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Abstract

Due to wave and other loadings, the connections between longitudinals and trans-
verse members of ship’s side shell structure become vulnerable to cracking. The
main objective of the studies carried out in this thesis was to identify the occur-
rence of cracks in a stiffened plate model representing the ship’s side shell struc-
ture.

Based on analysis using a finite element program package, a one-twentieth alu-
minum stiffened plate model of a tanker ship’s side shell structure was designed.
Three models were fabricated; the models were tested using random excitation
forces whose dominant frequency was far separated (=~ 2Hz) from the first natural
frequency of the models (=~ 580Hz) under intact and 8 (eight) damaged conditions.
These damages occurred at flange(s) and web(s) of the model’s longitudinal(s). In
damage cases #1 to #4, the damage occurred at a longitudinal in the connections
between the longitudinal and bulkheads while in damage cases #5 to #8, damage
the intersections of longitudinals and a web frame. Using the model’s responses
obtained from finite element analysis the best accelerometer and strain gage lo-
cations were determined. Output-only modal analysis was implemented in the

experimental investigations; random decrement method and Ibrahim time domain



identification technique were employed to extract modal parameters.

Natural frequencies, root mean square (rms) of acceleration and strain response
and amplitudes of a function of the natural frequency, the damping ratio and free
response (which was called D, in this study) obtained from numerical and experi-
mental investigations were compared. Although natural frequencies, the rms and
the D, amplitude values computed from the results of numerical investigations
were different from those obtained from the experimental investigations, most of
them had similar trends due to increasing crack lengths.

Damage identification schemes for on-line and off-line identification of cracks,
using the rms of acceleration and strain response and the amplitude of Dy, function,
were presented. Using these values a damage indicator was proposed. It was
demonstrated that the schemes could identify the crack locations and lengths. In
the first scheme, a damage indicator was computed from the rms of acceleration
and strain response obtained from numerical and experimental investigations. To
estimate the damage indicator values as cracks increased in length an algebraic
function was developed and used. It was observed that the difference between
the actual and extrapolated damage indicator values was a maximum of 18.63%.
Crack lengths could also be estimated by employing the function along with an
iteration procedure using assumed damage indicator value as initial value and
defined error tolerance. Very good results were obtained; a maximum error of 3%
was observed. Another damage identification scheme using numerically computed
rms response to obtain crack length and location was also presented. This scheme

can be categorized as a nomogram technique. It is shown that the scheme can be

il



used to identify accurately the extent and the location of cracks occurring in the
horizontal’s flange and web with maximum error of 2%.

The amplitude of D, function was also examined to assess damage in the in-
vestigated model. The function was obtained utilizing a neural network technique.
While the modal frequencies decreased and modal damping ratios did not have de-
finable trend as the crack lengths grew, the D, amplitudes changed consistently
as a results of cracks occurring at one location. A damage indicator was also com-
puted from the amplitudes of D, function, for different damage cases. The al-
gebraic function developed earlier was also employed to extrapolate the damage
indicator values for subsequent damage cases with assumed crack lengths and lo-
cations. In addition, the function was also employed to estimate the crack sizes for
known damage indicator values. The scheme produced promising results with a

maximum error of about 11%.
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Chapter 1

Introduction

1.1 General

Early identification of the occurrence of cracks in complex structures is desirable
for the safe operation and the economic maintenance of the structure. Structures
experiencing ambient excitation due to waves, wind or ice loadings become vulner-
able to fatigue cracking. To avoid the occurrence of severe damage to a structure
as a result of cracking, cracks should be identified at the earliest stage. In loca-
tions where the structure is not readily accessible for inspection, it would be more
profitable to employ a damage monitoring technique based on the vibration char-
acteristics of the structure. Throughout this thesis the term "damage” and ”crack”
were used interchangeably.

Many damage identification methodologies are available today, e.g., alternating
current field methods, eddy current methods, laser-based and conventional vibra-
tion methods and ultrasonic methods. However in many of these techniques, the
equipment used for sensing should be close to crack location and the structural
member should be accessible. The last three decades have witnessed a growth

in vibration based monitoring methods. These methods, unlike the conventional



nondestructive evaluation techniques, do not require that the equipment used for
sensing the vibration response be placed close to the crack location.

Various vibration based monitoring methods have been reported for assessing
damages in civil, mechanical and aerospace structures, such as beams, plates,
bridges, offshore platforms, air conditioning equipment, steam turbines, aircraft
wings and space shuttle orbiters. Vibration based monitoring methods utilize the
changes of the structure’s dynamic characteristics to identify damage occurrence,
location, and extent. Changes in modal frequencies, damping ratios, and mode
shapes can be used to indicate the presence of a crack. In many situations, natural
or environmental excitations are employed especially when the damage inspection
is performed while the structure is under its operating conditions. In this thesis,
identification of damage occurring on stiffened plate models of a tanker ship’s side
shell structure using a simulated wave excitation is presented.

In tanker ship structures, studies have shown (Schulte-Strathhaus (1991) and
Sucharski (1995)) that most cracks were found in the side shell structures, es-
pecially in the connection between longitudinals and heavy transverse members.
Most cracks observed in the side shell structures occurred in the region between
laden and ballast waterlines at mid-ship region, see Figures 1.1 (a) and (b). Very lit-
tle cracking was observed in the regions "in-between” the joints of the longitudinals
and heavy transverses, mainly due to the fact of lower stress concentration factor.
Several conditions that could bring about cracking in tanker ships are high local
stress and the consequent fatigue cracking, extensive use of high tensile strength

materials and structural degradation for instance, corrosion and wear (Liu and
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Figure 1.1: Crack distributions and number of cracks found in tanker ships
(Schulte-Strathhaus, 1991)

Thayamballi, 1997). Sucharski (1995) also pointed out that at least forty percent
of these cracks were located at the intersections of longitudinals with bulkhead and
web frame. The crack initiated at a region of high stress concentration in the lon-
gitudinal connection to a bulkhead or a web frame; then it propagated across the
flange and the web of the longitudinal (Dexter and Gentilcore, 1997). If it reached
the shell plate it would bring about leaking. Although cracks occurring during
normal operating conditions might not lead to a catastrophic failure of the ship
structure, it could lead to leakage of tanker’s cargo which would be devastating to
the environment.

For a large structure such as a ship, it would be difficult to measure the exter-
nal excitation. Therefore methods based on frequency response function were not
used in this study since the methods require both excitation force and response be
measured. From the structural response, modal parameters of the structure were

extracted and damages occurring in the structure were identified.



1.2 Objective and Scope of Study

The investigations undertaken for this thesis were primarily aimed at studying
the effects of cracks on the response of orthogonally stiffened aluminum plates un-
der narrow band random forces, simulating random wave forces. The prototype of
ocean wave excitation forces was computed based on Pierson-Moskowitz wave am-
plitude spectrum model. Three modeled structures were tested under intact and
different damaged conditions. Time domain output-only modal analysis was em-
ployed during the experimental investigations and schemes for identifying cracks
have been proposed.

Prior to undertaking numerical investigations, a side shell prototype of a ship
structure was designed using American Bureau of Shipping Rules for steel ships
ABS (2003). The ship considered for modeling was 209.9 m in length, 14.3 m in
depth, 27.4 m in breadth, and had a draft of 10.7 m, see Taggart (1980). Modal
characteristics of the prototype were computed using finite element package pro-
gram ABAQUS (2004). The finite element program was also employed to obtain
a model having similar modes of vibrations. By considering facilities available in
the structures laboratory for experimental investigations, one-twentieth aluminum
models of the structure, were designed and fabricated. Three aluminum models
were tested in air using the random force excitations under intact and eight differ-
ent damage cases.

Schemes suitable for on-line, i.e, when a structure is in operating conditions,
and off-line damage identifications are presented in this thesis. These schemes em-
ployed a damage indicator, obtained from numerical and experimental root mean

4



square response, for assessing the damage location and extent. In addition dam-
age identification using a damage indicator, obtained using neural network simu-

lations, is also presented.

1.3 Organization of Thesis

The contents of different chapters in this thesis are compiled according to the fol-
lowing format: Chapter 2 presents the literature review as pertaining to this the-
sis. Chapter 3 deals with the relevant theoretical background for random pro-
cesses, random decrement technique, Ibrahim time domain technique and finite
element method. Chapter 4 describes the development and fabrication of stiffened
plate models of a side shell of ship structure. Steps carried out to obtain model
dimension and sizes are discussed. Chapter 5 gives details of the numerical and
experimental investigations carried out for the model. Comparisons of numerical
and experimental investigation results are also given in this chapter. Chapter 6
describes schemes proposed for off-line and on-line damage identification. Finally

conclusions and suggestions for future work are presented in Chapter 7.



Chapter 2

Literature Review

2.1 Introduction

One of the challenging problems in nondestructive testing and evaluation is to
identify the location of a structural crack and to quantify its extent. Identification
becomes difficult when there is no easy access available for investigators to utilize
conventional nondestructive evaluation techniques. In the last three decades a
number of research studies on structural damage identification using vibration
response have been reported. Significant efforts have been made to identity the
damage locations and their extent on large structures such as bridges, high rise
buildings, as well as offshore, ship and aircraft structures. The basic assumption
in using this methodology is that when damage occurs the mass, stiffness and
damping of the structure will change; and they result in changes in modal response.

Popular techniques reported in the last few years were based on changes in
modal frequencies, mode shapes and mode shape derivatives. In addition tech-
niques using neural networks have also attracted the attention of a number of
researchers. In few cases, first few modal frequencies were not sensitive to dam-

age. Changes in modal frequencies were usually significant for higher modes, see



Budipriyanto (1993), Budipriyanto and Swamidas (1994), Zubaydi et al. (2000b),
Farrar and Jauregui (1996). Therefore other damage indicators, i.e. quantities that
can reveal damage locations and extents, were introduced. Mode shapes and mode
shape derivatives were found to be sensitive to damage. However especially for
experimental investigations, many sensors are needed to obtain mode shapes and
their derivatives. In utilizing neural networks for damage identification, multi-
layer back propagation neural networks were mostly employed. Numerical and/or
experimental data were normally obtained and used as input given to the net-
works. A review of these techniques were presented earlier by Doebling et al.
(1996).

For large structures such as bridge and ship structures where it would be dif-
ficult to measure the input excitations, techniques using the structure’s response
were extensively investigated. Among others, stochastic subspace identification,
and the random decrement method and Ibrahim time domain technique have been
given considerable attention by many researchers, see for instance Bodeux and
Golinval (2003), Mevel and Goursat (2003), Pridham and Wilson (2002), Cole (1973),
Bolton et al. (2002). Recently, investigations on damage identification were carried
out utilizing time domain response of structures. These were conducted without
prior knowledge of structure’s modal parameters, see for instance Andrade et al.
(2001), Choi and Stubbs (2004), Kullaa (2003), Lee et al. (1996a), Worden et al.
(2000), Sohn and Farrar (2001).

The investigation presented in this thesis will focus on crack identification of

tanker ship hull structures, which are primarily composed of stiffened plates joined



together by welding. The procedure will utilize the change in the root mean square
of acceleration and strain amplitude response. A neural network technique will
also be employed for crack identification using natural frequencies, damping and
response of healthy and damaged structures. The literature survey has been car-
ried out in areas which are related to the thesis topic; these are damage inves-
tigation on ship hull structures, damage detection using vibration response and

artificial neural networks.

2.2 Damage on Ship Hull Structure

Schulte-Strathhaus (1991) and Sucharski (1995) reported that in tanker ship hull
structures most cracks were found in the side shell structures, especially in the con-
nections between longitudinals and heavy transverse members. Having conducted
investigation on 10 tanker ships with a total number of 3600 cracks, Schulte-
Strathhaus (1991) reported that: (a) More cracks were found at midship region
than at forward or aft; and (b) Most cracks occurred at side shell longitudinals
located at middle third zone of the hull depth. Sucharski (1995) conducted investi-
gation on fractures occurring in tankers. He pointed out that at least forty percent
of these cracks were located at the intersections of longitudinals with a bulkhead
and a web frame. The crack starts at a region of high stress concentration in the
longitudinal connection to a bulkhead or a web frame, see Figure 2.1. It then
propagates across the flange and the web of the longitudinal. Even though under

normal operating conditions the cracks rarely lead to a catastrophic failure of the
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Figure 2.1: Cracking in side shell of ship (Dexter and Gentilcore, 1997)

ship structure, if the crack reached the side shell plate it might lead to leakage of
tanker ship contents. The spillage would prove to be harmful to the environment.
Cramer et al. (1993) developed a methodology to predict fatigue crack initiation
and growth due to water wave loading in side shell longitudinals of ship struc-
tures. Numerical studies were carried out to investigate the type of damage. They
concluded that most fatigue damages took place at stiffeners located at mean wa-
ter line region. DeKat et al. (1995) employed finite element analysis for predicting
crack growth and hull strength of tankers under wave and other dynamic loads.
Experimental study on a fast patrol boat using fiber optic sensors for structural
health monitoring were reported by Wang et al. (2001). The boat was 47 m long
and 13.5 m wide. More than 20 fiber optic sensors were mounted. Six of the sensors

were located amidships of the boat for global wave load monitoring, see Figure 2.2.



For comparison, strain gages were also used to monitor the boat response during
its operations. Time response data were collected for 20 minutes. They stated that
the agreement between results obtained from data measured using fiber optics and
strain gages was very good. Kiddy et al. (2002) reported the application of optical
fiber strain sensors to monitor the response of a British Research Vessel (RV) at
rough sea. Response of the ship due to main bending and wave slamming impact
load were examined in this investigation. To measure the ship’s response, 51 (fifty
one) sensors were installed. The strain time response was recorded and converted
to frequency domain utilizing a fast Fourier transform technique. They stated that
using the measured response data, the ship’s first and second bending frequencies
were determined. In addition, wave slamming impact load striking the ship hull

was detected.

2.3 Damage Detection Using Vibration Response

In damage detection of large structures such as a bridge or ship, the modal pa-
rameters, i.e., natural frequencies, damping ratios and mode shapes, are generally
estimated from output response only, without observing or measuring the input
excitation, since measuring the input of these structures would be a difficult task.
In this section, literature survey of studies on damage detection of bridges, build-
ing models, truss structures and side shell panel of ships are presented. Recently,
damage identification of structures in time domain using statistical approaches

has become an important research topic. Studies published in this area of study
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(b) Locations of sensors on the boat

Figure 2.2: Sensor locations mounted on the fast patrol boat (Wang et al., 2001)

are also reviewed in the next subsection.

Damage identification in a bridge was conducted by Farrar and Jauregui (1996);
they compared five damage identification methods, viz., damage index, mode shape
curvature, change in flexibility, change in uniform flexibility shape curvature and
change in stiffness methods from experimental and numerical response data of I-
40 Bridge, across the Rio Grande river in New Mexico, under healthy and damaged
conditions. In their experimental investigations, the bridge was excited by random
inputs having a prescribed frequency range of 2Hz - 12 Hz. Eight damage cases

were investigated. These damages were introduced in the bridge by cutting the

11



structure’s girder flange and/or web. To measure the response of damaged struc-
tures, 26 accelerometers were installed in the first set and then an additional 11
accelerometers were mounted in the second set. In the analytical investigations a
finite element model was developed to predict the bridge response. Five damage
identification methods were applied and compared to examine their performances
in identifying and estimating damage location. The authors stated that damage
index method gave better performance in localizing damage than others.

On-line monitoring of damage identification using the random decrement (RD)
technique was initiated by Cole (1973). Random decrement function was obtained
by averaging random response of structures and making the use of level crossing
triggering conditions. He examined the change of RD signature of a truss struc-
ture before and after several connection bolts were loosened. By zooming over
desired frequency ranges, he found that the signatures, obtained from accelera-
tion response, slightly changed due to the loosened bolts. He hypothesized that
by setting a certain frequency range and transducer location, a particular damage
can be detected. A flutter wing model, on which a strain gage was mounted, was
also tested. He reported that random decrement signatures experienced gradual
changes as the damage became more severe. From his numerical and experimental
studies, the author concluded that the random decrement signature was equiva-
lent to free decay response of a structure and was stable in shape and amplitude
for a wide range of frequencies. In addition, random decrement signature could
also be used as a damage indicator and for damping measurement. Since Cole’s

work, extensive studies on random decrement had been reported, see for example
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Ibrahim (1986), Vandiver et al. (1982), Haddara (1992), Asmussen et al. (1996).
Their studies were not reviewed in this chapter since they do not belong to damage
identification.

Studies investigating the response of a unidirectionally stiffened plate model
representing the ship hull structure were reported by Zubaydi et al. (2000a,b).
Numerical and experimental studies were carried out to determine the proper fi-
nite element model. They stated that the impulse response computed, using the
finite element analysis models, were similar to the measured random decrement
response; and the contribution of the non-structural modes generated from the
test bed, were negligible. Zubaydi et al. (2002) used a function having the damp-
ing force and the non-linear restoring force terms as damage indicator. Very good
agreement between the autocorrelation function obtained from the experiment and
that obtained from the finite element model was reported.

Structural health monitoring on bridge structures were carried out by Bolton
et al. (2001, 2002), Reynolds and Pavic (2001) and Peeters and Ventura (2002).
Bolton et al. (2001) compared the modal frequencies and modal vectors extracted
from measurements conducted on a reinforced concrete highway bridge. The bridge
was excited by using two types of excitation, i.e., a drop weight impactor and the
ambient traffic excitation. Frequency response functions, obtained from the impact
measurement response data, were utilized to compute modal parameters. Ibrahim
time domain (ITD) and transmissibility methods were applied to extract modal
frequencies as well as modal vectors from ambient response data. The authors

found that these methods gave similar results for both modal frequencies and mode
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shapes. Both the methods indicated modal assurance criterion (MAC) values to be
close to 1. Later Bolton et al. (2002) extended their studies to a two span re-
inforced concrete bridge on which 42 accelerometers were permanently mounted.
The bridge was excited by impact loading before it was opened and thereafter by
ambient traffic excitations. They pointed out that natural frequencies extracted
from data measured from impact and traffic loadings were significantly different
(up to 15%). The natural frequencies obtained from traffic loading were lower than
those computed from impact loading. They stated that the difference might be due
to: (a) the effect of vehicle traffic mass on the bridge response; and (b) change in
the structural system since there was ”several month gap” between these two in-
vestigations. Mode shapes computed from those two types of loading also differed;
this was indicated by low values of MAC. One of the problems encountered in their
investigation was that of accurately and consistently identifying several closely
spaced modes. They stated that more data might be required to get better results.

Reynolds and Pavic (2001) carried out investigations on Z24 pre-stressed con-
crete bridge response due to a drop weight forced exciter and ambient excitation,
see Figure 2.3 for the bridge view, elevation and cross sections. Signal processing
was carried out in a MATLAB environment and the DIAMOND computer software
developed by structural health monitoring group at Los Alamos National Labora-
tory was employed to extract modal parameters. The authors concluded that the
measured response from forced excitation were less noisy so that it gave more re-
liable modal parameters. They also suggested taking longer acquisition time in

order to get better results when ambient excitation was used. Comparative study
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(b) elevation and cross sections

Figure 2.3: The Z24 Bridge (Reynolds and Pavic, 2001)

of modal identification methods for Z24 bridge was conducted by Peeters and Ven-
tura (2002). Frequency and time domain methods including, the pick-picking, the
rational fraction polynomial (RFP), autoregressive moving average and subspace
identification methods, were compared. The authors concluded that among meth-
ods investigated in the study, the RFP and subspace identification methods gave
most consistent results. They also pointed out that the development and use of
relevant sensor technology, data acquisition system technology and identification
techniques were essential for output-only system.

Kharrazi et al. (2002) implemented a study on a one-third-scale model of a
four story steel building frame. Fourteen sensors were installed at all the struc-

ture’s floors in three possible displacement directions. The structure was excited
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by forced vibration and ambient vibration with white noise signals of frequency
(within 0.1 Hz to 50 Hz band). The model was tested for nine different conditions
including undamaged condition and damaged conditions in which several of struc-
ture’s bracings were removed or beam-column bolted connections were loosened.
Natural frequencies and mode shapes were extracted from response data. An ana-
lytical study using finite element analysis was also implemented. A finite element
model of the steel frame model was developed to obtain modal parameters of the
frame model under intact and damaged conditions. In the finite element analysis,
damage was simulated by changing moment of inertias of the frame members and
cross sectional areas of the braces. The finite element analysis results were then
correlated with experimental results, to evaluate the correlation of several param-
eters, e.g., modal assurance criterion and mode shape pairing. They reported that:
(a) using ambient vibration, the modes of the frame model could be well defined,
especially the lower ones; and (b) most of damage locations and extent also could
be identified. They also noted that more accurate results would have been obtained
if more modes were considered in the analysis.

Pridham and Wilson (2002) applied a stochastic subspace identification tech-
nique to estimate the natural frequency and the damping coefficient of a steel sus-
pension bridge. The bridge was 766 m long and 16 m wide. 26 (twenty six) sensors
were installed on both sides of the truss deck, located at the middle span of the
bridge and at the pylons (at the top of pylon, at deck level and at the bottom level).
The bridge response, due to the ambient (traffic, wind and other) excitations, were

recorded at 0.01 second resolution for 1000 seconds. Prior to carrying out detailed
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analysis, the recorded data were preprocessed to reduce the effects of noise and
computational errors. The raw data were bandpass filtered so that the data fell into
a Nyquist frequency range of 2.5 Hz to 6.25 Hz. To distinguish between the noise
and the true computational modes, modal assurance criterion (MAC) and modal
amplitude coherence were utilized. There were 24 (twenty four) vertical modes of
vibration in the range between 0.2 Hz to 6 Hz; 25 (twenty five) lateral modes in
the range between 0.1 Hz to 3 Hz; and 28 (twenty eight) transitional modes in the
range between 0.5 Hz to 6 Hz. Computed vertical and transitional modal damping
values were observed to be consistent while transverse modal damping ratios were
inconsistent.

A study on the vibration characteristics of undamaged and damaged ffee-free
aluminum beams were conducted (Ramsagar and Pardue, 2001). The authors uti-
lized autocorrelation of frequency response functions measured at different nodes
to examine the possible change in dynamic properties. They showed that addi-
tional peaks in autocorrelation of frequency response functions could be used as
damage indicators. Verboven et al. (2002) introduced a modal parameter identi-
fication method using frequency response functions data. To distinguish between
structural and computational modes a fuzzy algorithm was proposed. The modal
parameter identification method was verified for applications by conducting ex-
perimental tests on a slat track of a commercial aircraft wing, see Figure 2.4. The
structure was excited using sinusoidal signals ranging from 0 Hz to 4096 Hz. Seven
accelerometers were mounted and a laser doppler vibrometer was utilized to mea-

sure the structure’s dynamic response. Results of the tests showed that the method
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(a) A slat track (b)A sat ract attached on a ai;cr;ft Wing
Figure 2.4: A slat track of an commercial aircraft (Verboven et al., 2002)
was able to estimate modal parameters correctly although several of them were
closely spaced modes. Later Parloo et al. (2002) proposed sensitivity based meth-
ods for computing mass normalized mode shapes for damage identification using
output-only measurements. The methods were verified using a slat track of an
aircraft wing experimental data described in Verboven et al. (2002). The struc-
ture was tested under different damage cases which were simulated by attaching
different masses on the structure by means of magnets. They demonstrated that
the attached masses were well estimated using the proposed mass normalization

method and modal parameter identification presented in Verboven et al. (2002).

2.3.1 Damage Identification in Time Domain

Lee et al. (1996a) proposed a scheme for detection of faults in heating, ventilating
and air-conditioning (HVAC) systems using residuals and changes in model pa-
rameters as damage indicators. The residual values were computed by subtracting
measured values under fault conditions to their values under normal conditions.
The parameters examined in the study were supply air temperature, cooling coil

control signals, supply of duct static pressure and flow difference between fans.
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To investigate the change in model parameters the systems were modeled using
Autoregressive moving average with external input (ARMAX) and Autoregressive
with external input (ARX) models; then the model parameters were calculated us-
ing a Kalman filter. It was assumed that physical changes in the systems would
result in changes of model parameters. The systems were considered to be dam-
aged when the damage indicators were exceeded by three standard deviations of
undamaged model response. They reported that the scheme worked successfully
when it was applied to laboratory experimental data obtained from systems under
damaged and healthy conditions.

Cattarius and Inman (1997) utilized the beat phenomenon for identifying dam-
age of structures. The authors proposed a method that required free decay response
of structures to be available. It was assumed that the phases of single frequency
free response under intact and damaged conditions were shifted by small values.
For frequency changes less than 30%, the signal obtained from subtracting intact
and damage response showed the beat phenomenon. Changes in half time period
of the signal were employed to indicate the presence of damage. Numerical stud-
ies on a beam and experimental investigations on plate and rotor blade structures
were performed for verifying the proposed method. Worden et al. (2000) carried
out numerical simulations and experimental investigations on damaged and un-
damaged structures. A statistical analysis called outlier analysis was proposed
for damage detection using Mahalanobis squared distance as a damage indicator.
The method was applied on numerical response data obtained from a three de-

gree of freedom system and experimental data measured from composite plates.
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It was demonstrated that the proposed damage indicator was able to discriminate
between damaged and undamaged structures.

