallel to the plate length, were thicker (more than 25%) than the thickness parallel to
the width of the plate (the cross section was not really of uniform thickness). In the analysis, the
average value was used; this might not be correct (but this is the only one that could be done).
Further analytical study to get results closer to the experimental ones could not be carried out
in this thesis.

The comparison of measured and predicted natural frequencies for the 2x1/32" cracked
plate in air is displayed in Figure 6.2. It appears that Figures 6.1 and 6.2 are almost similar;

the linear fit of the natural frequencies marked by dashed line is slightly different from the
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Table 6.1 Comparison of measured and predicted natural frequencies of the uncracked
plate in air, in the “broad" and "zoom" frequency bands

Natural frequency (Hz)
Mode Pprodicted Mcasired % Difference

Broad Zoom Broad Zoom Broad Zoom
1 18.45 18.48 17.025 17.035 8.37 8.48
2 115.40 115.40 106.336 106.264 8.524 8.60
3 321.30 321.40 305.995 306.379 5.00 4.87
4 637.80 637.80 602.307 601.716 5.89 6.00
5 1052 1052 969.778 | 969.482 8.48 8.51
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Figure 6.1 Comparison of measured and predicted natural frequencies of the uncracked
plate in air
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Figure 6.2 Comparison of measured and predicted natural frequencies of the 2x3/32"
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Table 6.2 Predicted and measured natural frequency reductions due to the 2x1/32" crack

Natural frequency reduction (%)
Mode Predic'ed Measured

1.5 mm 2.0 mm 2.5 mm Broad Zoom
1 0 0.163 0.163 0.2 0.159
2 0.087 0 0 0.097 0.226
3 0.469 0.469 0.469 0.267 0.603
4 0.078 0.078 C.110 0.669 0.641
5 0.095 0.095 0.191 0.747 0.651




expected line. The same reason as described in the uncracked plate would apply also in the
cracked one. Table 6.2 presents the natural frequency reductions obtained (between uncracked
and cracked plates) experimentally and numerically due to the presence of cracks; values
obtained numerically are given for three different crack widths. It appears that the results of the
plate with an assumed 2.5 mm crack width is a good model for the 2x1/32" cracked plate
compared with the other two, although the % difference was not close to the experimental ones
(this model is the best among these three models, using beam elements). The difference between
the measured natural frequencies and those computed using the model with assumed 2.5 mm
crack width is 8.65% (maximum) occurs at the second mode in the "zoom" frequency bands.
Crack widths larger than 2.5 mm (up to 4 mm), were studied for the second mode; but the
natural frequency was not reduced as expected, In higher modes, the larger frequency reductions
might be obtained if larger crack widths are introduced. Unfortunately, in this study, the crack
widths for those modes were not examined further. Also according to experimental results larger
frequency reductions were observed for higher modes than for lower modes. This was not
indicated by the numerical model; since the influence of rotatory inertia was not considered in

the analytical model, the difference may be due to this.

6.2 Normalized Peak Strain Response Magnitudes

Measured and predicted peak strain response magnitudes of the cracked and uncracked
plates were examined further. Three nodes corresponding to the strain gage no. 1, 2 and 3 were

normalized by the largest value among them; and the results are given in Appendix D. In Tables
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Table 6.3 lytical and values of the peak strain response
magnitudes of the uncracked plate in air
peak strain response at nodes
Mode | Condi- Predicted Measured
2143 2145 2155 Strl Str2 Str3
‘Vacuum 1.0 0.8628 | 0.3142 - - -
! Broad 1.0 0.8616 | 0.3120 1.0 0.815 0.270
Zoom 1.0 0.8623 | 0.3130 1.0 0.812 0.238
Vacuum | 0.8520 | 0.2820 1.0 - - -
2 Broad 0.8486 | 0.2741 1.0 0.779 0.127 1.0
Zoom 0.8486 | 0.2741 1.0 0.636 0.122 L0
. Vacuum 1.0 0.6454 | 0.8081 - - -
8 Broad 1.0 0.6934 | 0.8639 0.395 0.924 1.0
Zoom 1.0 0.6932 | 0.8640 0.414 0.920 1.0
Vacuum | 0.3295 | 0.9044 1.0 - - =
* Broad 0.2116 | 0.9062 1.0 0.186 1.0 0.958
Zoom 0.2117 | 0.9062 1.0 0.238 1.0 0.948
. Vacuum | 0.1252 1.0 0.6511 “ - -
A Broad 0.1230 1.0 0.6517 0.639 1.0 0.991
Zoom 0.1230 1.0 0.6517 0.582 1.0 0.967




Table 6.4 I and i values of the ized peak strain response
magnitudes of the 2x1/32" cracked plate in air (cw : crack width)

peak strain response i at nodes

Mode o

ow | 2143 | 2145 | 2155 | Band | sl | sw2 | sw

15 | 1.0 | 08625 | 03135 | Broad | 1.0 | 0.832 | 0344
' [T20 | 10 [ose0 ] 031s

25 | 10 | 08623 03131 | Zoom | 1.0 | 0838 | 0.381

1.5 | 08468 [ 02729 [ 1.0 | Broad | 072 [ 0108 | 1.0
2 720 | o860 | 02126 | 1.0

2.5 | 0.8454 | 02723 | 1.0 | Zoom | 0.630 | 0.103 | 1.0
s | 1o [ o704 | 0.8805 | Broad | 0413 | 0701 | 10
¥ 720 | 10 | o702 | 0.8m3

25 | 1.0 | 07003 | 0.8782 | Zoom | 0361 | 0.776 | 1.0

15 | 02157 | 09040 | 10 | Broad | 0205 | 10 | 10
4 1720 |o216s | 09015 | 10

2.5 | 02186 [ 09026 | 10 | Zeom | 0240 | 10 | 0958
|15 [ouss| 1o [o6sm | Broad | 0532 [ 0759 [ 1.0
¥ 120 Jonm | 10 | ocom

25 01165 | 1.0 | 0.6625 | Zoom | 0.620 | 0731 | 1.0




Table 6.5

values of the

oeak strain response

magnitudes of the 2x3/32" cracked plate in air (cw : crack width)

peak strain response at nodes
Mae Predicted Measured
ow | 2143 | 2145 | 2155 | Band | sml | sw2 | su3
15 | 10 | o860 0313 | Broad| 1.0 | 0826 | 0.3460
U120 [ 10 [oses [ osm
25 | 1.0 | 08621 | 03124 | Zoom | 1.0 | 0.861 | 0.331
1.5 | 0.8330 [ 02636 | 1.0 | Broad | 0.704 | 0.115 | 1.0
2 720 | 08280 | 02604 | 10
2.5 | 08232 | 0257 | 1.0 | Zoom | 0753 | 0.124 | 1.0
[1s ]| 1o [oessr| 00| broad | 0.696 | 10 [099
¥ 20 | 10 [oeus | oses
25 | 1.0 | 0.6261 | 08347 | Zoom | 0738 | 1.0 | 0.994
L5 oo [osoi6| 10 [mrosa| - = :
4" 20 [ 0263 [0ssse | 10
25 | 02740 | 08821 10 | Zoom| - - <
|5 |oooss| 1.0 | 07267 | Broad| - : 5
5 [20 [oosn [ 10 [o7em
25 |0o0m1] 10 | 0859 [zom| - » 5




6.3 10 6.5, the normalized peak strain response magnitudes of the plates in air, obtained through
the analytical study are compared with those measured in the experiment. In these tables the

experimental values given are obtained using peak fit method since it appears that these values
are, in general, good enough to represent the values obtained using polynomial and global fit
methods (as could be seen by comparing values given in Tables D.1.1, D.1.4 and D.1.5 in
Appendix D). Compared to the predicted values, the values in the first, second and fourth modes

are closer to the analytical ones (except the values given by strain gage no. 2 in mode 2 where

large di ies are observed); the ized peak response i in the fourth mode
are still acceptable although the highest peak are not the same between the experimental and
numerical values (this result is a little surprising since the coherence function for this mode was
poorer than the others). The reason is that the peak strain response magnitudes at points 2145
and 2155 (or at strain gages no. 2 and no. 3) are almost the same so that in the measurement
the values are not distinguishable. The results for third and fifth modes are not good (marked
by superscript *). In the third mode the highest numerical peak is not the same as the one
obtained experimentally; and when the peak magnitudes are normalized, the values are reversed,
viz., the peak of the numerical FRF occurs at node 2143 while that of the experimental FRF
occurs at 2155. In the fifth mode, the discrepancies between values at nodes 2143 and 2155 and
strain gage no. 1 and no. 3 are large (a maximum of 4.3 times was observed). Also the
maximum values of the uncracked and 2x1/32" cracked plate (Tables 6.3 and 6.4) are not in the
same location. The normalized experimental peak strain response magnitudes, in modes 4 and
5 for the 2x3/32" cracked plate are not given in Table 6.5 since these measured amplitudes in

the modes are not consistent with the analytical ones (marked by superscript **). Comparing the
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values measured in the "broad" and in the "zoom" frequency bands, it appears that
measurements made with the "broad" band give better results for the normalized peak response

magnitudes (i.e., the values are close to predicted value).

6.3 Response of the Uncracked Plate in Air with Damping

Damping values measured in the experiment for the uncracked plate in air were averaged;
and the averaged values were converted into Rayleigh damping by using the formula given by
Bathe (1982) and included in the analysis of the plate using ABAQUS computer package
program, Since the formula requires two subsequent damping values, the damping at the sixth
mode was found by fitting linearly the damping values at the first five modes and assuming that
the higher modes give the higher damping. Mass and stiffness proportional damping factors, o,
and B,, used in the analysis are given in Table D.2.1. The results are given in Appendix D;
natural frequencies are tabulated and the response versus frequency plots are presented. The peak
response magnitudes decrease, but it is found that for the fourth and fifth modes, the resonant
frequ;ncies are different at all five nodes (see Table D.2.2 in Appendix D). The normalized
peak acceleration and strain magnitudes of the first two modes are the same as those computed
with zero damping. In the third mode, the values change slightly; in the fourth and fifth modes,
they change significantly (compare Tables 4.3 and D.2.4 for acceleration response and Tables
D.1.1 and D.2.5 for strain response). As comparison to the response in air with zero damping,
the acceleration and strain responses at node 2167 of the uncracked beam in air with damping

are shown in Figures 6.2 and 6.4.
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6.4 Summary

Measured and predicted natural frequencies of the uncracked and 2x1/32" cracked plate
are correlated; it is found that a maximum of 8.60% discrepancy is observed for both "broad"
and "zoom" frequency bands. The discrepancies might be because of erroneous material property
employed in the analysis, Compared to 1.5 and 2.0 mm crack width, it seems that the 2.5 mm
crack width is better to model the 2x1/32" cracked plate in air. Correlation between measured
and predicted values of the normalized peak strain response magnitudes are good in modes 1,
2 and 4 for the uncracked and 2x1/32" cracked plates and in mode 1 and 2 for the 2x3/32"

cracked plate.
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Chapter 7

Conclusion and Recommendation

This thesis investigates the behaviour of vibrating cracked, and uncracked, steel cantilever

plates in two media, viz., air and water for two different water levels, through analytical and

The that were i in this study were the natural
frequencies, associated damping and the peak response magnitudes. Three types of plates were
studied; an uncracked plate, 2x1/32" and 2x2/32" cracks. The plate dimension was 652 mm
long, 204 mm wide and 9.5 mm thick, Symmetrical "v" shaper! cracks (located at 110 mm from
the fixed end) were introduced on the both side of the plates. The simple structure was chosen
to study the phenomena of a structure, with cracks vibrating in air and water, so that the
phenomena can be understood clearly without being affected by the complexity of the structure.
‘The primary interest in carrying out this study was to investigate the variation of damping and
peak response magnitudes as well as natural frequencies of a structure due to the size of crack
and depth of water submergence; very few studies have considered the effect of cracking on
damping and response amplitudes. In this study, the plates investigated were excited from 1.00
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to 1000.0 Hz, using a chirp or fast sine sweep; the response at five nodal points for the first five
resonant ies were ined using modal analysi: ing approach.
Analytically, the responses of the cracked and uncracked plates were computed by

employing a computer package program, ABAQUS version 4.9-1. Five different type of
were i using and beam elements; and natural frequencies

obtained by using these discretizations were compared. Beam discretizations were used to
investigate the changes of modal parameters due to the existence of cracks and air elements.
Since the actual crack width introduced in this study was very small, the cracked beam was
analyzed using three assumed crack widths, viz., 1.5 mm, 2.0 mm and 2.5 mm. Conclusions
that can be drawn from the analytical study are :
- The natural frequencies computed using 4x13 shell element model were different from
those computed using 8x26 shell element model by a maximum of 0.4%; they were
2.3% higher (maximum) than the resonant frequencies obtained using the beam "in
vacuum"” discretization.

- The beam "in air" discretization gave natural ies 1.8% lower than the beam

“in vacuum" discretization.
Due to 2x1/32" crack, the natural frequencies reduced by as high as 0.5%; 2x3/32"

crack caused the natural frequency to shift by a maximum value of 3%.

- The modal vectors change from in air to in vacuum condition; the change of modal
vectors were also observed when cracks were introduced. The changes due to the
presence of crack, were found mainly around the crack region.

Experimental invest'zations, in air and in water, were carried out in a 130x55x80 cm
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deep tank. The 2x1/32" cracked plate was investigated in air; the uncracked and 2x3/32" cracked
plate was tested in air and in two levels of water submergence. On the plate, four strain gages
(three mounted along the centre-line and one near the edge of the plate) and one accelerometer
(located at the center of the free end of the plate) were used to monitor the response of the
vibrating structure. In addition, one force transducer was located to monitor the force applied
to the structure. Measurements were carried out in two type of frequency bands; the "zoom"
frequency bands and the "broad” frequency bands. In this two types of frequency bands, only
one peak of the frequency response function could be obtained. By using the B&K Analyzer the
frequency response function was acquired; the modal parameters (i.e., natural frequencies,
damping and peak response magnitudes) were extracted using the STAR computer package
program. The 2x3/32" cracked plate in air and in water, gave results which did not go along
with the other ones; the first three satural frequencies were higher and the fourth and fifth
natural frequencies were lower than the uncracked plate. The results of the 2x3/32" cracked

plate in water were with the one. The i i igations led to the

following conclusion :
- Due to the presence of the crack, a natural frequency reduction of 0.75% (maximum)

was observed. In this case zoom frequency bands gave natural frequencies which

d with the plate natural ies (broad
frequency bands gave natural frequencies higher than the uncracked plate for the first
mode). Peak response magnitudes and acceleration damping ratio either increased or
decreased depending on the modes and location of the measurement point. In "zoom"

frequency bands, strain damping ratio decreased with the exception of mode 4.

1us



- When the plates were partially submerged in water (the water level was just at the
middle of the plate thickness), the natural frequencies shifted by 26.8% and damping
increased by 5 times; most of the peak response magnitudes decreased.

- Under full submergence conditions where the water level was 50 cm above the tank
base, a natural frequency reduction of 40% (maximum) was found; damping increased
by 6 times and peak response magnitudes decreased.

The results of the experimental and analytical studies were correlated. It was observed

that

- There was a maximum of 8.6% between the measured and computed natural
frequencies (see Table 6.1). This discrepancies may be due to thickness variation of

the plates used in the analysis as well as due to inherent modelling limitation.

The best discretization among the assumed crack used, in this thesis, for modelling

the 2x1/32" cracked plate was the beam with a 2.5 mm crack width.

The measured and predicted peak response magnitudes at three nodal points along the
middle of the plate were normalized by the highest value among them; and then the
values were correlated. There was a good correlation between the measured /predicted

values in modes 1, 2 and 4.

7.1 Recommendations for Future Work

Further investigation in this area of study should be in the following areas since there are

many unanswered questions. Crack localization is one of them. Although methodologies have
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been proposed recently, none of them can localize cracks accurately. Essentially cracks are
generated in structures, around the hot spot areas, as multiple small cracks. They grow and
coalesce together to form deeper and wider cracks and then towards the end of their crack
propagation stage become slit (plane strain) cracks. A proper experimental and analytical study
should consider this aspect. Furthermore, different crack shapes and crack widths may generate

different response. C more

should be used to detect/localize them.

In an experimental study, depending on structures boundary (e.g., fixed, free etc) and
crack characteristics (shape, width and direction), the use of multiple exciters might become a
prerequisite to detect and localize the crack on a structure.

The complexity of the problem would increase when the plate is immersed in water in
which case the added mass contributions to the vibrating structure become significant. At a point
of measurement where the response is very low, peak value of frequency responses will be
comparable with the noise and the amplitudes of torsional mode; this creates little problem in
extracting the desired modal parameters. Also modelling of a vibrating structure in water would
lead to heavy coupling between water and plate; this would require better finite element
formulations for coupled system vibration in water taking into account discontinuous nature of
the plate - fluid interface and heavy damping in water. Till now, none of the generally available

general purpose finite element program have been able to handle the problem.
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Appendix A

This appendix consists of three sections: the first section deals with the derivation of
equation of motions used in the analysis of structure-acoustic medium, To solve the equation
ABAQUS provides two procedures, viz., eigenvalue based solution procedure and direct

Both of these are given in the sections A.2 and A.3.

A.1 Coupled Structural Acoustic Medium Analysis
The governing equation of a compressible and inviscid fluid, undergoing small pressure
variation through a solid structure motion is given by,
%H(ﬁ—u")w,i =0 (A1)

where:
p = the excess pressure in the fluid over any static pressure,

x = the spatial position of the fluid particle,




u = the fluid particle velocity,

u™ = the velocity of the structure through which the fluid is flowing,
@ = the fluid particle acceleration,

p¢ = the fluid density, and

r = the volumetric drag (force per unit volume per velocity).

‘The excess of pressure p is defined as,

=]
p=g 2 a2

where K is the bulk modulus of the fluid.

Dividing Equation (A-1) by p; and taking its gradient with respect to x gives,

o(1op),rd , rd m, 0 . ’
22 Ly Ll Za=0 (A-3)
He¥)anaa

Neglecting the third term of the Equation (A-3) and substituting the equation into Equation (A-2)

yields,

_’*977”'_ (i%' -0 )
'

Taking the variational fields ép of Equation (A-4) and integrating over the fluid region gives,
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(A-5)

Using Green's theorem, Equation (A-5) can be rewritten as,
1. r
dp|—p+ +
ler )

1, &) - A6
qup[Pln.ax]dS 0 (A-6)

where n is direction of outward normal to the fluid.