Seibold and Weinert (1996) introduced a method using of extended Kalman fil-
ter for determining a crack location and its extent. The proposed method required
displacement time history data as input. Simulation study using the finite element
analysis and experimental investigation on rotor shafts were carried out to verify
the method. The results showed that method was capable to determine correctly
the crack location and extent. Andrade et al. (2001) presented a crack identifica-
tion technique using the Kolmogorov-Smirnov test. The technique was based on
the assumption that time signatures of a structure under cracked and uncracked
conditions have different probability density functions. The authors determined
the statistical distance (SD) of two cumulative distribution functions, F(r;) and
F(r) using,

SD = max|F(r) — F(r)| (2.1)

where r; and r; are structure’s random time response. The probability density
of SD [p(SD)] was assumed to follow the Kolmogorov-Smirnov probability density

function f(x) as,

p(SD) = f(x)
= 23 (-) et 2.2)
j=1
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where N; and N, are the number points in the first and second time domain re-
sponse data respectively. An experimental study on gears under intact and cracked
conditions was conducted to examine the performance of the proposed technique.
The gears under investigation were operated at a rotational speed of 5 Hz. An
accelerometer was used to monitor the response which was recorded at 5.12 kHz
frequency sampling rate. It was reported that the technique was able to distinguish
the integrity of gears.

Sohn and Farrar (2001) used the standard deviation of an error as a damage
indicator. The error was computed from the difference between the measured re-
sponse data and the predicted values computed using a combination of the auto-
regressive (AR) and auto-regressive with external input (ARX) models. Consider-
ing r(t) to be a reference time response of a healthy system, s;(z) to be the time
response of the system under damaged condition, & (¢) and &4 (¢) to be the error
obtained from the estimation of r(¢) and s,(¢) using autoregressive (AR) model, the
residual error, &, (t), obtained by employing ARX (c,d) model on r(¢) and & (¢), was

given as,

&(t) =r(t) - i Cir(t—i)— i D& (t—j) (2.3)
i=1 Jj=0

where the values of ¢ and d were taken equal to 5. Using the value of coefficients C;
and D; determined from Equation (2.3), the ARX residual error for time response

s4(t) and &,(¢) was given as,

c d
Ea(t) = sa(t)— Y, Cisa(t —i)— Y, D& (t —j) (2.4)
b =0
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The authors defined a damage indicator as the ratio of standard deviation of &,(¢)
and standard deviation of £,(¢). An eight degrees-of-freedom system was tested in
laboratory. The system was excited using random force. Its acceleration response
for several damage cases were recorded. The experimental results showed that the
damage indicator changed significantly at the location close to where damage was
introduced. In a later study, Sohn et al. (2001) applied the above technique for
identifying structural changes that occurred in a fast patrol boat investigated by
Wang et al. (2001), see Figure 2.2. Outlier analysis method proposed by Worden et
al. (2000) was also used for comparison. Using three strain time measurements ob-
tained from two structural boat conditions, they pointed out that these techniques
successfully identified the two structural damage conditions.

Bodeux and Golinval (2003) investigated the effect of damage on a steel space
frame. The modal parameters of a two story steel space frame structure were es-
timated using the autoregressive moving average vector (ARMAV) and stochastic
subspace methods by assuming the excitation to be a stationary Gaussian white
noise. It was reported that the uncertainties on the estimated natural frequen-
cies were small compared to those on the damping ratios. Moreover the natural
frequencies decreased due to damages occurring in the structure. Therefore the
natural frequency changes were used as a damage indicator. Choi and Stubbs
(2004) developed a nondestructive evaluation methodology using the mean strain
energy computed from displacement response. A damage indicator defined as the
ratio of the element stiffness of intact and cracked elements was proposed. The

methodology was verified by employing numerical data obtained from response of
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a continuous I beam subjected to impact excitation. They stated that the method-
ology was able to detect the damage location and quantify its size. The use of
control charts of assessing damage was introduced by Kullaa (2003). The modal
parameters of the bridge structure were estimated using the stochastic subspace
identification. The bridge response was recorded under undamaged conditions and
under the pier settlements of 40 mm and 95 mm. The author noted that the damp-
ing ratios were not sensitive to damage whereas the natural frequencies and mode

shapes changed considerably due to damage.

2.4 Damage Detection Using Neural Networks

Artificial neural networks are an attempt at modeling information capabilities of
a human brain, which contains millions of interconnected cells, called neural cells
or neurons (Bishop, 1995). Diagram of two biological neurons is shown in Figure
2.5. Neurons receive signals and produce response. The branches that function as
transmission channels for incoming information (input) are called dendrites. Com-
munication between neurons occurs at synapses. The cell body produces output
signals that can be transmitted by axons. Artificial neural networks have input
channels, cell body and output channels. Synapse is simulated by a weight, which
relates cell body to inputs or outputs. Researchers have shown growing interest on
neural networks. Two major neural network techniques that are extensively used
at present for damage identification are multilayer perceptron technique and the

radial basis function technique. Studies on damage identification utilizing neural
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axon (output) synapse

axon (output)

Figure 2.5: Diagram of bioneural neurons

networks are reviewed below.

Neural network approach has been used to identify cracks or damages in civil
engineering structures in studies reported Barai and Pandey (1995, 1997). They
proposed the use of back propagation multilayer perceptron neural networks for
identifying changes of the cross sectional area of a truss member. To predict the
changes of the member area, nodal time history was employed as input to the net-
works. Both experimental and analytical studies were carried out. The authors
stated that: (a) The neural network was a suitable method for damage identifica-
tion of structures; and (b) It was necessary that the transducer location be prop-
erly selected so that accurate results could be obtained. Later they proposed a
time delay neural network for damage identification of truss structures (Barai and
Pandey, 1997). The difference between multilayer perceptron neural networks and
time delay neural networks is that the latter receives both the input signal and
delayed signals; its output depends upon present and previous inputs. To test the

performance of these two methods, they were applied to identify damages of rail-
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way truss bridges. The training patterns were generated using a finite element
computer program package. They concluded that the time delay neural networks
produced less average error than the multilayer perceptron neural networks for all
cases investigated.

Study on damage detection and identification of composite cantilever beams by
using neural networks was proposed by Rim and Lee (1995). Three damage cases
with different lengths of delamination occurring in the beam were investigated.
A finite element program package was used to simulate the beam response in un-
damaged and delaminated conditions. The inputs were applied to the beam and the
response was recorded. Auto-regressive model with exogenous input system identi-
fication technique was employed to extract structure’s transfer functions that were
then used as inputs into a multilayer perceptron neural network. They reported
that the proposed method could be used to identify correctly all damage cases.

To identify the existence of damage on an offshore platform model, Mangal et al.
(1996) used adaptive resonance theory and back propagation neural network with
modal frequencies and modal vectors as input data. Lim et al. (1996) presented a
neural network based method for on-line identification of modal parameters. They
assumed that modes were known so that a Butterworth band pass filter could be
applied to a mode of interest. The filtered signals were then used as inputs to a
neural network algorithm capable of identifying response transfer functions from
which the natural frequency, the damping ratio and mode shape could be extracted.
The proposed method could only be applied to identify one mode at a frequency

bandwidth. Therefore filtering should be carried out at several frequency ranges
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in which a natural frequency existed. To demonstrate performance of the proposed
method, simulation study and experimental investigation on a circular aluminum
plate were carried out. The plate was fixed around its circumference. Impact ham-
mer load was applied and the first two modes were investigated. They found that
measured and predicted acceleration response were slightly different. Natural fre-
quencies were accurate within 2% when they were compared with those computed
using a fast Fourier transform technique.

Atalla and Inman (1998) proposed a modal updating approach using radial ba-
sis function neural network that required real and imaginary parts of frequency
response as input data. The motivation for developing the method was to obtain
updated parameters quickly and to avoid the use of time consuming minimization
procedures so that it can be applied to response controlled structures. Numerical
and experimental investigations were performed to examine the performance of
the proposed method.

Zubaydi et al. (2002) presented the use of artificial neural networks with au-
tocorrelation function and its derivative obtained from numerical study as input
data for identifying the existence and location of cracks. They used the maximum
value of a function having damping force and nonlinear restoring force terms to
identify the extent and locate cracks. They pointed out that the results were en-
couraging and more data might be required to give better results. They also sug-
gested comparing results obtained from numerical and experimental studies for
future research investigations. Samman (2001) combined artificial neural network

and recognition techniques to identify the damage existence and extent in concrete
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cylinders. Two neural networks were used; one was for identifying the damage ex-
istence and the other was for predicting the extent of damage. He reported that the
proposed technique successfully detected the defect existence and extent present in
the cylinders. In addition he noted that the proposed technique required less train-
ing patterns than those needed by using artificial neural networks alone.

Tsai and Hsu (2002) reported that neural network method could successfully
identify simulated damage in a reinforced concrete rectangular simply supported
beam. Numerical studies and experimental investigations were conducted. Dam-
age in concrete was simulated by reducing concrete compressive strength by 25%,
50% and 75% of undamaged value while damage in steel reinforcement was sim-
ulated by reducing 30% of undamaged steel diameter. Damage scenarios studied
considered damage occurring in concrete or steel or both. A total of 200 cases were
analyzed in the numerical study. Finite element analysis was used to obtain verti-
cal displacement time histories at three locations on a beam subjected to an impact
load. The displacement response were then employed to train an artificial neural
network. In the experimental study, 10 sets of beams were tested under impact
load. Linear-variable differential transformers (LVDTs) were used to monitor dis-
placement response, which were then recorded in a computer. They concluded that
using the proposed method material damages, due to concrete, steel or both, could
be identified. Moreover damage (extent and location) occurring in the beam can
also be located.

Zhang and Imregun (2001a,b) proposed a method to detect the existence of dam-

age by using artificial neural network with measured frequency response function
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as input data. To avoid very large input data given to artificial neural network and
to remove noise presents in the data, the frequency response function data were re-
duced by using principle component analysis technique. Later Zhang et al. (2004)
implemented a technique using independent component analysis to condense time
history response data. Mixing matrix method produced from the component analy-
sis, was employed as input to multilayer perceptron networks for damage detection
of structures. The proposed method was applied to numerical displacement data of
a truss structure and experimental data measured from response of a three story
building model. It was demonstrated that the method was able to identify intact
and damaged conditions of the structures.

Lopes et al. (2002) proposed the use of electrical impedance technique to de-
tect and locate damage and back propagation artificial neural network and opti-
mization technique to estimate the damage severity. An aluminum frame struc-
ture with piezoelectric (PZT) actuators/sensors attached to it was excited at a very
high sweep frequency range of 18 kHz - 28 kHz. The electrical impedance sig-
nals, i.e., the ratio of input voltage to output current was recorded. Undamaged
and damaged structures in which saw cuts were introduced to simulate damage,
were tested. Their hypotheses were that: (a) Small defects can be detected at high
frequencies by closely examining electrical impedance curves; and (b) PZT sen-
sors measure a limited area of the structure so that damage occurring away from
the sensor would not affect the response obtained from it; in other words, only
local changes were measured. Using electrical impedance curves, several dam-

age indicators were computed, e.g., root mean square of electrical impedance and
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correlation coefficient between undamaged and damaged curves. These damage
indicators were then utilized as inputs to an artificial neural network. This tech-
nique was shown to be able to locate as well as quantify damages introduced on
the structure. There were two steps in the optimization technique for damage de-
tection. The first was to establish a model representing the dynamical behavior of
undamaged structure. The second was to compute stiffness changes from a dam-
aged model. It was reported that damage could be identified by using the proposed
methodology.

Lee et al. (2002) presented a damage identification method of a bridge excited
by traffic loadings. Numerical investigation using finite element method and exper-
imental investigation were carried out to obtain the bridge’s response under traffic
excitations. From the measured response, modal parameters were estimated using
random decrement method. A damage identification method using a multilayer
perceptron neural network was proposed. The networks required ratios of modal
frequencies under damaged and intact conditions and mode shapes under damaged
conditions as inputs. They showed that the method can be used to detect and local-
ize damage. However the damage extent was slightly overestimated. Numerical
and experimental studies for damage identification of honeycomb sandwich struc-
ture were reported by Yam et al. (2003). In the numerical study, finite element
method was used to model the investigated structure. In the experimental study,
piezoelectric sensors were attached on the structure to monitor its dynamic re-
sponse. Since large response data were obtained, a wavelet analysis was employed

to reduce the large amount of data and to transform the original response data.
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Using the transformed response data, energy spectra were calculated and utilized
as inputs for a back propagation neural network. They concluded that the method-
ology was not capable of identifying all damage cases investigated, especially when
small damages occurred.

From the above review, it is obvious that vibration based monitoringr methods
have been used extensively to examine the existence and extent of damage in struc-
tures. The approaches reviewed in this chapter consider output-only measurement
techniques in time and frequency domain in conjunction with neural network tech-
niques. The studies presented in this thesis are aimed at obtaining damage indi-
cators and investigating the use of time domain structural damage identification

methods and a neural network technique for off-line and on-line damage detection.
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Chapter 3

Theoretical Background

3.1 Introduction

Numerical investigations and experimental testing of three orthogonally stiffened
plate models, representing the side shell of a ship structure, were carried out. The
models were excited using random forces simulating wave forces under intact and
damaged conditions. The natural frequencies and damping ratios were identified
from the measured response using the random decrement and Ibrahim time do-
main techniques.

In analyzing the random response of a structure, the root mean square (rms)
of amplitude response is usually utilized to quantify the strength of the response,
since it is a measure of the energy in the signal. This thesis presents the use of
the rms of amplitude response for identifying damages occurring in orthogonally
stiffened plate panels. In addition, neural network techniques were also utilized
for damage identification. In this chapter basic theories relating to these studies
are discussed. These include the random process, random decrement technique,

Ibrahim time domain technique, neural networks, and the finite element method.
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3.2 Random Processes

Ships and offshore structures are subjected to random forces due to ocean waves
and current. Responses obtained from random inputs are also random. This means
that any given measurement will produce a unique time history; the measurement
will represent only one of many possible results that might have happened. To
investigate random response, a collection of sample functions called ensembles as
shown in Figure 3.1 are required. The mean and the mean square value of the

random process at a time say #; can be computed using (Bendat and Piersol, 2000),

.1
[,l(tl) = Iél—l—goﬁizzlri(tl) 3.1)
yi(n) = limlglr?(t) (3.2)
r\f1 N—’°°Nizlt 1 .

The autocorrelation function is a measure of the correlation between the values of
random signal, r(¢) obtained at two different times, r and ¢ + 7. The autocorrelation

function is calculated as,

1 ¥
p,,(t,‘c) = ]\lll—rgoﬁ 2 ri (tl) ti (t1 —+ ‘L') (3.3)
i=1

A process is said to be stationary when the mean, mean square and the autocor-
relation computed by Equations (3.1), (3.2) and (3.3) do not vary with time. In
other words, the mean and the mean square values are constants and the auto
correlation function depends only on the time lag 7. If the process is stationary,

the random process is said to be ergodic when the mean value as well as the au-
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Figure 3.1: Ensemble of time history responses forming a random process (Hughes,
1988)

tocorrelation function computed over a particular sample function is equal to the
corresponding ensemble values.

Consider measured response data {r;} i=1,2,3,...N, where N is the total
number of points in the measurement. The time response is sampled at a time
interval At ; the mean (i), mean square (y?) and autocorrelation function (p,,) can

be calculated using expressions below,

1 N
u = Nlér(t) (3.4)
2 1Y 2
v o= 5 X)) (3.5)
i=1
1 N-—1
prr(T) = N_Tz(r,-—u)(r,urf—u) 7=0,1,2,...T (3.6)

i=1
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where u is the mean, 7 is the time lag for which a maximum value T is usually
taken to be not larger than % (Box et. al, 1994).

The autospectral density function is a Fourier transform of the autocorrela-
tion function. It can also be efficiently calculated using a fast Fourier transform
technique. The autospectral density as a function of frequency f can be obtained

through Fourier transform of r; [or R;(f)] using,

1 o 2
Srr(f) ngNAt Z‘i lRl(f)| (3.7
N
R(f) = 5 X rjem@rih, jy=y=T
j=1

where n; is the number of time histories. The above mentioned procedure is called
the periodogram technique (MATLAB, 1997). Other spectral estimation techniques
such as Welch’s, Multitaper, Yule-Walker autoregressive, Burg and Multiple signal
classification techniques are elaborated in MATLAB (1997). Throughout this study,
the periodogram was utilized for computing the power spectral density since this
technique was simple and not time consuming. Crossspectral density functions can
be determined from cross correlation functions using a similar procedure.

In this study, the rms, (yy,), in a frequency range between f; (lower frequency)
and f;, (upper frequency), is obtained through numerical integration of the spectral

density,

—J s (na (3.8)
Yir= /fz rr(f) f .

As mentioned earlier, numerical investigation for this thesis was conducted utiliz-

ing ABAQUS computer package program. ABAQUS assumes the response to have
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a zero mean. It computes the rms (y,) by performing numerical integration of the

one sided autospectral density function over a frequency range of f; and f; as,

K-1
Y= JO.S [Sl (fn—fi)+ 2 Si(fir1 — fi-1) + Sk (fx — fx-1) (3.9)
i=1

where §; denotes autospectral density at, f;, the lower limit of the user’s defined
frequency range, S; is the autospectral density at f;, Sk is the autospectral density
at the frequency fx , the upper limit of the user’s defined frequency range, and K
is the number of points at which the response is computed within the frequency

range considered.

3.3 Random Decrement Function

The random decrement concept and applications were initially introduced by Cole
(1973). Since then the random decrement has been widely used for testing civil
and aerospace engineering structures. The relationship between the autocorrela-
tion and the random decrement functions for linear systems was first established
by Vandiver et al. (1982). The relationship between the random decrement and
the cross correlation functions was introduced by Brincker et al. (1991). Spanos
and Zeldin (1998) estimated autocorrelation function using the random decrement.
Ibrahim (1986) showed that for zero mean, stationary excitation, the application of
the random decrement to the response of a system results in the free decay signals
when the response is filtered at a triggering level.

The response of a linear system subjected to a random excitation can be written
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as,

r(t) = eMe o)+ [ h(e—1) f(7)d7 (3.10)

o
in which [A] is the state transition matrix which contains the system’s properties
(mass, damping and stiffness), r(ty) represents the response at t =y, k(¢ — 7) is the
system’s response due to a unit amplitude impulse at r = 7 and f(7) is the random
excitation force. The first term on the right hand side of Equation (3.10) is the
homogeneous free decay response, which does not depend on the type of excitation
used but depends only on the structure’s vibration characteristics. The second term
on the right hand side of Equation (3.10), representing the particular response,
depends upon the type of excitation exerted on the structures. By assuming the
number of averages (N,,) used in the estimation to be large and the excitation to be
random, the second term of the equation will become zero. In order that the first
term does not vanish, the so called triggering condition should be applied (Ibrahim

et al., 1998). Auto and cross random decrement function can be written as,

1 Nav

RD,, = N— Er(t,v+'c)|l“,(,i) (3.11)
av iz
1 Na

RDy = == Y, s(ti+ )Ty, (3.12)
av

i=1

where N, is the number of averages, I', denotes the triggering condition, r(#;) and
s(¢;) are random responses, ¢; is the discrete time (triggering point) and 7 is the time
lag. Four types of triggering conditions are often used in practice, viz., local cross-
ing, zero crossing with positive slope, positive point triggering and local extremum

(Asmussen et al., 1997).
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e Level crossing

rt)=a;0<a< o,

e Zero crossing with positive slope

r(t;)=0; #(t;) >0

o Positive point

a<r(t;)) < b, —o <F(t;) < oo;[a,b] = [0y, 0]

e Local extremum

a<r(t;) < b; i(t;) =0; [a,b] = [0y, ]

where a and b are triggering levels and o, denotes standard deviation of the re-
sponse. For level crossing and positive point triggering conditions the relationship

between the random decrement and the correlation functions is (Brincker et al.,

1991)

RD,, = % Po (3.13)
b
po = darplDdr (3.14)
fa pr(r) dr

where a and b are lower and upper triggering levels respectively, p,s is correlation
function between time responses r and s, and p,(r) is the probability density func-
tion of response. Equation 3.13 will be used for damage identification which will

be presented in Chapter 6.
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3.4 Ibrahim Time Domain Method

Ibrahim time domain method (ITD) estimates the modal parameters from the free
decay response of a system in cases where the excitation force is either measured
or not measured (Ewins, 2000). In the ITD method the response is assumed to be

in the form,

xi(tj) = 22'" n Qe (3.15)
n=1
where x; (t;) is the measured free decay response. 1, is the n** eigenvalue or char-
acteristic root of the system and ,¢; is n'* eigenvector of the system at i*" location
and m is the number of degrees of freedom identified from a structure’s response.

For response measured at ! locations on the structure for N number of sample

data, Equation 3.15 can be written in matrix form as,

xi(n) =) - xw) 191 201 - 2mPr I I
x(h) x(t) - x(w) 102 202 o2 M gt L G
| x@) xaln) - xlw) |19 20 e et amtz .. Ghams

’ (3.16)

or in a compact form

Xl = [o][A] (3.17)

where [x] is a IxN matrix, [¢] is a Ix2m matrix and [A] is a mxN matrix. The response
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with respect to a time shift of Az of the first response is given by,

2m

E n(Pi eln (tj+At)
n=1

2m

— 2 n0; el gt

n=1

xi(tj-}‘At)

2m

= 3 et (3.18)

n=1

where [¢] = ¢**/[p] or in matrix from can be written as,

[£] = [@][A] (3.19)

From (3.17) and (3.19), [A] can be eliminated to obtain,

K = [¢lle]™'b]

[ [~

I

[@][o] ™!

H o] = [¢] (3.20)

Since [¢] = a[p] where o = ¢M2!, Equation (3.20) can be rewritten in form of a

standard eigenvalue problem as,

[Alle] = a[¢] (3.21)

in which [A] has to satisfy the relation,

[A][x] = 7] (8.22)
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Since N, number of sample data, is customarily taken to be greater than /, number
of sensor location, [A] can be computed using a least square technique. In this case

[A] can be obtained from the expression given below,

(4] = Jp" (R ™ (3.23)
or by post multiplying Equation (3.22) by [£], [A] can be expressed as,

[A] = [ (KD~ (3.24)
Combining solutions given in Equations (3.23) and (3.24),

) = 5 {180 B )™+ 1T ()} (3:25)

Once [A] is computed, the eigenproblem (Equation 3.21) can be solved for modal
vectors [p] and eigenvalues from which the modal frequency (@,) and the damping
ratio ({) can be obtained. The complex eigenvalue (), computed from Equation
(3.21) for n'* mode, can be written as B, +in %. The structure’s modal frequency
and damping ratio can be written in the form A, = a, + i, b, in which, a, = —§, @,
b, = w,, \/m . Further a,, b,, B, and ¥, can be related through a relationship,

viz.,

Botimt = ¢ (onFinba) &1

= e™ (cosby At + iy, sinby, At) (3.26)
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Then B, and 7, can be expressed as,

B. = e*Bcos(b,At) (3.27)

Yo = e""A’sin(b,, Ar) (3.28)
Squaring B, and ¥, , and summing them up will give,
B2+ =P (3.29)
From Equation (3.29), a, can be rewritten as
an = im (B2 +7) (3.30)

Using Equations (3.27) and (3.28), b, can be obtained using the relationship,

T

— = tan(b, At
T~ an (b
_ 1 Th
bn = Earctan (ﬁn> (331)

Finally the natural frequency (®,,) and the damping ratio ( {,) can be obtained

via Equations (3.32) and (3.33) given below,

Wny = /a%+Db2 (3.32)

o = |——=— (3.33)



Ibrahim (1987) utilized upper Hessenberg matrix to improve the damping ratio es-
timation in the modal parameter identification technique. In the present study, the
procedure described above was employed for structural parameter identification.
The modal parameters obtained from the procedure contain true modal parame-
ters of the system and noise related modal parameters. Therefore modal confidence
factor (MCF) is computed for every eigenmode to distinguish between structural
modal parameters and those related to noise measurement. Modal confidence fac-
tor is a complex quantity; the value close to one can be judged as a structural mode.
Modal confidence factor computed for n’* mode at i”* measurement location is,

_ (ﬁin
MCF; = W (3.34)

¢;; is modal vector identified at a location and 9 ; is modal vector identified at a
location with time delay At which should be chosen, Ar < yﬁ; 3 fmax 18 maxi-
mum frequency of interest. The effect of sampling frequency on natural frequen-
cies extracted using the random decrement and Ibrahim time domain techniques

is presented in Chapter 5.

3.5 Neural Networks

An artificial neural network is an information processing system which mimics the
processing system in the human brain. The network consists of a large number of
interconnected neurons. The network needs to be trained to learn the behavior of

the system. There are two kind of learning processes: a supervised learning and
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unsupervised learning. In supervised learning scheme, a neural network output
is matched with a target output by minimizing the difference (or error) between
the computed output and the target output. No target is given in artificial neural
networks system with unsupervised learning (MATLAB, 1997).

An artificial neural network processing system is composed of input, weights,
activation function, learning process and output. A sufficient number of input data
shall be provided to a neural network (Bishop, 1995). Each input has its own co-
efficient named weight. Weight values can be adjusted in a learning process. An
input and its weight are multiplied and then added to obtain the weighted sum of
the inputs. The result can also be considered as the inner product of the input and
the weight vectors. A special weight called bias is normally added to the result.
The weighted sum of the inputs is then passed through an activation function. The
activation functions can be linear or non linear functions. S-shaped (sigmoidal)
functions, e.g., the logistic functions or hyperbolic tangent, are often used in mul-
tilayer perceptron neural network. In a supervised learning process, the computed
outputs obtained from the application of the activation function on the weighted
sum of inputs are compared to the target or the desired input. In the training or
learning process, the weights are changed to minimize the error (the difference be-
tween the computed output and the target) so that suitable weights associated with
minimum error can be determined. For back propagation neural networks, gradi-
ent descent, conjugate gradient, quasi newton algorithms are among the available
techniques used for minimizing the error.

Studies undertaken for this thesis utilized neural network codes available in
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Haddara and Hinchey (1995). Neural network presented in Haddara and Hinchey
(1995) consisted of input, hidden and output layer and the relationship between

the input x and the output y as,

n® )

y = SwD [T wOx4p® ] 4@ (3.35)
=1 i=1
1—e™?
fla) = 1+e@

where w1) and w® are matrices containing the weights of the input and output
layers respectively; b(!) and »(?) are biases in input and output layer of the network,
and nﬁl) and nﬁz) are the number of neuron in the input and output layers.

The artificial neural network was employed to obtain a damage indicator. The

D, function is obtained from the free decay response of the structure, as

Jin+ 28 Opndin + 02, %, = 0 (3.36)
i +2 8, Opnin + (03, + §2 02,) %, = 0 (3.37)
o+ 03, Xp 4 Dp(xn, %) = 0 (3.38)

where %, is the acceleration of free decay response and @y, is damped natural fre-
quency at n'* mode. where x, and 1, are the free decay response and its derivative
at the n'* mode, respectively, @,, is the natural frequency and ¢, is the damping

ratio. The damage indicator is a function having the damping force and nonlinear
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restoring force terms. The function (Dy) is expressed as,

Dy (Xny%n) = 28y Opp in + C,% a),fn Xn (3.39)

3.6 Finite Element Method

Numerical investigations for obtaining dynamic response of orthogonally stiffened
plate of the side shell of a ship structure were undertaken using a finite element
method. In this method, a structure is discretized into a number of elements which
are interconnected by nodes whose relative geometric positions in space or coordi-
nates are clearly defined. To obtain approximate expressions for dependent vari-
ables within the element (e.g, displacement), shape or interpolation functions are
commonly utilized. Mass, damping and stiffness matrices of each element as well
as load matrix are computed and then the element mass, damping, stiffness and
load matrices are assembled into corresponding global matrices. Damping matrix
is normally taken proportional to mass and stiffness matrices or given in term of
ratio of critical damping. The equation of motion is obtained (e.g., by minimizing
the potential energy) and is then solved after boundary conditions are applied to
the structure.

The orthogonally stiffened plate structure was discretized using eight-noded
quadrilateral (S8R5) and six-noded triangular (STRI65) shell elements available
in ABAQUS (2004). In these elements, transverse shear flexibility is negligible

and Kirchhoff constraints are satisfied. The eight noded quadrilateral element can
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be collapsed into a triangle for linear elastic fracture mechanics modeling.

In ABAQUS, dynamic response can be obtained using direct integration method
or modal based method. Direct integration method is suitable for studying nonlin-
ear dynamic response. For linear dynamic system, however, modal based method
is generally used. In this method, the eigenmodes are necessarily calculated first
before structure’s response computation is performed. The modal based method
was utilized in the numerical results presented in Chapter 5 because it was less
time consuming than the direct integration method. Two modal based methods
were employed in this study, i.e., mode based steady state analysis and random
response analysis. In mode based steady state dynamic analysis, the input excita-
tion frequencies can be varied. The amplitude and the phase of output response are
given as functions of frequency. In random response analysis, the input excitation
is the power density function of the excitation forces and the output response are

given in term of rms values.

3.7 Summary

This chapter has presented basic theories related to the numerical and experi-
mental studies conducted for this thesis. Theory of random vibration including
the relation between correlation function and spectral density function and com-
putation of the rms through spectral density function have been discussed. The
use of rms of random response as damage indicator is demonstrated in Chapter

6. Random decrement function and Ibrahim time domain methods have also been
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summarized. These techniques were applied for extracting modal parameters from
random response measured during experimental study performed for this thesis,
see Chapter 5. In addition a brief review of finite element analysis has also been

presented.
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Chapter 4

Model Development and
Fabrication

4.1 Introduction

As mentioned in the previous chapters, investigations carried out in this study
were mainly aimed to examine changes in vibration characteristics (e.g., natural
frequency and response) that occur due to the presence of damage on the side shell
of a ship structure when it is excited by a narrow band noise, simulating wave exci-
tation. For the above mentioned purpose, a one-twentieth model was developed for
fabrication. This chapter discusses a procedure for obtaining the model dimension
and sizes of a ship side shell structure. Part of results of the study discussed in

this chapter have been reported in Budipriyanto et al. (2004a).

4.2 Side Shell of Prototype and Model

The physical model used in this study consists of a stiffened plate; the stiffeners
run in two orthogonal directions. It is similar to the stiffened plate structure that
is commonly found in the construction of the side of the hull of an oil tanker. The
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ship considered for modeling was 209.9 m in length, 14.3 m in depth, 27.4 m in
breadth, and had a draft of 10.7 m, see Taggart (1980). The side shell prototype
panel size which was located at midship was 12.0 m long by 12.0 m wide. The pro-
totype had two web frames between the transverse bulkheads and fourteen equally
spaced (at 0.8 m) longitudinals (horizontal stiffeners). The prototype panel was de-
signed using American Bureau of Shipping Rules for steel ships (ABS, 2003). In
the present study, the two web frames were kept the same while only four types
of longitudinals, each having a different cross section, were used. Furthermore,
brackets were ignored in the analytical calculations and the structure was fixed
along its four sides. No attempt was made to minimize the structure’s weight in
this study. Detailed plate dimensions, web frame and longitudinals of the structure

are given in Table 4.1. Figure 4.1 gives the notations used in side shell dimension.

By considering the facilities available in the structural laboratory for testing, a
one-twentieth-scale aluminum model of the structure was designed. Three phys-
ical aluminum models were fabricated and tested. In order to determine the di-
mensions of the model, several steps were undertaken. First, the finite element
computer package program, ABAQUS (2004), was utilized to calculate the modal
parameters (the natural frequencies and mode shapes) of the prototype. Then the
modal parameters of a one-twentieth geosim model, a model whose dimension was
exactly one-twentieth of the prototype, were calculated. Next, the modal parame-
ters of several models with different plate sizes and various combinations of web

frames and longitudinals (size and number) were computed. Finally, the scaled

49



Table 4.1: Prototype dimensions
Plate thickness ¢, = 19.05mm

Web frame dimension

No | hy tw wy tr
(mm) | (mm) | (mm) | (mm)
1850 | 25.40 | 525 | 31.75
1850 | 25.40 | 525 | 31.75

Longitudinal dimension

No hyy tw wr ty
(mm) | (mm) | (mm) | (mm)
1} 300 | 12.7 | 100 | 19.05
2 | 300 | 12.7 | 100 | 19.05
3 | 300 | 12.7 | 100 | 19.05
4 | 300 | 12.7 | 100 | 19.05
5 | 320 | 12.7 | 100 | 19.05
6 | 320 | 12.7 | 100 | 19.05
7 { 320 | 12.7 | 100 | 19.05
8 | 320 | 12.7 | 100 | 19.05
9 | 415 | 12.7 | 125 | 25.40
10 | 415 | 12.7 | 125 | 25.40
11 | 415 | 12.7 | 125 | 25.40
12 1 450 | 12.7 | 125 | 25.40
13 | 450 | 12.7 | 125 | 25.40
14 | 450 | 12.7 | 125 | 25.40

Ly

t,

> T

h,,

N !
T‘EWfEl

Figure 4.1: Notations for plate dimension
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model that had modal parameters closest to the geosim model was selected, taking
into consideration the availability of material and the feasibility of fabrication. The
model consisted of a hull plate with two transverse T-plate web frames of equal size
and four T-shaped longitudinals (horizontal stiffeners) having three different cross
sections. In this numerical investigation, the prototype and model were discretized
utilizing the S8R5 eight noded shell element. Figure 4.2 shows the finite element
mesh of the prototype structure. The material properties used for the analysis
purposes are presented in Table 4.2.

In determining the model sizes and dimensions, the relationship of prototype
and model natural frequencies for plate in bending given in Harris and Sabnis
(1999) was used as a crosscheck so that the results obtained from the package
program could be compared. This relationship was employed since model and pro-
totype relationship for orthogonally stiffened plate could not be found. The proto-

type’s and model’s natural frequencies were related as (Harris and Sabnis, 1999),

il B i =
where the subscript p and m denotes prototype and model respectively. f is the
natural frequency, [ is a structure’s characteristic dimension (plan or thickness di-
mension), E is modulus of elasticity, p is mass density of structure materials and
v is the Poisson’s ratio. By considering Equation 4.1, the natural frequencies of
one-twentieth geosim model of steel were expected to be 20 times of the prototype

natural frequencies and about 19.99 times for one-twentieth geosim model of alu-

minum. Table 4.3 gives the model dimensions for web frames and longitudinals.
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Figure 4.2: Finite element mesh of the prototype

Table 4.2: Material properties

Material | Modulus of elasticity (E) | Mass density (p) | Poisson’s ratio (v)
(GPa) (kg/cm?)
Steel 207 7800 0.30
Aluminum 70 2700 0.33
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The model was discretized using two different meshes, finite element model (a)
and (b). Both finite element models (a) and (b) were meshed using S8R5 shell el-
ement. Meshing in model (b) was intended to refine the mesh in model (a). In
finite element model (a) all longitudinal flanges were discretized using 2 elements
along their widths while in finite element model (b) width of flanges of longitudi-
nals #3 and #4 were discretized using four elements. Moreover the web frames in
model (a) were discretized using six elements along their web heights whereas in
model (b) eleven elements were employed. The modal frequencies of these model
were computed and the results are presented in Table 4.4. The first five natural
frequencies of these two model were different by less than 1%. No further finite el-
ement convergence analysis was carried out. In this study model (b) was employed
for the subsequent numerical investigations. The finite element mesh of model (b)
is shown in Figure 4.3.

The first five natural frequencies of the model and the corresponding frequen-
cies of the prototype were computed and are presented in Table 4.4. The error
observed between the physical model used in this study and the geosim model, for
the lowest five natural frequencies were, respectively, -10.90%, -19.53%, 22.36%,
13.67% and 15.72%. The reasons for this discrepancy may be attributed to the fact
that the stiffener sizes in the physical model were chosen based on market avail-
ability of structural members and the feasibility of fabrication. The first five modes
of vibration of the model and the prototype are shown in Figure 4.4. It can be seen
that the model’s modes are similar to the prototype’s modes. The first four modes

are due to the response of transverse web frames and the fifth mode is the first
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Table 4.3: Model dimensions

Plate thickness ¢, = 6.35 mm

Web frame dimension

No hy, tw wr Iy
(mm) | (mm) | (mm) | (mm)
1 1116.84 | 6.35 | 31.75 | 6.35
2 |116.84| 6.35 | 31.75 | 6.35

Longitudinal dimension
No h,, ty wr Iy
(mm) | (mm) | (mm) | (mm)
31.75 | 4.76 | 20.00 | 4.76
31.75 | 4.76 | 20.00 | 4.76
38.10 | 4.76 | 31.75 | 4.76
50.80 | 6.35 | 38.10 | 6.35

B W N

Figure 4.3: Finite element mesh of the model
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Table 4.4: First five natural frequencies of prototype and model

Natural Frequencies (Hz)
Mode | Prototype 1/20 geosim 1/20 Model
steel | aluminum | FE mesh (a) | FE mesh (b)*)
1 33.088 | 661.42 655.77 589.6 584.3
2 36.579 | 734.74 728.55 591.6 586.3
3 45.777 | 914.49 906.49 1110.4 1109.2
4 49.362 | 986.06 977.78 1113.2 1111.4
5 49.734 | 994.53 982.32 1138.3 1136.7

Note: *) model used for analysis in this study

bending mode of the overall othogonally stiffened plate.

After the model dimensions and sizes were obtained, the next steps were to de-
sign the fixed support of the one twentieth fabricated model and to design test bed
including connection between test bed and the one twentieth model. To implement
fixed support modeled in the analytical study, a 750 mm by 750 mm aluminum
plate with 6.35 mm in thickness was used for the side shell plate; the additional
150 mm was intended to provide space for the fixed supports (75 mm left and right
or upper and lower sides). Two aluminum plates (600 mm x 115 mm x 9.5 mm) and
two aluminum plates (600 mm x 65 mm x 9.5 mm) were welded perpendicularly
to the side shell plate at 75 mm measured from the edge of the side shell plate.
The end sides of web frames and longitudinals were welded on this plate. At these
locations triangular plates with the same thickness were also welded on the side
shell plate and the 9.5 mm thick plates to prevent web frames and longitudinals
from rotating about the y-axis. Figures 4.5 and 4.6 show the dimensions and sizes
of the fabricated physical model. Since there were three model specimens to be

tested, it was not possible to weld the model permanently into the test bed. There-
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Mode 1 - Prototype (33.09 Hz) Mode 1 - Model (584.3 Hz)

Mode 2 - Prototype (36.76 Hz) Mode 2 - Model (586.3 Hz)

Mode 3 - Prototype (45.78 Hz) Mode 3 - Model (1109.2 Hz)

Mode 4 - Prototype (49.36 Hz) Mode 4 - Model (1111.4 Hz)

Mode 5 - Prototype (49.73 Hz) Mode 5 - Model (1136.7 Hz)

Figure 4.4: First five modes of prototype and model
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fore the model and the test bed were connected by bolts. Figure 4.6 (b) shows the
connection between the model and the test bed.

The test bed consisted of a rigid steel table and a frame with four WF section
and two hollow section steel columns; these columns were connected to steel C
sections where the model was mounted in the horizontal position for testing, see
Figure 4.7 (a). Figure 4.7 (b) shows C section and column section dimensions. The
frame columns were welded to a 1218 mm long 1110 mm wide and 12.7 mm thick
steel base plate which was connected to the ribbed steel table by 15.9 mm diameter
bolts. Rubber mat was placed between the base plate and the table so that the
plate was fully in contact with the ribbed steel table and the effect of vibration that
would come from the lab floor could be damped out. The ribbed steel table was
1840 mm long 1110 mm wide and 920 mm high. The steel table was available in
the structural laboratory and it was built for dynamic testing. Plan view of test
bed frame and base plate to steel table bolt connection are shown in Figure 4.7 (c);
a square of 390 mm by 390 mm shown in the figure was the provision for mounting
the exciter. Exciter used in experimental investigation stood on the base plate, see

Figure 4.8. It was bolted to the steel table through the base plate.

4.3 Summary

In this chapter a procedure to determine the one twentieth model of sizes and di-
mensions are discussed. To determine the one twentieth model dimensions, the

first five modes of prototype and the model were computed and compared. It was
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Figure 4.8: The one twentieth model mounted on test bed

observed that the first four modes were flexural-torsional modes of the web frame
and the fifth mode was the first bending mode of the structure. The modes of
one twentieth model and prototype were similar. However the first five natural
frequencies of the model and one twentieth geosim model (the model having di-
mension exactly one twentieth of the prototype) differed by a maximum value of
22.36%. In addition dimensions of the test bed are also presented. The test bed
constisted of a steel table and a frame which was designed especially for this inves-

tigation.

61



Chapter 5

Numerical and Experimental
Investigations

5.1 Introduction

Numerical and experimental studies carried out on orthogonally stiffened plate
models of ship’s side shell structure under intact and damaged conditions, are pre-
sented and the results are discussed in this chapter. Three models were fabricated;
these were called model #1, model #2 and model #3. The orthogonally stiffened
plate model was excited by a random load whose dominant frequency was about
2 Hz. The random excitation force simulated the excitation force exerted on the
modelled structure due to Pierson-Moskowitz wave spectrum. The excitation fre-
quency was far separated from the model’s fundamental natural frequency. The
model’s fundamental frequency computed by ABAQUS (2004) was 584.3 Hz; it was
a flexural-torsional frequency of web frames, whereas the fist overall bending fre-
quency of the orthogonally stiffened plate system was 1136.7 Hz. In the experimen-
tal investigation, output-only experimental modal analysis was implemented. It

means that the structural modal parameters were extracted from model’s response
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only, without measuring excitation forces. In addition, the effect of sampling fre-
quencies on the model’s modal parameters identified from measured response was
investigated. In this chapter preliminary numerical investigations for determin-
ing the sensor locations in the model are discussed. These include various damage
cases considered and finite element procedures implemented in these investiga-
tions. Then experimental procedures are discussed, and experimental results are
presented. Later the results of the numerical and experimental investigations car-
ried out concerning the effect of damages on modal frequencies, root mean square
(rms) of amplitude response and the D, function (given in Equation 3.39) are ad-
dressed. Some of the investigation results presented in this chapter were reported

earlier in Budipriyanto et al. (2004b) and Budipriyanto et al. (2006a).

5.2 Preliminary Numerical Investigations

Preliminary numerical investigations were carried out to establish sensor location
in experiments and also to conduct a sensitivity analysis of the model dynamic
response due to cracks. The effect of one or more crack(s) occurring in the longi-
tudinal (horizontal stiffeners) on the response of the orthogonally stiffened plate
model was investigated. As mentioned earlier, the term "damage” and "crack” are
used interchangeably in this thesis. In addition, intact condition and damage case

#0 also referred to the same condition.
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5.2.1 Damage Cases

Damage cases considered in this investigation were determined from previous stud-
ies reported by Schulte-Strathhaus (1991) and Sucharski (1995). They reported
that at least forty percent of damage in side shell tanker ship occurred in the in-
tersections of horizontals and bulkhead or web frame. Table 5.1 gives the locations
and size of cracks for eight damage cases investigated in this study. In the first
four cases, the cracks occurred on the second longitudinal at locations 1 and 2, see
Figure 5.1. These cracks will allow one to examine the structural behavior when
cracks occur at the connection between a longitudinal and bulkheads. In damage
cases #5 to #8, cracks were present only at locations 3 and 4. These cracks will
allow one to investigate the scenarios of crack growth at the intersections of the
longitudinals and a web frame. In damage case #1, a crack was introduced across
half the width of the longitudinal’s flange width (about 10 mm wide) at location 1
and there was no crack at location 2. In the second case, the crack in location 1 was
made to run across the whole width of the longitudinal’s flange while in location
2 the crack depth was through one half of the flange width. Effect of cracks on
response of the orthogonally stiffened plate model were investigated when cracks
were introduced according to the damage scenarios listed in Table 5.1. In the ex-
perimental investigations, in order to utilize the same three models fabricated for
the purpose, cracks were introduced first at locations 1 and 2 and then the cracks
at these locations were welded back before introducing cracks at locations 3 and
4, respectively. The condition after the crack locations 1 and 2 were welded was

called damage case #0*.
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Figure 5.1: Crack locations

Table 5.1: Crack length for eight damage cases

Case Crack length at location

# 1 2 3 4

1 10.0 mm none none none

2 20.0 mm | 10.0 mm none none

3 20.0 mm | 20.0 mm none none

4 25.4 mm | 30.8 mm none none

5 none none 10.0 mm none

6 none none 20.0 mm | 16.0 mm
7 none none 20.0 mm | 32.0 mm
8 none none 30.8 mm | 41.7 mm
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5.2.2 Finite Element Modeling Procedures

In the finite element analysis, the structure was discretized, using eight-noded
S8R5 and six-noded STRI65 shell elements. The latter elements were located in
the "transition” regions only, between the coarser and the finer meshes (for de-
tailed description of these elements, see ABAQUS (2004)). In element mesh for
the analysis carried out in this thesis element aspect ratio, the ratio between the
longest and the shortest side of the element, in region away from the crack was
maintained below 2.5 or above 0.4. In the regions where cracks were located, the
maximum aspect ratio was varied between 0.5 to 1.5.

In order to model the crack tip properly, the eight-noded shell element was col-
lapsed to a six-noded triangle having 3 nodes at the same coordinate crack tip
location. In addition the nodes at the mid-side of the two sides joining at the crack
tip were moved to the quarter points closest to the crack tip to obtain a square root
singularity. It is called the quarter point technique.

The finite element model was examined under intact and damaged conditions.
In these investigations, the model was excited at the corresponding resonant fre-
quency and the same damping ratio of 0.01 was chosen for all modes. In this in-
vestigation, the model was assumed to have fixed boundary conditions along its

sides.

5.2.3 Determination of Locations for the Sensors

In experimental studies involving vibration measurements, the location of the mea-

suring sensor has to be decided carefully. A bad choice of the sensor’s location af-
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fects the measured response. The data obtained may not show the required charac-
teristics necessary for crack identification. Since the structure under consideration
is complex and the change in the modal parameters due to the presence of cracks
was not known prior to the tests, a finite element model was utilized to identify
the best sensor locations. In addition the location of the excitation point was also
investigated. This is also important since it facilitates the excitation of proper
modes. The exact location of the excitation point selected for these numerical and
experimental investigations has been given earlier in Figure 4.5.

Figure 5.2 shows node numbering, web frame and longitudinal number. The
acceleration and strain response at the nodes on longitudinal #2 and at the nodes
of the transverse web frames #1 and #2 were normalized using the largest response
value which was selected from response data under intact and the four damage
cases (cases #1 to #4 or #5 to #8). The normalized response at the nodes on the
longitudinal and web frames were plotted. These plots are presented in Appendix
B.

Figures 5.3 and 5.4 show the first and second modes acceleration response of
horizontal #2 along the y- direction in cases #1 to #4 and #5 to #8, respectively.
As seen from these figures, appreciable changes occurred in the responses due to
the presence of cracks for all damage cases. Figures 5.5 and 5.6 show the first and
second mode acceleration response of the flange nodes on the web frame along the
x- direction. These results show that, as damage extent increased, the response
changed significantly from one sensor location to the other. For instance, the ac-

celeration response in the y- direction (A,) at nodes 6 and 92 changed considerably
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Figure 5.2: Longitudinal number, web frame number and node numbering

from one damage case to the other, see Figure 5.3. However the response did not
show much change in Figure 5.5, since the local deformations of the transverse
web frame in mode 2 were not influenced by the cracks occurring at the end sup-
port of the longitudinal for damage cases #1 to #4. As seen in Figures 5.3 and 5.4,
a small asymmetric crack at an end support or on the flange at an intermediate
support seems to introduce a very large change in the acceleration of the longi-
tudinal’s flange in the y- direction. Moreover when the flange and the web of an
intermediate support developed cracks (damage cases #5 to #8), the acceleration of
the longitudinal in the y- direction and the transverse’s flange in the x- direction
showed consistent and highly noticeable changes due to cracking, see Figures 5.4
and 5.6.

The modal strain response for modes 1 and 5, for the damage cases #1 to #4

in the x- direction for the nodes on the side shell plate, are shown in Figure 5.7.
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Figure 5.7: Normalized strain response of side shell plate along longitudinal #2 in
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#3, +: case #4

Figure 5.8 shows the strain response for damage cases #5 to #8. Strain response
in the x- direction for the nodes on the side shell plate changed significantly in
the fixed support (nodes 1 and 97) and on nodes where the longitudinal and the
transverse web frame intersected. The change in the strain over the whole length
of the longitudinal was not consistent. However near the supports (nodes 1 and 97)
and at the intersection between the longitudinal and the transverse web (node 35)
strains changed significantly due to cracks, see Figures 5.7 and 5.8.
Accelerometer and strain gage locations were determined based on the above
mentioned considerations and the possibility of mounting them on the model. Ac-
celerometers #1, #2 and #3 were mounted on longitudinal #2, at the tip of flanges, to

measure the acceleration modal response in the y-axis direction while accelerome-
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Figure 5.8: Normalized strain response of side shell plate along longitudinal #2 in
the x- direction for damage cases #5 to #8: O: intact, [J: case #5, {: case #6, AA: case
#7, +: case #8

ters #4, #5 and #6 were mounted on transverse web frames at the tip of the flanges
to record the response in the x-axis direction (accelerometers #4 and #5 were lo-
cated on transverse web frame #1 and accelerometer #6 was located on transverse
web frame #2). The strain gages were mounted to monitor the local strain in the
side shell plate in the x-axis direction. Figures 5.9 show the location of the ac-
celerometers and the strain gages. The excitation point is shown in Figure 5.9 (b),

see also Figure 4.5 for exact location of the excitation point.