There are two possibilities of fluid boundary; the first one is prescribe fluid pressure (Sy,) and
second is part of fluid which against a solid (S,,). The solid surface, Sy, is assumed to be a thin
layer which behave as a "reactive surface”. With this assumption, the normal component of fluid
motion and the motion of the solid surface may not the same; this results in two pressure effects
in the fluid, i.e., pressure generated by the stiffness of the layer which is proportional to k; (
the proportionality factor between pressure and displacement) and pressure produced by damping
of the layer which is proportional to ¢, (proportionality factor between pressure and velocity of

the surface).

p=-kn (u-u")
(A7)
p=-c;n.(u-a")
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‘The total acoustic pressure at the reactive surface in the fluid can be defined as,

(A-8)

1 1
n(i-a=)=-(=P+—p)
LA

‘The fluid-structure coupling equation can be obtained by orthonormalizing Equation (A-1) to the
normal to the structure, a1, and substituting Equation (A-8),

n.% +Pni-im)+p nd =0

LBt i) sm (@-0%) +n. @) =0
ax [

Pr
1, P (r1, fr1, 1)1 (A-9)
[ ["/‘A‘J (PJ"‘ ]p h’]

By substituting Equation (A-9) into the second integration term in Equation (A-6), one can get

1.1 ) 1305
I (&) 2 2w
-| 3pna™ds

[,

1
+2p5|ds =0 A-10)
]# r ] (A-10)

A g

‘The behaviour of the structure can be rewritten in the virtual work as,



fy de:q a'V+f' a.pdum.a® dv
+fvp&u".|7"dV

»fx‘ pdu=.n ds-f’, du™.1ds =0 (A-11)

where:

o is the stress in the structure,

Pp is the pressure on the fluid structure interface,

n is the outward normal to the structure,

U™ is the velocity of a point in the structure,

p is material density,

a, is the mass proportional damping factor (Rayleigh damping),

ii™ is a poin* acceleration in the structure,

t is surface traction in the structure,

du™ is variational displacement field,

Be is the strain variation which is compatible with du™.
For the sake of simplicity, only the fluid pressure and surface traction terms are taken into
consideration and included in the analysis.

Equations (A-10) and (A-11), the coupled equation for structure and acoustic media, are
solved approximately by Galerkin method. Introducing the shape/interpolation functions,
in the fluid :

p=Hfp", P=12..
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in the structure :

um=NY¥, N=1,2.

where HY, N¥ are the interpolation/shape functions,

In the remainder of this section, superscripts P and Q refer to pressure degrees of freedom in
the fluid, superscripts N and M refer to displacement degrees of freedom in the structure.
‘Taking the variation of the above equations, 5p = HP §p® and 5u® = N¥.5v*, Equations

(A-10) and (A-11) can be discretized as,

-8p P~ (M2 MY B O~ (CP+CrB O~ (RF+ Ky Dp @55V 5m}

80" (1M M Mt Mo [ Tp-P¥ | < 0

where:
1
M= [ —HTH?dV
-1, %
1
= L_n’H?av
7 Iy Tk

x"v. A oHT oH?
Yp, & &

1
M= [ —H'H?as
# L.k,

1.1
cR-( | Ll grpoas
& "" Py ‘l)

(A-12)



K- f_' —p’;clln"n"as
57 [, At s
M"™ = [ pN*N dv
CJ.‘:' = [yu‘pN"N"dV
™ = fvﬂ":v av
pr= [ N ds

In direct integration analysis of Equation (A-12) is i using an implicit i

method. The Newton equation of the equation is,
3 '{'("/m)‘"p”'%:(cin’cﬁm)‘pl“l/n*‘;ﬁ}&"'
+8pT ST o+ bu [ S | ap+suM { K™D M +D.CIY You
= eprDL-[(u,'".u;v)pa¢(c;°+cﬁﬁn,(x;v,4v,pq_sra.}
ot (-1 wman-clav| s [pesp*)

(A-13)
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where:

D=1;D=i;&’=‘ba’
oy Dy ¥ e

f = f(t) is one of the solution variables, i.e, pressure, displacement or rotation,
D, and D, are determined by the integration method,

f is the correction to the solution obtained from the Newton iteration solution,

In steady state harmonic response, the structure is assumed to experience small visco-

elastic vibration about a deformed, stressed state o,

a=0y+ D% (ae+p, ¢)

(A-14)

in which D is the material elasticity matrix and B, is the stiffness proportional damping factor

of the structure (Rayleigh damping).
From discretization assumption,
ae = pMav¥
oV =y +av¥

Defining,

~
KW =fv %:a«p":b":p" av

&' = [, [p.BY:D%:p%] av

(A-15)

(A-16)

(A-17)

(A-18)
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IV = I+ KM+ Gt oM (A-19)

1;'-fv BY:0, AV (420

And Equation (A-12) can be rewritten as,
-8p” {-(M/2+ ME)5 - (/s 2~ (KO +KT%p ) + 545 |}

+8" (Y + KM AW MM 1 (Co YoM 4[] P2-PH } = 0 (a2

If the response is harmonic, one can write,

PO = PP +H(BREPY+iI(PY) e (A22)
UM m ol (BR(uM) + 1 F(0M)) 't (A-23)
PV = (R(P¥)+iF(PY))e! (A-24)

where:
P and v are the constant values of p? and v¥,
R (P9, ¥ (¢ and R (), & (M) are the real and imaginary parts of the amplitude of
the response,
% (7" and & (") are the real and imaginary parts of the forcing function applied to the

structure,
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w is complex circular frequency.

Assuming p,® and v,* are in equilibrium with the steady boundary conditions,

R 47 5 0 | (mp

4 -84 0 -2 | |89
ST 0 R 4™ | (RGN
o ST sl -muar) 9O

where:

®14,%1 =——(K, +E7O)- (M0 M)
90470 = -%(c,"hc,"’)
R[A,™] = K™ - Iy

S[AM) = -0 (€Y

o
[

&(PY)
-3(PY)

(A-25)

Foramdegmeoffxudomsymwim:itzrionP=l_’np(|ﬂ‘l).'l1|emponsewill

be,
1 1
gk ";'1 1 o
1 1
—ET‘I By n-: =% n.s -1
1 0 k-Q"2m -0;
0 -1 -0; -(k-0'%m)

()

&(v)
()

© m o o

(A-26)



Symmetric approximation term # 5,=0,

1 1
mer k-, 1 0
lQ 2 Ql &(p) 0
_F" m,-Fk, 0 -1 () - 11 a2
&(v) P
1 0 k-Q2m -0; I(v) 0
0 -1 -0;  -(k-Q'm)
where:
11,1
imens e,
7 K2 K
1.1
€= —| =—t—
4 p!(“‘/ "I)
1(1,.r
=—(=4
! "/{‘ ‘l)
s=L
s
¢ is fluid density,
K, is bulk modulus of fluid,

1 is structural length,
r is volumetric drag coefficient,

¢, is the proportionality factor between pressure and velocity of the surface in the normal
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direction,

k; is proportionality factor between pressure and displacement of the surface in the
normal direction.

A.2 Steady State Dynamic

The equation of motions of a vibrating structure can be written as,

ascd0la O 28

where:

q = the amplitude of mode i,

¢; = the damping of mode i,

), = the undamped frequency of mode i,

m; = the generalized mass of mode i,

{¢} = the eigenvector for mode i,

{F.} exp (i) = the harmonic forcing function,

0" = the forcing frequency.

Damping in a structure may be made up of structural damping c«}; and modal damping

6, =is,Qimg,
6 =28,Q,m,
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where:

s = structural damping coefficient,
i=v(D,

£, = the damping ratio.

By substituting the damping defined above, Equation (A-28) can be expressed as,

4,+26,4,+is,Q}q,+ Q] q,=f,e">"

(A-29)
£,=L )R,
"
The solution of Equation (A-29) is
a={ 3(0,)*-18(0,)};“0‘0 (A-30)

where:

BR(Q) and (Q) are the real and imaginary part of the response amplitude in mode i

which can be written as,

0} -0
R(Q)=+ £,
# m{(a}-0;*)?+ 0} (5,0,+2¢,0))*}
3Q)-- 0,(5,0,+2£,9])

m{(07-0%2+ 07 (5,0,+2£,0])2}

‘The amplitude of the response can be written as,

V@ s@r-L J 1

.———_—.——f'
4\ {(@7-0,%*+0] (5,0,42£,0°)?)

Q)

v,=ncun[ RQ)
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A3 Direct Integration Method

‘The body force f at a point, can be expressed in terms of an extemal body force F and

a d'Alembert force as,

f=F-pii (A-31)

where p and u are the material density and the displacement at a point.

Using the virtual work term principle, the virtual work done by the body force can be rewritten,

fvf.Bv dV—va.bvdl’-Ivnﬂ.avdV (A-32)

The d’Alembert term in the above equation can be written in term of reference volume V, and

reference density p,,

[, po8.8v dV, (A-33)
Y

where i is the acceleration field. In the implicit integration procedure, the equation of motions
are solved at the end of each time step viz., ¢ +af ; i is computed by the time integration

hni Further, the di at a point is i as,

u=N¥o¥

i=N"o¥

where v" are nodal variables and N™ is the shape/interpolation functions which are assumed to

be i to di with this ion, the d’Alembert term can be written as,

138



the method proposed by Hilber ef 2!. the equation of motion is described as,

MG+ (L) (¥ =P ) -0 QY- PH) LY =0 (A39)

where LV|,, , is the sum of all Langrange multiplier forces in corresponding degrees of freedom
N. Then using the Newmark formulae, the displacement and velocity integration can be

expressed as,

Ol =0+ a1 0], + a1 ((05-B)0,+ Pl ) (A-36)

O = 01+ ((1=7) 61, + ¥ B ly0r ) (A-37)

where:

p=025(1-a)*; y=050-a ; -%suso

And the rotation is also integrated using the Newmark’s formula which gives velocity at a time
t + aras,
810 = 8%+ at [ ¥l (1-1)8" ] (a-38)
where:
¢° and ¢° are angular velocity and acceleration of the node,
at is time increment.

In a global system, the velocity is written as,

Sl =8t 18l + e, e {0, 22111} (-39

where e* = e%(¢) are orthonormal base vectors where variations can be written as,



-( fv. poNY.N* av,) o

‘The equation of motion is then can be written as,

MY ML N PN (A-34)

where:

NM N p M
M -fy.p,,n .N¥ av,
N _ N .

I 'fy." XA

P¥a[NV.tdS+NV.Fdv

M™ is the consistent mass matrix,

IV is the internal force vector,

P is the external force vector,

t is the load vector.
It was noted that in the case of first order element, the mass matrix, M™ is lumped so that the
matrix is diagonal.

In ABAQUS the time integration scheme proposed by Hilber, Hughes and Taylor (1978)"
is used with the automatic time stepping method developed by Hibbitt and Karlsson (1979)%. In

" Hilber, H.M., Hughes, T.J.R., Taylor, R.L. (1915) *Collocation, Dissipstion and "Oversboot" for Tims
Intagration Schemes in Structural Dynamics,” Earthquake Engineering and Structural Dynamics, Vol. 6, pp. 99-117.

? Hibbitt, H.D. and Karlsson, B.1. (1979). *Analysis of Pipe Whip*, EPRI, Report NP-1208.
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de*(4) =3 xe*(4) (A-40)

By eliminating #|,, ,, from Equation (A-36) and Equation (A-37), aé, the change of ¢, can be

defined as,

G U T

Equation (A-39) and (A-41) can be used to obtain ¢|,,, and ¢ |4,

blu = 55 00+ (-D3dl,rar (1253, (A-42)
1 = o 1 1
Bl Ll e e I.]-{-'—“*l.'[l-;)‘l.} *43)

‘The variation of Equation (A-42) is,

o= ol (444

And using Equation (A-40), the variation of Equation (A-43) is,

ail,..,=1—'“363,..,‘al,.uxle‘l,..;‘l,]-{-v—’uil, +(1-$)6|,} a-45)

Using Equation (A-39) and Equation (A-44), and Equation (A-45) can be rewritten as,
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3blu ™ gy Wl * Bl {il,.. - TL&I,..} ()

The automatic time stepping based on the half step residual (Hibbitt & Karlsson, 19798
is used in the ABAQUS for solving the dynamic problem. The half step residual method ensures
the equilibrium of Equation (A-34) at a intermediate time point (f + af) by computing and
assessing the equilibrium residual error, i.e, the left hand side of Equation (A-34) at the time
step.

On the basis of Newmark formulae, the half step residual technique assumes the linear
variation of accelerations over the time of interval; for any nodal variable v, viz., displacement
or rotation,

8l =(1-t) 8|, +v0],, Ostsl (A47)
For solving at time ¢+ + &, the Newmark formulae require displacement, velocity and
acceleration written as,
ui
vl =v+lau |,,,.(1-é)na‘,u’u-‘)7.-.|,

|-—n|..,[ )vl,m[l— )ﬁl,

R L L) -

* Hibbit, H.D. aod Karlsson, B.L (1979). *Analysis of Pipe Whip", EPRI, Report NP-1208.
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where:

av = v l,-vl,

is the displacement increment for the step at at the end.

If the residual is relatively small, Equation (A-47) and Equation (A-48) are employed to
evaluate Equation (A-34),
The residual at the end of the time step is written as,

R¥)pp = MM+ (1= @) (¥, =P, ) -a(T¥|,=PP|) 4 LY, (A49)

The residual at the start of the time is,

R¥| =M™ 6¥| +(1-a)(I¥|,-P¥|,) - a(I¥],- - P¥|,) +L¥), (A-50)

where:
¢" is t for the first increment after an initial acceleration or t for the time at the start of
the previous time in the regular stepping.
Further, the residual at ¢ +as/2 is,
R¥ g =M™,y + (1 +8) ("2 = PV lora)
—%u 1"),-P¥), + 1Y), P¥),) + L¥, Aty

where:

1
L= (Lo +71)
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In each time step the residual is assessed, so that the value is smaller than the tolerance

set by users. The algorithm of the technique is,

1.

[T Y N

=

Setting the maximum half step residual, by giving a tolerance (HAFTOL) value

which could be 0.1 to 10 times the excitation force P.

. In some time step, find out a convergence solution at ¢ +af.
. Calculating |R™{,, ..
. IfHAFTOL < |R¥|,, |, changing 4f to at/2 and start again from t,

. HAFTOL 2 |R¥|,,.,| > HAFTOL/2, updating the state to ¢ +.af; the time sep

is used in the next to analysis.

. If HAFTOL/2 > |R¥|,, .|, the time increment, af, is increased to 1.25 ar for the

next analysis.

. In the two consecutive increment the time set must not be increased.



Appendix B
Analytical Results

Using the finite element discretization given in Chapter 4, the analyses based on zero
«damping assumption are carried out over the frequency bands of interest. In this Appendix, the

natural frequencies and peak response magnitudes, of the beams for five nodes corresponding

to the points of and excitation in the i study (see Figures 4.6 and 4.7),
are tabulated; the analytical frequency response function plots, viz., the response magnitude
versus frequency, are also presented. The appendix is broken into five sections. In the first
section, the natural frequencies, peak response magnitudes and frequency response function plots
obtained by using beam in vacuum discretization are given. The analytical results and

the plots for uncracked beam in air are presented in the second section. The results of 2x1/32"
cracked beam in air for three crack widths, i.e., 1.5 mm, 2 mm and 2.5 mm, are tabulated in
the third section; the response for 1.5 mm crack width are displayed. Section B.4 gives the
2x3/32" cracked beam in air with the same crack width as section B.3. Section B.5 gives the
displaced shape of the uncracked plate when the plate is analyzed using 4x13 shell elements,
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B.1 Uncracked Plate in Vacuum

‘The uncracked plate "in vacuum" model was analyzed in small frequency bands of 1.0

Hz around the resonant frequencies, to shorten the computer time and to examine the influence

of fluid (air) on the peak response magnitudes and natural frequencies of the plates. The

responses of the five nodes shown in Figure 4.6 are given in Tables B.1.1 and B. 1.2,

Table B.1.1 Beam in vacuum : acceleration response

Natural Peak magnitudes at nodes
No. | Frequency (ms?N)
@ 42“3 ﬂi 2151 2155 EL
1 18.68 5.76 24.66 109.8 214.40 533.70
2 117.0 3113 1.1643.10' | 3.3177.10* | 3.3834.10' | 5.0593.10'
3 327.1 2307 7334 9057 3838 1.4715.10
4 640.1 1.4535.10' | 3.6928.10 7291 3,1450.10' | 5.2650.10
5 1057 1.8816.10° | 3.5106.10° | 3.2293.10° | 2.2240.10° | 4.6441.10°
Table B.1.2 Beam in vacuum : strain response
Natural Peak magnitudes at nodes
No. | Frequency (m/m/N) x 10¢
@ M 2148 2151 2155 %
1 18.68 1.3543.10° | 1.1685.10° | 7.4789.10° | 4.2557.1¢% 2.3393
2 117 1.4251.10 | 4.7167.10° | 1.2472.10' | 1.6726.10' | 1.9219.10
3 | 327.10 | 9.0287.1¢ | 5.8267.10° | 1.3698.10° | 7.2956.10" | 4.8182.10'
4 640.10 | 9.3020.10° | 2.5533.10° [ 6.4367.10° | 2.8231.10° | 1.4429.10°
5 1057 2.1812.10° | 1.7426.10' | 1.7315.10* | 1.1346.10 | 1.0289.10°
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B.2 Uncracked Plate in Air

It is known that air introduces damping in the vibrating structures. In this thesis, the

effect of air on the response peak i and the natural ies are examined. For this

purpose, the uncracked plate in air discretization is used in two frequency bands, i.e, in small
frequency bands which resolution is the same as the beam in vacuum one (with a maximum
frequency resolution of 0.025 Hz) and in broad frequency bands for examining the influence of
frequency resolution on the peak magnitudes. The results of the analyses are given in Tables
B.2.1 and B.2.2 for small frequency bands and Tables B.2.3 to B.2.5 for the wider frequency
bands. It could be observed that the introduction of air into the analysis shifts the natural
frequencies to lower values and reduces the magnitudes of the response. Also it could be seen
from Tables B.2.1to B.2.5 that the higher frequency resolution gives larger responses and
slightly different natural frequencies. The frequency response function plots for the phase, strain,

acceleration and displacement response at the sbove nodes are shown in Figures B.2.1 t0 B.2.15.