5.3 Numerical Investigations

To predict the modal parameters (natural frequencies and mode shapes), and the
acceleration and strain response of the orthogonally stiffened plate model under in-
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tact and damaged conditions, ABAQUS finite element computer package program
was utilized. By computing the model’s modal parameters and response under
damaged and intact conditions, the changes in the modal parameters and response
due to the presence of cracks were determined. This step is very important since
it will enhance greatly the possibility of identifying the modal parameters which
characterize the damage occurring in the structure.

Simulations using neural network technique described in Chapter 3 was also
implemented to obtain the D, function given in Equation 3.39. The inputs of the
networks were the free decay response generated using ABAQUS and its deriva-
tive. Amplitude of Dy, functions for different damage cases were compared to assess
the sensitivity of the amplitude to damage.

In the subsequent subsections, numerical investigations to study the effect of
crack on the natural frequency, response, the rms of response amplitudes and the

D, amplitude are discussed.

5.3.1 Effect of Crack on the Natural Frequency

The natural frequencies of the ship’s side shell model were computed under intact
and damaged conditions. In several cases the frequencies did undergo a change
in magnitude due to the presence of cracks while in other cases the effect on the
frequencies was very small and in some cases no change occurred. The natural
frequencies for the intact (damage case #0) and damaged conditions are shown
in Figure 5.10. The natural frequencies of modes 1 to 4 (in cases #1 to #4) did

not change as a result of changing crack length and location; while for mode 5,
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appreciable frequency changes occurred. In cases #5 to #8, the natural frequencies
changed significantly for modes 1 to 4 and no changes were observed for mode
5. This is due to the fact that the first four frequencies correspond to the local
torsional-flexural modes for the two web frames and in these modes (modes 1 to
4) the side plate does not suffer any bending, see Figure 4.4. The ship’s side plate
undergoes flexural bending only in mode 5. These results show that using the
magnitude of the natural frequency alone as a damage indicator (a quantity that

can reveal the occurrence of damage on a structure) can lead to false conclusions.

5.3.2 Effect of Crack on Mode Shape

The mode shapes of the model under intact and damaged conditions were also
computed. The purpose of doing this analysis was to examine the effect of cracking
on the mode shapes and to compare them with the mode shapes obtained when the
model was excited at a single point. Moreover, the results could be used as a rough
guide to indicate the best location to place the accelerometers during experimental
investigations.

The modal displacement response for each natural frequency at a number of
points on the web frame and the longitudinal of interest were calculated and then
normalized using the largest displacement (for node numbering, web frame and
longitudinal number, see Figure 5.2). In this investigation, acceleration response
were computed on nodes of transverse web frames and longitudinal (horizontal
stiffener) #2 and bending strain response were calculated on nodes of side shell

plate along longitudinals #2 and #3. In addition only the first two modes (web

74



frame torsional-flexural modes, modes 1 and 2) and the first bending mode (mode
5) of the model were reported in this study.

In order to investigate the effect of cracking on displacement shapes along the
different coordinate axes (the x-, y-, and z- axes) on the longitudinal (horizontal
stiffener), displacements in the y- and z- directions were calculated while displace-
ments in the x- and z- direction were computed and examined for the transverse
web frame. The results of this investigation are presented in Appendix A. It can be
seen from Figures 5.11 and 5.12 that for damage cases #1 to #4, the displacement
shapes of the longitudinal along the y- axis were more sensitive to the presence
of cracks while for damage cases #5 to #8 significant changes in modal displace-
ment occurred in both directions. However the change in the y- direction was more
appreciable, see also Figures A.3 (c) and A.4 (c) for the changes in mode 5.

Modal displacement of transverse web frame #1 for damage cases #1 to #4 and
#5 to #8 for modes 1 and 2 are shown in Figures 5.13 and 5.14. It can be seen
in Figures 5.13 (c), 5.13 (d), 5.14 (¢), and 5.14 (d) that the modal displacements
in mode 2 decreased consistently along the x- and z- directions for damage cases
#5 to #8. In mode 1 the modal displacement did not change due to cracks, see
Figures 5.13 (a), 5.13 (b), 5.14 (a), and 5.14 (b). However modal displacements of
the transverse web frame changed more significantly along the x- direction than

those along the z- direction in mode 5, see Figures A.5 to A.8 in Appendix A.
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5.3.3 Effect of Crack on the rms of Response

A numerical investigation using the finite element program ABAQUS was carried
out to obtain the rms values of the model’s random response for eight different pos-
sible damage cases presented Table 5.1. The random force used to excite the model
simulated the model of an ocean wave having a Pierson-Moskowitz spectrum with
a dominant spectral wave frequency of 2 Hz. This corresponds to a prototype dom-
inant wave frequency of 0.1 Hz (or a period of 10 seconds). Detailed description
of the technique to determine the excitation frequency range is presented in Ap-
pendix C. Random force spectrum similar to the wave force spectrum, which is a
peaked spectrum in the frequency ranges, was employed as input in this investi-
gation. The spectrum was extended beyond this range and it was assumed that
the spectrum was flat (have the same value) within the frequency range where the
first five model’s natural frequencies existed (20 Hz to 1200 Hz).

The rms values of response were computed at the twelve sensor locations shown
in Figure 5.9 for all the eight damage cases. The rms values of response, obtained
from one type of sensor (accelerometer or strain gage) were then normalized by di-
viding them by the largest rms value present at the location of that sensor; the re-
sults are shown in Figures 5.15 to 5.18. Figures 5.15 and 5.16 show the normalized
acceleration rms values, while Figures 5.17 and 5.18 show the normalized strain
rms values for frequencies ranging from 200 Hz to 1200 Hz, for the eight cases con-
sidered. For all cases considered (damage cases #1 to #8 shown in Figures 5.15 and
5.16), appreciable changes occurred in the rms values of the response at the loca-

tion of accelerometers #1, #2, #4 and #5. In damage cases #1 to #4, rms response at
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all accelerometer locations, except at location of accelerometer #6, showed changes
in mode 5 (at frequency of 1200 Hz), see Figure 5.15. Nevertheless no changes in
modes 1 and 2 (at frequency of 600 Hz) were observed. In damage cases #5 to #8,
at locations of accelerometers #1 and #2 the rms response changed appreciably in
mode 5 while at locations of accelerometers #4 and #5 the rms showed significant
changes in modes 1, 2, and 5, see Figure 5.16. With the exception of strain gage
#2, all strain rms values showed appreciable changes for cases #1 to #4. Consistent
changes at locations of strain gages #3, #4 and #6 were observed. Changes in the
strain rms values of strain gages #1, #4 and #5, were observed in cases #5 to #8
in mode 5. However, changes in these damage cases were insignificant. Therefore
strain response in cases #5 to #8 were not further investigated and were not used

for damage identification presented in Chapter 6.

5.3.4 Effect of Crack on the D,, Amplitude

Amplitude of Dy, function given in Equation 3.39 was computed using a neural net-
work technique for various damage cases that occurred in the orthogonally stiff-
ened plate model to assess its sensitivity under different damaged conditions. The
D,, function included not only the modal frequency and the damping ratio, but also
the response amplitude. By including these three parameters in the function the
amplitude would be more sensitive to damage occurring on the model.

The effect of cracks, occurring at a single location (damage cases #1a to #1 and
#5a to #5, see Table 5.2) and at two simultaneous different locations (damage cases

#2 to #4 and #6 to #8, see Table 5.1), on the D, amplitude was examined in this
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Table 5.2: Crack length for single crack cases

Case | Crack length at crack location | % of flange
# 1 2 3 4 width
0 none none none none 0.0
la 2.5 mm | none none none 12.5
1b 5.0 mm | none none none 25.0
1c 7.5 mm | none none none 37.5
1 10.0 mm | none none none 50.0
5a none none | 2.5 mm | none 12.5
5b none none { 5.0 mm { none 25.0
5¢ none none | 7.5 mm | none 37.5
5 none none | 10.0 mm | none 50.0

investigation. For cracks occurring at a single location, cracks with an increment
of 2.5 mm in length (12.5% of flange width) at location 1 or 3 were investigated. In
Table 5.2, the crack length is also presented as a percentage of flange width.

In this investigation the D, function was obtained from simulations utilizing
the neural network technique whose inputs were the model’s free response and its
derivative. The free response was numerically computed by ABAQUS using modal
damping ratio obtained from the experiment. The average values of the damping
ratios measured from model #2 and #3 were employed as input in this numerical
investigation, see subsection 5.4.5 for the damping ratio measured from experi-
ments. Neural network simulations using the experimental response of model #1
could not be carried out since the model’s response in the damage cases as given in
Table 5.2 were not measured. Neural network simulations were performed till the
minimum difference between the simulated and the input response was reached.
Typically the network required as many as 10000 iterations for these cases.

Numerically computed natural frequencies of the first two modes and the fifth
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Table 5.3: Modal frequency and damping ratio for single crack cases

Case # 0 la 1b 1c 1
Natural | Mode 1 | 584.30 | 584.30 | 584.30 | 584.30 | 583.61
frequency | Mode 2 | 586.30 | 586.30 | 586.30 | 586.30 | 586.30
(Hz) Mode 5 | 1136.70 | 1136.60 | 1136.50 | 1136.30 | 1136.00

Damping
ratio® Mode 1 | 0.504 0.503 0.504 0.506 0.503
(%)
Case # 0 Ba 5b 5¢ 5

Natural | Mode1 | 584.30 | 583.61 | 583.35 | 582.95 | 582.59
frequency | Mode 2 | 586.30 | 585.89 | 585.81 | 585.72 | 585.67
(Hz) Mode 5 | 1136.70 | 1136.60 | 1136.60 | 1136.60 | 1136.60
Damping
ratio) | Mode 1| 0.504 0.392 0.339 0.350 0.395
(%)

*)the average of values measured from response of model #2 and #3

mode for intact (damage case #0) and single crack cases (where cracks occurred at
one location) are presented in Table 5.3. Average modal damping ratios of mode
1 measured from the experiment are also given in the same table. Natural fre-
quencies of the first two modes did not decrease as a result of cracks occurring
at location 1 (damage cases #la to #1) while the modal frequencies of mode 5 de-
creased slightly. For damage cases #5a to #5 where cracks occurred at location 3
natural frequencies of mode 1 decreased. Natural frequencies of mode 2 did not
change significantly whereas there was no change in natural frequencies of mode
5 in these damage cases. The damping ratio changed considerably from intact to
damage case #la. The damping ratio values did not have any trend due to increas-
ing crack lengths.

The neural network simulations were performed for the response of accelerom-

eters #1 and #4. These accelerometers were chosen since one was mounted on the

79



longitudinal (horizontal stiffener) and the other was mounted on the web frame,
see Figure 5.9. In addition, only response of mode 1 were used as inputs for the
simulations. The reason was that the natural frequencies of this mode did not
change for damage cases #1a to #1 (see Table 5.3) and damage cases #2 to #4 (see
Figure 5.10) while for damage cases #5a to #5 (see Table 5.3) and damage cases
#5 to #8 (see Figure 5.10) the modal frequencies decreased consistently. Moreover
damping ratios of this mode under these damage cases did not have any trend (see
Table 5.3) and experimental results presented in section 5.4.5. Therefore mode
1 was chosen in this investigation to determine the sensitivity of D, under these
damage cases. Simulation for other accelerometers and modes could be carried out
in a similar manner.

The D, amplitudes obtained from the neural network simulations for different
damage cases were divided by the largest value to examine the relative change
of these amplitudes. Figures 5.19 (a) and (b) show the normalized D, amplitudes
of the first mode response computed from accelerometer #1 and #4 response for
the fourteen damage cases. It can be seen from these figures that the D, ampli-
tude was sensitive to the damage; it changed as a result of cracks occurring in the
model. Figure 5.19 also shows that the D,, amplitudes of both accelerometers pro-
duced similar trends. For single crack cases (cases #la to #1 and #5a to #5) the
amplitudes increased consistently although there was no change in the modal fre-
quencies for damage cases #1a to #1. It was also shown earlier that no trend was
observed in the modal damping ratios for all these damage cases. For cracks occur-

ring simultaneously at two locations D,, amplitudes did not show any predominant
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trend as crack lengths increased. This was due to the interaction of responses at
these two locations that tended to cancel the effect of each other. In the experi-
mental investigation presented in the next section D, amplitudes were examined

especially under the damage cases where the amplitudes showed a trend.

5.4 Experimental Investigations

Experimental investigations on the orthogonally stiffened aluminum models of the
side shell of a ship structure were carried out in the structural laboratory of Memo-
rial University. Three models were tested under different damage conditions using
random excitation forces having dominant frequency of 2 Hz. The excitation domi-
nant frequency of 2 Hz was separated by a large frequency range from the numer-
ically computed model’s fundamental frequency of 584.3 Hz. Prior to performing
the experimental testing sensors employed in the testing were calibrated to obtain
the calibration factor of every sensor mounted in the model. The model’s responses
were acquired using a data acquisition system and recorded in a computer for fur-
ther analysis. The modal frequency, the damping ratio and rms of amplitude were
extracted from the acquired response. Moreover the effect of cracks on amplitudes
of the D, function was examined. The neural network technique was employed to
calculate D, amplitudes under different damage cases using measured response as
input. Mode shapes were not extracted from the measured response since it would
require many sensors (accelerometer and strain gage) to obtain the mode shapes of

the horizontal and web frames. Therefore it was decided that mode shapes would

81



not be used as an indicator of damage in this part of the investigation.

This section discusses the experimental set up and sensor calibration and lo-
cations, study on sampling frequency used in the experiment and excitation force
amplitudes, and experimental results including the modal parameters and the rms
values of response for different damage cases. The change of D, amplitudes ob-
tained from neural network simulations using the experimental response data as

input is also addressed.

5.4.1 Experimental Set up

The one twentieth orthogonally stiffened aluminum plate model was fabricated
and tested to examine the model response changes under intact and damaged con-
ditions. As mentioned earlier in this chapter three models were tested in this in-
vestigation; they were named model #1, #2 and #3. During the experiment the
tested model was attached properly by bolted connections to a steel frame test rig
which was specially designed and fabricated for this experimental investigation.
The schematic diagram of experimental set up is shown in Figure 5.20 and a pho-
tograph of the set up is shown in Figure 5.21. The model was excited by random
forces generated from a Wavetek 132 signal generator. The input signal was fil-
tered by a low pass Krohn-Hite filter model 3323 to simulate wave force dominant
frequency regime. The signal was amplified to drive a B&K model 4812 vibration
exciter, which was connected to the model thorough a stinger. To monitor the ex-
citation force, a Kistler model 912 load cell was attached to the stinger and it was

connected to the plate of the tested model. The dynamic response of the model was
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Figure 5.9: Accelerometer and strain locations
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measured using MM EA-06-062AP-120 strain gages and Structcel accelerometers
(Model No. 330A). The accelerometers used in the model were low weight accel-
eration measuring devices (about 2 grams each). The strain gages had resistance
of 120 Ohms + 15%, gage factor of 2.065 + 0.5% and transverse sensitivity of (0.9
+ 0.2)%. The transducer signals (load cell, strain gages and accelerometers) were
passed through amplifiers prior to acquiring data using LabVIEW (1998) data ac-
quisition system which recorded data at a sampling frequency of 12 kHz (12000
samples per second per channel) for about 8 to 10 seconds for one measurement.
Ten measurements were carried out for each case and model. The recorded data
were stored in a personal computer for further analysis.

Measured time response was preprocessed using a procedure that will be de-
scribed later in this chapter. The response was then digitally band pass filtered.
The center frequency of the filter was taken as the natural frequency of the model.
From the filtered response, the random decrement function was calculated and uti-
lized to extract the natural frequency and the damping ratio, using Ibrahim time
domain procedures.

In this study, the changes in the modal parameters in the first two torsional-
flexural modes and the first bending mode (mode 5) were investigated. It was
decided to ignore the third and forth modes since no new information could be
gained from these two modes. The rms of response in the frequency range of the

first two modes were also computed.
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5.4.2 Sensor Calibration and Location

Prior to performing the experiment, the accelerometers, strain gages and load cell
were calibrated. All accelerometers were calibrated using PCB 394B05 hand-held
calibrator, which produced output at the level of 1g. Response signals from the
accelerometer due to the calibrator excitation were recorded by LabVIEW data ac-
quisition system and the average acceleration amplitude of signals was then com-
puted. Figure 5.22 shows the response of accelerometer #1 excited by PCB 394B05
calibrator for the first 0.1 second. During this study investigation, accelerometer
calibrations were performed three times, i.e., once before each of the orthogonally
stiffened models was tested. Calibration factors for six accelerometers used in the
experiments are presented in Appendix D. Six accelerometers were mounted on
the model. Three accelerometers were located on the horizontal flange and oth-
ers were located on web frame flanges. These accelerometers were attached on
the model using bees wax and their positions and connections to the model were
checked before each measurement was taken.

Strain gage calibration were carried out using calibration box which excites
the strain gage at 1000 u strain. The strain gage response before and after being
excited by the calibration box were recorded through LabVIEW data acquisition
system. The average amplitude of the strain response were obtained. The strain
gages were calibrated two times for each model, i.e, prior to carrying out test and
before performing tests for damage cases #5 to #8. Calibration factors of six strain
gages mounted in the model for this experimental investigation are presented in

Appendix D. These strain gages were mounted on the side shell plate in the x-
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Figure 5.22: Response of accelerometer #1 excited by PCB 394B05 calibrator

direction.

In calibrating the load cell PCB 394B05 hand-held calibrator was again em-
ployed. Several known weights were applied to the load cell and the voltages
were measured. Due to the lack of apparatus for this calibration purpose only
four weights were applied to the load cell viz., 1 gram, 2 grams, 5 grams and 10
grams and it was assumed that the load cell output varied linearly over the range
mentioned in the specification. In this investigation the excitation force signal was
recorded to examine whether force changed from one measurement to other mea-
surements during the experiment. However the excitation force signal was not
employed for obtaining modal parameters since output-only modal analysis was
conducted in this experimental investigation. Relationship between the force and

output voltage measured from the load cell is shown in Figure D.1 in Appendix D.
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5.4.3 Study Parameters

The effect of sampling frequency on the identified modal frequency and the effects
of excitations from one measurement to the other on force amplitudes were investi-
gated. These investigations were important to determine sampling frequency used
in the experiments to obtain the correct modal frequencies without significant error
when they were compared to the numerical values. Investigation on random force
amplitudes exerted on the model from one measurement to other measurements
was also necessary since rms amplitude response obtained from the experiments

were employed for damage identification scheme presented in Chapter 6.

Sampling Frequency

The response experimental data were sampled at high frequencies. The reason
was that the fifth mode natural frequency extracted from a response with sam-
pling frequency (sampling rate) lower than 10000 Hz differed significantly from
the computed one. The effect of sampling frequency on identified frequencies for
the first two modes and the first bending mode (mode 5) of the model for the intact
condition was investigated and the results are shown in Figure 5.23. By sampling
the model response at the rate of 5000 samples per second, the first two modes
of the model matched the numerical ones without significant errors. However the
calculated natural frequency for mode 5 did not match the numerical value. Only
when the sampling frequency was higher than 10000 samples per second, mode 5
was properly identified. In this experimental investigation, it was decided to use a

sampling frequency of 12000 samples per second.
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Figure 5.23: Identified natural frequency and sampling rate

The Excitation Amplitude for Different Measurements

In the experimental investigation carried out in this study output-only modal anal-
ysis was implemented. It means that the excitation force was not used for obtaining
structural modal parameters. To investigate whether excitation force amplitudes
changed in different measurements, the force applied to model #1 under intact con-
dition for ten measurements were recorded and the autospectra of the excitation
forces were computed. Figure 5.24 shows autospectral density of the excitation
forces. As seen in the figure the amplitudes of the force were not constant from
one measurement to other measurements. Therefore a response signal preprocess-

ing procedure was performed. The preprocessing procedure is discussed later in

subsection 5.4.4.
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Figure 5.24: Autospectral density of excitation forces obtained from ten different
measurements under intact condition

5.4.4 Procedures

To utilize three orthogonally stiffened models available for testing, the model was
first tested for damage cases #1 to #4 and then the model was carefully welded
at locations where cracks were located (locations 1 and 2). The model was not
taken from the test rig when welding was carried out to minimize discrepancies in
experimental results due to experimental set up. The model condition after being
welded was considered to be undamaged and it was used as benchmark for the
damage cases #5 to #8. All accelerometers along with cables were removed from
the model during welding. Since strain gages were attached to the model when it
was welded, calibrations for all strain gages were conducted once again after the
model was welded to check whether the strain gages were affected by the welding

procedures. In this experimental investigation damage was simulated by a cut
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made using a hacksaw. Damage cases #1 to #4 (where cracks occurred at locations
1 and 2) were carried out before damage cases #5 to #8 since it would be easier to
weld at these locations thanr at locations 3 and 4, where the space availability was
less.

The random excitation forces were different from one measurement to the other,
see Figure 5.24. Therefore a preprocessing of the response signals was carried out
prior to computing modal parameters and the rms of response at frequency range
of interest. Figure 5.25 shows a diagram of response signal preprocessing proce-
dure implemented in this experimental investigation. In the signal preprocessing
procedure, after the response were calibrated, the trend and the mean were re-
moved from the response and then they were normalized by the chosen rms value
of amplitude response within the frequency excitation band. The response mean
was zeroed because it was observed that the mean was different from one mea-
surement to the other. In addition, random decrement and Ibrahim time domain
methods required the mean to be zero. In this investigation, the mean of rms val-
ues obtained within the dominant frequency excitation for response measured by
a sensor (accelerometers or strain gages) was computed. The rms chosen for nor-
malizing the model’s responses was the one which had closest value to the mean of
the rms computed from six different sensor locations. Since two types of sensors
were used to measure the model’s responses, viz., accelerometer and strain gage,
the rms value utilized was selected from the same type of sensor.

As mentioned previously in this chapter, the modal parameters (natural fre-

quencies and damping ratios) for the first two modes, which were torsion-bending
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Figure 5.25: Preprocessing procedure implemented for experimental response data

modes of the web frames, and the first bending mode (mode 5) were extracted
from measured response using the random decrement and Ibrahim time domain
techniques. The modal parameter estimations of modes 1 and 2 were undertaken
twice for each measurements. First, these modes were estimated at the same time
and then to refine the estimation, these two modes were extracted individually by
zooming at smaller frequency bands. The modal parameters were computed for ten
measurements recorded in the experiments for each damage case. A total of one
hundred and twenty modal parameters were obtained for each damage case for one
model; sixty data were extracted from six strain gage response and the rest were

obtained from the response of six accelerometers.
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5.4.5 Experimental Results

Using responses measured from the experiment, modal parameters (the natural
frequency and damping ratio) were extracted and rms response and the amplitude
D, function were obtained. These experimental results are presented in this sub-

section and are compared with the numerical investigation results in section 5.5.

Measured Natural Frequency and Damping Ratio

Tables 5.4 to 5.6 show the mean and standard deviation of natural frequencies and
damping ratios obtained from model #1 to model #3 for modes #1, #2 and #5 for
the eight damage cases. Modal frequencies of mode 1 for damage cases #1 to #4
did not change significantly due to the presence of crack for all models tested in
the experiment. However for damage cases #5 to #8 the modal frequency changed
significantly. For mode 2, no significant change in the natural frequencies were
obtained for damage cases #1 to #4 while for damage cases #5 to #8 the natural
frequencies decreased slightly. This was due to the fact that the damage cases #1
to #4 were located at the ends of the longitudinal (horizontal stiffener) which did
not influence the local bending of modes 1 and 2. The damage cases #5 and #8 were
located at the junctions of transverse web frame #1 and the longitudinals #2 and
#3; these damage locations influenced the local bending of modes 1 and 2.

The modal frequencies in mode 5 decreased appreciably for damage cases #1 to
#4 while for damage case #5 to #8 these changes were not significant. This effect
was due to the fact that the damage cases #1 and #4 were located at the end of

longitudinal #2 which affected the global bending of the whole ship panel model.
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The standard deviation of modal frequency data were less than 0.1 Hz for the first
and second modal frequencies and 0.4 Hz for the fifth frequency. It means the
modal frequency estimation did not vary significantly from one measurement to
other for the same damage case. Due to fabrication, the web frames of model #1
seemed to be less stiff than those of model #2 and #3. Therefore the first two modal
frequencies of model #1, which were torsion-bending modes of the web frames, were
about 1% less than than modal frequencies of models #2 and #3.