Table B.2.1 Beam in air : acceleration response (higher frequency resolution)

Natural Peak magnitudes at nodes
No. | Frequency (ms?#N)
4@ m m5 2151 2155 ZL
1 18.48 5.186 2220 98.76 192.90 479.8
2 115.4 181.80 678.30 1921 1939 3032
3 3214 1212 3821 4611 2042 8240
4 637.8 1104 2807 534.9 237 3980
5 1052 1.0822,10* | 2.0211.10* | 1.8704.10* | 1.2774.1C* | 2.6792.10°
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Table B.2.2 Beam in air : strain resporse (higher frequency resolution)

Natural Peak magnitudes at nodes
No. | Frequency (m/m/N) x 10¢
@ Zﬂ 2151 2158 2
1 18.48 1.2458.10° | 1.0742.10° | 6.8658.10° | 3.8999.1¢ 2.1346
2 115.4 8.5125.10° | 2.7496.10* | 7.5416.10° | 1.0031.10° | 1.1449.10'
3 321.3 4.7692.10° | 3.3058.1% | 7.2251.10% | 4.1207.10 | 2.5810.10'
4 637.3 4.5518.10' | 1.9490.10% | 4.8707.10" | 2.1506.10° | 1.0964.10'
5 1052 1.2473.10° | 1.0142.10° | 1.0098.10° | 6.6098.10 | 5.9961.10"
Table B.2.3 Beam in air : acceleration response
Natural Peak magnitudes at nodes
No. | Frequency (ms?N)
% il‘z Zw 2151 2155 ZL
1 18.45 0.3314 1.418 6.307 12.31 30.61
2 115.4 278.6 1040 2945 2972 4648
3 321.3 244.7 TI1.6 931 412.1 1664
4 637.8 5073 1.2898.10° 2459 1.0923.10* | 1.8293.10
5 1052.0 5785 1.0804.10¢ 999 6828 1.4322.104
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Table B.2.4 Beam in air: strain response

Natural Peak magnitudes at nodes
No | Frequency (m/m/N) x 10
Zw 2% 2151 2155 2%
1 18.45 7.9821.10' | 6.8771.10" | 4.3809.10' | 2.4884.10' | 1.3619.10"
2 1154 | 1.3048.10° | 4.2145.10° | 1.1558.10° | 1.5376.10° | 1.7550.10"
3 3213 9.6293.10' | 6.6773.10' | 1.4583.1% | 8.3190.10' 5.2108
4 637.8 2.0916.10° | 8.9565.10° | 2.2375.10° | 9.8840.10% | 5.0392.10
5 1052 6.6679.10' | 5.4216.10* | 5.3977.1° | 3.5332.1C% | 3.2053.10'
Table B.2.5 Beam in air : displacement response
Natural Peak magnitudes at nodes
No. | Frequency (mx 10
(Hﬁ Zw 2& 2151 21; ZL
1 18.45 2.465¢.10' | 1.0551.10° | 4.6915.10* | 9.1581.10* | 2.2770.10°
2 1154 5.3031.1¢° | 1.9792.10° | 5.6049.10° | 5.6568.10° | 8.8471.10°
3 321.3 1.7564.10' | 6.6867.10' | 6.6867.10' | 2.9702.10" | 1.1946.10*
4 637.8 3.1589.10° | 1.5312.10° | 1.5312.10" | 6.8014.10% | 1.1390.10°
5 1052.0 1.3251.10° | 2.2903.10* | 2.2903.10* | 1.5640.10* | 3.2806.10°
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B.3 2x1/32" Cracked Plate in Air

Since the actual crack widths introduced in the specimen are very small, analytically the

cracks are modeled by three different widths, viz., 1.5 mm, 2 mm and 2.5 mm. The choice of

1.5 mm for the smallest crack width in this study is to accommadate the crack to "breath” (to

open and close) freely and to maintain the aspect ratio of the finite element mesh as small as

possible. Further study on the crack width is not done due to time constraint. Tables B.3.1 to

B.3.6 give the results for the corresponding nodes. The phase, strain and acceleration plots

around the peak response at the five nodes shown in Figure 4.7 are presented in Figures B.3.1

to B.3.10. The results indicate that the responses are very sensitive to the finite element

discretization used in this study.

Table B.3.1 Beam with 2x1/32 inch (2x0.794 mm) crack depth modeled using 1.5 mm

crack width : acceleration response

Natural Peak mﬁmdu at nodes
No. | Frequency (ms?/N)
@ 2159 ZW JM 2173 ZL
1 18.45 0.6839 2.927 13.09 25.56 63.55
2 115.3 117.6 438.90 1245.0 1256.0 1967
3 319.8 71.53 244.00 291.20 1313 53713
4 637.3 355.90 907.20 173.0 761.60 1279.0
5 1051 3508 6601.0 6009.0 4181.0 8695.0
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Table B.3.2 Beam with 2x1/32 inch (2x0.794 mm) crack depth modeled using 1.5 mm
crack width : strain response

Natural Peak magnitudes at nodes
No. | Frequency (m/m/N) x 10*
@ 2159 Zm ZW, 2173 ZL
1 18.45 1.6478.10° | 1.4212.10° | 9.0954.10" | 5.1662.10" | 2.8276.10"
2 115.3 5.5099.10° | 1.7759.10° | 4.8936.10° | 6.5066.10° 7.4246
3 319.3 3.0539.10' | 2.1507.10' | 4.5994.10' | 2.6890.10' 1.6562
4 637.3 1.4892,10' | 6.2410.10' | 1.5924.10' | 6.9034.10 3.5230
5 1051 3.8616.10' | 3.2596.10° | 3.2656.10° | 2.1446.10* | 1.9394.10'

Table B.3.3 Beam with 2x1/32 inch (2x0.794 mm) crack depth modeled using 2 mm
crack width : acceleration response

Natural Peak magnitudes at nodes
No. | Frenueacy (ms?/N)

{HA w bLvk) z‘ﬁ
1 18.42 1.029 4.405 19.71 38.48 95.64
2 115.4 24.72 92.25 261.8 264.20 413.60
3 319.8 56.98 179.30 213.9 96.34 394.60
4 637.3 150.90 385.0 73.97 323.20 542.80
5 1051 766.50 1445.0 13120 915.0 1900.0




Table B.3.6 Beam with 2x1/32 inch (2x0.794 mm) czack depth modeled using 2.5 mm
crack width : strain response

Natural Peak magnitudes at nodes
No. | Frequency (m/m/N) x 10¢
N Y Y Y7 Y Y
1 18.42 4.8670.10° | 4.1969.107 | 2.6831.10% | 1.5239.10* | 8.3404 10"
2 115.40 1.0742.10° | 3.4592.10' | 9.5490.10' | 1.2706.10° 1.4504
3 319.40 2.1564.10' | 1.5102.10' | 3.2352.10' | 1.8937.10 1.1663
4 | 637.10 6.5701 2.1727.10' | 7.0212 3.0053.10 1.5324
5 1050 1.9303.10' | 1.6571.10% | 1.6677.10° | 1.0978.10? 9.9018




Table B.3.4 Beam with 2x1/32 inch (2x0.794 mm) crack depth modeled using 2 mm
crack width: strain response

Natural Peak magnitudes at nodes
No | Frequency (m/m/N) x 10*
oW MY T Y
1 18.42 2.4878.10° | 2.1445.10° | 1.3689.1C° | 7.7752.10' | 4.2552.10"
2 115.4 1.1572.10° | 3.7283.10 | 1.0279.10° | 1.3679.10° 1.5614
3 319.8 2.2454.10' | 1.2772.10' | 3.3740.10"' | 1.9744.10" 1.2160
4 637.3 6.3428 2.6408.10' 6.7571 2.9294.10 1.4953
5 1051.0 8.3402 7.1063.10' | 7.1353.10' | 4.6927.10' 4.2366

Table B.3.5 Beam with 2x1/32 inch (2x0.794 mm) crack depth modeled using 2.5 mm
crack width : acceleration response

Natural Peak magiu’sdes at nodes
No. | Frequency (ms?/N)
T T T T
1 18.42 2.013 8.617 38.63 75.42 187.50
2 115.4 22.95 85.64 243.20 245.40 384.20
3 319.8 54.68 172.20 205.20 92.39 378.40
4 637.3 155.40 396.80 75.68 331.40 556.90
5 1051 1792.0 3384.0 3066.0 2141.0 4440.0
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B.4 2x3/32" Cracked Plate in Air

The discretization for 2x3/32" cracked plate is the same as the one used for the 2x1/32"

case. The only difference is the crack depth used in this analysis; the results are given in Tables

B.4.1 10 B.4.6. Figures B.4.1 to B.4.10 show the phase, strain and acceleration response plots

at the five nodes displayed in Figure 4.7. As could be seen from Tables B.2.1 to B.2.5, B.3.1

to B.3.1 to B.3.6 and B.4.1 to B.4.6, the presence of cracks influences both the frequencies and

the amplitudes of response.

Table B.4.1 Beam with 2x3/32 inch (2x2.381 mm) crack depth modeled using 1.5 mm
crack width : acceleration response

Natural Peak magnitudes at nodes
No. | Frequency (ms?/N)
g Lo L e [ oo 1 2w ]
1 18.15 0.6120 2.620 12.17 23.72 58.72
2 115.20 24.18 90.13 259.10 261.50 410.10
3 319.70 178.50 564.80 660.40 297.40 1209.0
4 632.8 150.90 391.80 80.00 310.50 527.70
5 1041 4371.0 8536.0 7641.0 5428.0 1.0965.10¢
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Table B.4.2 Beam with 2x3/32 inch (2x2.381 mm) crack depth modeled using 1.5 mm
crack width : strain response

Natural Peak magnitudes at nodes
No. | Frequency (m/m/N) x 10%
gLz Lo Lo L og [ om |
1 18.15 1.5247.10 | 1.3151.10° | 8.4146.10' | 4.7776.10' | 2.6130.10"
2 115.20 1.1327.10* | 1.0271.10' | 1.0271.10* | 1.3598.10 1.5489
3 319.70 7.1453.10" | 4.7068.10' | 1.0353.10° | 6.0946.10' 3.7404
4 623.80 7.0640 2.5278.10' 7.5168 2.8350.10' 1.4568
5 1041 3.8522.10' | 3.9094.107 | 4.1817.107 | 2.8411.10° | 2.4567.10'

Table B.4.3 Beam with 2x3/32 inch (2x2.381 mm) crack depth modeled using 2 mm
crack width : acceleration response

Natural Peak magnitudes at nodes
No. | Frequency (ms?/N)
g Lo Lo L e L oo [ 2o ]
1 18.04 0.69508 2.957 13.93 27.13 67.04
2 1152 1025 3820 1.1035.10° | 1.1141.10¢ | 1.7476.10¢
3 319.70 28.67 90.85 105.40 47.25 192.60
4 631.20 291.20 760.70 157.10 589.10 1006.0
5 1039 3.9993.10' | 7.9021.10* | 7.0979.10* | 5.2094.10* | 1.0522.10°
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Table B.4.4 Beam with 2x3/32 inch (2x2.382 mm) crack depth modeled using 2 mm
crack width : strain response

Natural Peak magnitudes at nodes
No. | Frequency (m/m/N) x 10
2) 2420 1 - PIYK} 2485

1 18.04 1.7422.10° | 1.5026.10* | 9.6115.10' | 5.4563.10' | 2.9834 10"
115.20 | 4.7987.10° | 1.5090.10° | 4.3795.10° | 5.7952.10° | 6.6003 10"
319.7 1.1526.10' 7.4264 1.6426.10" 9.7142 5.9595 10
631.2 1.4152.10' | 4.7940.10' | 1.5086.10" | 5.3961.10" 2.7791

1039 3.0764.10° | 3.5281.10° | 3.8961.10° | 2.7074.10° | 2.3309 10?

[P [FN O I

Table B.4.5 Beam with 2x3/32 inch (2x2.382 mm) crack depth modeled using 2.5 mm
crack width : acceleration response

Natural Peak magnitudes at nodes
No. | Frequency (ms¥N)
T Y Y S . Y N
1 17.92 3.679 15.75 75.14 146.30 360.80
2 115.20 27.04 100.70 292.20 295.10 463.10
3 319.60 63.56 201.9 232.80 105.0 423.60
4 629.60 294.60 774.30 163.20 589.0 1010.0
5 1039 2095.0 4189.0 3867.0 3013.0 6190.0
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Table B.4.6 Beam with 2x3/32 inch (2x2.%82 mm) crack depth modeled using 2.5 mm
crack width : strain response

Natural Peak magnitudes at nodes
No. | Frequency (m/m/N) x 10*
N S

1 17.92 9.4018.10° | 8.1054.1C° | 5.1753.1¢° | 2.9375.10° 1.6057

2 115.20 1.2644.10° | 3.9526.1¢" | 1.1613.10° | 1.5359.10 1.7490

3 319.6 2.5747.10' | 1.6121.10' | 3.6334.10' | 2.1492.10' 13154

4 629.6 1.4819.10' | 4.7713.10' | 1.5736.10' | 5.4090.10' 2.7924

S i 1039 1.3234.10' | 1.8365.10° | 2.1294.10° | 1.5351.10° | 1.3327.10
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B.5 Displaced Shape of the Vibrating Plate

Using a 4x13 shell element discretization, the disp! f shape on the first ten
modes presented in this section were obtained. By knowing the displaced shape, the in-plane,
torsion and bending modes can be recognized, so that the resonant frequencies determined using
this discretization can be correlated to those obtained using the beam element discretization given

in Chapter 4.

Figure B.5.1 Deformed shape of the 4x13 shell discretization : first mode



Figure B.5.2 Deformed shape of the 4x13 shell discretization : second mode

Figure B.5.3 Deformed shape of the 4x13 shell discretization : third mode
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Figure B.5.4 Deformed shape of the 4x13 shell discretization : fourth mode

Figure B.5.5 Deformed shape of the 4x13 shell discretization : fifth mode
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Figure B.5.6 Deformed shape of the 4x13 shell discretization : sixth mode

Figure B.5.7 Deformed shape of the 4x13 shell discretization : seventh mode
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Figure B.5.8 Deformed shape of the 4x13 shell discretization : eighth mode

Figure B.5.9 Deformed shape of the 4x13 shell discretization : rir,% mode
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Figure B.5.10 Deformed shape of the 4x13 shell discretization : tenth mode



Appendix C

Experimental Results

The experiment in air and in water were conducted in a 130x55x80 cm deep tank. To
measure the responses of vibrating plate in air and in water under partially/fully submerged
conditions, four strain gages and one accelerometer were mounted on the plate; the response in
the first five modes were acquired. The measurement was carried out in two type of frequency
bands, i.e., "the broad frequency bands™ and “"the zoom frequency bands™. “The broad
frequency bands™ were the bands chosen so that in every band, one peak of frequency response
function, viz., natural frequency of a mode, could be found. These bands ranged from 50 Hz
(in the first mode) to 400 Hz (in the fifth mode). The "zoom frequency bands™ were much
smaller than the broad ones. These bands, depending on the mode, varied from 25 Hz (in the
first mode) to 100 Hz (in the fifth mode). The purpose of zooming into smaller frequency bands
was 1o study the peak response characteristics, fiatural frequency and damping of the structure
when the higher frequency resolution (i.e., greater number in a frequency band) was used.
Modal parameters were extracted using three fit methods, i.e., peak, polynomial and global fit
methods; the results were compared. In the tables given in this Appendix, these fit methods are
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shortened to peak, poly and global. Sensor and transducer terms are also abbreviated; these refer
to accelerometer (which is abbreviated to acc) and strain gages (which are shortened to str). The
transducer locations are depicted in Figure 5.1 of Chapter 5. The average and standard deviation
of natural frequency and damping obtained using accelerometer and strain gages are given for
every mode, both in the "broad" and "zoom" frequency bands; the values obtained using
accelerometer are given in bracket. Several values in the tables, presented in this Appendix are
not used, since they are extracted from poor frequency response functions so that the values
deviate too much compared to those obtained using sensors in other locations or other fit
methods. These values are marked by superscript * in the tables. The frequency response
functions are also given in this Appendix. Since the frequency response functions were taken in
five bands for the five modes, there are several "discentinuities” in the plots. Because the
frequency response functions were measured with different frequency resolutions for each mode
(and the frequencies were divided into discrete frequency bands), the response magnitude in the
highest frequency in a frequency band is little bit different from the lowest frequency in the
subsequent frequency band. The experimental results of the uncracked plate in air, and those of
the partially/fully submerged plates in water are presented in the first section of this Appendix.
The results of the 2x1/32" cracked plate in air are given in the second section. And in the third

section, the results of the 2x3/32" cracked plate in air and water are given.

C.1 Uncracked Plate

The frequency response function and modal parameters of the uncracked plate vibrating
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in three conditions mentioned above, are given in this section. The results of the plate in air can
be found in subsection C.1.1, the partially submerged plate in subsection C.1.2 and fully

submerged plate in C.1.3.

C.1.1 Uncracked Plate in Air

In Tables C.1.1.1 to C.1.1.5, natural frequency and damping values are given. Peak
response magnitudes are tabulated in Tables C.1.1.6 to C.1.1.10; the acceleration magnitudes
are in ms?/N and strain response ones are given in m/m/N x 10¢ (micro strain). The coherence
function and frequency response function plots are shown in Figures C.1.1.1 to C.1.1.10. In
general, strain frequency response functions are more "noisy” than the acceleration frequency
response function; the coherence function obtained using strain sensors are poorer than the

accelerometer ones.