The damping ratios calculated from response acquired using accelerometers
and strain gages, did not differ significantly. Modal damping ratios estimated from
three investigated models increased and decreased due to the increase of crack
lengths. The damping ratios ranged from 0.28% to 0.65% for mode 1. It ranged
from 0.2% to 0.55% for mode 2 and the ratios was nearly 0.01% to 0.12% for mode
5. These damping ratios cannot be used as a damage indicator since their values
under different damage cases did not show any definable trend.

It appears that modal parameters, especially damping ratios, were not sensitive
to crack for all damage cases considered in the investigation. Therefore the rms of
response and D, amplitudes were also computed from the measured response to

examine their sensitivities to cracks occurring at various locations and lengths.

The rms of Response

The rms of response under intact and damaged conditions were obtained by the
use of response autospectrum. For this purpose, the model’s time response was

converted into frequency domain to calculate the response autospectrum and then
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the rms was obtained by integrating the autospectrum of response in the frequency
band of 400 Hz to 600 Hz. The frequency band or range was selected since in that
band the analytical rms values showed appreciable changes. It could be seen from
Figures 5.15 to 5.17 that the change in normalized rms response for accelerometers
#4, #5 and #6 and strain gages #4, #5 and #6 below 400 Hz were small compared to
that between 400 Hz and 600 Hz. This large change was due to the fact that there
were two dominant frequencies in this frequency band. In addition, by integrating
the spectrum over the frequency band the effect of noise, which would be present
in the measured response data, could be minimized. Although the frequency range
selected was different from the range used in the numerical investigations, it would
not matter since only relative values of the rms were used (those rms values were
normalized by the largest value).

In this investigation, prior to calculating the rms the response preprocessing
procedure shown in Figure 5.25 was also performed. The rms of accelerometer
response for all damage cases investigated were computed in this study whereas
the rms of response of strain gages for damage cases #5 to #8 were not computed
due to insignificant changes observed in the numerical results as shown in Figure
5.18. Moreover the rms within the frequency range of first overall bending mode
frequency (1120 Hz to 1200 Hz) was not computed because of low response signal
to noise ratio. In this case it was difficult to minimize the effect of noise ampli-
tude from the structural response amplitude. The noisy response signals in this
frequency range might be due to the fact that there were three frequencies (two

local bending modes - 3 and 4 - and one global bending mode 5 within a frequency
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Table 5.4: Measured natural frequencies and damping ratios obtained from response of model #1

Natural frequency (Hz) Damping ratio (%)
Case # | Sensor Mode 1 Mode 2 Mode 5 Mode 1 Mode 2 Mode 5
mean sd mean sd mean sd |mean| sd |mean| sd |mean | sd
0 str 580.734 | 0.085 | 586.449 | 0.043 | 1136.707 | 0.376 | 0.642 | 0.009 | 0.478 | 0.005 | 0.012 | 0.002
acc 580.726 | 0.072 | 586.453 | 0.039 | 1135.902 | 0.367 | 0.644 | 0.009 | 0.477 | 0.005 | 0.011 | 0.002
1 str 580.725 | 0.088 | 586.458 | 0.042 | 1135.860 | 0.330 | 0.645 | 0.009 | 0.476 | 0.004 | 0.010 | 0.002
acc 580.734 | 0.087 | 586.449 | 0.039 | 1135.676 | 0.410 | 0.645 | 0.008 | 0.477 | 0.005 | 0.010 | 0.001
2 str 580.733 | 0.079 | 586.456 | 0.034 | 1133.945 | 0.293 | 0.644 | 0.009 | 0.478 | 0.004 | 0.011 | 0.002
acc 580.693 | 0.073 | 586.454 | 0.045 | 1133.611 | 0.299 | 0.643 | 0.009 | 0.476 | 0.005 | 0.010 | 0.002
3 str 580.736 | 0.095 | 586.447 | 0.042 | 1133.475 | 0.356 | 0.644 | 0.008 | 0.477 | 0.005 | 0.011 | 0.001
acc 580.725 | 0.092 | 586.467 | 0.047 | 1133.415 | 0.313 | 0.646 | 0.009 | 0.477 | 0.005 | 0.010 | 0.001
4 str 580.728 | 0.079 | 586.456 | 0.044 | 1127.193 | 0.183 | 0.644 | 0.010 | 0.476 | 0.004 | 0.010 | 0.002
acc 580.719 | 0.086 | 586.462 | 0.048 | 1127.262 | 0.267 | 0.644 | 0.010 | 0.477 | 0.005 | 0.010 | 0.002
o* str 580.616 | 0.166 | 586.888 | 0.268 | 1136.817 | 0.559 | 0.433 | 0.015 | 0.370 | 0.012 | 0.013 | 0.003
acc 580.613 | 0.173 | 586.888 | 0.266 | 1136.030 | 0.348 | 0.432 | 0.015 | 0.368 | 0.012 | 0.010 | 0.003
5 str 578.790 | 0.088 | 585.607 | 0.050 | 1136.778 | 0.463 | 0.278 | 0.005 | 0.193 | 0.005 | 0.014 | 0.002
acc 578.776 | 0.097 | 585.362 | 0.045 | 1136.038 | 0.365 | 0.276 | 0.006 | 0.191 | 0.006 | 0.014 | 0.001
6 str 576.691 | 0.049 | 584.662 | 0.042 | 1136.435 | 0.496 | 0.646 | 0.006 | 0.193 | 0.005 | 0.014 | 0.003
acc 576.695 | 0.039 | 584.659 | 0.043 | 1136.045 | 0.301 | 0.647 | 0.005 | 0.192 | 0.009 | 0.014 | 0.001
7 str 573.807 | 0.042 | 584.407 | 0.042 | 1136.240 | 0.351 | 0.609 | 0.005 | 0.196 | 0.010 | 0.012 | 0.001
acc 573.811 | 0.042 | 584.414 | 0.046 | 1135.718 | 0.282 | 0.609 | 0.007 | 0.194 | 0.009 | 0.011 | 0.001
8 str 568.714 | 0.062 | 584.365 | 0.046 | 1135.890 | 0.309 | 0.440 | 0.014 | 0.195 | 0.011 | 0.012 | 0.001
acc 568.714 | 0.060 | 584.351 | 0.049 | 1135.742 | 0.409 | 0.439 | 0.016 | 0.193 | 0.010 | 0.011 | 0.001

acc : accelerometers; str : strain gages; sd: standard deviation; 0*: the condition after cracks at locations 1 and 2 were welded
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Table 5.5: Measured natural frequencies and damping ratios obtained from response of model # 2

Natural frequency (Hz) Damping ratio (%)
Case # | Sensor Mode 1 Mode 2 Mode 5 Mode 1 Mode 2 Mode 5
mean sd mean sd mean sd |mean| sd |[mean| sd |mean | sd
0 str 586.164 | 0.039 | 591.533 | 0.037 | 1136.576 | 0.154 | 0.548 | 0.006 | 0.326 | 0.008 | 0.011 | 0.002
acc 586.169 | 0.031 | 591.527 | 0.036 | 1136.681 | 0.340 | 0.546 | 0.006 | 0.327 | 0.006 | 0.013 | 0.002
1 str 586.150 | 0.030 | 591.521 | 0.040 | 1135.026 | 0.138 | 0.546 | 0.005 | 0.328 | 0.006 | 0.010 | 0.002
acc 586.153 | 0.038 | 591.522 | 0.040 | 1135.064 | 0.174 | 0.546 | 0.006 | 0.329 | 0.007 | 0.010 | 0.002
2 str 586.151 | 0.030 | 591.524 | 0.038 | 1134.988 | 0.313 | 0.547 | 0.006 | 0.329 | 0.007 | 0.016 | 0.001
acc | 586.146 | 0.032 | 591.521 | 0.041 | 1134.644 | 0.337 | 0.546 | 0.006 | 0.327 | 0.007 | 0.016 | 0.001
3 str 586.154 | 0.036 | 591.521 | 0.040 | 1133.445 | 0.308 | 0.546 | 0.006 | 0.326 | 0.007 | 0.009 | 0.009
acc 586.146 | 0.034 | 591.522 | 0.038 | 1133.252 | 0.353 | 0.546 { 0.005 | 0.328 | 0.006 | 0.009 | 0.010
4 str 586.154 | 0.039 | 591.473 | 0.022 | 1127.634 | 0.011 | 0.547 | 0.006 | 0.334 | 0.007 | 0.015 | 0.001
acc 586.145 | 0.030 | 591.470 | 0.025 | 1127.636 | 0.011 | 0.546 | 0.006 | 0.336 | 0.008 | 0.015 | 0.001
0* stg | 586.159 | 0.038 | 591.522 | 0.038 | 1136.584 | 0.190 | 0.546 | 0.006 | 0.427 | 0.006 | 0.011 | 0.001
acm | 586.161 | 0.037 | 591.525 | 0.029 | 1136.315 | 0.355 | 0.547 | 0.007 | 0.425 | 0.007 | 0.012 | 0.001
5 stg | 583.963 | 0.037 | 590.719 | 0.049 | 1135.870 | 0.264 | 0.370 | 0.006 | 0.341 | 0.001 | 0.011 | 0.001
acm | 583.966 | 0.044 | 590.792 | 0.129 | 1135.859 | 0.240 | 0.369 | 0.005 | 0.368 | 0.002 | 0.011 | 0.001
6 stg 581.343 | 0.029 | 589.381 | 0.060 | 1135.705 | 0.274 | 0.374 | 0.006 | 0.301 | 0.002 | 0.008 | 0.001
acm | 581.334 | 0.033 | 589.544 | 0.160 | 1135.729 | 0.304 | 0.373 | 0.007 | 0.342 | 0.002 | 0.009 | 0.001
7 stg 577.779 | 0.013 | 589.098 | 0.014 | 1135.697 | 0.255 | 0.273 | 0.003 | 0.273 | 0.002 | 0.008 | 0.002
acm | 577.780 | 0.016 | 589.100 | 0.017 | 1135.658 | 0.382 | 0.275 | 0.003 | 0.266 | 0.002 | 0.009 | 0.002
8 stg | 574.332 | 0.021 | 589.096 | 0.022 | 1135.070 | 0.330 | 0.181 | 0.005 | 0.258 | 0.007 | 0.011 | 0.002
acm | 574.340 | 0.020 | 589.101 | 0.015 | 1135.008 | 0.481 | 0.180 | 0.005 | 0.268 | 0.002 | 0.011 | 0.002

acc : accelerometers; str : strain gages; sd: standard deviation; 0*: the condition after cracks at locations 1 and 2 were welded
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Table 5.6: Measured natural frequencies and damping ratios obtained from response of model #3

Natural frequency (Hz) Damping ratio (%)
Case # | Sensor Mode 1 Mode 2 Mode 5 Mode 1 Mode 2 Mode 5
mean sd mean sd mean sd |mean| sd |mean| sd | mean | sd
0 str 585.622 | 0.051 | 591.540 | 0.040 | 1136.597 | 0.419 | 0.461 | 0.011 | 0.507 | 0.010 | 0.021 | 0.002
acc 585.629 | 0.051 | 591.542 | 0.047 | 1136.313 | 0.412 | 0.460 | 0.012 | 0.506 | 0.009 | 0.020 | 0.005
1 str 585.591 | 0.062 | 591.537 | 0.039 | 1135.258 | 0.141 | 0.462 | 0.011 | 0.506 | 0.009 | 0.005 | 0.001
acc 585.604 | 0.050 | 591.531 | 0.043 | 1135.227 | 0.224 | 0.460 | 0.008 | 0.507 | 0.008 | 0.006 | 0.002
2 str 585.583 | 0.069 | 591.532 | 0.042 | 1134.272 | 0.191 | 0.460 | 0.011 | 0.506 | 0.007 | 0.015 | 0.002
acc 585.600 | 0.048 | 591.522 | 0.045 | 1134.318 | 0.472 | 0.461 | 0.011 | 0.507 | 0.010 | 0.016 | 0.002
3 str 585.589 | 0.043 | 591.277 | 0.094 | 1133.360 | 0.258 | 0.464 | 0.009 | 0.416 | 0.019 | 0.011 | 0.001
acc 585.595 | 0.056 | 591.290 | 0.085 | 1133.329 | 0.266 | 0.463 | 0.011 { 0.417 | 0.020 { 0.012 | 0.001
4 str 585.580 | 0.051 | 591.235 | 0.042 | 1125.798 | 0.017 | 0.462 | 0.012 | 0.546 | 0.008 | 0.123 | 0.001
acc 585.586 | 0.056 | 591.241 | 0.046 | 1125.793 | 0.046 | 0.462 | 0.010 | 0.542 | 0.009 | 0.123 | 0.001
o* str 585.634 | 0.054 | 591.538 | 0.044 | 1136.689 | 0.282 | 0.462 | 0.010 | 0.507 | 0.008 | 0.021 | 0.002
acc 585.633 | 0.052 | 591.551 | 0.048 | 1136.483 | 0.345 | 0.462 | 0.011 | 0.507 | 0.009 | 0.022 | 0.002
5 str 583.969 | 0.049 | 590.162 | 0.057 | 1135.651 | 0.314 | 0.420 | 0.006 | 0.299 | 0.009 | 0.016 | 0.002
acc 583.957 | 0.053 | 590.170 | 0.056 | 1135.698 | 0.366 | 0.420 | 0.006 | 0.302 | 0.010 | 0.016 | 0.002
6 str 581.172 | 0.044 | 589.433 | 0.038 | 1134.879 | 0.403 | 0.412 | 0.005 | 0.337 | 0.009 | 0.014 | 0.002
acc 581.170 | 0.039 | 589.429 | 0.035 | 1134.867 | 0.547 | 0.412 | 0.005 | 0.337 | 0.008 | 0.014 | 0.002
7 str 577.926 | 0.038 | 589.174 | 0.040 | 1134.808 | 0.332 | 0.515 | 0.008 | 0.548 | 0.007 | 0.014 | 0.002
ace 577.928 | 0.037 | 589.180 | 0.036 | 1134.890 | 0.501 | 0.514 | 0.008 | 0.549 | 0.007 | 0.014 | 0.002
8 str 574.940 | 0.040 | 589.175 | 0.036 | 1134.894 | 0.288 | 0.308 | 0.010 | 0.545 | 0.007 | 0.015 | 0.002
acc 574.928 | 0.035 | 589.162 | 0.042 | 1134.787 | 0.404 | 0.308 | 0.009 | 0.547 | 0.007 | 0.015 | 0.002

acc : accelerometers; str : strain gages; sd: standard deviation; 0*: the condition after cracks at locations 1 and 2 were welded




range of 30 Hz (1109.2 Hz to 1136.7 Hz) and that the whole supporting structure
also had a natural frequency in the range of 1050 Hz. The normalized experimental
rms values were plotted along with the numerical rms values and presented in
Appendix E.

Figures 5.26 and 5.27 shows the normalized rms of acceleration and strain re-
sponse obtained from model #2. The rms computed from models #1 and #3 were
similar to that of model #2. Therefore only the rms of response of model #2 was
presented in this chapter. The rms values for models #1 to #3 are presented in
Appendix E along with the rms values obtained from numerical investigation. As
seen from Figures 5.26 and 5.27, for cases where cracks occurred at one location
only (damage cases #1 and #5), the rms showed significant changes in accelerome-
ters #1 and #2 while for cases where cracks occurred at two locations (cases #2 to
#4 and #6 to #8) the rms did not change significantly. The rms values obtained for
accelerometer #3 consistently increased for damage cases #1 to #2. However they
did not show a significant change for other damage cases. The rms computed from
the response of accelerometers #4 and #5 decreased for all damage cases. The rms
response of accelerometer #6 did not change significantly for all damage cases. For
damage cases #1 to #4, the rms of amplitude response of strain gages #3 and #5
did not show significant changes while appreciable changes were observed in the
rms of strain gages #4 and #6. The rms obtained from experimental and numerical

investigation will be compared later in this chapter.
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Figure 5.26: Normalized rms acceleration and strain gage response obtained from
model #2 for damage cases #1 to #4
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Figure 5.27: Normalized rms of acceleration response obtained from model #2 for
damage cases #5 to #8

Experimental D,, Amplitude

The D;, function was obtained from simulations using neural network technique
with random decrement function and its derivative as input. The random decre-
ment function was employed in this investigation since it is analogous to the free
decay response function and the response measured in the experimental tests were
random.

The random decrement function was computed from the response autocorrela-
tion using Equation 3.13. Using lower triggering level, a, of 0.5 ¢ and the upper
triggering level, b, of - for all damage cases investigated, the value of py in Equa-
tion 3.14 for Gaussian distributed response was 1.14 ¢. o is the standard deviation
or the rms for response having zero mean.

Since acceleration response was obtained in the experiment the autocorrelation

of measured response was numerically integrated using MATLAB before it was in-
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put to the neural networks. For one damage case the simulation normally required
10000 iterations to reach minimum error, viz. the difference between input and
simulated response. The simulation result was then scaled by the rms computed
from the average of the rms obtained from ten measurements carried out in the
experimental investigation.

Dy, functions of response from accelerometers #1 and #4 in mode 1 were simu-
lated using the networks. In addition only cases where cracks occurred at a single
location were examined to investigate the similarity in trend between numerical
and experimental results for increasing crack lengths. Figure 5.28 shows the Dy
time histories of accelerometers #1 and #4 for cracks occurring at location 1 (dam-
age cases #1la to #1) using response of model #2. Normalized D, amplitude for
these damage cases is shown in Figure 5.29 (a). From this figure it is clear that
D, amplitudes show an increasing trend as a result of increasing crack lengths,
although there was no change in natural frequencies and no definable trend in
damping ratios for these damage cases.

Figure 5.29 (b) shows the normalized amplitudes for cracks occurring at location
3 (damage cases #5a to #5). In these damage cases modal frequencies decreased
and the damping ratio either decreased or increased. However the D,, amplitudes
obtained from the simulations increased consistently as the crack length increased.
This might be an advantage in using the random decrement functions as inputs of
the networks. Similar trends were also observed from the output of the simulation
using inputs obtained from response of model #3. Figure 5.30 shows the normalized

D, amplitudes simulated using input from response measured from model #3. In
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the next section these experimental investigation results will be compared with

the results obtained from numerical investigation.

5.5 Comparison of Results

The natural frequencies, the rms of amplitude response and D, amplitudes ob-
tained from the numerical and experimental investigations for different damage
cases are compared in this section to examine the trend of values for these damage
cases. These results are further discussed in Chapter 6 for damage identification

of the model.

5.5.1 Numerical and Experimental Natural Frequencies

Since the natural frequencies obtained from accelerometer and strain gage re-
sponse did not differ significantly, natural frequencies measured from twelve trans-
ducers (six accelerometers and six strain gages) for each damage case were aver-
aged and the results were compared with natural frequencies computed numeri-
cally using the finite element package program ABAQUS. In general the experi-
mental and computed natural frequencies agreed well; the difference ranged from
-0.83% to +0.89%. Moreover the measured natural frequencies had the same trend
as the numerical ones. These results provided the required reliability to the com-
puted and measured values that the same data were used subsequently in the
damage identification, discussed in the next chapter.

The difference between numerical and experimental natural frequencies com-
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Figure 5.28: Dy, time history obtained from response of model #2 for cracks occur-
ring at location 1
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Figure 5.29: Normalized D, amplitude of model #2 for cracks occurred at locations
land 3
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Figure 5.30: Normalized D,, amplitude of model #3 for cracks occurred at locations
land 3
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puted from response of model #1 ranged from -0.83% to 0.2 %; the maximum dif-
ference in percentage occurred at mode 1 for damage case #8. However the differ-
ence was not significant in mode #5. For models #2 and #3 the difference between
numerically computed and measured natural frequencies ranged from -0.01% to
0.89%. Maximum difference was observed at mode 2 for damage case #0 (intact),
and the minimum difference occured at mode 5 for damage case #1.

Plots of natural frequencies obtained from numerical and experimental investi-
gations for all damage cases and models are presented in Appendix E. Figure 5.31
shows a comparison between computed and measured natural frequencies for the
first two modes of model #2 for damage cases #1 to #4 and #5 to #8, respectively.
Although the numerical and experimental natural frequencies for damage cases #5
to #8 did not decrease to the same extent (in Hz) as damage cases #1 to #4, yet they

had a similar trend for all damage cases investigated.

5.5.2 Numerical and Experimental rms of Response

Figure 5.32 shows normalized rms response of accelerometers #1 and #4 for dam-
age cases #1 to #8. Plots of the normalized rms of amplitude response obtained
from numerical analysis and experimental investigation for all accelerometers and
damage cases are presented in Appendix E. From these plots it can be seen that
the normalized rms of accelerations #1, #2 , #4, #5 and strain gages #1, #4, #6 had
increasing trends even though the normalized experimental and numerical values
of the rms were different. The difference between numerical and experimental

results may be attributed to local stiffness of the horizontal or web frame in the
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Figure 5.31: Comparison of numerical and experimental natural frequencies for
modes 1 and 2 of model #2. num.= numerical values; exp.= experimental values
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accelerometer directions being different from that of the numerical model due to
fabrication details. For instance the numerical rms obtained from response of ac-
celerometer #1 for case #0 (intact) and case #1 changed by almost 10 times while
the experimental rms of response measured for the same accelerometer under the
same damaged conditions was only larger by 1.6 times, see Figure 5.32 (a). For
accelerometers #4 the numerical response of acceleration values for damage cases
#5 to #8 decreased by 70% while the experimental values decreased approximately
by 20% only, see Figure 5.32 (d). However the above mentioned transducers gave
consistent and similar trends for increasing crack sizes introduced in the models.
These experimental and numerical results will be employed for damage identifica-

tion procedure presented in Chapter 6.

5.5.3 Numerical and Experimental D, Amplitudes

Normalized D, amplitudes obtained from numerical and experimental investiga-
tions are shown in Figures 5.33 and 5.34 for models #2 and #3, respectively. As
seen in these figures, D, amplitudes obtained from the response of accelerometer
#4 produced slightly better results than accelerometer #1. The normalized val-
ues from measured response of accelerometer #4 were close to the values obtained
from numerical investigations. This might be due to the location of accelerometer
#4 which was mounted on the web frame. In addition, the modal response investi-
gated was in flexure torsional mode of the web frames. However the numerical and
experimental D, amplitudes simulated from response of accelerometers #1 and #4

had the same in trend due to increasing in crack length. These results corroborated
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Figure 5.32: Comparison of normalized numerical and experimental rms response
of model #2 for accelerometers #1 and #4. num.= numerical values; exp.= experi-
mental values
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the sensitivity of D, to small cracks.

5.6 Summary

Numerical and experimental investigations on orthogonally stiffened plate of a
ship’s side shell model have been discussed in this chapter. Numerical investi-
gations were carried out to obtain the modal parameters (natural frequency and
mode shape), and acceleration and strain response of the model under intact and
eight damaged conditions. The cracks occurred at a longitudinal in the connection
between the longitudinal and bulkheads for damage cases #1 to #4 and at the in-
tersection of the longitudinals and a tranverse web frame for damage cases #5 to
#8. From the acceleration and strain response obtained in this investigation the
best sensor locations were determined. Thereafter a total of twelve sensors (six ac-
celerometers and six strain gages) were mounted on the model at these identified
locations.

The three fabricated models were tested under random excitation forces whose
dominant frequency (~ 2 Hz) was separated far away from the first natural fre-
quency of the model (~ 580 Hz). The experimental tests were performed under
nine conditions, i.e., intact and eight different damage cases. For each damage
case the model’s responses were measured ten times to investigate the variation
of estimated modal parameters from one measurement to the other. Output-only
modal analysis was conducted in this experimental investigation. The modal fre-

quency, the damping ratio and the rms of response were extracted from the model
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Figure 5.33: Comparison of normalized numerical and experimental D, values ob-
tained from response of model #2. num.= numerical values; exp.= experimental
values
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response, without measuring of the excitation forces.

Natural frequencies and the rms response obtained from numerical and exper-
imental investigations were compared. The numerical and experimental natural
frequencies differed by a maximum of 0.9%. Although the rms response computed
from the results of numerical investigations were different from those computed
from the experimental investigations, most of them had similar trends due to in-
creasing crack lengths.

Numerical and experimental D, amplitudes showed increasing trends for all
cases where cracks occurred at a single location. Even for cases where natural
frequencies did not decrease, and no trend was noticeable in modal damping ra-
tios, the D, amplitudes showed consistently increasing trends. This confirmed the
sensitivity of the D, amplitudes to small cracking occurring at single location.

The experimental and numerical investigation results discussed in this chapter

was used for the damage identification procedure presented in the next chapter.
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Chapter 6

Damage Identification

6.1 Introduction

On-line and off-line damage identification schemes suitable for determining crack
location and its extent, on orthogonally stiffened plate models excited by simulated
wave forces, are proposed and presented in this chapter. These schemes use the
root mean square (rms) of structural response and the amplitude of D, function
described in the previous chapters for identifying damage location and length in
the modeled structure.

Numerical and experimental results presented in Chapter 5 indicated that the
presence of damage occurring in the model could be identified from the change in
natural frequency, rms response and amplitude of D, function. For cases where
damage occurred at the intersection between longitudinals and the transverse web
frame, the first and second modal frequencies of the model decreased consistently
and appreciably while for cases where cracks occurred in the connection of a longi-
tudinal and bulkheads significant modal frequency changes occurred for the fifth

mode, which was the overall bending mode. This was due to the fact that the first
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two modal frequencies of the model were associated with local bending-torsional
modes of the web frames. Consequently damage related to the web frame fixity
would result in decrease of the modal frequencies. Since in this investigation,
modal frequencies were extracted without knowledge of the excitation forces, nat-
ural frequencies could be used for on-line damage monitoring, although the crack
length cannot not be properly determined from the change of the modal frequen-
cies.

Numerical and experimental investigation results presented in Chapter 5 also
showed that the rms of acceleration and strain response changed as cracks in-
creased in length. In addition, the amplitudes of Dy, function increased consistently
as cracks at a location grew larger in length. Therefore by examining the rms of
response and the amplitude of D, function under normal operational conditions,
the presence of a crack occurring in the structure could be identified.

In the proposed schemes presented in this chapter, cracks are identified using
the rms of response and the amplitude of D, function obtained from the results of
investigations reported in Chapter 5. Moreover a scheme using the rms response
obtained from finite element simulations is also presented. These investigation
results were reported earlier in Budipiyanto et al. (2005a), Budipriyanto et al.

(2006b) and Budipriyanto et al. (2006c).
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6.2 Damage Identification Using rms Response

In this section, damage identification schemes using the rms response obtained
from numerical and experimental investigations reported in Chapter 5 are dis-
cussed. The first scheme uses an algebraic function obtained from numerical/ex-
perimental measurements for assessing damage occurrence and extent. The sec-
ond scheme employs the rms response data obtained from numerical simulation to
determine the damage locations and quantifying damage size. The latter scheme
can be categorized as a nomogram technique which could estimate accurately dam-

age locations and extents. Schemes presented in this section were implemented in

MATLAB environment.

6.2.1 Numerical and Experimental rms Response

A damage identification scheme using the rms of acceleration and strain response
is discussed.The scheme uses the results of numerical and experimental investiga-
tions reported in Chapter 5 to obtain a damage indicator. Unlike the rms values,
the damage indicator has a definable trend as cracks increased in lengths. Using
the values of the proposed damage indicator, an algebraic function was developed to
estimate the damage indicator values for different crack lengths and locations. In
addition, a graphical scheme (based on nomogram procedure) was also developed

to identify the crack length and location, using the damage indicator.
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The Damage Indicator

The rms values obtained from the numerical and experimental investigations sug-

gested the use of a damage indicator, e;, that can be expressed as

e,~=e,-_1+|l,lli — l[l,'_l‘ i:2,3,4,5 (61)

where | | denotes the absolute value and e; is taken equal to y; which denotes the
rms value for intact condition, y; is rms values under i case; the value of i for
damage cases studied in this investigation is given in Table 6.1. For damage cases
#1 to #4, i is equal to 2 for case #1 and i is equal to 3 for case #2 etc. For damage
cases #5 to #8, i is equal to 2 for damage case #5, i is equal to 3 for damage case
#6 and so forth. Equation 6.1 transforms the rms values that had no trend to that
with an increasing trend. In cases where the complete set of rms values have an
increasing trend, the ¢; values would be the same as the rms values.

The e; values computed from numerical and experimental response of accelerom-
eters #1, #4 and #5 and strain gages #1, #4 and #6 under intact and eight damage
cases were employed in this investigation. Using the damage indicator, a dam-
age identification scheme was developed to identify the present and future damage

scenario that can occur and the damage size and location.

Table 6.1: i for different damage case number
|case [ #0 [ #1 | #2 | #3 [ #4 | #5 | #6 | #7 | #8 |
L i J1[2[3]4[5[2]8]4[5]
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Damage Identification Scheme

The scheme presented in this section assumes that the damage indicators e; are
known beforehand from the earlier simulated calculation. This is done by carrying
out finite element analysis for a number of crack growth scenarios. Also these re-
sults are calibrated or benchmarked using data from experiments. Then for certain
measured values of the damage indicator e;, the method outlined herein seeks to
quantify the crack size and determine crack location.

For representing the e; values for different damage cases, an algebraic function
was employed. In the function, crack location and crack length values were in-
cluded since e; seemed to be dependent on them. Several algebraic functions were
used to estimate numerical e; values before it was employed to interpolate/extrap-
olate the experimental e; values. The one that appeared to give results close to the
actual numerical e; values (less than + 20% error) is given below. The algebraic

function can be written as,

() (‘%)ﬁ (%) (d—j)z] e [(%) (?111)2+ () <d_22>2}

(6.2)

e~ Oyt 0

where a;; and ap are crack lengths at first and second damage locations (crack
locations 1 and 2 for damage cases #1 to #4 or crack locations 3 and 4 for damage
cases #5 to #8, see Table 5.1 for the crack lengths), ¢; and ¢; are distances measured
from the bottom side of the side shell to the longitudinal where cracks are assumed
to be occurring (in the present case, ¢; = ¢; = 360 mm for damage cases #1 to

#4, ¢y = 360 mm and ¢; = 240 mm for damage cases #5 to #8), d; and d; are the
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maximum possible crack lengths at two damage locations, respectively; the values
of di and d, were used for normalizing crack lengths so that Equation 6.2 becomes
dimensionless. Total possible crack lengths in this investigation were taken as the
longitudinal’s flange width plus the horizontal’s web depth for the values of 4; and
d> (dy = dy = 49.4 mm for damage cases #1 to #4, d; = 49.4 mm and d; = 67.5 mm for
damage cases #5 to #8), L is the side shell plate length (L = 600 mm) and o, oy, o
are coefficients that would be determined from the equation. A similar algebraic
equation could also be developed when three damage indicator values, €;, obtained
from three different sensors (accelerometers or strain gages) from three different
locations are utilized for identifying the crack lengths and locations.

For three different damage cases from the same sensor, Equation 6.2 can be

expressed in matrix form as,

- / \

e 1 VCii+Cr2 (Cii+Cr2) oo
| e L: 1 VCui+Cz (Ca+Cx) | | & ¢ (6.3)

€3 Ll VG1+ G (G +C3) oy

\ J 4\ J

where

or in a compact form

{e} =[C){«} (6.4)
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where {e} is a vector containing the damage indicator values, [C] is a ix3 matrix
containing information about crack lengths and locations and {a} is a vector con-
taining the coefficients.

Steps utilized to estimate the damage indicator amplitudes, e;, using Equation
6.2 were: (a) using the known values of ¢y, ¢3, di, d3, L, a;1, a» and e; under already
known three damage cases (e, e;, and e3) the coefficients o were determined; (b)
for assumed (or known) values of cracks length, values of e; and es could be extrap-
olated using the constants a’s obtained from step (a); es could also be extrapolated
using the values of e;, e3, and e4, the one that gives better correlation with the
measured damage indicator is used. Tables 6.2 to 6.4 present the damage indicator
amplitudes along with the error obtained from the above mentioned extrapolation
procedure.

The procedure produced good results for damage cases #1 to #4 especially for
numerical values of accelerometers #4 and #5; the absolute error was less than 6%
maximum. For numerical e; extrapolated from response of accelerometer #1 (lo-
cated on the flange of longitudinal #2) a maximum error of 18.6 % was observed
whereas the error for the experimental values were between -5.9% to 9.2%. From
Table 6.2 it appears that applying the scheme most of the e4 values were underesti-
mated while most of the es values were overestimated. The error in extrapolated e;
values using strain gage response (given in Table 6.3) ranged from -12.6% to 17.7%.
Unlike the values estimated from acceleration response, most of e; estimated from
strain gage response data were underestimated, see Table 6.3. As seen in Table 6.4

for damage cases #5 to #8, error in extraplotated value for e4 ranged from -5.7% to
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5.8% whereas the error for es ranged from -7.7% to 18.3%. In all sensors and dam-
age cases examined, maximum error occured in extrapolating the value of es. This
scheme would have given better results if it was applied to smaller crack growth in
each incremental step.

An attempt was also made to estimate crack lengths at two locations for known
value of e; (actual e, or es value given in Table 6.2). Equation 6.2 with computed o’s
was solved for the crack lengths by using an iteration technique. In this study ini-
tial crack values were chosen and iterations were carried out using an incremental
crack length until the difference between the known e; value and the one obtained
from the iteration were within the prescribed error tolerance. The actual and es-
timated crack lengths for e; values of accelerometers #1, #4, and #5 are presented
in Table 6.5. The crack lengths obtained using the technique were very close to
the actual crack lengths (they had a maximum error of -3%). However it was ob-
served that the technique was sensitive to initial values chosen for the iteration. If
the initial values were chosen away from the actual crack lengths, employing this
technique would result in erroneous results. It would be due to the fact that the
crack growth (crack length difference from one damage case to other) was rather
large (the largest crack growth investigated was 10 mm for damage cases #1 to #4
and 16 mm for damage cases #5 to #8). Another crack identification scheme using
the rms values is also proposed and its capability to determine crack lengths and

locations is demonstrated in the next subsection.
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Table 6.2: Comparison of simulated/measured damage indicator (e;) values with extrapolated values based on accelera-
tion response data for cases #1 to #4

The damage indicator (e;) values obtained using response of

e; i accelerometer #1 accelerometer #4 accelerometer #5
num. exp. of model num. exp. of model num. exp. of model
#1 #2 #3 #1 #2 #3 #1 #2 #3

1.758 | 1.225 | 1.397 | 1.421 | 1.011 | 1.089 | 1.078 | 1.073 | 1.011 | 1.082 | 1.064 | 1.078
1.793 | 1.247 | 1.438 | 1.439 | 1.025 | 1.104 | 1.089 | 1.094 | 1.025 | 1.106 | 1.076 | 1.101

actual | 4
5

extrp. |4 | 1.948 | 1.185 | 1.340 | 1.417 | 1.013 |{1.102 | 1.049 | 1.038 | 1.013 | 1.053 | 1.044 | 1.065
5
4

2.127 | 1.261 | 1.353 | 1.512 | 1.016 | 1.133 | 1.189 | 1.184 | 1.016 | 1.165 | 1.158 | 1.118
error 10.808 | -3.265 | -4.080 | -0.281 | 0.193 | 1.194 | -2.690 | -3.262 | 0.194 | -2.680 | -1.880 | -1.206
(%) |5]18.628 | 1.123 | -5.911 | 5.073 | -0.843 | 2.627 | 9.183 | 8.227 | -0.830 | 5.335 | 7.621 | 1.544

num.: numerical values; exp.: experimental values; extrp.: extrapolated values using Equation 6.2

Table 6.3: Comparison of simulated/measured damage indicator (e;) values with extrapolated values based on strain
response data for cases #1 to #4

The damage indicator (e;) values obtained using response of
e; i strain gage #1 strain gage #4 strain gage #6
num. exp. of model num. exp. of model num. exp. of model
#1 #2 #3 #1 #2 #3 #1 #2 #3

actual |4 | 0.959 | 0.775 | 1.000 | 0.979 | 0.835 | 0.754 | 0.918 | 0.902 | 0.718 | 0.726 | 0.983 | 0.838
5| 1.000 | 1.000 | 1.004 | 1.000 { 1.000 | 1.000 | 1.000 { 1.000 | 1.001 { 1.000 | 1.000 | 1.000

extrp. | 4 | 0.960 | 0.750 | 0.914 | 0.935 | 0.868 | 0.678 | 0.838 | 0.879 | 0.698 | 0.719 | 0.859 | 0.776
5| 0974 | 1.044 | 0917 | 0.973 | 0931 | 1.065 | 0.929 | 1.054 | 0.916 | 1.154 | 0.903 | 1.177

error | 4| 0.104 | -3.226 | -8.600 | -4.494 | 3.952 | -10.080 | -8.715 | -2.550 | -2.786 | -0.964 | -12.614 | -7.399
(%) |5 |-2.600| 4.400 | -8.665 | -2.700 | -6.900 | 6.500 | -7.100 | 5.400 | -8.492 | 15.400 | -9.700 | 17.700

num.: numerical values; exp.: experimental values; extrp.: extrapolated values using Equation 6.2
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Table 6.4: Comparison of simulated/measured damage indicator (e;) values with extrapolated values based on accelera-

tion response data for cases #5 to #8

The damage indicator (e;) values obtained using response of

e; i accelerometer #1 accelerometer #4 accelerometer #5
num. exp. of model num. exp. of model num. exp. of model
#1 #2 #3 #1 #2 #3 #1 #2 #3

actual | 4 | 1.291 | 1.133 | 1.138 | 1.136 | 1.263 | 1.230 | 1.148 | 1.169 | 1.262 | 1.227 | 1.133 | 1.138
511385 | 1.155 | 1.162 | 1.157 | 1.680 | 1.253 | 1.216 | 1.204 | 1.681 | 1.255 | 1.188 | 1.189

extrp. (4 | 1.269 | 1.103 | 1.105 | 1.132 | 1.257 | 1.268 | 1.083 | 1.149 | 1.255 | 1.298 | 1.100 | 1.120
5| 1278 | 1.105 | 1.114 | 1.176 | 1.593 | 1.336 | 1.373 | 1.279 | 1.583 | 1.484 | 1.290 | 1.295

error | 4 |-1.704 | -2.648 | -2.900 | -0.352 | -0.475 | 3.089 | -5.662 | -1.711 | -0.555 | 5.786 | -2.913 | -1.582
(%) |5 |-7.726 | -4.329 | -4.131 | 1.642 | -5.179 | 6.624 | 12.911 | 6.229 | -5.830 | 18.247 | 8.586 | 8.915

num.: numerical values; exp.: experimental values; extrp.: extrapolated values using Equation 6.2

Table 6.5: Actual and estimated crack lengths from accelerometer response and the error

Damage | Crack Crack lengths obtained from response of accelerometer
case location #1 #4 #5
actual | estm. | error (%) | actual | estm. | error (%) | actual | estm. | error (%)
3 1 20.00 | 20.13 0.625 20.00 | 20.05 | 0.250 20.0 | 20.0 -0.250
2 20.00 | 20.21 1.037 20.00 | 20.15| 0.750 20.0 | 20.1 0.250
4 1 2540 | 2498 -1.646 | 25.40 | 25.55| 0.591 254 | 255 0.197
2 30.80 | 30.32 | -1.567 30.80 [ 30.90 | 0.325 30.8 | 30.5 -0.974
7 3 20.00 | 19.80 | -1.000 | 20.00 | 19.95 | -0.250 | 20.00 | 20.10 | 0.500
4 32.00 | 31.25 | -2.344 | 32.00 | 32.25| 0.781 32.00 | 32.25 | 0.781
8 3 30.80 { 30.05 | -2.435 30.80 | 30.20 | -1.948 | 30.80 | 30.20 { -1.948
4 41.70 | 42.30 1.439 41.70 | 42.45 1.799 41.70 | 42.45 1.799

estm.: estimated crack length using Equation 6.2



6.2.2 The rms Obtained from Numerical Simulations

As mentioned earlier, the rms of structural response will change by different amounts
when a crack occurs. The changes may be insignificant at some locations while
it may be significant at others. At locations where the response changed signifi-
cantly, the rms values of the response of a cracked structure will be different from
its value for the intact structure. Since changes in response may not be significant
at all locations, the sensor locations where response changes appreciably, due to
the presence of cracks in the structure, were investigated earlier and the results
reported in Chapter 5.

Results of simulations using ABAQUS reported in this investigation were based
on the assumption that the response had zero mean. For response having non-
zero mean (for instance response data measured from an experimental test), a
preprocessing procedure as described in the previous chapter is needed to obtain
Z€ro mean response.

The proposed scheme aims at identifying the crack location and length without
prior knowledge of excitations applied on the structure and its modal character-
istics. The use of the rms values of the vibration response is demonstrated. Two
types of response are employed: acceleration, and strain. Numerical simulations,
using the finite element computer program ABAQUS, were carried out to obtain
the rms values of the response at the locations of the sensors, see Figure 5.9. In
this investigation two frequency ranges were considered independently. The first
range spanned frequency values from 200 Hz to 600 Hz, and the second range

spanned frequency values from 200 Hz to 1200 Hz. In the following discussion,
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the first range will be referred as the 600 Hz range and the second range will be
referred as the 1200 Hz range. The rms response values in the two ranges were
computed and utilized to validate the crack identification scheme. These values
were selected because the rms response values changed near these two frequen-
cies. Within these frequency ranges, the rms values were sensitive to damage.
Within the 600 Hz range, the sensitivity of rms response values to damage was
rather limited, whereas within the 1200 Hz range the rms response values changed
appreciably especially for rms of acceleration response, see Figures 5.15 and 5.16.

Tables 6.6 and 6.7 show the locations and lengths of the cracks used to obtain
the simulations for different cases. The row number i and column number j in
Tables 6.6 and 6.7 relate the simulated crack cases. Thus, in simulations #1 to
#4, there was no crack at location 2, and the crack length at location 1 progressed
from 0.0 to 25.4 mm in four stages (0.0 mm, 10.0 mm, 20.0 mm and 25.4 mm). The
corresponding rms values can be found in Table 6.8, by using the row and column
numbers given in Table 6.6. Thus, the rms values for the response at accelerometer
#1, obtained from simulations #1 to #4, between frequency ranges from 200 Hz to
600 Hz were 0.105584, 1.000000, 0.245303, and 0.290959, respectively, see Table
6.8 (a). Values of the rms response in Tables 6.8 (b), (¢), (d) and (e) can be related
to other simulations given in Table 6.6 in the same way.

Tables 6.9 (a), (b), (¢), (d) and (e) show the rms values obtained at the locations
of accelerometers #1, #2 and #4 for damage cases #5 to #8, for the two frequency
ranges of 200 Hz to 600 Hz (the 600 Hz range) and 200 Hz to 1200 Hz (the 1200

Hz range), respectively. The rms values tabulated in Table 6.9 were related to
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simulations given in Table 6.7. The rms values for all damage cases and frequency

ranges are presented in Tables F.1 to F.18 in Appendix F.

Damage Identification Scheme

This section discusses the damage identification scheme developed in this study.
The scheme uses the rms of response obtained from ABAQUS after normalizing
the values. The method described below is for computing the damage indicator, ¢;;,
obtained from normalized rms values. The computation is necessary for identify-
ing the definable trend present in the rms values when the crack length increases
since the rms response values did not increase consistently due to increasing crack
length. After computing the damage indicator values, the values are plotted (along
the z- axis) in a three dimensional plot, plotting the crack lengths at two differ-
ent locations along the x- and y- axes, respectively. A horizontal plane along any
of the damage indicator magnitude will give a curve along which the damage in-
dicator will have the same value (called as equi-value, in this study) for various
crack lengths and two different locations. This proposed scheme was performed by
employing MATLAB scripts.

The results of the analysis using the rms values suggest the use of a quantity

denoted by e;;, as a damage indicator, which can be expressed as

eij =€ j-1 +lll’ij — l[/i,j_1| i=1,2,...nrow, j=2,...ncol (6.5)
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Table 6.6: Numerical simulations carried out for damage cases #1 to #4

No | row | column Crack lengths (in mm) at crack locations
no. no. | location 1 | location 2 [ location 3 | location 4
1 1 1 0.00 0.00 none none
2 1 2 10.0 0.00 none none
3 1 3 20.0 0.00 none none
4 1 4 25.4 0.00 none none
5 2 1 0.00 10.0 none none
6 2 2 10.0 10.0 none none
7 2 3 20.0 10.0 none none
8 2 4 25.4 10.0 none none
9 3 1 0.00 20.0 none none
10 3 2 10.0 20.0 none none
11 3 3 20.0 20.0 none none
12 3 4 254 20.0 none none
13 4 1 0.00 30.8 none none
14 4 2 10.0 30.8 none none
15 4 3 20.0 30.8 none none
16| 4 4 25.4 30.8 none none

Table 6.7: Numerical simulations carried out for damage cases #5 to #8

No | row | column Crack lengths (in mm) at crack locations
no. no. | location 1 | location 2 | location 3 | location 4
1 1 1 none none 0.00 0.00
2 1 2 none none 10.0 0.00
3 1 3 none none 20.0 0.00
4 1 4 none none 30.8 0.00
5 2 1 none none 0.00 16.0
6 2 2 none none 10.0 16.0
7 2 3 none none 20.0 16.0
8 2 4 none none 30.8 16.0
9 3 1 none none 0.00 32.0
10 3 2 none none 10.0 32.0
11( 3 3 none none 20.0 32.0
12| 3 4 none none 30.8 32.0
13| 4 1 none none 0.00 41.7
14| 4 2 none none 10.0 41.7
15| 4 3 none none 20.0 41.7
16 | 4 4 none none 30.8 41.7
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Table 6.8: The rms of accelerometers #1, #2 and #4 for damage cases #1 to #4

(a) accelerometer #1 for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) 0.0 10.0 20.0 25.4
0.0 0.105584 | 1.000000 | 0.245303 | 0.290959
10.0 0.104110 | 0.995261 | 0.242488 | 0.287847
20.0 0.104261 | 0.986744 | 0.242265 | 0.287413
30.8 0.100556 | 0.951480 | 0.233846 | 0.277608

(b) accelerometer #1 for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) 0.0 10.0 20.0 254
0.0 0.103818 | 1.000000 | 0.240596 | 0.283886
10.0 0.102187 | 0.993850 | 0.237445 | 0.280406
20.0 0.102185 | 0.983620 | 0.236847 | 0.279534
30.8 0.097625 | 0.940259 | 0.226511 | 0.267575

(c) accelerometers #2 for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) | 1(0.0) 2(10.0) | 3(20.0) 4(25.4)
0.0 0.501359 | 1.000000 | 0.688031 | 0.742983
10.0 0.494783 | 0.998037 | 0.679659 | 0.734324
20.0 0.495496 | 0.985786 | 0.679851 | 0.734278
30.8 0.478974 | 0.948753 | 0.656963 | 0.709952

(d) accelerometer #4 for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) 0.0 10.0 20.0 254
0.0 0.998752 | 0.993378 | 0.987731 | 0.972806
10.0 0.998768 | 0.993565 | 0.987920 | 0.972992
20.0 0.998972 | 0.993769 | 0.988121 | 0.973189
30.8 1.000000 | 0.994791 | 0.989137 | 0.974187

(e) accelerometer #4 for freq

uency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) 0.0 10.0 20.0 25.4
0.0 1.000000 | 0.982223 | 0.948839 | 0.874970
10.0 0.999199 | 0.981353 | 0.947818 | 0.873754
20.0 0.999450 | 0.981499 | 0.947735 | 0.873329
30.8 0.994341 | 0.975746 | 0.940885 | 0.864989
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Table 6.9: The rms of accelerometers #1, #2 and #4 for damage cases #5 to #8

(a) accelerometer #1 for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 3 (mm)

location 4 (mm) 0.0 10.0 20.0 30.8
0.0 0.483036 | 1.000000 | 0.734159 | 0.816648
16.0 0.478977 | 0.909558 | 0.731732 | 0.815722
32.0 0.480675 | 0.871124 | 0.754886 | 0.841974
41.7 0.469188 | 0.719192 | 0.759070 | 0.848456

(b) accelerometer #1 for frequency rang

e of 200 Hz to 1200 Hz

Crack length at Crack length at location 3 (mm)

location 4 (mm) 0.0 10.0 20.0 30.8
0.0 0.582147 | 0.577807 | 0.885799 | 0.978960
16.0 0.575034 | 0.571568 | 0.876037 | 0.971673
32.0 0.590234 | 0.600039 | 0.902352 | 1.000000
41.7 0.591009 | 0.605092 | 0.900563 | 0.999717

(c) accelerometer #2 for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 3 (mm)

location 4 (mm) 0.0 10.0 20.0 30.8
0.0 0.471210 | 1.000000 | 0.701730 | 0.803186
16.0 0.466431 | 0.919879 | 0.700682 | 0.803293
32.0 0.465378 | 0.869844 | 0.717328 | 0.823508
41.7 0.451394 | 0.717964 | 0.721247 | 0.829722

(d) accelerometer #4 for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 3 (mm)

location 4 (mm) 0.0 10.0 20.0 30.8
0.0 1.000000 | 0.978761 | 0.924088 | 0.719817
16.0 0.934999 | 0.904899 | 0.843783 | 0.631160
32.0 0.885427 | 0.803055 | 0.736945 | 0.515378
41.7 0.666299 | 0.617627 | 0.548360 | 0.319802

(e) accelerometer #4 for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 3 (mm)

location 4 (mm) 0.0 10.0 20.0 30.8
0.0 0.786780 | 0.769185 | 0.823992 | 0.920877
16.0 0.817335 | 0.796920 | 0.848333 | 0.936817
32.0 0.836828 | 0.825072 | 0.875290 | 0.959432
41.7 0.902625 | 0.876868 | 0.923842 | 1.000000
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or

eij :e,-_l,j+|l//,~j - l[l,'_1’]" i=2,...nrow, j=1,2,...ncol (6.6)

where the value of eq; is taken equal to y;; which denotes the rms value for intact
condition, i and j indicate the simulated damage case considered. The values of i
and j are given in the second and third columns of Tables 6.6 and 6.7.