Table C.1.1.1 Modal parameters of the uncracked plate in air : 1* mode (broad band)

Modal Parameters
Transducer Natural Frequency (Hz) Damping (%,
Peak Poly Global Peak Poly Global
Acc 17.00 17.00 17.01 - 0.28379 | 0.28117
Strl 17.00 17.01 17.02 - 0.21645 | 0.24242
Str2 17.00 17.01 17.02 g 0.24376 | 0.27724
Str3 17.00 17.00 17.01 = 0.27499 | 0.29771
Str4 17.06 17.04 17.02 = 0.25125 | 0.27534
Average 17.0158 (17.0033) 0.259895 (0.2825)
Stand. Dev. 0.01754 (0.0047) 0.0243 (0.0013) 191




Modal parameters of the uncracked plate in air : 1% mode (zoom)

Table C.1.1.1.1
Modal Parameters
Transducer Natural Frequency (Hz) Damping (%

Peak Poly Global Peak Poly Global
Acc 17.03 17.05 17.04 - 0.18664 | 0.19038
Strl 17.00 17.03 17.03 - 0.19129 | 0.21743
St2 17.03 17.04 17.05 - 0.18678 | 0.21114
St3 17.03 17.03 17.04 - 0.17753 | 0.20834
Strd 17.03 17.03 17.03 - 0.18235 { 0.20816

Average 17.0308 (17.04) .1979 (0.1885)

Stand. Dev. 0.01115 (0.0082) 0.0141 (0.0019)

Table C.1.1.2

Modal parameters of the uncracked plate in air : 2* mode (broad band)

Modal Parameters
T Natural Freq (Hz) Damping (%

Peak Poly Global Peak Poly Global
Acc 106.38 106.35 106.30 - 0.12290 | 0.13046
Strl 106.38 106.37 106.35 - 0.13336 | 0.13866
Str2 106.25 106.35 106.34 - 0.15363 | 0.15248
Str3 106.25 106.37 106.32 - 0.17706 | 0.18404
Strd 106.25 106.37 106.34 - 0.15204 | 0.15412

Average 106.3283 (106.3433) 0.1557 (0.1267)

Stand. Dev. 0.0480 (0.0330) 0.0161 (0.0038)




Table C.1.1.2.1

Modal parameters of the uncracked plate in air : 2% mode (zoom)

Modal P
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc 106.28 106.27 105.27 = 0.16487 | 0.16896
Strl 106.28 106.25 106.26 - 0.18107 | 0.18315
Str2 106.28 106.26 106.27 = 0.18235 | 0.18196
Str3 106.22 106.24 106.25 - 0.18794 | 0.18875
Str4. 106.22 106.25 106.27 - 0.17791 | 0.18742
Average 106.2542 (106.2733) 0.1838 (0.1669)
Stand. Dev. 0.01935 (0.0047) 0.0036 (0.0020)
Table C.1.1.3  Modal parameters of the uncracked plate in air : 3* mode (broad band)
Modal Parameters
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc 306.0 305.99 305.97 - 0.16613 | 0.20145
Strl 306.0 305.97 305.84 - 0.17611 | 0.20900
Str2 306.0 306.02 | 306.09 - 0.16328 | 0.18675
Str3 306.0 306.10 305.98 - 0.16141 | 0.17223
Str4 306.0 306.02 306.0 = 0.16368 | 0.18241
Average 306.0017 (305.9867) 0.1769 (0.1838)
Stand. Dev. 0.0618 (0.0125) 0.0149 (0.0177)
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Table C.1.1.3.1 Modal parameters of the uncracked plate in air : 3% mode (zoom)

Modal Parameters
Transducer Natural Frequency (Hz) Damping (%,
Peak Poly Global Peak Poly Global
Acc 306.00 | 306.02 | 306.00 - 0.16316 | 0.18206
Strl 306.00 | 305.66 305.98 - 0.21878 | 0.21371
Str2 305.81 305.66 305.67 = 0.22095 | 0.22024
Str3 305.81 305.67 305.64 - 0.21785 | 0.21697
Str4 305.81 305.66 305.64 - 0.21862 | 0.21552
Average 305.7508 (306.0067) 0.2178 (0.1726)
Stand. Dev. 0.1250 (0.0094) 0.0022 (0.00945)

Table C.1.1.4 Modal parameters of the uncracked plate in air : 4* mode (broad band)

Modal P
Transducer Natural Frequency (Hz) Damping (%,

Peak Poly Global Peak Poly Global
Acc 602.50 602.48 601.96 - 0.26022 | 0.28909
Strl 602.50 | 602.04 | 602.16 - 0.34668 | 0.31693
Str2 602.50 | 602.31 | 601.91 - 0.26794 | 0.26983
Str3 602.50 602.33 602.23 - 0.26869 | 0.27414
Str4 602.50 602.40 602.23 = 0.25560 | 0.25641

Average 602.3008 (602.3133) 0.2820 (0.27465)

Stand. Dev. 0.1871 (0.2500) 0.0303 (0.0144)




Table C.1.1.4.1

Modal parameters of the uncracked plate in air : 4* mode (zoom)

Modal Parameters

Transducer Natural Frequency (Hz) Damping (%,
Peak Poly | Global | Peak Poly | Global
Acc 601.84 601.70 601.77 £ 0.29467 | 0.28247
Strl 601.63 601.53 601.62 - 0.27891 | 0.27309
Str2 601.66 | 601.60 | 601.74 - 0.29088 | 0.28721
Str3 601.66 601.65 601.76 - 0.29070 | 0.28940
Stré 601.66 601.64 601.80 - 0.29430 | 0.29881
Averige 601.6625 (601.77) 0.2879 (0.2886)
Stand. Dev. 0.0704 (0.05715) 0.0077 (0.0061)
Table C.1.1.5  Modal parameters of the uncracked plate in air : 5 mode (broad band)
Modal Parameters
Transducer Natural Frequency (Hz) Damping (%,
Peak Poly Global Peak Poly Global
Acc 970.00 | 969.47 970.45 - 0.36806 | 0.38712
Strl 969.50 | 969.16 | 969.36 . 0.43553 | 0.43345
Str2 969.50 | 969.49 | 969.76 - 0.42750 | 0.42885
Str3 969.50 | 969.47 969.43 - 0.40839 | 0.43260
Str4 970.00 | 969.70 970.13 = 0.39731 | 0.41463
Average 969.5833 (969.9733) 0.4223 (0.3776)
Stand. Dev. 0.2602 (0.4005) 0.0130 (0.0095)
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Table C.1.1.5.1 Modal parameters of the uncracked plate in air : 5* mode (zocin)
Modal
Transducer Natural Frequency (Hz) Damping (%,
Peak Poly Global Peak Poly Global
Acc 969.38 | 969.39 | 969.58 - 0.36619 | 0.36237
Strl 969.63 969.29 | 969.29 - 0.40816 | 0.42115
Str2 969.38 969.65 | 969.88 - 0.41336 | 0.44901
Str3 969.13 | 969.50 | 969.69 - 0.42708 | 0.47115
Strd 969.88 969.39 | 969.45 = 0.44093 | 0.48406
Average 969.5133 (969.4500) 0.4394 (0.3643)
Stand. Dev. 0.2266 (0.0920) 0.0256 (0.0019)
Table C.1.1.6  Peak response magnitudes of the uncracked plate in air : 1* mode
Peak Magnitudes
Mode | Sensor (ms?/N) for acc; (m/m/N x 10°) for str
Broad band Zoom
Peak Poly Global Peak Poly Global
Acc 1.6 [ 0.93597 | 0.88887 | 2.72 | 0.91896 | 0.93755
Strl 45.52 22.20 22.05 46.55 24.33 2248
! St2 37.10 20.01 20.15 3778 21.42 21.91
Str3 12.27 7.29 7.32 11.07 8.01 8.07
Strd 52.78 29.82 28.13 55.41 30.22 30.37
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Table C.1.1.7  Peak magnitudes of the uncracked plate in air : 2** mode

Peak Magnitudes
Mode | Sensor ) (ms?/N) for acc; (m/m/N x 109 for str
I~ Broad band Zoom
Peak Poly Global Peak Poly Global
Acc 12.78 22.76 22.92 65.03 145.51 | 146.83
Strl 25.32 51.09 51.48 124.71 | 313.57 | 314.46
2 Str2 4.13 9.41 9.28 2391 57.57 57.32
Str3 32.52 84.54 84.74 196.03 | 496.66 | 496.37
Strd 32.48 75.18 73.60 186.03 | 449.03 | 459.63
Table C.1.1.8  Peak magnitudes of the uncracked plate in air : 3% mode
Peak Magnitudes
Mode | Sensor (ms?N) for acc; (m/mIN x 10%) for str
Broad band Zoom
Peak | Poly | Global | Peak | Poly | Global
Acc 6.41 40.22 43.83 235 42.03 43.80
Strl 1.61 10.84 11.06 2.13 17.21 16.87
3 Str2 3.7 23.49 24.80 4.73 38.91 38.46
Str3 4.08 25.22 25.72 5.14 41.96 42.08
Strd 2.73 17.04 17.94 3.30 27.34 27.08




Table C.1.1.9  Peak magnitudes of the uncracked plate in air : 4* mode
Peak itudes
Mode | Sensor (ms*N) for acc; (m/m/N x 10%) for str
Broad band Zoom

Peak Poly Global Peak Poly Global

Acc 2.06 40.06 42.43 2.46 53.17 50.73

Strl 0.20806 4.48 4.43 0.33093 6.78 6.63

4 Str2 1.12 22.719 22.54 1.34 29.96 29.34
Str3 0.98574 | 21.80 21.58 1.27 28.42 27.87

Strd 0.17839 3.46 3.42 0.22010 | 4.95 5.01

Table C.1.1.10  Peak magnitudes of the uncracked plate in air : 5* mode
Peak Magnitudes
Mode | Sensor [ms?N] for acc; [m/m/N x 109] for str
Broad band Zoom

Peak | Poly | Global | Peak | Poly | Global

Acc 28.76 1290 1300 120.58 5280 5130

Strl 6.15 326.01 | 316.87 24.61 1170 1200

5 Str2 9.62 495.28 484.84 42.31 2100 2240
Str3 9.53 480.34 | 483.54 40.90 2070 2230

Str4 8.62 412.53 | 419.52 33.54 1730 1830
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C.1.2 Uncracked Plate Partially Submerged in Water

Tables and figures in this subsection are organized in the same way as the previous

section. Natural frequency and damping are given in Tables C.1.2.1 to C.1.2.5; the peak

response magnitudes for the broad and zoom frequency bands in Tables C.1.2.6to C.1.2.10and

the coherence function and frequency response function in Figures C.1.2.1 to C.1.2.10.

Table C.1.2.1 Modal parameters of the uncracked plate partially submerged in water
: 1* mode (broad band)
Modal Parameters
‘Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc 12.50 12.49 12.48 - 0.57754 | 0.56866
Strl 12.50 12.49 12.49 = 0.52310 | 0.54501
Str2 12.50 12.48 12.48 = 0.51374 | 0.54173
Str3 12.50 12.48 12.48 - 0.56612 | 0.54515
Strd 12.50 12.47 12.48 N 0.51823 | 0.54944
Average 12.4875 (12.49) 0.5378 (0.5731)
Stand. Dev. 0.0101 (0.0082) 0.0167 (0.0044)




Table C.1.2.1.1

Modal parameters of the uncracked plate partially submerged in water

: 1* mode (zoom)

Modal Parameters
Transducer Natural Frequency (Hz) Damping (%)
Peak Poly Global Peak Poly Global
Acc 12.47 12.47 12.47 - 0.52443 | 0..1379
Strl 12.47 12.46 12.46 - 0.51850 | 0.52044
Str2 12.47 12.45 12.46 = 0.51322 | 0.51745
Str3 12.47 12.45 12.46 & 0.53909 | 0.53511
Str4 12.47 12.46 12.47 - 0.53604 | 0.53654
Average 12.4625 (12.4700) 0.52705 (0.5191)
Stand. Dev. 0.0072 (0.0000) 0.0099 (0.0053)
Table C.1.2.2 Modal parameters of the uncracked plate partially submerged in water
: 2 mode (broad band)
Modal Parameters
‘Transducer Natural Frequency (Hz) Damping (%
Peak Poly | Global | Peak Poly | Global
Acc 79.63 79.53 79.59 = 0.61319 | 0.66791
Strl 79.63 79.53 79.57 - 0.61292 | 0.69014
Str2 79.63 79.53 79.57 - 0.65695 | 0.69085
Str3 79.63 79.53 79.60 - 0.67241 | 0.70031
Strd 79.63 79.52 79.61 - 0.66877 | 0.72343
Average 79.5817 (79.5833) 0.6770 (0.64055)
Stand. Dev. 0.0434 (0.0411) 0.03095 (0.0274)
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Table C.1.2.2.1 Modal parameters of the uncracked plate partially submerged in water
: 2% mode (zoom)
Modal Parameters
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc 79.31 79.39 79.51 = 0.69247 | 0.75074
Strl 79.31 79.38 79.55 = 0.69468 | 0.71786
Str2 79.31 79.35 79.54 # 0.76715 | 0.80322
Str3 79.31 79.32 79.50 - 0.68944 | 0.72986
Str4 79.31 79.34 79.51 - 0.71810 | 0.73615
Average 79.3942 (79.4033) 0.7321 (0.7216)
Stand. Dev. 0.09535 (0.0822) 0.0352 (0.0291)
Table C.1.2.3  Modal parameters of the uncracked plate partially submerged in w:
: 3™ mode (broad band)
Modal Parameters
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc 238.25 238.07 237.91 - 0.78683 | 0.88202
Strl 238.00 238.03 237.90 = 0.79556 | 0.83309
Str2 238.00 237.93 237.97 - 0.81248 | 0.87201
Str3 238.00 238.00 238.05 = 0.86515 | 0.89093
Strd 238.00 238.03 237.97 - 0.79368 | 0.80933
Average 237.9900 (238.0767) 0.8340 (0.8344)
Stand. Dev. 0.0406 (0.1389) 0.0351 (0.0476)
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Table C.1.2.3.1 Modal of the plate partially in water
: 3% mode (zoom)
Modal Parameters
Transducer Natural Frequency (Hz) Damping (%]
Peak Poly Global Peak Poly Global
Acc 237.34 237.59 237.71 - 0.82202 | 0.82220
Strl 237.75 237.67 237.17 s 0.78710 | 0.78095
Str2 237.56 | 237.63 237.79 = 0.78951 | 0.78099
Str3 237.56 237.48 237.80 = 0.80760 | 0.80795
Str4 237.56 | 237.67 237.96 2 0.77924 | 0.79306
Average 237.6833 (237.5433) 0.79205 (0.8221)
Stand. Dev. 0.1303 (0.1506) 0.0108 (0.0001)
Table C.1.2.4  Modal parameters of the uncracked plate partially submerged in water
: 4* mode (broad band)
Modal Parameters
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc 481.50 481.11 480.82 - 0.82449 | 0.83780
Strl 482.00 481.10 431.10 - 0.84268 | 0.80387
Str2 481.00 481.02 480.94 - 0.84034 | 0.80855
Str3 481.50 481.14 481.45 - 0.86906 | 0.87463
Strd 482.00 481.65 481.76 - 0.92699 | 0.87399
Average 481.3883 (481.1433) 0.8550 (0.83115)
Stand. Dev. 0.3749 (0.2786) 0.0375 (0.0067)
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Table C.1.2.5.1

Modal parameters of the uncracked plate partially submerged in water

: 5* mode (zoom)
Modal
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc 807.50 807.36 807.30 N 0.92306 | 0.93918
Strl 807.00 | 806.92 | 807.18 - 0.96006 | 0.96740
Str2 806.50 806.66 806.71 - 0.98752 | 0.96395
Str3 806.00 806.50 806.70 - 0.99548 | 0.98698
Strd 807.00 806.32 806.49 # 0.99512 1.02
Average 806.6650 (807.3867) 0.9846 (0.9311)
Stand. Dev. 0.3168 (0.0838) 0.0188 (0.0081)
Table C.1.2.6  Peak respon: of ked plate partially
‘water : 1* mode
Peak Magnitudes
Mode | Sensor (ms?N) for acc; (m/m/N x 109 for str
Broad band Zoom
Peak | Poly | Global | Peak | Poly | Global
Acc 0.434 | 0.38884 | 0.38130 | 0.545 | 0.42872 | 0.41635
Strl 22.88 18.25 18.09 23.85 18.74 18.42
! Str2 20.34 15.77 15.94 21.10 16.37 16.07
Str3 6.75 5.75 5.52 7.07 5.83 5.71
Str4 28.29 23.66 23.08 29.71 24.35 23.96
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Table C.1.2.4.1