The damage indicator, e;;, values given in Equation 6.5 satisfy the following

condition:

“ei—l:sz < ”eisz or Hei—l,juz > “eij“z (6.7)

where [ej-1,l, = \/ek1 +e2 5+ +e2 0 and fley]l, = /e, +ey+ ... +e?

i,ncol

whereas e;;, values given in Equation 6.6 satisfy the condition:

lesj-tll, <llesill, or[lesj-ill, > fleil, (6.8)

where ||e; j_1|, = \/eij_l +e}, +...+ek . and||ejl,=1/e? +e+... €2,

It can be seen from Tables 6.8, 6.9 and the rms values presented in Appendix
F that the rms values do not follow a definable trend (decreasing or increasing)
when the crack length increases. Applying Equations 6.5 and 6.7 or Equations 6.6
and 6.8 the rms values were transformed into values that have an increasing trend
due to the increase of crack lengths. This trend is a requisite step for the damage
identification scheme developed in this section. Values for the damage indicator

calculated for various cases are given in Tables 6.10 and 6.11. The same scheme
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that relates Table 6.8 to Table 6.6 and Table 6.9 to Table 6.7 can be used to relate
the values of the damage indicator in Tables 6.10 and 6.11 for the different simu-
lations shown in Tables 6.6 and 6.7. The e;; values obtained using accelerometer
and strain gage response for all damage cases are given in Tables G.1 to G.18 in
Appendix G.

Figures 6.1 (a, b, ¢c and d) show the three dimensional plots for the rms values
and the values of the crack indicator, e;;, for the 600 Hz frequency range plotted
as a function of crack lengths at crack locations 1 and 2. The four plots are for
the accelerometers #1 and #4, for the damage cases #1 to #4 (shown in Table 5.1).
Figures 6.2 (a, b, ¢ and d) show the plots of the rms and e;; as a function of crack
lengths at locations 3 and 4 (for accelerometers #1 and #4) for damage cases #5 to
#8 (shown in Table 5.1).

The fact that magnitude of ¢;; is a function of crack length and location indicates
that a horizontal plane through a certain magnitude of e;; will give a curve (in the
horizontal plane) that relates the crack sizes at the two locations (1 and 2 or 3 and
4). This curve is called the equi-value curve, denoted by ep, and has the same e;;
magnitude for different combinations of crack sizes at two locations for a particular
sensor. To obtain the unknown values of crack length (at the two locations) at least
two such curves are needed. The crack length and location would be given from
the intersection of the curves. In practice, however, three curves were sometimes
required to obtain the correct intersection point since two curves of equi-value of
e;j intersect at more than one point. Curves of equi-value of the damage indicator

(ep) for the two frequency ranges are shown in Figures 6.3 to 6.5. Each curve in
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Table 6.10: The e; values of accelerometers #1, #2 and #4 for damage cases #1 to
#4 (crack size in mm for various of i, j values are given within the brackets)

(a) accelerometers #1 for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)
location 2 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(25.4)
1(0.0) 0.105584 | 1.000000 | 1.754697 | 1.800353
2(10.0) 0.104110 | 0.995261 | 1.748035 | 1.793394
3(20.0) 0.104261 | 0.986744 | 1.731223 | 1.776370
4(30.8) 0.100556 | 0.951480 | 1.669114 | 1.712876

(b) accelerometers #1 for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 1 (mm)
location 2 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(25.4)
1(0.0) 0.103818 | 1.000000 | 1.759404 | 1.802695
2(10.0) 0.102187 | 0.993850 | 1.750255 | 1.793215
3(20.0) 0.102185 | 0.983620 | 1.730393 | 1.773080
4(30.8) 0.097625 | 0.940259 | 1.654008 | 1.695071

(c) accelerometers #2 for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)
location 2 (mm) 1(0.0) 2(10.0) 3(20.0) 4(25.4)
1(0.0) 0.501359 | 1.000000 | 1.311969 | 1.366921
2(10.0) 0.494783 | 0.998037 | 1.316415 | 1.371080
3(20.0) 0.495496 | 0.985786 | 1.291721 | 1.346148
4(30.8) 0.478974 | 0.948753 | 1.240542 | 1.293531

(d) accelerometers #4 for fre

quency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)
location 2 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(25.4)
1(0.0) 0.998752 | 0.993378 | 0.987731 | 0.972806
2(10.0) 0.998768 | 0.993565 | 0.987920 | 0.972992
3(20.0) 0.998972 | 0.993769 | 0.988121 | 0.973189
4(30.8) 1.000000 | 0.994791 | 0.989137 | 0.974187

(e) accelerometers #4 for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 1 (mm)
location 2 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(25.4)
1(0.0) 1.000000 | 0.982223 | 0.948839 | 0.874970
2(10.0) 1.000801 | 0.983094 | 0.949859 | 0.876185
3(20.0) 1.001052 | 0.983240 | 0.949943 | 0.876610
4(30.8) 1.006160 | 0.988993 | 0.956792 | 0.884950
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Table 6.11: The e;; values of accelerometers #1, #2 and #4 for damage cases #5 to
#8 (crack size in mm for various of i, j values are given within the brackets)

(a) accelerometers #1 for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 3 (mm)
location 4 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(30.8)
1(0.0) 0.483036 | 1.000000 | 1.265841 | 1.348331
2(16.0) 0.478977 | 0.909558 | 1.087385 | 1.171375
3(32.0) 0.480675 | 0.871124 | 0.987363 | 1.074451
4(41.7) 0.469188 | 0.719192 | 0.759070 | 0.848456

(b) accelerometers #1 for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 3 (mm)

location 4 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(30.8)
1(0.0) 0.582147 | 0.577807 | 0.885799 | 0.978960
2(16.0) 0.589261 | 0.584047 | 0.895562 | 0.986247
3(32.0) 0.604461 | 0.612517 | 0.921877 | 1.014575
4(41.7) 0.605236 | 0.617570 | 0.923666 | 1.014857

(c) accelerometers #2 for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 3 (mm)
location 4 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(30.8)
1(0.0) 0.471210 | 1.000000 | 1.298270 | 1.399727
2(16.0) 0.466431 | 0.919879 | 1.139077 | 1.241688
3(32.0) 0.465378 | 0.869844 | 1.022361 | 1.128541
4(41.7) 0.451394 | 0.717964 | 0.721247 | 0.829722

(d) accelerometers #4 for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 3 (mm)
location 4 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(30.8)
1(0.0) 1.000000 | 1.021239 | 1.075912 | 1.280183
2(16.0) 0.934999 | 0.965098 | 1.026214 | 1.238837
3(32.0) 0.885427 | 0.967800 | 1.033909 | 1.255476
4(41.7) 0.666299 | 0.714972 | 0.784238 | 1.012796

(e) accelerometers #4 for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 3 (mm)

location 4 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(30.8)
1(0.0) 0.786780 | 0.804375 | 0.859182 | 0.956067
2(16.0) 0.817335 | 0.837749 | 0.889161 | 0.977646
3(32.0) 0.836828 | 0.848585 | 0.898803 | 0.982945
4(41.7) 0.902625 | 0.928382 | 0.975355 | 1.051514
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Figure 6.1: Three-dimensional plot of the normalized rms and e;; computed from

response of acceleration #1 and #4 for the 600 Hz frequency range for damage cases
#1 to #4
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response of acceleration #1 and #4 for the 600 Hz frequency range for damage cases
#5 to #8
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these figures has the same value of ¢;; for the given frequency range. For instance,
the three curves shown in Figure 6.3 (a) are drawn for: (i) Amplitudes of 0.105584
and 0.103818 for e;;, for the two frequency ranges between 200 Hz to 600 Hz and
200 Hz to 1200 Hz., of accelerometer #1; and (ii) An amplitude of 0.501359 for e;;,
for the frequency range between 200 Hz to 600 Hz, for accelerometer #2. These
amplitudes were obtained from the values of e;; shown in Tables 6.10 (a), (b) and
(c) when the 0.0 mm crack occurred at location 1 and no crack occurred at location
2. By plotting these three curves at a single plot, crack sizes and locations can be
determined from the point of intersection of the ey curves. In Figure 6.3 (a) the
intersection point indicates that there is a crack of length 0.0 mm at location 1,
and 0.0 mm at location 2.

In a similar manner, Figure 6.3 (b) was plotted using the values in Table G.4
(or Tables 6.10 (d) and (e)) and Table G.5 in Appendix G (equi-values for the three
intersecting ey curves are 0.993378, 0.982223 and 0.875832, respectively). The
common intersection location in Figure 6.3 (b) indicates that there are cracks at
locations 1 and 2, whose lengths are 9.8 mm, and 0.0 mm, respectively. It is seen
from Figure 6.3 that by using a minimum of two curves of ey, the equi-value of the
damage indicator, the crack sizes and locations can be identified; use of the third
curve gives better certainty for the point of intersection.

Similarly Figures 6.4 (a), (b), (c) and (d) were obtained by using the correspond-
ing tables computed for strain gages, see Tables G.7 to G.12. In Figure 6.4 (d), ep
curves at amplitudes of 0.813171 and 0.986866 (computed from response of strain

gages #4 and #5) for damage case #3 were employed to obtain the crack lengths

148



and locations. It can be diagnosed from Figure 6.4 (d) that crack size at location 1
was 20.2 mm and crack length at location 2 was 20.0 mm. Figures 6.5 show similar
plots for damage cases #5 to #8. Once again the crack lengths are determined from
the intersection of these ey curves.

Tables 6.12 (a) and (b) present identified crack lengths at locations using ep
values obtained acceleration and strain response for all damage cases. Excellent
results were obtained. The error between identified and the actual crack length
was within + 2%. These results showed that the method can be used to identifiy
acurately crack length and location.

A preliminary investigation on the sensitivity of the identified crack lengths and
location when an error occurs in e;; value, was also carried out. It was found that
by introducing a 2.5 % difference on crack lengths, the difference in the damage
indicator was nearly 5%. For instance using response of accelerometers #4 and #5,
see Figure 6.3 (c), when the crack lengths at locations 1 and 2 were 19.5 mm and
10.2 mm a -5% error in was found in the damage indicator. Also when crack lengths
of 20.5 mm and 9.7 mm occurred at crack locations 1 and 2 a +5% error in e;; was

observed. Similar computation can be made for other sensors and locations.

6.3 The Amplitude of D,, Function

As stated earlier in this chapter amplitudes of Dy, functions could also be used to
identify the occurrence of crack in the stiffened plate model since the amplitudes

increased consistently as crack lengths at a location grew larger, see section 5.5.3
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(b) eg plots of two different accelerome-
ters #4 and #5 (accelerometer #4 at two
frequency ranges) for damage case #2
(eg = 0.987920, 0.949859 and 0.832525).
Diagnosis: crack size at location 1 ~ 19.9
mm and crack size at location 2 ~ 10.2 mm

(a) eg plots of two different accelerome-
ters #4 and #5 (accelerometer #4 at two
frequency ranges) for damage case #1
(ep = 0.993378, 0.982223 and 0.875832).
Diagnosis: crack size at location 1 ~ 9.8
mm and crack size at location 2 ~ 0.0 mm

35

35
30 “Z) 30 . ”“¢o
25 i’p e d
= -~ | e
E 20 E 20
: ;5 nd ~ "" g
-~ 15} i o 15¢ 5 22
5 i = S ]
i ) S S °
w0t i 10 o/ v
5t ; 4 5t l&" H g
£ o i ~—
S o o
19 20 21 22 23 24 25 26 %l 22 23 24 25 26
crl-1 (mm)

crl-1(mm)
(c) eg plots of two different accelerome- (d) ey plots of two different accelerome-
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Figure 6.3: Crack identifications using equi-value of e;; (eg) obtained from acceler-
ation response for damage cases #1, #2, #3 and #4
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(c) eg plots of two different strain gages #4
and #5 for damage case #3 (eg = 0.813171
and 0.986866). Diagnosis: crack size at lo-
cation 1 =~ 20.2 mm and crack size at loca-
tion 2 = 20.0 mm

30
25 [ 'o'

20

Q
oo B,

15

crl-2 (mm)

Ll T

. e, (str#6-600Hz)
r

»
>
s
I
&
I

5t ; 4
S
J
I
4
S
/
J
s

0 ( —_

0 5 10 15 20 25 30
crl-1 (mm)

(b) eg plots of two different strain gages #5
and #6 for damage case #2 (eg = 0.979810
and 0.653599). Diagnosis: crack size at lo-
cation 1 ~ 20.0 mm and crack size at loca-
tion 2 ~ 9.8 mm
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(d) eq plots of two different strain gages #4
and #5 for damage case #4 (eg = 1.048878
and 1.046320). Diagnosis: crack size at lo-
cation 1 ~ 25.8 mm and crack size at loca-
tion 2 =~ 30.2 mm

Figure 6.4: Crack identifications using equi-value of e;; (ep) obtained from strain
response for damage cases #1, #2, #3 and #4
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(b) ep plots of two different accelerome-
ters #1 and #3 for damage case #6 (eg =
0.895562 and 0.986124). Diagnosis: crack
size at location 3 ~ 19.9 mm and crack size
at location 2 ~ 16.2 mm
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(d) ep plots of two different accelerome-
ters #5 and #6 for damage case #8 (eg =
1.027404 and 0.994211). Diagnosis: crack
size at location 3 = 30.9 mm and crack size
at location 4 ~ 42.0 mm

Figure 6.5: Crack identifications using equi-value of e;; (ep) obtained from acceler-
ation response for damage cases #5, #6, #7 and #8
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Table 6.12: Identified crack length using e of acceleration and strain response and
the error

(a) Damage cases #1 to #4
Damage | ep obtained from acceleration | ep obtained from strain
case # location 1 location 2 location 1 location 2
1 9.8 (-2.0%)| 0.0 (0.0%) |10.1 (1.0%)| 0.0 (0.0%)

2 19.9 (-0.5%) | 10.2 (2.0%) | 20.0 (0.0%) ! 9.8 (-2.0%)
3 20.0 (0.0%) | 20.2 (1.0%) |20.2 (1.0%) | 20.0 (0.0%)
4 253 (-0.4%) { 31.0 (0.6%) | 25.8 (1.6%) | 30.2 (-1.9%)

Note: values given within the brackets are the error

(b) Damage cases #5 to #8
Damage | ep obtained from acceleration
case # location 3 location 4

5 10.0 (0.0%) | 0.0 (0.0%)
6 19.9 (-0.5%) | 16.2 (1.3%)
7 20.0 (0.0%) | 32.2 (0.6%)
8 309 (0.3%) | 42.0 (0.7%)

Note: values given within the brackets are the error

in Chapter 5. In this section similar procedure presented in section 6.2.1 is imple-
mented. A damage indicator, which is akin to Equation 6.1, was used and then an
algebraic function was employed to estimate the amplitude and crack sizes. The

damage indicator was computed using the expression given below,

D.t=Drit1+|Dni— Dpi-1| £k=2,3,4 (6.9)

where D, ; is taken equal to Dy;. It can be recognized easily that Equation 6.9 is
similar to Equation 6.1; only the variable is different. To extrapolate the amplitude

of D, Equation 6.2 was utilized. For cracks occurring at one location, the equation
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can be written as,

Dy~ oo tany/(S) (%) +an (£) (%) 6.10)

where g is crack length d the maximum possible crack lengths at a damage loca-
tion.

The scheme implemented for damage assessment in this section is similar to the
damage identification scheme described section 6.2.1. In this study eight damage
cases were investigated. In the first four cases cracks occurred at location 1 and
cracks occurred at location 3 in last four cases, see Table 5.2. Damage indicator
values obtained from Equation 6.9 for intact and the first two damage cases (cases
#1a, #1b for cracks occurred at location 1 or cases #5a, #5b for cracks at location
3) were fitted to obtain the coefficients, o’s. Using coefficients («), Equation 6.10
was employed to extrapolate the damage indicator for damage case #1c for cracks
occurring at location 1 or damage case #5c for cracks at location 3. To estimate the
crack size for known values of the damage indicator for damage case #1c or #5c,
the Equation 6.10 was solved for the crack length, 4;, using an iteration method
with initial crack length value of q;_;. Damage indicator value and crack size for
case #1 and #5 were estimated in the same way.

Table 6.13 shows the actual and extrapolated values of the amplitude of D, and
crack sizes for damage cases #1c and #1 (crack occurred at location 1) and for dam-
age cases #5¢ and #5 (crack occurred at location 3) for response of accelerometers

#1 and #4. Good results are obtained. A maximum error (difference between ac-
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tual and extrapolated values) of 11% was observed in this investigation. The error
for numerical damage indicator ranged from -10.2% to 8.4 % whereas for experi-
mental damage indicator the error was nearly 11 % (plus and minus). The error
in estimated crack length was less than 10%. It was observed that the error was
8% maximum for numerical values while for experimental values the error ranged
from -9.3% to 8%. There was no trend in error as crack length increased. In damage
cases #1c to #1, the error of numerical D, values of accelerometer #1 decreased, see
Table 6.13 (a), and the error of experimental D, values of accelerometer#1 of model
#2 also decreased. However the error of experimental D, values of accelerometer#1
of model #3 increased. Problems in choosing initial values of crack lengths were

not encountered in this investigation since the crack growth was relatively small,

viz. 2.5 mm.

6.4 Summary

Damage identification schemes for on-line and off-line identification of cracks oc-
curring on orthogonally stiffened plate structure of a side shell model using the
rms and the amplitude of D, function have been presented in this chapter. A dam-
age indicator was proposed. It was demonstrated that the schemes could identify
the crack locations and sizes.

In the first scheme presented in this chapter, a damage indicator was computed
from the rms of response obtained from numerical and experimental investiga-

tions. To estimate the damage indicator values as cracks increased in lengths an
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algebraic function was developed and used. It was observed that the difference be-
tween the actual values and extrapolated values was a maximum of 18.6%. Crack
sizes could also be estimated by employing the function along with an iteration
procedure. Very good results were obtained; a maximum error of 3% was observed.
However the method required that the initial (as guessed) crack values be close
to the actual crack sizes. This requirement might be attributed that to relatively
large crack growth used in this study.

A damage identification scheme using numerically computed rms response to
obtain crack length and location was also presented. This scheme can be cate-
gorized as a nomogram technique. The scheme requires no knowledge of excita-
tion forces applied to the model and its modal frequencies. It was shown that
the scheme can be used to identify accurately the extent and the location of small
cracks occurring in the longitudinal’s flange and web.

The amplitude of the D, function was examined to assess damage in the inves-
tigated model. While the modal frequencies decreased and modal damping ratios
decreased and increased as the crack lengths grew, the D, amplitudes increased
consistently as a results of cracks occurred at a location. A damage indicator was
computed from the amplitudes of the D, function for different damage cases. An
algebraic function computed using the damage indicator values of three different
damage cases was employed to extrapolate the damage indicator values for subse-
quent damage cases with assumed crack sizes and locations. The algebraic function
was also utilized to estimate the crack sizes for known damage indicator values.

The scheme produced promising results with a maximum error of about 11%.
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Table 6.13: Actual and estimated numerical and experimental D, values of accelerometers #1 and #4 and the error

(a) Numerical values

Case Accelerometer #1 Accelerometer #4
# D, amplitude Crack length (mm) D, amplitude Crack length (mm)
actual | extrp. | error (%) | actual | estm. | error (%) | actual | extrp. | error (%) | actual | estm. | error (%)
lc | 0.549 | 0.493 | -10.200 | 7.50 | 7.75 3.333 | 0.540 | 0.497 | -7.963 7.50 | 7.75 3.333
1 1.000 | 0.918 | -8.200 | 10.00 { 10.25 | 2.500 | 1.000 | 0.903 | -9.700 | 10.00 | 10.80 | 8.000
5¢ | 0.632 | 0.669 | 5.854 7.50 | 7.25 | -3.333 | 0.616 | 0.654 | 6.169 7.50 { 7.25 | -3.333
5 1.000 | 1.084 | 8.400 | 10.00 | 9.75 | -2.500 | 1.000 | 1.048 | 4.800 | 10.00 | 9.75 | -2.500

(b) Experimental values of model #2

Case Accelerometer #1 Accelerometer #4
# D, amplitude Crack length (mm) D, amplitude Crack length (mm)
actual | extrp. | error (%) | actual | estm. | error (%) | actual | extrp. | error (%) | actual | estm. | error (%)
lc | 0.623 | 0.687 | 10.273 7.50 | 7.25 -3.333 | 0.725 | 0.704 | -2.965 750 | 1.75 3.333
1 1.000 | 1.027 | 2.700 10.00 | 9.75 -2.500 | 1.000 | 0.986 | -1.360 | 10.00 | 10.25 | 2.500
5¢ | 0.664 | 0.625 | -5.873 7.50 | 7.70 2.667 | 0.886 | 0.911 | 2.901 7.50 | 6.80 -9.333
5 1.000 | 1.012 1.200 10.00 | 9.80 -2.000 | 1.000 | 0.968 | -3.162 | 10.00 | 10.80 | 8.000

(c) Experimental values of model #3

Case Accelerometer #1 Accelerometer #4
# D, amplitude Crack length (mm) D, amplitude Crack length (mm)
actual | extrp. | error (%) | actual | estm. | error (%) | actual | extrp. | error (%) | actual | estm. | error (%)
lc | 0.681 | 0.731 | 7.342 7.50 | 7.25 | -3.333 | 0.821 | 0.828 | 0.777 7.50 | 7.25 | -3.333
1 1.000 | 1.098 | 9.800 | 10.00 { 9.30 | -7.000 | 1.000 [ 0.928 | 7.190 | 10.00 | 10.25| 2.500
5¢ | 0.582 | 0.519 | -10.825 | 7.50 | 7.75 3.333 |0.841 |0.873 | 3.889 7.50 | 7.25 | -3.333
5 1.000 | 0.979 | -2.100 | 10.00 | 9.70 | -3.000 | 1.000 | 1.081 | 8.066 | 10.00 | 9.30 | -7.000

extrp.: extrapolated value; estm.: estimated value using Equation 6.10




Chapter 7

Conclusions, Contributions and
Recommendations for Further
Investigation

7.1 Conclusions

The main objectives of this study are to study vibration response of orthogonally
stiffened plate model of a tanker’s side shell structure under intact and damaged
conditions and to develop methodologies that would aid in the on-line identification
of damage. The prototype ship considered in the investigation was 209.9 m in
length, 14.3 m in depth and 27.4 m in breadth. The side shell prototype structure
at the midship was 12 m long by 12 m high. The structure had two transverse web
frames and fourteen longitudinals of four different types. The side shell prototype
was designed using ABS (2003). By considering market availability of structural
members, the feasibility of fabrication, and the facilities available in the laboratory
for testing and measurement, one-twentieth aluminum models were designed and
fabricated. Results of the numerical study showed that the first five modes of the

model and the prototype were similar. In addition, the difference in the magnitudes
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of natural frequencies of similar modes of the model and prototype was less than
22.5%.

Vibration response of the orthogonally stiffened plate models were investigated
under intact and 8 (eight) different damage cases. The models were excited using
random forces whose dominant frequency was far separated (=~ 2 Hz) from the first
natural frequency of the models (= 580 Hz). To the author’s knowledge, this is
the first time a study of the dynamic response of a stiffened plate modeled struc-
ture under simulated wave forces has been attempted. Output-only modal analysis
was implemented. Modal parameters were extracted using random decrement and
Ibrahim time domain techniques.