Modal parameters of the uncracked plate partially submerged in water

: 4* mode (zoom)
Modal Parameters
Transducer Natural Frequency (Hz) Damping (%]
Peak Poly | Global | Peak Poly | Giobal
Acc 481.47 | 480.90 | 48115 - 0.93975 | 0.93949
Strl 479.66 480.85 | 480.99 - 0.93341 | 0.93164
Str2 480.25 480.87 | 480.96 - 0.95556 | 0.94639
Str3 482.28 481.38 | 481.35 - 0.98877 | 0.98756
Strd 480.03 481.27 | 481.19 - 1.0 1.03
Average 480.9233 (481.1733) 0.9717 (0.9396)
Stand. Dev. 0.6636 (0.2333) 0.0330 (0.0001)
Table C.1.2.5  Modal parameters of the uncracked plate partially submerged in water
: 5* mode (broad band)
Modal P
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc 808.00 807.79 808.40 - 1.05 1.11
Strl 808.50 | 807.81 | 807.93 - 0.97852 | 0.94271
Str2 808.00 | 807.51 | 807.51 - 0.98421 | 0.99581
St3 806.50 | 807.45 | 807.33 - 0.97690 | 0.94189
Strd 808.50 | 806.97 | 806.97 - 0.99479 | 0.98312
Average 807.3317 (808.0633) 0.9747 (1.08)
Stand. Dev. 0.7519 (0.2530) 0.0198 (0.03)
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Table C.1.2.7  Peak response i of the ked plates partially

in water : 2 mode

Peak Magnitudes
Mode | Sensor (ms?/N) for acc; (m/m/N x 10%) for str

Broad band Zoom

Peak Poly Global Peak Poly | Global

Acc 1.21 7.32 7.55 17.40 | 120.84 | 121.81

Strl 4.30 25.98 21.29 62.74 | 436.11 | 422.76

2 Sw2 | 0.62328 | 4.05 4.06 8.93 67.21 | 64.58

Str3 6.22 41.28 41.43 98.60 | 689.44 | 663.46

Strd 5.66 37.37 38.30 89.16 | 629.59 | 604.90

Table C.1.2.8  Peak response i of the plate partially
in water : 3 mode

Peak Magnitudes
Mode |  Sensor (ms?N) for acc; (m/m/N x 10°) for str

Broad band Zoom

Peak Poly Global Peak Poly | Gloval

Acc | 0.71084 | 16.58 17.50 1.36 33.62 | 33.51

Strl 0.24707 | 5.95 6.07 | 046014 | 10.92 | 10.69

3 S2 | 0.62163 | 14.87 15.36 1.24 28.03 | 27.98

St3 [ 0.63012 | 15.99 15.79 1.26 28.92 | 28.21

Strd | 0.43868 | 10.49 10.54 | 091275 | 21.53 | 22.07




Table C.1.2.9  Peak response of the ked plates partially submerg
in water : 4* mode
Peak Magnitudes
Mode | Sensor (ms?/N) for acc; (m/m/N x 10°9) for str
Broad band Zoom
Peak Poly Global Peak Poly Global
Acc 0.43229 | 21.38 21.49 1.89 114.76 | 113.70
sl | 007107 | 3.64 | 3.49 032548 | 1920 | 19.06
% Str2 0.353 18.05 17.59 1.42 85.94 83.84
Str3 0.32385 | 15.60 16.21 1.35 80.10 78,61
Strd 0.05374 | 3.00 2,82 [0.28398 | 1573 16.44
Table C.1.2.10  Peak response itudes of the ked plate partially submerged
in water : 5% mode
Peak Magnitudes
Mode | Sensor (ms*N) for acc; (m/m/N x 10 for str
Broad band Zoom
Peak Poly Global Peak Poly Global
Acc 322 344,70 | 357.46 15.23 1410 1430
Strl | 0.93913 | 89.91 | 86.75 4.66 | 447.84 | 445.04
5 Str2 1.37 131.53 | 132.94 6.18 598.94 | 577.04
Str3 135 130.25 | 132.71 6.08 590.57 | 568.55
Strd 131 129.55 | 126.86 4.91 488.27 | 491.27
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Figure C.1.2.3
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Figure C.1.2.4  Strain frequency response function of the uncracked plate partially
submerged in water : strain gage no. 1
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Figure C.1.2.6 Strain frequency response function of the uncracked plate partially
submerged in water : strain gage no. 2

214



XY
o8
o7

-
§ -

o3

0.2

200 %00 800 800 7000 1200

FREQUENCY (H2)

Figure C.1.2.7  Strain coh function of the ked plate partially in

water : strain gage no. 3

1o
100
z
£
& 10-0
10-2
10
365 406 665 866 1eeo 1200

FREQUENCY (Hz)

Figure C.1.2.8  Strain frequency response function of the uncracked plate partially
submerged in water : strain gage no. 3
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Figure C.1.2.9
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Figure C.1.2,10  Strain frequency response function of the uncracked plate partially

submerged in water : strain gage no. 4
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C.1.3 Uncracked Plate Fully Submerged in Water

The accelerometer was not working properly when this experiment was carried out.
‘Therefore only the data acquired using strain gages are presented here. Unlike the measurement
carried out in air, for fully submergence, the natural frequency shifts by nearly 2% from
"broad" to "zoom" frequency band. Several values marked by superscript * in Table C.1.3.5
were not averaged since the difference with the other values in that table were high. These

values are extracted from poor strain frequency response function.

Table C.1.3.1  Modal of the plate fully in water : I*
‘mode (broad band)
Modal Parameters
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc - - - - - -
Strl 10.19 10.19 10.19 = 0.53904 | 0.54138
Str2 10.19 10.19 10.19 - 0.56101 | 0.55835
Str3 10.19 10.18 10.19 - 0.5600 | 0.55069
Strd. 10.19 10.19 10.17 - 0.54396 | 0.54326
Average 10.1875 0.5522
Stand. Dev. 0.0595 0,0078
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Table C.1.3.1.1  Modal of the ked plate fully in water : 1%

mode (zoom)
Modal Parameters
Transducer Natural Frequency (Hz) Damping (%
Peak Poly | Global | Peak Poly | Global
Acc = = = 2 e =
Strl 10.17 10.17 10.17 - 0.54570 | 0.54685
Str2 10.17 10.17 10.17 - 0.51712 | 0.52853
Str3 10.19 10.17 10.17 - 0.52790 | 0.53224
Strd 10.17 10.17 10.17 - 0.52071 | 0.54401
Average 10.1717 0.5329
Stand. Dev. 0.0055 0.01075
Table C.1.3.2  Modal of the plate fully in water :
2* mode (broad band)
Modal Parameters
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc - - - - - -
Strl 67.69 67.57 67.45 - 0.87235 | 0.88927
Str2 67.69 67.56 67.39 - 0.85493 | 0.90218
Str3 67.75 67.54 67.45 - 0.86302 | 0.89238
Str4. 67.75 67.59 67.45 - 0.88380 | 0.90101
Average 67.5733 0.8824
Stand. Dev. 0.1192 0.0163
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Table C.1.3.2.1 Modal of the ked plate fully sub in water : 24
mode (zoom)
Modal Parameters
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc = = ¥ - - 2
Strl 67.38 67.36 67.10 - 0.768iS | 0.993%
Str2 67.44 67.37 67.18 - 0.75637 | 0.88948
Str3 67.47 67.38 67.13 2 0.74800 | 0.95957
Strd 67.38 67.36 67.09 iy 0.77011 | 0.99493
Average 67.3033 0.8601
Stand. Dev. 0.1314 0.1041
Table C.1.3.3  Modal of the plate fully in water ; 3*
mode (broad band)
Modal Parameters
Transducer Natural Frequency (Hz) Damping (%)
Peak Poly Global Peak Poly Global
Acc - - - - - -
Strl 201.00 | 20095 | 200.98 - 0.97792 | 1.12000
Str2 201.25 201.04 201.34 € 0.97416 | 0.93310
Ste3 201.25 201.05 201.33 - 0.97570 | 0.98026
Str4 201.25 201.20 201.19 2 1.18930 | 1.29000
Average 201.1525 1.05505
Stand. Dev. 0.1342 0.12078
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Table C.1.3.3.1 Modal of the plate fully in water : 3¢
mode (zoom)
Modal P
Transducer Natural Frequency (Hz) Damping (%,
Peak Poly Global Peak Poly Global
Acc n 3 5 Z = z
Strl 199.00 199.33 199.71 2 1.14000 | 1.14000
Str2 198.88 198.87 199.02 = 0.93777 | 0.93574
Str3 198.72 199.20 199.26 2 0.93961 | 0.95638
Str4 199.69 201.2 200.42 = 1.11000 | 1.10000
Average 199.4417 1.03267
Stand. Dev. 0.6966 0.09089
Table C.1.3.4  Modal of the plate fully in water : 4%
mode (broad band)
Modal Parameters
Transducer Natural Frequency (Hz) Damping (%
Peak Poly | Global | Peak Poly | Global
Acc = £ 2 2 & &
Strl 410.00 409.41 409.63 - 1.46000 | 1.50000
Str2 409.25 408.90 | 408.86 - 1.25000 | 1.23000
Str3 410.00 410.09 | 410.12 - 1.41000 | 1.48000
Strd 409.75 407.73 407.52 - 1.30000 | 1.13000
Average 409.2717 1.345
Stand. Dev. 0.8456 0.1276

220



Table C.1.3.4.1 Modal of the ked plate fully in water : 4%
mode (zoom)
Modal Parameters
‘Transducer Natural Frequency (Hz) Damping (%!
Peak Poly Global Peak Poly Global
Acc 1 ! o = < =
Strl 409.68 409.92 408.94 - 1.82000 | 1.74000
Str2 400.38 | 409.17 | 408.94 < 1.36000 | 1.30000
Str3 409.19 409.52 409.34 ” 1.76000 | 1.80000
Strd 409.56 408.92 408.84 N 1.73000 | 1.70000
Average 409.20 1.65125
Stand. Dev. 0.4180 0.18944
Table C.1.3.5  Modal of the ked plate fully in water : 5
mode (broad band)
Modal Parameters
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc - - - - - -
Stri 682.75 | 683.27 | 683.25 - 1.47000 | 1.47000
Str2 682.75 | 684.32" | 683.88° - 1.61000 | 1.59000
Str3 682.25 684.45° | 679.71° - 1.57000 | 1.57000
Str4 682.50 681.22 682.88 2 1.52000 | 1.51000
Average 682.7692 1.53625
Stand. Dev. 1.2603 0.0517
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Table C.1.3.5.1 Modal p of the d plate fully in water :
mode (zoom)
Modal
Transducer Natural Frequency (Hz) Damping (%]
Peak Poly Global Peak Poly Global
Acc - - - = - -
Strl 670.63 670.75 670.60 - 1.75000 | 1.77000
Str2 670.50 | 670.37 670.70 - 1.71000 | 1.75000
Str3 669.88 670.00 670.71 o 1.72000 | 1.74000
Strd 670.00 | 670.23 670.58 - 1.78000 | 1.92000
Average 670.4125 1.7675
Stand. Dev. 0.2975 0.0616
Table C.1.3.6 Peak response of the plate fully sub
water : 1* mode
Peak Magnitudes
Mode | Sensor (m/m/N x 10%)
Broad band Zoom
Peak Poly Global Peak Poly Global
Acc - - - - - f
Strl 18.19 14.27 13.06 27.82 15.25 15.59
Vo[ sw2 | 1650 | 1263 [ 1143 | 24.59 | 13.45 | 1359
St3 5.94 4.38 4.28 8.12 4.63 4.63
Str4 26.18 18.63 17.39 34.95 19.58 20.03
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Table C.13.7  Peak response i of the ked plate fully d in
water : 2* mode
Peak Magnitudes
Mode | Sensor (ms?*/N) and (m/m/N x 10%)
Broad band Zoom
Peak Poly Global Peak Poly Global
Acc = - - = # &
Strl 26.44 187.19 | 184.18 2.93 18.57 20.74
2 Str2 3.53 24.85 25.01 0.38759 | 2.42 2.59
Str3 41.87 | 295.32 | 294.66 4.82 29.72 33.11
Str4 37.21 | 268.24 | 263.39 420 | 2676 | 29.82
Table C.1.3.8 Peak response of the plate fully in
water : 3" mode
Pz=ak Magnitudes
Mode | Sensor (m/m/N x 109
Broad band Zoom
Peak Poly Global Peak Poly Global
Acc - - - - - -
Strl 1 0.19423 ] 3.8 441 | 021621 | 3.82 4.17
3 Str2 0.62043 | 11.27 11,69 | 0.65123 | 12.26 12.65
Str3 | 0.66832 | 12.40 13.60 | 072071 | 13.54 | 13.89
Strd 0.30925 | 6.51 7.62 0.34122 | 11.54 4.57
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Table C.1.3.9

Peak

of the

nse plate fully ¢
water : 4® mode
Peak Magnitudes
Mode | Sensor (m/m/N x 10%)
Broad band Zoom
Peak | Poly | Global | Peak | Poly | Global
Acc # i - - - -
Strl 0.11219 | 9.72 10.28 | 0.07975 8.78 8.02
4 Str2 | 0.39129 | 25.24 24.77 | 0.27248 | 29.62 26.40
Str3 | 0.35216 | 22.72 22.24 | 0.24211 | 26.68 23.74
Strd 0.08524 | 5.81 5.16 | 0.06234 9.91 11.83
Table C.1.3.10  Peak response magnil of the plate fully
water : 5* mode
Peak Magnitudes
Mode | Sensor (m/m/N x 10%)
Broad band Zoom
Peak Poly | Global | Peak | Poly | Global
Acc - N - - - -
Strl 0.26033 | 32.92 32.24 | 0.16041 | 22.00 22.46
5 Str2 | 0.33880 | 43.27 41.31 [ 0.18566 | 23.81 24.35
Str3 | 0.32047 | 40.88 39.43 | 0.17157 | 17.67 18.50
Strd | 0.26309 | 29.12 28.34 | 0.13630 | 17.35 20.12

in
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Figure C.1.3.1
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Strain frequency response function of the uncracked plate fully submerged
in water : strain gage no. 1
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Figure C.1.3.3
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Figure C.1.3.5
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Figure C.1.3.7
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C.2  2x1/32" Cracked Plate

The response of the plate is measured only in air, due to time limitation; the results
are given in tables of subsection C.2.1. The average and standard deviation of the natural
frequencies and damping are given in the last two rows of the tables; values in the brackets are

those obtained using accelerometer.

C.2.1  2x1/32" Cracked Plate in Air

Natural frequency and damping are given in Tables C.2.1.1 to C.2.1.5; peak response

magnitudes are tabulated in Tables C.2.1.6 to C.2.1.10. Frequency response function and

coherence function are shown in Figures C.2.1.1 to C.2.1.10.

Table C.2.1.1  Modal parameters of the 2x1/32" cracked plate in air : 1* mode (broad
band)
Modal P
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global | Peak Poly | Global
Acc 17.06 17.06 17.07 = 0.25217 | 0.25227
Strl 17.06 17.06 17.06 - 0.27491 | 0.27496
Str2 17.06 17.05 17.05 - 0.26443 | 0.26474
Str3 17.06 17.05 17.07 - 0.26088 | 0.26027
Str4. 17.06 17.05 17.05 - 0.25451 | 0.25458
Average 17.0567 (17.0633) 0.2637 (0.2522)
Stand. Dev. 0.0062 (0.0047) 0.0074 (0.00005)
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Table C.2.1.1.1

Modal parameters of the 2x1/32" cracked plate in air : 1* mode (zoom)

Modal
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc 17.00 17.01 17.02 i 0.17061 | 0.17045
Strl 17.00 17.01 17.02 - 0.19351 | 0.19808
Str2 17.00 17.01 17.00 # 0.17757 | 0.18834
St3 16.97 17.00 17.01 3 0.17527 | 0.18605
Strd 16.97 17.00 17.00 2 0.18427 | 0.19098
Average 16.9992 (17.0167) 0.1868 (0.1703)
Stand. Dev. 0.0144 (0.0047) 0.0072 (0.00015)
Table C.2.1.2 :ﬂog.;l parameters of the 2x1/32" cracked plate in air : 2* mode (broad
an
Modal
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc 106.25 106.24 106.22 = 0.14449 | 0.14754
Strl 106.25 106.23 106.23 = 0.15701 | 0.15776
Str2 106.38 106.24 106.22 - 0.16317 | 0.16269
Sir3 106.13 | 106.24 | 106.23 - 0.19871 | 0.19623
Str4 106.13 106.24 106.23 £ 0.16716 | 0.16713
Average 106.2292 (106.2367) 0.1712 (0.1460)
Stand. Dev. 0.0601 (0.0125) 0.01555 (0.0015)
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Table C.2.1.2.1

Modal parameters of the 2x1/32" cracked plate in air : 2* mode (zoom)

Modal Parameters
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc 106.03 106.02 106.02 - 0.16622 | 0.16660
Strl 106.06 106.02 106.03 - 0.17635 | 0.17662
Str2 106.00 106.02 106.02 - 0.17609 | 0.17608
Str3 106.00 106.02 106.02 ¥ 0.18765 | 0.18916
Strd 106.06 106.02 106.02 - 0.17536 | 0.17628
Average 106.0242 (106.0233) 0.1792 (0.1664)
Stand. Dev. 0.0180 (0.0047) 0.0053 (0.0002)
Table C.2.1.3 a&odd:)d parameters of the 2x1/32" cracked plate in air : 3% mode (broad
an
Modal P
Transducer Natural Frequency (Hz) Damping (%,
Peak Poly Global Peak Poly Global
Acc 305.25 305.16 305.16 =, 0.15793 | 0.16370
Strl 305.25 305.12 305.11 - 0.15972 | 0.15963
Str2 305.25 305.16 305.17 Gl 0.16569 | 0.16635
Str3 305.25 305.14 305.15 - 0.17326 | 0.17418
Strd4 305.25 305.11 305.03 - 0.18285 | 0.18776
Average 305.1658 (305.1900) 0.1712 (0.160815)
Stand. Div. 0.0684 (0.0424) 0.0096 (0.0029)
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Table C.2.1.3.1 Modal parameters of the 2x1/32" cracked plate in air : 3" mode (zoom)

Modal Parameters
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc 304.63 304.54 | 304.60 = 0.20507 | 0.20052
Strl 304.53 304.49 304.52 = 0.20603 | 0.21721
Str2 304.53 304.48 304.50 =; 0.20448 | 0.20404
Str3 304.44 304.48 304.51 s 0.20195 | 0.20854
Strd 304.47 304.47 304.49 = 0.20300 | 0.21563
Average 304,4925 (304.5900) 0.2076 (0.2030)
Stand. Div. 0.0259 (0.0374) 0.0054 (0.0023)
Table C.2.1.4  Modal parameters of the 2x1/32" cracked plate in air : 4* mode (broad

band)
Modal P
Transducer Natural Frequency (Hz) Damping (%,
Peak Poly Global Peak Poly Global
Acc 598.50 598.21 598.13 - 0.28914 | 0.29037
Strl 598.50 598.33 598.10 - 0.27852 | 0.27857 :
Str2 598.50 598.30 | 598.29 o 0.27903 | 0.27921 ’
Str3 598.50 | 598.20 | 598.22 - 0.26740 | 0.26737
Str4 598.50 598.27 598.20 - 0.28685 | 0.28845
Average 598.3258 (598.2800) 0.2782 (0.28975)
Stand. Dev. 0.1355 (0.15895) 0.0072 (0.0006)
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Table C.2.1.4.1

Modal parameters of the 2x1/32" cracked plate in air : 4* mode (zoom)

Modal Parameters
‘Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc 598.03 597.82 597.87 - 0.28066 | 0.27221
Strl 597.94 597.81 598.01 - 0.28580 | 0.27337
Str2 597.63 597.71 597.91 - 0.28792 | 0.27046
Str3 598.03 597.76 597.97 = 0.30281 | 0.29438
Strd 597.84 597.17 597.97 2 0.29426 | 0.30439
Average 597.8625 (597.9067) 0.2892 (0.2764)
Stand. Dev. 0.12275 (0.0896) 0.0116 (0.0042)
Table C.2.1.5 ll’/[oc':l;l parameters of the 2x1/32" cracked plate in air : 5* mode (broad
an
Modal
Transducer Natural Frequency (Hz) Damping (%,
Peak Poly Global Peak Poly Global
Acc 963.00 | 962.41 | 962.24 - 0.41610 | 0.41681
Strl 963.00 | 962.55 | 962.14 - 0.41215 | 0.41205
Str2 963.00 | 962.61 962.32 - 0.41428 | 0.41434
Str3 963.00 | 962.58 | 962.23 b4 0.41240 | 0.41277
Strd. 963.00 | 962.68 | 962.38 - 0.41628 | 0.41798
Average 962.6242 (962.5500) 0.4140 (0.41645)
Stand. Dev. 0.3052 (0.3257) 0.0020 (0.00035)
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Table C.2.1.5.1 Modal parameters of the 2x1/32" cracked plate in air ; 5* mode (zoom)

Modal Parameters
Transducer Natural (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc 962.88 | 962.96 | 962.83 - 0.37631 | 0.37677
Strl 963.38 | 963.51 | 963.39 - 0.36753 | 0.36709
Str2 963.50 963.55 963.57 = 0.37163 | 0.37738
Str3 963.50 963.61 963.48 o 0.37028 | 0.37715
Str4 963.63 963.61 963.72 = 0.36639 | 0.36611
Average 963.5375 (962.8900) 0.37045 (0.3765)
Stand. Dev. 0.0944 (0.0535) 0.0043 (0.0002)
Table C.2.1.6 Peak response magnitudes of the 2x1/32" cracked plate in air : 1* mode
Peak Magnitudes
Mode | Sensor (ms?*/N) for acc; (m/m/N x 10°%) for str
Broad band Zoom
Peak Poly Global Peak Poly Global
Acc 1.64 0.89461 | 0.86371 2.67 0.98186 | 0.91017
Strl 36.18 22.60 22.32 52.50 24.52 22.32
1 Str2 30.10 18.62 18.28 43.98 20.17 17.60
Str3 12.46 7.94 7.75 20.00 8.74 7.75
Str4 45.09 28.01 27.45 67.82 30.38 26.96
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Table C.2.1.7 Peak response magnitudes of the 2x1/32" cracked plate in air : 2* mode

Peak Magnitudes
Mode | Sensor (msZ/N) for acc; (m/m/N x 10%) for str
Broad band Zoom
Peak Poly Global Peak Poly Global
Acc 12.24 22.73 22.32 65.21 137.69 | 136.62
Strl 25.33 51.77 50.79 135.67 | 311.86 | 309.85
2 Str2 3.68 9.00 8.68 22.16 51.82 51.42
Su3 34.12 95.61 93.92 215.43 | 552.56 | 552.30
Str4 28.52 70.55 69.30 169.57 | 412.69 | 409.78

Table C.2.1.8 Peak response magnitudes of the 2x1/32" cracked plate in air : 3" mode
Peak Magnitudes
Mode | Sensor (ms*/N) for acc; (m/m/N x 10%) for str
Broad band Zoom
Peak Poly Global Peak Poly Global
Acc 6.40 39.11 38.64 10.41 69.83 66.49
Strl 0.13550 | 0.85726 | 0.83498 | 0.17978 1.32 1.35
3 S | 025962 | 1.69 165 | 038643 | 281 | 279
Str3 0.32829 2.20 2.16 0.49778 3.63 3.68
Str4 0.17810 1.27 1.26 0.27358 2.01 2.07

235



T

o.e

o.s

0.3

200 = 5 oo 1000 1200
FREQUENCY (Ha)

Figure C.2.1.1 Acceleration coherence function of the 2x1/32" cracked plate in air

MATUOE (m2/N)

Figure C.2.1.2

10-1

P

FREQUENCY (HE)

Acceleration frequency response function of the 2x1/32" cracked plate in air

237



Table C.2.1.9 Peak response magnitudes of the 2x1/32" cracked plate in air : 4* mode

Peak Magnitudes
Mode | Sensor (ms?*/N) for acc; (m/m/N x 10% for str
Broad band Zoom
Peak Poly Global Peak Poly Global
Acc 1.84 39.14 38.37 2.38 48.59 46.88
Strl 0.20704 4.24 4.16 0.29793 6.26 5.93
4 Str2 1.01 20.89 20.52 1.21 25.05 23.14
Str3 1.00 19.85 19.46 1.15 23.92 22.10
Strd 0.15456 3.13 3.06 0.22496 4.76 4.88

Table C.2.1.10 Peak response magnitudes of the 2x1/32" cracked plate in air : 5 mode

Peak Magnitudes
(ms?%N) for acc; (m/m/N x 10%) for str

Mode | Sensor
Broad band Zoom

Peak Poly Global Peak Poly Global

Acc 27.15 1350 1350 132.81 5910 5930

Strl 6.68 32334 | 320.24 | 38.52 1640 1590

5 Str2 9.52 464.89 | 459.34 | 45.42 1970 1960
Str3 12.55 | 608.30 | 602.36 | 62.13 2660 2650

Strd 6.51 31559 | 310.66 | 36.33 1550 1500
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Figure C.2,1.3 Strain coherence function of the 2x1/32" cracked plate in air :
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Figure C.2.1.4  Strain frequency response function of the 2x1/32" cracked plate in air :

strain gage no. 1
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Figure C.2.1.5 Strain coherence function of the 2x1/32" cracked plate in air :
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Figure C.2.1.6  Strain frequency response function of the 2x1/32* cracked plate in air :
strain gage no. 2
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Figure C.2,1.7 Strain coherence function of the 2x1/32" cracked plate in air :
strain gage no. 3
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Figure C.2.1.8 Strain frequency response function of the 2x1/32" cracked plate in air :
strain gage no. 3
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Figure C.2.1.10 Strain frequency response function of the 2x1/32" cracked plate in air ;
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C.2 2x3/32" Cracked Plate

The 2x3/32" cracked plate was tested in air and in two water levels. The results are given

in three i these ions give the i result in air and in partial/full

submergence in water, respectively.

C.3.1 2x3/32" Cracked Plate in Air

In this experiment, it was found that the strain frequency response function for strain
number 4 was very poor in the fourth mode (see Table C.3.1.4 in str4 row). Although the
natural frequency was close to the other sensor locations in the three fits methods, the damping
values were a little higher than those obtained from the other sensor locations. These damping
values are excluded in the averaging process.

Table C.3.1.1  Modal parameters of the 2x3/32" cracked plate in air : 1* mode (broad

band)
Modal Parameters
Transducer Natural Frequency (Hz) Damping (%,
Peak Poly Global Peak Poly Global
Acc 16.94 16.93 16.93 - 0.27211 | 0.27292
Strl 16.94 16.93 16.93 - 0.27423 | 0.27761
Str2 16.94 16.93 16.93 - 0.28373 | 0.28976
Str3 16.94 16.93 16.93 - 0.28205 | 0.28394
Strd 16.94 16.93 16.94 - 0.26473 | 0.27797
Average 16.9333 (16.9333) 0.27925 (0.2725)
Stand. Dev. 0.0047 (0.0047) 0.0071 (0.0004) 242




Table C.3.1.1.1

Modal parameters of the 2x3/32" cracked plate in air : 1* mode (zoom)

Modal Parameters
Transducer Natural Frequency (Hz) Damping (%.
Peak Poly Global Peak Poly Global
Acc 17.00 16.97 16.98 - 0.21430 | 0.21259
Strl 16.91 16.90 16.90 - 0.22520 | 0.23548
Str2 16.91 16.91 16.91 e 0.21978 | 0.22845
Str3 16.94 16.96 16.97 - 0.22711 | 0.22703
Str4 16.91 16.91 16.19 - 0.23362 | 0.24522
Average 16.9200 (16.9833) 0.2302 (0.2134)
Stand. Dev. 0.0224 (0.0125) 0.0073 (0.00085)
Table C.3.1.2 arimn:;l parameters of the 2x3/32" cracked plate in air : 2* mode (broad
Modal P
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc 109.00 | 109.10 | 109.00 - 0.16973 | 0.17638
Strl 109.00 109.02 109.00 - 0.16639 | 0.17441
Str2 109.00 | 108.99 | 108.9 - 0.18117 | 0.17936
St3 109.00 | 109.02 | 109.00 - 0.18146 | 0.18772
Strd 109.00 109.10 109.00 - 0.16885 | 0.17464
Average 109.0100 (109.0333) 0.17675 (0.17305)
Stand. Dev. 0.0286 (0.0471) 0.0066 (0.0033)
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Table C.3.1.2.1

Modal parameters of the 2x3/32" cracked plate in air : 2* mode

(z00m)
Modal Parameters
Transducer Natural Frequency (Hz) Damping (%,
Peak Poly Global Peak Poly Global
Acc 108.69 | 108.71 | 108.71 - 0.17407 | 0.17352
Strl 108.75 108.72 108.72 = 0.17120 | 0.17113
Str2 108.78 108.71 108.71 = 0.18017 | 0.18015
Str3 108.66 108.70 | 108.70 - 0.19036 | 0.19006
Str4 108.66 108.71 108.71 - 0.17872 | 0.17858
Average 108.7108 (108.7033) 0.18005 (0.1738)
Stand. Dev. 0.0315 (0.0094) 0.0068 (0.0003)
Table C.3.1.3 !l:nog:;l parameters of the 2x3/32" cracked plate in air : 3" mode (broad
Modal P
Transducer Natural Frequency (Hz) Damping (%]
Peak Poly Global Peak Poly Global
Acc 310.75 310.76 | 310.7t - 0.30618 | 0.32125
Strl 311.00 311.08 | 311.04 = 0.49374 | 0.49391
Str2 311.00 311.17 | 311.18 G 0.47036 | 0.46648
Str3 31100 | 311.13 | 311.20 - 0.46226 | 0.44586
Strd 311.00 31111 311.11 - 0.49664 | 0.51880
Average 311.0850 (310.74) 0.48101 (0.3137)
Stand. Dev. 0.0729 (0.0216) 0.0221 (0.0075)

244



Table C.3.1.3.1

Modal parameters of the 2x3/32" cracked plate in air : 3" mode (zoom)

Modal Parameters
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Giobal Peak Poly Global
Acc 310.59 310.66 310.64 - 0.44087 | 0.44012
Siil 310.66 | 310.69 | 310.66 - 0.43772 | 0.43708
Str2 310.72 310.66 310.66 - 0.42528 | 0.40406
Str3 310.53 310.60 310.53 & 0.41104 | 0.41153
Strd 310.69 | 310.65 [ 310.69 - 0.43159 | 0.42192
Average 310.6450 (310.6300) 0.4225 (0.4405)
Stand. Dev. 0.0585 (0.0294) 0.0119 (0.0004)
Table C.3.1.4 bMo:;l parameters of the 2x3/32" cracked plate in air : 4* mode (broad
an
Modal Parameters
Transducer Natural Frequency (Hz) Damping (%.
Peak Poly | Global | Peak Poly | Global
Acc 602.50 | 602.16 | 602.17 - 0.98898 | 0.30578
Strl 602.00 601.93 602.00 = 0.32704 | 0.31446
Str2 602.00 | 602.13 | 602.18 - 0.29656 | 0.29480
Str3 602.50 | 601.12 | 602.01 - 0.30238 | 0.31206
Strd 602.50° | 602.11° | 602.03° - 0.26023° | 0.25395"
Average 602.1258 (602.2767) 0.2952 (0.3024)
Stand. Dev. 0.1807 (0.1580) 0.0241 (0.0034)
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Table C.3.1.4.1

Modal parameters of the 2x3/32" cracked plate in air : 4* mode

(zoom)
Medal P
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc 601.84 | 601.70 | 601.77 - 0.29476 | 0.28262
Strl 601.63 | 601.53 601.63 = 0.27882 | 0.27147
Str2 601.66 | 601.60 601.74 - 0.29088 | 0.28721
Str3 601.66 601.65 601.70 - 0.29070 | 0.28940
Str4 601.66 | 601.64 601.84 - 0.29448 | 0.29920
Average 601.6642 (601.7700) 0.2878 (0.2887)
Stand. Dev. 0.0716 (0.05715) 0.0082 (0.0061)
Table C.3.1.5 l};{o:;l parameters of the 2x3/32" cracked plate in air : 5* mode (broad
an
Modal P
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc 967.00 | 966.93 | 966.97 - 0.46259 | 0.46884
Strl 967.00 | 967.08 967.78 - 0.46284 | 0.48441
Str2 966.50 | 967.15 967.30 - 0.50226 | 0.50687
Str3 967.00 | 967.16 967.25 - 0.44178 | 0.44137
Str4 967.00 | 967.09 | 967.03 - 0.62521 | 0.66409
Average 967.1117 (966.9667) 0.51610 (0.465715)
Stand. Dev. 0.27760 (0.02867) 0.07829 (0.003125)
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Table C.3.1.5.1 Modal parameters of the 2x3/32" cracked plate in air : 5* mode (zoom)

Modal
Transducer Natural Frequency (Hz) Damping (%,
Peak Poly Global Peak Poly Global
Acc 966.00 965.25 966.21 2 0.37550 | 0.36263
Strl 966.50 | 966.24 | 966.25 - 0.36132 | 0.36239
Str2 966.13 966.12 966.18 - 0.40277 | 0.40370
Str3 966.38 966.36 | 966.37 2 0.39478 | 0.38506
Str4 967.00 | 966.35 | 966.35 - 0.38144 | 0.37031
Average 966.3525 (966.1533) 0.38272 (0.36910)
Stand. Dev. 0.22335 (0.10965) 0.0159 (0.0065)

Table C.3.1.6  Peak response magnitudes of the 2x3/32" cracked plate in air : 1* mode

Peak Magnitudes
Mode | Sensor (ms?N) for acc; (m/m/N x 10% for str

Broad band Zoom
Peak Poly Global Peak Poly Global
Acc 1.44 | 0.88497 | 0.81527 1.89 | 0.91928 | 0.84887
Strl 31.25 | 20.35 19.94 52.60 | 24.29 | 24.31
1 Str2 25.80 17.58 17.27 46.45 20.91 20.59
Str3 10.61 7.09 6.73 16.49 8.04 7.47
Strd 41.13 25.91 25.89 64.38 31.17 30.63
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Table C.3.

7  Peak response magnitudes of the 2x3/32" cracked plate in air : 2%
mode

Peak Magnitudes
Mode | Sensor (ms?/N) for acc; (m/m/N x10%) for str
Broad band Zoom
Peak Poly Global Peak Poly Global

Acc | 1052 | 2517 | 2511 | 6687 | 155.67 [ 155.14
sl | 2489 | 5570 | se42 | 15075 | 342.43 | 34185
2 sir2 405 | 1034 | 1025 | 2488 | 62.13 | 619
ste3 | 3534 | 8471 | 85.06 | 20032 | 52003 | sis.65
sS4 | 3495 | 7823 | 78.19 | 200.82 | 485.98 | 484.65

Table C.3.1.8  Peak response magnitudes of the 2x3/32" cracked plate in air : 3 mode

Peak Magnitudes
Mode | Sensor (ms?/N) for acc; (m/m/N x 10 for str

Broad band Zoom
Peak Poly Global Peak Poly Global
Acc 3.98 47.15 48.02 4.16 73.01 73.75
Strl 0.97387 | 18.96 18.58 1.58 27.38 26.34
3 Str2 1.40 26.09 25.76 2.14 35.61 | 3431
Str3 1.39 25.33 24.60 2.12 35.41 33.68
Strd 1.53 29.70 30.18 2.35 40.00 | 39.47
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Table C.3.1.9

Peak response magnitudes of the 2x3/32" cracked plate in air : 4* mode

Peak Magnitudes
Mode | Sensor (ms?N) for acc; (m/m/N x 10 for str
Broad band Zoom
Peak Poly Global Peak Poly Global
Acc 1.79 41.03 41.41 2.46 53.19 50.76
Strl 0.06308 1.57 1.46 0.33093 6.78 6.59
4 Str2 0.9870 21.74 21.51 1.39 29.96 29.34
Str3 0.59595 | 13.70 13.83 1.02 21.47 21.25
Strd 0.14956 1.31° 1.32° | 0.22010 4.96 5.02

Table C.3.1.10  Peak response magnitudes of the 2x3/32" cracked plate in air : 5* mode

Peak Magnitudes
Mode | Sensor (ms?/N) for acc; (m/m/N x 10°%) for str
Broad band Zoom
Peak Poly Global Peak Poly Global
Acc 24.12 1320 1280 120.58 4710 4470
Strl 4.96 272.39 | 271.26 21.94 886.07 | 889.46
5 Str2 7.79 458.13 | 438.93 32.24 1450 1450
Str3 7.47 386.30 | 372.76 | 42.31 1780 1720
Strd 4.50 330.14 | 331.27 33.54 959.54 | 913.22

49



T

0.3

0.z

200 200 =) 8co 7060 1200
FREQUENCY (H2)
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Figure C.3.1.2 Acceleration frequency response function of the 2x3/32" cracked plate in air
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Figure C.3.1.3 Strain coherence function of the 3x3/32" cracked plate in air :
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Figure C.3.1.3  Strain frequency response function of the 2x3/32" cracked plate in air :
strain gage no. 1
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Figure C.3.1.5 Strain coherence function of the 2x3/32" cracked plate in air :
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Strain frequency response function of the 2x3/32" cracked plate in air :
strain gage no. 2
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Figure C.3.1.7 Strain coherence function of the 2x3/32" cracked plate in air :
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Strain frequency response function of the 2x3/32" cracked plate in air :
strain gage no. 3
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Figure C.3.1.9 Strain coherence function of the 2x3/32" cracked plate in air :
strain gage no. 4

10m1

WENTOE x 106-3 (n/mN)

10-e

10-8

200 o0 800 806 1000 1200

FREQUENGCY (Hz)

Figure C.3.1.10 Strain frequency response function of the 2x3/32" cracked plate in air :
strain gage no. 4
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C.3.2 2x3/32"Cracked Plate Partially Submerged in Water

Values that were obtained from strain gages number one and four in the fourth mode,
using zoom frequency band (see Table C.3.2.4.1), are not used since these values are 100 low

compared with the others.

Table C.3.2.1  Modal parameters of the 2x3/32" cracked plate partially submerged in
water : 1* mode (broad band)

Modz! Parameters
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc 12.44 12.41 12.41 - 0.60235 | 0.60714
Strl 12.38 12.41 12.41 - 0.54130 | 0.57257
Str2 12.38 12.40 12.41 - 0.53888 | 0.57455
Str3 12.38 12.41 12.41 - 0.55180 | 0.56829
Strd 12.38 12.40 1241 - 0.53616 | 0.56935
Average 12,3983 (12.4200) 0.5566 (0.60475)
Stand. Dev. 0.0134 (0.0141) 0.0153 (0.0024)




Table C.3.2.1.1 Modal parameters of the 2x3/32" cracked plate partially submerged in
water : 1* mode (zoom)
Modal Parameters
Transducer Natural Frequency (Hz) Damping (%,
Peak Poly Global Peak Poly Global
Acc 12.44 12.42 12.42 = 0.42162 | 0.42244
Strl 12.41 12.41 12.41 & 0.43258 | 0.46895
Str2 12.41 12.40 12.41 - 0.43260 | 0.46650
Str3 12.41 12.40 12.41 - .| 0.45578 | 0.48491
Strd 12.00 12.40 12.41 = 0.45162 | 0.47445
Average 12,3733 (12.4267) 0.4584 (0.4220)
Stand. Dev. 0.1126 (0.0094) 0.0178 (0.0004)
Table C.3.2.2  Modal parameters of the 2x3/32" cracked plate partially submerged in
water : 2* mode (broad band)
Modal P
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc 81.63 81.71 81.74 = 0.80784 | 0.80677
Stri 81.63 81.71 81.76 & 0.80718 | 0.81792
Str2 81.63 81.75 81.78 2 0.82038 | 0.81943
Str3 81.50 81.74 81.76 - 0.82584 | 0.82291
Strd 81.50 81.75 81.77 o 0.82961 | 0.82963
Average 81.6900 (81.6933) 0.8216 (0.8073)
Stand. Dev. 0.0974 (0.0464) 0.0069 (0.0005)
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Table C.5.2.2.1

Modal parameters of the 2x3/32" cracked plate partially submerged in
water : 2* mode (zoom)

Modal Parameters
Transducer Natural Frequency (Hz) Damping (%,
Peak Poly | Global | Peak Poly | Global
Acc 82.19 82.14 82.11 - 0.50456 | 0.55966
Strl 82.19 82.14 82.11 = 0.49492 | 0.55225
Str2 82.06 82.13 82.10 = 0.48132 | 0.52833
Str3 82.19 82.11 82.09 = 0.51259 | 0.56675
Strd4 82.06 82.13 82.12 - 0.48600 | 0.53455
Average 82.1192 (82.1467) 0.5196 (0.5321)
Stand. Dev. 0.0400 (0.0330) 0.0293 (0.02755)
Table C.3.2.3  Modal parameters of the 2x3/32" cracked plate partially submerged in
water . 3 mode (broad band)
Modal Parameters
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc 240.75 | 239.33 | 239.65 - 0.85320 4. /8750
Strl 24075 | 239.71 | 239.73 - 0.75857 | 0.79330
Str2 241.00 239.26 239.28 - 0.76129 | 0.77131
Str3 240.75 239.30 239.29 & 0.76124 | 0.76326
Strd 241.00 239.66 239.66 - 0.84310 | 0.82734
Average 239.9575 (239.9100) 0.7849 (0.8203)
Stand. Dev. 0.6719 (0.6082) 0.0311 (0.0328)
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Table C.3.2.3.1

Modal parameters of the 2x3/32" cracked plate partially submerged in
water : 3" mode (zoom)

Modal Parameters
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc 240.81 241.00 241.04 - 1.11665 | 1.12543
Strl 240.75 240.84 240.68 - 1.11580 | 1.11567
Str2 240.88 240.98 240.83 = 1.11578 | 1.11624
Str3 240.63 240.89 240.85 - 1.11561 | 1.11964
Str4 240.66 240.90 240.90 = 1.11606 | 1.12025
Average 240.8158 (240.9500) 1.1169 (1.1210)
Stand. Dev. 0.1058 (0.1003) 0.0018 (0.0044)
Table C.3.2.4 Modal parameters of the 2x3/32" cracked plate partially submerged in
water : 4* mode (broad band)
Modal Parameters
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
[ Acc 449.50 448.99 449.27 - 1.19 1.20
Strl 449.50 449.73 449.07 - 1.20 1.25
Str2 448.50 447.81 448.42 - 1.37 1.36
Str3 449.00 448.76 448.37 = 1.20 1.16
Str4 450.00 450.06 449.90 = 1.32 1.30
Average 449.0933 (449.2533) 1.2700 (1.1850)
Stand. Dev. 0.71145 (0.2085) 0.0740 (0.0050)
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Table C.3.2.4.1 Modal parameters of the 2x3/32" cracked plate partially submerged in
water : 4* mode (zoom)
Modal Parameters
Transducer Natural Frequency (Hz) Damping (%
Feak Poly Global Peak Poly Global
Acc 465.38 465.58 465.59 - 1.16 1.20
Strl 465.00" | 464.49° | 464.71" & 0.73120" | 0.72927°
Str2 464.13 464.61 464.67 - 1.06 1.04
Str3 464.19 464,14 464.08 = 1.03 1.07
Strd 465.00° | 465.20° | 464.98° & 0.72919* | 0.88715°
Average 464.60 (465.5167) 1.05 (1.18)
Stand. Dev. 0.3791 (0.0967) 0.01581 (0.02)
Table C.3.2.5 Modal parameters of the 2x3/32" cracked piate partially submerged in
water : 5* mode (broad band)
Modal Parameters
Transducer Natural Frequency (Hz) Damping (%
Peak Poly | Global | Peak Poly | Global
Acc 807.50 | 808.52 | 808.55 - 115 1.08
Strl 808.00 808.98 808.87 2 0.80356 | 0.80162
Str2 809.00 807.43 807.45 = 1.10 1.10
Str3 806.50 807.00 807.18 = 1.09 1.09
Str4 808.50 806.57 807.23 # 1.05 1.05
Average 807.7258 (808.1900) 1.01065 (1.1150)
Stand. Dev. 0.1216 (0.0350)

0.8781 (0.4880)
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Table 3.2.5.1  Modal parameters of the 2x3/32" cracked plate partially submerged in
water : 5* mode (zoom)
Modal Parameters
T Natural Freq Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc 806.50 806.50 806.49 - 1.00 1.00
Strl 806.00 | 805.50 | 806.20 - 0.96092 | 0.96031
Str2 805.00 804.62 805.16 - 0.99168 | 0.99190
Str3 803.50 803.67 803.57 - 1.07 1.08
Str4 804.50 | 804.93 | 803.42 - 0.97195 | 0.97744
Average 804.5058 (806.4967) 1.0005 (1.000)
Stand. Dev. 1.0418 (0.0047) 0.0445 (0.0000)
Table C.3.2.6 Peak response magnitudes of the 2x3/32" cracked plate partially
submerged in water : 1* mode
Peak Magnitudes
Mode | Sensor (ms?/N) for acc; (m/m/N x 10°%) for str
Broad band Zoom
Peak Poly Global Peak Pcly | Global
Acc 0.47143 | 0.46154 | 0.46189 | 0.51796 | 0.34784 | 0.33979
Strl 17.04 16.72 17.08 24.68 17.12 17.38
1 Str2 14.91 14.26 14.62 21.85 14.80 15.02
Str3 5.22 5.26 5.52 7.85 5.50 5.50
Str4 2221 | 21.40 21.89 32.56 | 22.48 | 22.46




Table C.3.2.7

Peak response magnitudes of the 2x3/32" cracked plate partially
submerged in water : 2* mode

Peak Magnitudes
Mode | Sensor (ms?/N) for acc; (m/m/N x 109 for str
Broad band Zoom
Peak Poly Global Peak Poly Global
Acc 1.07 8.78 8.76 24.87 | 126.33 | 132.22
Strl 3.92 32.25 32.10 92.19 | 462.65 [ 486.49
2 Str2 0.55754 | 5.10 5.10 14.17 69.56 72.43
Str3 5.42 50.55 51.03 134.76 | 700.73 | 735.09
Strd 5.05 46.93 47.28 129.30 | 635.82 | 664.32
Table C.3.2.8  Peak response magnitudes of the 2x3/32" cracked plate partially
submerged in water : 3" mode
Peak Maghnitudes
Mode ; Sensor (ms?N) for acc; (m/m/Nx 109 for str
Broad band Zoom
Peak Poly Global Peak Poly Global
Acc | 0.48109 | 17.98 17.39 | 096322 | 13.22 | 13.09
Strl 0.26002 | 9.25 9.23 0.58678 | 7.65 7.39
3 Str2 0.42008 | 15.34 14.55 | 0.72989 | 9.26 9.64
Str3 0.41020 | 14.80 14.38 | 0.70157 | 8.90 9.22
Strd 0.44902 | 16.63 16.11 | 0.90890 | 12.45 12.38
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Peak response magmmdcs of the 2x3/32" cracked plate partially

submerged in water : 4* mode
Peak Magnitudes
Mode | Sensor (ms?/N) for acc; (m/m/N x 10 for str
Broad band Zoom
Peak Poly Global Peak Poly | Global
Acc 0.25203 | 23.19 21.38 1.04 63.61 67.29
Strl 0.04030 2.52 2.58 0.11035 | 2.18° 2.01°
4 Str2 0.18614 | 12.28 11.75 | 0.73889 | 46.28 41.59
Str3 0.11705 | 12.24 11.64 | 0.51032 [ 28.24 27.51
Strd4 0.03719 3.14 2.98 0.09871 1.81° 1.62°
Table C.3.2.10  Peak response magnitudes of the 2x3/32" cracked plate partially
submerged in water : 5* mode
Peak Magnitudes
Mode | Sensor (ms/N) for acc; (m/m/N x 10%) for str
Broad band Zoom
Peak | Poly | Global | Peak | Poly | Global
Acc 2.00 216.33 | 194.04 9.26 842.60 | 842.18
Strl 0.58628 | 39.06 36.97 2.63 227.99 | 225.39
5 Str2 0.70249 | 70.41 70.32 3.37 303.85 | 300.22
Str3 0.93665 | 92.80 93.08 3.48 34422 | 335.65
Str4 0.51419 | 47.26 48.31 2.33 199.68 | 197.78
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Figure C.3.2.1 Acceleration coherence function of the 2x3/32" cracked plate partially
submerged in water

Aamt

MAGHTIOE (m/2/¥)

10-3

vo=s]

10-4)

200 o0 50 3 1066 1200

FRECUENCY (Hz)

Figure C.3.2.2 Acceleration frequency response function of the 2x3/32" cracked plate
partially submerged in water
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Figure C.3.2.5
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Strain coherence function of the 2x3/32" cracked plate partially submerged
in water : strain gage no. 2

10-1

10-2

10-3

10-1

200 %90 500 800 7000 1200

FREQUENGY (Hz)

Strain frequency response function of the 2x3/32" cracked plate partially
submerged in water : strain gage no. 2
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Figure C.3.2.3
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Strain frequency response function of the 2x3/32" cracked plate partially

submerged in water : strain gage no. 1
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Figure C.3.2.7
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Strain frequency response function of the 2x3/32" cracked plate partially
submerged in water : strain gage no. 3
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Figure C.3.2.9
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Strain coherence function of the 2x3/32" cracked plate partially submerged
in water : strain gage no. 4
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Strain frequency response function of the 2x3/32" cracked plate partially
submerged in water : strain gage no. 4
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C.3.3 2x3/32" Crack Flate Fully Submerged in Water

The values marked by superscript * in Table C.3.3.4 are not averaged due to the same

reason given earlier.

Table C.3.3.1  Modal parameters of the 2x3/32" cracked plate fully submerged in
water : 1% mode (broad band)

Modal Parameters
Transducer Natural Frequency (Hz) Damping (%

Peak Poly Global Peak Poly Global
Acc 10.19 10.14 10.14 - 0.62957 | 0.61849
Strl 10.19 10.13 10.13 = 0.59259 | 0.59514
Str2 10.19 10.14 10.14 - 0.58548 | 0.58946
Str3 10.19 10.14 10.14 = 0.62756 | 0.64128
Str4 10.19 10.13 10.14 - 0.59671 | 0.58961

Average 10.1542 (10.1567) 0.6022 (0.6240)

Stand. Dev. 0.0256 (0.0236) 0.0192 (0.0055)
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Table C.3.3.1.1

Modal parameters of the 2x3/32" cracked plate fully submerged in

water : 1* mode (zoom)

Modal Parameters
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc 10.11 10.11 10.11 - 0.48639 | 0.48971
Strl 10.11 10.12 10.12 - 0.46495 | 0.46653
Str2 10.13 10.12 10.12 - 0.49816 | 0.47996
Str3 10.13 10.12 10.12 - 0.47993 | 0.46144
Strd 10.13 10.12 10.12 £ 0.47534 | 0.46853
Average 10.1217 (10.1100) 0.4740 (0.4880)
Stand. Dev, 0.0055 (0.0000) 0.0109 (0.0017)
Table C.3.3.2 Modal parameters of the 2x3/32" cracked plate fully submerged in
water : 2% mode (broad vand)
Modal Parameters
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc 69.13 69.08 69.07 - 0.89572 | 0.91385
Strl 69.13 69.07 69.08 - 0.94172 | 0.94341
Str2 69.13 69.07 69.06 - 0.94089 | 0.92124
Str3 69.06 69.05 69.06 = 0.92163 | 0.95178
Strd 69.13 69.06 69.07 - 0.95225 | 0.94259
Average 69.0808 (69.0933) 0.9394 (0.9048)
Stand. Dev. 0.0293 (0.02625) 0.0112 (0.0091)
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Table C.3.3.2.1

Modal parameters of the 2x3/32" cracked plate fully submerged in
water : 2* mode (zoom)

Modal Parameters
Transd Natural Freq (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc 68.84 68.86 68.88 “ 0.56317 | 0.56373
Strl 68.91 68.94 68.96 - 0.54289 | 0.54275
Str2 68.91 68.94 68.95 - 0.54059 | 0.54105
Str3 68.91 68.92 68.95 - 0.56505 | 0.55051
Strd 68.91 68.92 68.96 - 0.54107 | 0.54145
Average 68.9317 (68.8600) 0.4126 (0.56345)
Stand. Dev. 0.0195 (0.0163) 0.0079 (0.0003)
Table C.3.3.3  Modal parameters of the 2x3/32" cracked plate fully submerged i
water : 3" mode (broad band)
Modal Parameters
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc 203.00 | 203.32 | 203.38 - 1.25 1.27
Strl 203.00 203.33 203.43 - 1.29 1.26
Str2 203.00 203.42 203.47 - 1.29 1.26
Str3 203.00 203.42 203.43 - 1.27 1.27
Str4 203.00 203.44 203.48 - 1.25 1.30
Average 203.2850 (203.2333) 1.2737 (1.2600)
Stand. Dev. 0.2045 (0.1668) 0.0165 (0.0100)
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Table C.3.3.3.1

Modal parameters of the 2x3/32" cracked plate fully submerged in

water : 3" mode (zoom)

5

Modal Parameters
Transducer Natural Frequency (Hz) Damping (%,
Peak Poly Global | Peak Poly Global
Acc 203.06 203.30 203.56 - 1.25 1.24
Strl 203.00 | 203.47 | 203.45 - 1.27 1.25
Str2 203.31 203.66 203.14 » 1.25 1.27
Str3 202.84 203.40 203.50 - 1.24 1.26
Strd 203.50 203.41 203.66 N 1.26 1.26
Average 203.3617 (203.3067) 1.2575 (1.2450)
Stand. Dev. 0.24055 (0.2042) 0.0097 (0.0050)
Table C.3.3.4  Modal parameters of the 2x3/32" cracked plate fully submerged ii
water : 4% mode (broad band)
Modal Parameters
Transducer Natural Frequency (Hz) Damping (%,
Peak Poly Global Peak Poly Global
Acc 402.75 402.63 402.45 - 1.48611 | 1.48963
Strl 402.50 402.85 402.45 = 1.46808 | 1.45024
Str2 402.50 402.71 402.65 - 1.47688 | 1.47621
Str3 403.25 402.95 402.83 - 1.45758 | 1.47958
Strd 404.00° | 404.47° | 402.47 = 0.51379° | 0.54329°
Average 402.7160 (402.6100) 1.4681 (1.4879)
Stand. Dev. 0.2449 (0.1233) 0.0108 (0.0018)
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Table C.3.3.4.1

Modal parameters of the 2x3/32" cracked plate fully submerged in
water : 4* mode (zoom)

Modal Parameters
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc 417.75 417.16 417.03 # 1.58594 | 1.56821
Strl 417.56 | 417.52 | 417.35 - 1.60078 | 1.59379
Str2 417.50 417.22 417.21 ki 1.58325 | 1.58251
—St1'3 417.38 417.26 417.21 - 1.58522 | 1.58275
Str4 417.06 | 417.07 | 417.08 - 1.57818 | 1.58015
Average 417.2875 (417.3133) 1.5857 (1.5770)
Stand. Dev. 0.1708 (0.3133) 0.0072 (0.0089)
Table C.3.3.5  Modal paramcters of the 2x3/32" cracked plate fully submerged in
water : 5 mode (broad band)
Modal P
Transducer Natural Frequency (Hz) Damping (%,
Peak Poly Global Peak Poly Global
Acc 741.00 | 741.86 | 741.48 - 1.59 1.58
Strl 741.00 | 741.61 | 741.55 - 1.57 1.58
Str2 741.00 741.11 741.79 - 1.58 1.56
Str3 741.00 | 741.14 | 741.83 - 1.58 1.54
Strd 741.50 741.54 741.70 = 1.57 1.55
Average 741.3975 (741.4467) 1.5662 (1.5850)
Stand. Dev. 0.3102 (0.3519) 0.0141 (0.0050)
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Modal parameters of the 2x3/32" cracked plate fully submerged in
water : 5* mode (zoom)

Modal Parameters
Transducer Natural Frequency (Hz) Damping (%
Peak Poly Global Peak Poly Global
Acc 742.00 742.15 742.02 = 1.58 1.54
Strl 743.13 742.36 742.50 - 1.53 1.54
Str2 741.63 742.06 742.19 » 1.57 1.54
Str3 742.38 742.62 742.51 “ 1.52 1.54
Strd 743.25 741.68 741.56 = 1.53 1.59
Average 742.3225 (742.0567) 1.5450 (1.5600)
Stand. Dev. 0.5190 (0.0665) 0.0218 (0.0200)
Table C.3.3.6  Peak response magnitudes of the 2x3/32" cracked plate fully submerged
in water : 1* mode
Peak Magnitudes
Mode | Sensor (ms?/N) for acc; (m/m/N x 10 for str
Broad band Zoom
Peak Poly Global Peak Poly Global
Acc 0.21461 | 0.18218 | 0.17552 | 0.39338 | 0.20242 | 0.20270
Strl 17.07 14.31 11.71 28.42 14.80 14.64
! Str2 15.21 11.89 10.16 24.23 12.71 12.58
Str3 5.39 4.31 3.77 8.59 4.48 4.44
Strd 21.09 17.88 15.36 34.58 18.84 18.62
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Table C.3.3.7  Peak response magnitudes of the 2x3/32" cracked plate fully submerged
in water : 2* mode

Peak Magnitudes
Mode | Sensor (ms?/N) for acs; (m/m/N x 10%) for str

Broad band Zoom
Peak Poly Global Peak Poly Global

Acc 13.14 38.47 38.41 1.01 3.83 3.82

Strl 64.59 196.90 | 196.58 5.15 19.17 19.12
2 Str2 9.45 27.96 27.88 0.3785 | 0.9421 | 0.8760
Str3 98.61 | 300.39 [ 301.64 8.23 29.27 29.18
Strd 92.25 | 276.34 | 274.59 8.02 51.10 50.29

Table C.3.3.8 Peak response magnitudes of the 2x3/32" cracked plate fully submerged
in water : 3 mode

Peak Magnitudes
Mode | Sensor (ms?/N) for acc; (m/m/N x 10%) for str

Broad band Zoom
Peak Poly Global Peak Poly Global

Acc 0.37560 | 9.71 9.87 | 0.78546 | 33.82 33.27
Strl 0.25616 | 6.79 6.62 0.52131 | 21.27 22.05
3 Str2 0.44029 | 12.09 11.77 | 0.87584 | 38.64 36.21
Str3 0.47298 | 12.41 12.49 | 0.99364 | 38.19 38.75
Strd 0.28210 | 12.57 13.40 | 0.88674 | 44.12 47.81
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Table C.3.3.9  Peak response magnitudes of the 2x3/32" cracked plate fully submerged
in water : 4® mode

Peak Magnitudes
Mode | Sensor (ms?N) for acc; (m/m/N x 10%) for str

Broad band Zoom
Peak Poly Global Peak Poly Global

Acc 0.26084 | 10.01 9.75 0.41250 | 18.65 18.71
Strl 0.03013 1.03 1.04 0.03656 | 0.98419 | 0.89633
4 Str2 0.24840 |  9.05 9.09 0.35426 | 16.46 15.52
Str3 | 0.16403 | 6.02 6.05 0.26443 | 11.59 11.61
Str4 0.0236" | 0.2659° | 0.2695° | 0.03005 | 0.97021 1.02

Table C.3.3.10  Peak response magnitudes of the 2x3/32" cracked plate fully submerged
in water : 5® mode

Peak Magnitudes
Mode | Sensor (ms?/N) for acc; (m/m/N x 10°) for str

Broad band Zoom
Peak Poly Global Peak Poly Giobal

Acc 0.32586 | 37.76 38.60 | 0.85233 | 77.51 77.81
Strl 0.1070° | 17.77° 37.58" | 0.34534 | 31.38 31.69
5 Str2 0.16834 | 73.08 38.76 | 0.44905 | 41.23 40.27
Str3 | 0.18950 | 81.37 52.18 | 0.39698 | 30.70 44.27
Str4 | 0.10657 | 24.65 22.87 | 0.27423 | 24.01 24.18
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Figure C.3.3.3
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Strain coherence function of the 2x3/32" cracked plate fully submerged in

water : strain gage no. |

10-3

FREQUENGY (H2)

Figure C.3.3.4 Strain frequency response function of the 2x3/32" cracked plate fully

submerged in water : strain gage no. 1
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Figure C.3.3.5 Strain coherence function of the 2x3/32" cracked plate fully submerged in
water : strain gage no. 2

% 100

Y

= -

i .
10-2

z00 oo 00 800 Tc00

FREQUENGSY (Hz)

Figure C.3.3.6 Strain frequency response function of the 2x3/32" cracked plate fully
submerged in water : strain gage ne. 2
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Figure C.3.3.7 Strain coherence function of the 2x3/32" cracked plate fully submerged in
walter : strain gage no. 3
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Figure C.3.3.8 Strain frequency response function of the 2x3/32" cracked plate fully
submerged in water : strain gage no. 3
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Figure C.3.3.9 Strain coherence function of the 2x3/32" cracked plate fully submerged in
water : strain gage no. 4
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Figure C.3.3.10  Strain frequency response function of the 2x3/32" cracked plate fully
submerged in water : strain gage no. 4
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Appendix D

In the first part of this Appendix, the peak strain response magnitudes measured by using

three strain gages, utilized in the experimental study, are normalized by the largest value of

them; and the values are tabulated. In the second part, the peak response magnitudes of the
uncracked plate in air computed by taking damping into consideration are given; and the bode

plots of the acceleration as well as strain responses are presented.

D.1 Normalized Peak Strain Response Magnitudes

Tables D.1.1 to D.1.7 give the normalized peak strain response magnitudes of cracked
and uncracked plates in air, partially submerged and fully submerged in water. The values given
were measured from strain gages mounted along the middle of the plates so that the values can

be compared with those obtained analytically.
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Table D.1.1 Normalized peak strain response magnitudes of the uncracked plate: in air

Peak
Mode | Sensor Broad band Zoom
Peak | Poly | Global | Peak | Poly | Global
sl | 10 1.0 1.0 0 | 10 | 10
. s | osis | osur | oou | osiz | osso | 0w
su3 | 02695 | 0328 | 0332 | 0238 | 0329 | 0.3%
st | 0779 | 0604 | 0.6075 | 0636 | 0.631 | 0.633
, [ s [ onr [ oan [0 | 0122 | oat6 | s
s3 | 1.0 1.0 1.0 w | 10 | 10
sl | 0395 | 0.430 | 0430 | 0414 | 0442 | 0.401
5 [ s [ 09 [ 09 [ osee | 0520 | 0927 | 091
se3 | 10 1.0 1.0 10 | 10 | 10
sul | 086 | 097 | o.1965 | 0238 | 0226 | 0.226
s s | 10 1.0 1.0 1.0 0 | 10
su3 | 0958 | 0956 | 0957 | 0948 | 0949 | 0.950
sl | 0639 | 0658 | 0653 | ossz | 0557 | 0.5%
s s | 10 1.0 1.0 1.0 10 | 10
su3 | 0991 | 0970 | 0997 | 0967 | 0986 | 0.995

282



Table D.1.2 Normalized peak strain response magnitudes of the uncracked plate partially
submerged in water

Normalized Peak Magnitudes
Bode!|  Semor Broad band Zoom

Peak | Poly | Giobal | Peak | Poly | Global

set | 10 | 10 | 10 | 10 [ 10 [ 10
. sz | o8 [ o6+ | oss1 | osss | 0875 | 0sm
su3 | 0295 | 0315 | 0305 | 0296 | 0.1 | 0316
sul | 0.691 | 0.629 | 0.659 | 0.636 | 0.632 | 0.637
, [ s [ 0100 [ 0008 | 008 | 0.09 | 0.0975 | 0097

su3 | 10 1.0 10 | 10 | 10 [ 10
st | 0392 | 0372 | 0384 | 0365 | 0377 | 03m
5 | su2 | o6 | 093 | 0937 | 098 | 0969 | 093

se3 | 10 | 10 0 | 10 | 10 | 10
sl | 0201 | 0202 | 0198 | 0229 [ 0223 [ 0227

e ls [ o | 1o | o | 10| 10| 10
su3 | 0917 | 0864 | 09215 | 0951 | 0932 | 0.940

swl | o685 | 0.683 | o652 | 0754 | 0748 | 0771

s L2 [ 1o [ 1o 0 [ 10 [ 10 [ 10
sw3 | 0985 | 099 | 0998 | 0.98¢ | 0986 | 0.985
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Table D.1.3 ized peak strain of the plate fully
water
Normalized Peak Magnitudes
Mode | - Sensor Broad band Zoom

Peak Poly | Global | Peak Poly | Global

Strl 1.0 1.0 1.0 1.0 1.0 L0
1 St2 0.907 0.971 0.875 0.884 0.882 0.872
Str3 0.326 0.307 0.328 0.292 0.304 0.297
Strl 0.631 0.634 0.625 0.608 0.625 0.626
2 Str2 0.084 0.084 0.085 0.080 0.081 0.078

Str3 1.0 1.0 1.0 1.0 1.0 1.0
Strl 0.291 0.306 0.324 0.300 0.282 0.300
3 Str2 0.928 0.909 0.859 0.904 0.905 0.911

Str3 1.0 1.0 1.0 1.0 1.0 1.0
Strl 0.287 0.385 0.415 0.293 0.296 0.303

4 Str2 1.0 1.0 1.0 1.0 1.0 1.0
Str3 0.900 0.894 0.898 0.882 0.900 0.899
Strl 0.768 0.761 0.780 0.864 0.924 0.923

5 Str2 1.0 1.0 1.0 1.0 1.0 L0
Str3 0.946 0.945 .54 0.924 0.742 0.760

in
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Table D.1.4 Normalized peak strain response magnitudes of the 2x1/32" cracked plate in
air

Peak
Moi) Seae Broad band Zoom
Pak | Poly | Global | Peak | Poly | Global
sel | 1o | 1.0 1.0 0 | Lo 1.0
. s | oss2 | 0823 | om0 | osss | 0823 | o7
s | 034 | 0351 | 0347 | 0381 | 03s6 | 0347
sl | 0742 | 0542 | o541 | 0630 | 0564 | 0.561
o | s | o8 | 0094 | 00 | 0103 | 0094 | 00%
s3 | 10 1.0 1.0 0 | 10 1.0
sut | 0413 | 0390 | o037 | o361 | 0364 | 0367
5 s | omt [ 0764 | 076t | 0176 | 0774 | 0758
sm | 10 1.0 1.0 0 | 10 1.0
sul | 0205 | 0203 | 0208 [ o240 [ 0250 | o256
o s [ 10 1.0 1.0 0 | 10 1.0
su3 | 10 | 0950 | 0948 | 0958 | 0.955 | 0955
sul | 0532 | 0531 | os2 | 0620 | o616 | 0.600
s s [ om9 | 0764 | 072 | 0731 | 0741 | om0
s | 10 1.0 1.0 0 | 10 1.0
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Table D.1.5 Normalized peak strain response magnitudes of the 2x3/32" cracked plate in
air

Normalized Peak Magnitudes
Mode | Sensor Broad band Zoom
Peak | Poly | Global | Peak | Poly | Giobal
strl 1.0 10 1.0 1.0 1.0 1.0
. |s2 | o082 | osss | o866 | oss3 | oser | 0847
str3 | 03395 | 0348 | 03375 | 03135 | 0331 | 0307
str1 | 0704 | 06575 | 0.663 | 07525 | 0.6585 | 0.659
, Lsm | ous | o122 | o105 | o124 [ o1 | o9
str3 1.0 1.0 1.0 1.0 1.0 1.0
st | 069 | 0727 | 0721 | 0738 | 0769 | 0768
5 |sm2 1.0 1.0 1.0 1.0 1.0 1.0
sus | 0993 | 0971 [ 0955 | 0991 [ 0994 | 0982
strt < 4 = 5 g s
4 | sm - - - - - 0
str3 z . = - : <
strl z - B s P =
s |Lsm B - - - - -
str3 5 . - s : =
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Table D.1.6 Normalized peak strain response magnitudes of the 2x3/32" cracked plate

partially submerged in water

Peak
Mode | Sensor Broad band Zoom
Peak Poly Global Peak Poly Global
Strl 1.0 1.0 1.0 1.0 1.0 1.0
1 Str2 0.875 0.853 0.856 0.885 0.864 0.864
Str3 0.306 0.315 0.323 0.318 0.321 0.316
Strl 0.723 0.638 0.629 0.684 0.660 0.662
2 Str2 0.103 0.101 0.100 0.105 0.099 0.098
Str3 1.0 1.0 1.0 1.0 1.0 1.0
Strl 0.619 0.603 0.634 0.804 0.826 0.766
3 Str2 1.0 1.0 1.0 1.0 1.0 1.0
Str3 0.976 0.965 0.988 0.961 0.961 0.956
Strl - - - - - -
4 Str2 3 - 5 5 < .
Str3 - - - - - -
Strl - - - - - -
5 Str2 - - - - - -
Str3 = - - - - -
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Table D.1.7 Normalized peak strain response magnitudes of the 2x3/32" cracked plate
fully submerged in water

Normalized Peak Magnitudes
Mooel] Seator Broad band Zoom
Peak | Poly | Global | Peak | Poly | Global
sel | 10 | L0 THETEETEET
. U s | oso1 [ o831 | oses | o2 | osso | o859
sw3 | 0316 | 0301 | 032 | 03 | 0303 | 0.303
swl | 0.665 | 0665 | 0.652 | 0.626 | 0.655 | 0.655
5 [ sw2 [ 00os | 0093 | 002 | 046 | 0032 | 0.030
s3 | 10 | 10 0 | 10 | 10 | 10
sl | 05% | 0547 | 05% | 0525 | 0557 | 0.569
5 |_sm | 093t | oo% | o092 | osst | 10 | oos
s | 10 | 1o 0 | 10 | 10 | 10
sl - - - . - B
4 | s B . . . B -
st . - = . . =
st - - - s . -
s s R B B R R B
su3 = - 8 - s 8
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D.2 Response of the Uncracked Plate in Air with Damping

The measured damping of the uncracked plate in air are converted to Rayleigh damping
and the results are included in the analysis to study the change of response due to damping.
Mass and stiffness proportional damping factors, obtained using formula given by Bathe (1982),
are presented in Table D.2.1. The formula is rewritten in Equation (D.1). Solving the equation
for a, and B, the factors for a mode can be obtained. The peak response magnitudes
(acceleration and strain responses) are given in the Tables D.2.2 to D.2.5. The strain and

acceleration response versus frequency plots are shown in Figures D.2.1 to D.2.10.

0ut B0l =208 oD
0yt B0l = 20061
where :
@ is mass proportional damping factor at mode i,
B, is stiffness proportional damping factor at mode i,
¢, and £, are damping ratio at mode i and i+1 and

, and w;, are natural frequency at mode i and i+1 respectively.

Table D.2.1 Mass and stiffness proportional damping factors

Mode 1 2 3 4 5
a 81.550 10° | 202.511 10° | 345.770 10° | 722.497 10° | 2528.340 10?
B 17.402 10* | 9.265 10* 7.877 10 6.951 10° 5.319 10*




Table D.2.2 Peak magnitudes of the uncracked plate with damping : acceleration response
(natural frequencies at mode 4 and 5 are given in brackets)

Natural Peak magnitudes
Mode | frequency (ms?/N)
(Hz) 2143 2145 2151 2155 2167

1 18.45 0.2095 0.8955 3.982 1773 1933
2 115.30 2.106 7.858 22.25 22.46 35.13
3 319.8 2.318 7.313 8.829 3.931 15.77
4 * 0.5561 1.423 0.3962 1.163 1.912

(635.8) (635.8) (640.9) (639.5) (638.8)
5 ¥ 3.366 6.290 5.839 3.990 8.317

(1052) (1051) (1051) (1051) (1052)

Table D.2.3 Peak magnitudes of the uncracked plate with damping in air : strain response
(natural frequencies at mode 4 and § are the same as given in Table D.2.2)

Natural Peak magnitudes at node
Mode | Frequency (m/m/N) x 10*
@ 2 “ _zus 2151 2155 JM
1 18.45 5.0395 10' | 4.3419 10' | 2.7659 10' | 1.5710 10' | 8.5980 10?

115.40 9.8603 3.1849 8.7352 1.1620 10' | 1.3262 10"
321.30 |9.1362 10" | 6.3231 10" | 1.3872 | 7.9031 10" | 4.9455 10?
9 2.4422 107 | 9.7078 10? | 4.3188 107 | 9.7656 107 | 5.2689 10°
2 3.9140 107 | 3.1550 10 | 3.1575 10" | 2.0645 10" | 1.8606 107

[T PN E 1N
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Table D.2.4 1 response of the plate with
damping in air
Natural Normalized Peak Magnitudes at nodes
Mode q) Y
2143 2145 2151 2155 2167
1 18.45 0.0108 0.0463 0.2060 0.4021 1.0
2 115.4 0.0600 0.2237 0.6334 0.6393 1.0
3 321.3 0.1470 0.4637 0.5599 0.2493 1.0
4 * 0.2909 0.7443 0.2072 0.6083 1.0
5 o 0.4047 0.7563 0.7021 0.4797 1.0

Table D.2.5 Normalized peak strain response magnitudes of the uncracked plate with

damping in air

Natural Normalized Peak Magnitudes at nodes
Mode Frequency 2143 2145 2155
1 18.45 1 0.8616 0.3120
2 115.4 0.8486 0.2741 1.0
3 321.3 1.0 0.6921 0.8650
4 - 0.2480 0.9941 1.0
5 o 0.1241 1.0 0.6544
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Appendix E

Photographs of Experimental Apparatus
and Setup

297



Figure E.1 A force transducer and a connecting rod

Figure E.2 An exciter hung by eight bungee cords
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00€

Figure E.5 Plate vibrating at water level just at
the middle of the plate thickness

Figure E.6

Crack shape
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