Modal frequency, the root mean square (rms) of response and the amplitude
of D, functions (a function of natural frequency, damping ratio and response) ob-
tained from numerical and experimental investigations were examined as possi-
ble indicators for damage. Damage identification schemes were developed. The
schemes utilized a damage indicator computed using the rms response values. The
first proposed scheme employed an algebraic function whereas the second scheme
used equi-value of a damage indicator obtained using calibrated finite element sim-
ulations for determining the location and extent of cracks. Moreover a scheme us-
ing a damage indicator computed from the amplitude of D, functions was proposed.
The D, functions were obtained utilizing a neural network technique. It was found
that the D, amplitude was sensitive to damage occurred at the horizontal. In addi-
tion, crack lengths and locations could be identified accurately using equi-value of

the damage indicator obtained from numerical rms response. Based on the numer-
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ical and experimental investigations the following conclusions and contributions

have been made:

1. Natural frequencies change their magnitudes due to the presence of a damage
in a structure. These can be used as a damage indicator. Using the magni-
tude of natural frequency alone as a damage indicator could lead to false con-
clusions since natural frequency would not always decrease as crack lengths
increase. When cracks occurred at the intersection between a longitudinal
and transverse bulkheads (damage cases #1 to #4), modal frequencies of the
first four modes (which were torsional-flexure modes) did not change appre-
ciably whereas modal frequency of fifth mode (first bending mode) changed
significantly. When cracks occurred at the intersection between longitudinals
and a transverse web frame (damage cases #5 to #8) the modal frequencies of
the first four modes changed significantly whereas the frequency of the first

bending mode (fifth model frequency) did not change.

2. Damping ratios cannot be used as an indicator for damage. The changes in
the values of the damping ratio as a result of increasing crack lengths at one

or two simultaneous crack locations did not show consistent trends.

3. In order to identify the presence of cracks, it was observed that the sensing
accelerometers need not be mounted close to crack locations. Accelerometers
mounted on the transverse web frame #1 (or #2) showed changes in response
amplitudes as cracks occurred at the intersection between the longitudinal

and the bulkhead as well as at the intersection between the longitudinals
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and the transverse web frame.

4. Results of the experimental investigation showed that when a structure was
excited by random forces having a dominant frequency (~ 2 Hz), that was
far from the first natural frequency of the structure (=~ 580 Hz), it was found
necessary to have sampling rates nearly nine to ten times the magnitude of

the natural frequency of interest to obtain the correct modal frequencies.

In addition, a suitable preprocessing procedure for measured response, prior
to computation of the rms of response and modal parameters, was found nec-
essary, see section 5.4.5. A normalizing procedure was proposed to address
the problem of changes in the force autospectrum of the random excitations
from one measurement to the other. Since this difference in excitation force
autospectra resulted in different response amplitudes, the normalizing proce-

dure was utilized to standardize all measured response.

Numerical and experimental investigations carried out for this thesis showed
that the numerical and experimental values (natural frequency, the rms of re-
sponse and Dy, amplitude) had similar trends due to increasing crack lengths

although these values did not change to the same extent.

5. It was demonstrated that the amplitude of the D, function is an effective
damage indicator, especially for cracks occurring at one location. While nat-
ural frequencies did not decrease as a result of cracks (damage cases #1 to
#4 for mode 1) and the damping ratios showed no trend, the amplitude of

the D, function showed consistent changes due to the increase of even small
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crack lengths. For small cracks occurring at one location, the amplitude of the
D, function increased significantly and consistently. Therefore the amplitude
of the D, function could be used for identifying damage at the horizontal at

early stage.

. The use of an algebraic function for identifying cracks using the damage in-
dicator e;, obtained from the rms response values was proposed in this study.
It was observed that for the various damage cases investigated, the differ-
ence between the actual values and extrapolated values were less than 18.5%.
Crack sizes could also be estimated by employing the function along with an
iteration procedure. Excellent results were obtained. A maximum error of
3% was observed. However the method required that the initial (as guessed)
crack values be close to the actual crack lengths. This requirement might be

attributed to the relatively large crack growth interval used in this study.

The algebraic function was also utilized to estimate a damage indicator com-
puted from the amplitudes of the D, function for different damage cases. The
function was also used to estimate the crack sizes for known damage indicator

amplitude. The scheme produced promising results with a maximum error of

about 11%.

. A nomogram-based damage identification scheme using the rms response ob-
tained from finite element simulations was also developed. The scheme re-
quires no prior knowledge of the excitation forces applied to the model and its

modal frequencies. In this thesis, it was demonstrated that the scheme can
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be used to identify accurately the extent and the location of cracks.

Results of a preliminary investigation on the sensitivity of the identified crack
lengths using the scheme showed that by introducing a 2.5% difference on

crack length the difference in identified damage indicator was nearly 5%.

7.2 Recommendations for Further Investigation

Investigations reported for this thesis were carried out to examine response of or-
thogonally stiffened plate models of a side shell of tanker ship structure in air
under intact and damaged conditions. To obtain better understanding of the struc-
ture’s response under different damaged and operation conditions it is necessary

to carry out more advanced studies.

o Investigating the effects of local cracking on a prototype or modeled ship
structure utilizing its response. The research would involve: (i) finite element
modeling of ship; (ii) effects of damage at one or more specific location(s) on
the overall ship response; (iii) effects of different ship’s draft on the response
and other types of excitations; and (iv) conducting experimental studies of a

scaled model of a tanker ship structure.

¢ Identifying damage on-line, in a scaled model or prototype of tanker ship
structure, during simulated or real operational conditions so that the effect of

cracks on the response of a ship can be investigated.

¢ Investigating the use of the D, amplitude obtained from response containing
two or more modal frequencies with more than one crack location.
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Appendix A

Displacement Shape Changes due
to Cracks

Numerical investigations using finite element method were carried out to obtain
displacement shapes of the modeled structure under intact and damaged condi-
tions. Displacement shapes of longitudinal #2 and transverse web frame #1 are
presented in this appendix. Displacement shapes of the longitudinal in y- and z-
axis directions are shown in Figures A.1 to A.2 for damage cases #1 to #4 and in
Figures A.3 to A.4 for damage cases #5 to #8. Displacement shapes of transverse
web frame #1 in the x- and z- axis directions are presented in Figures A.5 to A.6 and
A.7 to A.8 for damage cases #1 to #4 and damage cases #5 to #8 respectively. From
these figures, it can be seen that the longitudinal acceleration response changes in
the y- axis direction are more significant than the changes in the z- axis direction
for all cases, see Figures B.1 to B.4. The changes in the x- and z- axis directions
of the web frame #1 for cases #1 to #4 are small for the first two modes, see Fig-
ures B.5 and B.6. Responses of the fifth mode show greater changes in the x- axis
direction than that in the z- axis direction. For cases #5 to # 8, the acceleration

response showed consistent and highly noticeable changes in the x- axis direction
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for all modes considered in this investigation for the longitudinal (horizontal stiff-
ener) #2 and the transverse web frame #1, see Figures B.7 and B.8 for the response
of transverse web frame #1. The response for transverse web frame #2 show that
significant changes occurred in mode 1 in the x- and z- axis directions. However
response changes in the x- axis direction was greater than those in the z- axis

direction, see Figures B.11 and B.12.
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Appendix B

Numerical Acceleration and Strain
Response

Numerical investigations on the modeled structure were carried out to examine
the acceleration and strain response of horizontals #2 and #3 and transverse web
frames #1 and #2. The results of these investigations were utilized to determine
the excitation point, acceleration and strain gage locations. The acceleration and
strain response were normalized using the largest response under intact and dam-
aged conditions for different nodes. Figures B.1 to B.4 show normalized acceler-
ation response of horizontal #2 in the y- and z- axis directions for damage cases
#1 to #8. Figures B.5 to B.8 and B.9 to B.12 show the response of transverse web
frame #1 and #2 respectively in x- and z- axis direction for damage cases #1 to #8.
Figures B.13 to B.16 show the normalized strain response of side shell plate along

longitudinals #2 and #3 in the x- axis direction for damage cases #1 to #8.
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Figure B.12: Normalized acceleration response of transverse web frame #2 in the
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Appendix C

Estimation of Excitation
Frequency Range

A procedure for calculating wave load on the structure is presented in this ap-
pendix. The wave load on prototype was computed to determine the range of exci-
tation frequencies to be used during the numerical and experimental investigation.

Wave force spectrum of the prototype was modeled to generate the typical dom-
inant frequencies of the wave forces that would exist at the site. To predict wave
force spectrum wave amplitude time history were generated, see Hughes (1988).
The wave amplitudes were assumed to follow Pierson-Moskowitz (P.M.) spectrum

as (Sorensen, 1997),

g 811078 _oma(psy’
r= @2m)4f3

(C.1)
where S is the wave spectrum at the wave frequency f, g is the acceleration due
to gravity and U is the wind speed at 19.5 m above the sea surface. Two different
wind speed values were used for this investigation purpose, i.e., 15.4 m/sec and
20.6 m/sec. A method presented by Haddara (1971) was utilized for estimating

wave force for three wave angles of wave attack viz., 60°, 90° and 120°. Random

wave force time history was obtained by summing wave force time histories at
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random phases. Wave force spectrum (Sy) was then computed from the random
force time history. For the wave force computation the ship characteristic data
including ship’s speed were taken from Taggart (1980). It was carried out in the
MATLAB (1997) environment.

Figures C.1 to C.6 show the prototype P.M. wave amplitude spectra, wave am-
plitude and force time histories and wave force spectra computed using the above
mentioned procedure. The wave force frequencies fell in the frequency range of 0
Hz to 0.3 Hz with a dominant frequency around 0.1 Hz. Therefore the one twen-

tieth model was tested in a frequency range with a dominant wave frequency of 2

Hz.
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Figure C.1: Prototype random wave time history [(b) for wave amplitude and (c)
wave force] and spectrum [(a) for wave amplitude and (d) for wave force] for wind
speed = 15.4 m/sec and wave angle of attack = 60°
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Figure C.2: Prototype random wave time history [(b) for wave amplitude and (c) for
wave force] and spectrum [(a) for wave amplitude and (d) for wave force] for wind
speed = 15.4 m/sec and wave angle of attack = 90°
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Figure C.3: Prototype random wave time history [(b) for wave amplitude and (c) for
wave force] and spectrum [(a) for wave amplitude and (d) for wave force] for wind
speed = 15.4 m/sec and wave angle of attack = 120°
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Figure C.4: Prototype random wave time history [(b) for wave amplitude and (c) for

wave force] and spectrum [(a) for wave amplitude and (d) for wave force] for wind
speed = 20.6 m/sec and wave angle of attack = 60°
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Figure C.5: Prototype random wave time history [(b) for wave amplitude and (c) for

wave force] and spectrum [(a) for wave amplitude and (d) for wave force] for wind
speed = 20.6 m/sec and wave angle of attack 90°
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Figure C.6: Prototype random wave time history [(b) for wave amplitude and (c) for
wave force] and spectrum [(a) for wave amplitude and (d) for wave force] for wind
speed = 20.6 m/sec and wave angle of attack = 120°
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Appendix D

Calibration Factors

Prior to carrying out experimental investigations, all sensors (accelerometers, strain
gages and force transducer) were calibrated. Accelerometers were calibrated three
times, viz., once prior to doing test for each model. Strain gages were calibrated
two times for each model, i.e., once prior to carrying out experiments for intact
and damage cases #1 to #4 and the other prior to carrying out experiments for un-
damaged condition (the condition after cracks at a locations 1 and 2 were welded)
and damage cases #5 to #8. The strain gage calibration were performed twice to
ensure that the strain gages worked properly after the welding. The force trans-
ducer (load cell) was calibrated once since forces applied to the modeled structures
were not needed for the crack identification presented in this thesis. Accelerome-
ters and strain gages calibration factors for models #1, #2 and #3 are presented in
Tables D.1 to D.3. The relationship of force and voltage for the load cell used in the

experimental investigations is shown in Figure D.1.
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Table D.1: Accelerometer and strain gage calibration factors for model #1

Accelerometer calibration factor
Accelerometer # The mean and standard deviation
1 1.726759 + 0.005921
1.743422 + 0.007685
1.590175 + 0.006711
1.758471 + 0.003650
1.514096 + 0.011912
1.529398 + 0.015335

Ok W

Strain gage calibration factor
(a) Intact condition

Strain gage # The mean and standard deviation
1 0.002600 -+ 0.000086
2 0.002505 + 0.000079
3 0.002535 + 0.000056
4 0.002626 + 0.000071
5 0.002590 + 0.000086
6 0.002499 + 0.000074
(b) Condition after the cracks at locations 1 and 2 were welded
Strain gage # The mean and standard deviation
1 0.002366 + 0.000078
2 0.002368 + 0.000075
3 0.002337 + 0.000084
4 0.002292 + 0.000065
5 0.002300 + 0.000079
6 0.002274 + 0.000075

204



Table D.2: Accelerometer and strain gage calibration factors for model #2

Accelerometer calibration factor

Accelerometer # The mean and standard deviation
1 1.469284 + 0.002064
2 1.595644 + 0.007619
3 1.471399 + 0.001121
4 1.119709 4 0.009070
5 1.387062 + 0.001629
6 1.008344 + 0.000876

Strain gage calibration factor
(a) Intact condition

Strain gage # The mean and standard deviation
1 0.003740 + 0.000012
2 0.003684 + 0.000011
3 0.003719 + 0.000008
4 0.003792 + 0.000016
5 0.003736 + 0.000009
6 0.003753 + 0.000012
(b) Condition after cracks at locations 1 and 2 were welded
Strain gage # The mean and standard deviation
1 0.003733 + 0.000004
2 0.003670 + 0.000097
3 0.003710 + 0.000004
4 0.003737 £ 0.000087
5 0.003702 + 0.000011
6 0.003721 + 0.000011
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Table D.3: Accelerometer and strain gage calibration factors for model #3

Accelerometer calibration factor
Accelerometer # The mean and standard deviation
1 1.599352 + 0.001212
1.648549 + 0.001248
1.479119 4 0.000954
1.141362 + 0.002711
1.403732 + 0.003986
1.167159 + 0.000947

A O W N

Strain gage calibration factor
(a) Intact condition

Strain gage # The mean and standard deviation
1 0.003704 + 0.000009
2 0.003723 + 0.000007
3 0.003719 =+ 0.000004
4 0.003714 + 0.000010
5 0.003730 + 0.000008
6 0.003687 £ 0.000011
(b) Condition after cracks at locations 1 and 2 were welded
Strain gage # The mean and standard deviation
1 0.003715 + 0.000011
2 0.003724 + 0.000002
3 0.003744 + 0.000004
4 0.003753 £ 0.000013
5 0.003732 £ 0.000007
6 0.003678 + 0.000012
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Appendix E

Comparisons of Numerical and
Experimental Values

Comparisons of natural frequency, root mean square (rms) of acceleration and
strain response obtained from numerical and experimental investigations for mod-
els #1, #2 and #3 are presented in this appendix. Comparison of numerical and
experimental natural frequency of the models under intact and damaged condi-
tions are shown in Figures E.1 to E.6. The rms of acceleration and strain response
are shown in Figures E.7 to E.14.

Comparison of natural frequency measured from model #1 and that numerically
computed using the finite element method for damage cases #1 to #8 are shown
in Figures E.1 and E.2. Figures E.3 to E.4 and E.5 to E.6 show numerical and
experimental natural frequency obtained from models #2 and #3, respectively.

Comparison of rms of acceleration and strain response obtained from numerical
and experimental investigations of model #1 are shown in Figures E.7 to E.9. Fig-
ures E.10 to E.12 and Figures E.13 to E.15 show the rms of acceleration and strain

response for models #2 and #3, respectively.
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E.1 Numerical and Experimental Natural Frequency
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Figure E.2: Comparison of numerical and experimental natural frequency for
model #1 for damage cases #5 to #8
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Figure E.3: Comparison of numerical and experimental natural frequency for
model #2 for damage cases #1 to #4
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Figure E.4: Comparison of numerical and experimental natural frequency for
model #2 for damage cases #5 to #8
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Figure E.5: Comparison of numerical and experimental natural frequency for
model #3 for damage cases #1 to #4
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E.2 Normalized Numerical and Experimental rms Re-
sponse
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Appendix F

The rms Response Obtained from
Finite Element Analysis

Simulations using the finite element method were carried out to obtain root mean
square (rms) acceleration and strain response of the modeled structure in two fre-
quency ranges of 200 Hz to 600 Hz and 200 Hz to 1200 Hz, under intact and dam-
aged conditions given Tables 6.6 and 6.7. The rms response values were normalized
by the largest value. Using results of investigations presented in this appendix a
damage indicator was calculated. The damage indicator values are presented in
Appendix G.

In this appendix the simulation results for six accelerometers and six strain
gages are presented in a tabular format. Tables F.1 to F.6 give the rms acceleration
response for damage cases #1 to #4. The rms strain response for damage cases #1
to #4 are presented in Tables F.7 to F.12. The rms acceleration response for damage

cases #5 to #8 are presented in Tables F.13 to F.18.
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Table F.1: Normalized rms values of accelerometer #1 (cases #1 to #4)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) 0.0 10.0 20.0 25.4
0.0 0.105584 | 1.000000 | 0.245303 | 0.290959
10.0 0.104110 | 0.995261 | 0.242488 | 0.287847
20.0 0.104261 | 0.986744 | 0.242265 | 0.287413
30.8 0.100556 | 0.951480 | 0.233846 | 0.277608

(b) for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) 0.0 10.0 20.0 25.4
0.0 0.103818 | 1.000000 | 0.240596 | 0.283886
10.0 0.102187 | 0.993850 | 0.237445 | 0.280406
20.0 0.102185 | 0.983620 | 0.236847 | 0.279534
30.8 0.097625 | 0.940259 | 0.226511 | 0.267575

Table F.2: Normalized rms values of accelerometer #2 (cases #1 to #4)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) 0.0 10.0 20.0 25.4
0.0 0.501359 | 1.000000 | 0.688031 | 0.742983
10.0 0.494783 | 0.998037 | 0.679659 | 0.734324
20.0 0.495496 | 0.985786 | 0.679851 | 0.734278
30.8 0.478974 | 0.948753 | 0.656963 | 0.709952

(b) for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) 0.0 10.0 20.0 254
0.0 0.493067 | 1.000000 | 0.674730 | 0.722732
10.0 0.485648 | 0.996599 | 0.665294 | 0.713007
20.0 0.485625 | 0.982453 | 0.664436 | 0.711843
30.8 0.464667 | 0.937076 | 0.635707 | 0.681544
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Table F.3: Normalized rms values of accelerometer #3 (cases #1 to #4)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) 0.0 10.0 20.0 25.4
0.0 0.108532 | 0.107533 | 0.108262 | 0.107722
10.0 0.999998 | 1.000000 | 0.997069 | 0.992589
20.0 0.247738 | 0.246054 | 0.247172 | 0.246075
30.8 0.340237 | 0.338401 | 0.339584 | 0.338307

(b) for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) 0.0 10.0 20.0 25.4
0.0 0.104520 | 0.103381 | 0.103974 | 0.103028
10.0 1.000000 | 0.998579 | 0.993914 | 0.984973
20.0 0.239582 | 0.237588 | 0.238345 | 0.236284
30.8 0.327259 | 0.325026 | 0.325698 | 0.323126

Table F.4: Normalized rms values of accelerometer #4(cases #1 to #4)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) 0.0 10.0 20.0 25.4
0.0 0.998752 | 0.993378 | 0.987731 | 0.972806
10.0 0.998768 | 0.993565 | 0.987920 | 0.972992
20.0 0.998972 | 0.993769 | 0.988121 | 0.973189
30.8 1.000000 | 0.994791 | 0.989137 | 0.974187

(b) for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) 0.0 10.0 20.0 25.4
0.0 1.000000 | 0.982223 | 0.948839 | 0.874970
10.0 0.999199 | 0.981353 | 0.947818 | 0.873754
20.0 0.999450 | 0.981499 | 0.947735 | 0.873329
30.8 0.994341 | 0.975746 | 0.940885 | 0.864989

228




Table F.5: Normalized rms values of accelerometer #5 (cases #1 to #4)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) 0.0 10.0 20.0 25.4
0.0 0.998756 | 0.993466 | 0.987873 | 0.973059
10.0 0.998819 | 0.993646 | 0.988054 | 0.973239
20.0 0.999016 | 0.993841 | 0.988249 | 0.973433
30.8 1.000000 | 0.994822 | 0.989228 | 0.974402

(b) for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) 0.0 10.0 20.0 25.4
0.0 0.900792 | 0.875832 | 0.824935 | 0.742101
10.0 0.910079 | 0.884695 | 0.832525 | 0.746748
20.0 0.924841 | 0.898820 | 0.844701 | 0.754140
30.8 1.000000 | 0.970999 | 0.908191 | 0.796481

Table F.6: Normalized rms values of accelerometer #6 (cases #1 to #4)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) 0.0 10.0 20.0 25.4
0.0 0.995553 | 0.995908 | 0.997076 | 1.000000
10.0 0.994204 | 0.995225 | 0.996401 | 0.999325
20.0 0.993503 | 0.994515 | 0.995692 | 0.998616
30.8 0.989974 | 0.990994 | 0.992171 | 0.995104

(b) for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) 0.0 10.0 20.0 25.4
0.0 0.987593 | 0.989973 | 0.992709 | 1.000000
10.0 0.983030 | 0.985633 | 0.988420 | 0.995829
20.0 0.977922 | 0.980567 | 0.983413 | 0.990973
30.8 0.953712 | 0.956498 | 0.959554 | 0.967599
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Table F.7: Normalized rms values of strain gage #1 (cases #1 to #4)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) 0.0 10.0 20.0 25.4
0.0 0.887864 | 0.909369 | 0.934132 | 1.000000
10.0 0.885011 | 0.906423 | 0.931077 | 0.996664
20.0 0.881183 | 0.902468 | 0.926989 | 0.992221
30.8 0.863249 | 0.883930 | 0.907799 | 0.971292

(b) for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) 0.0 10.0 20.0 254
0.0 0.883589 | 0.905966 | 0.931717 | 1.000000
10.0 0.880583 | 0.902860 | 0.928495 | 0.996478
20.0 0.876638 | 0.898778 | 0.924277 | 0.991890
30.8 0.857836 | 0.879339 | 0.904150 | 0.969949

Table F.8: Normalized rms values of strain gage #2 (cases #1 to #4)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) 0.0 10.0 20.0 254
0.0 0.999643 | 0.995219 | 0.993745 | 0.984603
10.0 1.000000 | 0.995634 | 0.994204 | 0.985206
20.0 0.999362 | 0.995078 | 0.993707 | 0.984907
30.8 0.997716 | 0.993799 | 0.992707 | 0.984830

(b) for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) 0.0 10.0 20.0 25.4
0.0 0.999854 | 0.995023 | 0.993265 | 0.983039
10.0 1.000000 | 0.995230 | 0.993517 | 0.983433
20.0 0.998957 | 0.994268 | 0.992612 | 0.982734
30.8 0.995356 | 0.991053 | 0.989685 | 0.980802
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Table F.9: Normalized rms values of strain gage #3 (cases #1 to #4)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) 0.0 10.0 20.0 254
0.0 0.977575 | 0.982329 | 0.987002 | 1.000000
10.0 0.968861 | 0.973629 | 0.978331 | 0.991395
20.0 0.962241 | 0.967014 | 0.971744 | 0.984856
30.8 0.920721 | 0.925541 | 0.930395 | 0.943791

(b) for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) 0.0 10.0 20.0 254
0.0 0.977826 | 0.982639 | 0.987209 | 1.000000
10.0 0.694068 | 0.698095 | 0.977905 | 0.990771
20.0 0.689144 | 0.693167 | 0.970745 | 0.983667
30.8 0.916370 | 0.656347 | 0.926020 | 0.939287

Table F.10: Normalized rms values of strain gage #4 (cases #1 to #4)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) 0.0 10.0 20.0 254
0.0 0.664398 | 0.723949 | 0.798541 | 1.000000
10.0 0.660406 | 0.719613 | 0.793781 | 0.994128
20.0 0.655260 | 0.714017 | 0.787655 | 0.986594
30.8 0.631249 | 0.687879 | 0.758956 | 0.951122

(b) for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) 0.0 10.0 20.0 254
0.0 0.669715 | 0.728618 | 0.802125 | 1.000000
10.0 0.665650 | 0.724205 | 0.797283 | 0.994039
20.0 0.660427 | 0.718529 | 0.791079 | 0.986428
30.8 0.635826 | 0.691786 | 0.761762 | 0.950337
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Table F.11: Normalized rms of values strain gage #5 (cases #1 to #4)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) 0.0 10.0 20.0 254
0.0 0.955377 | 0.960025 | 0.974270 | 1.000000
10.0 0.949872 | 0.954533 | 0.968729 | 0.994424
20.0 0.942861 | 0.947535 | 0.961673 | 0.987324
30.8 0.909697 | 0.914424 | 0.928278 | 0.953680

(b) for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) 0.0 10.0 20.0 254
0.0 0.956067 | 0.960557 | 0.974704 | 1.000000
10.0 0.950451 | 0.954952 | 0.969053 | 0.994310
20.0 0.943302 | 0.947812 | 0.961860 | 0.987075
30.8 0.909392 | 0.913967 | 0.927730 | 0.952710

Table F.12: Normalized rms values of strain gage #6 (cases #1 to #4)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) 0.0 10.0 20.0 25.4
0.0 0.601089 | 0.600363 | 0.599114 | 0.596093
10.0 0.651472 | 0.650691 | 0.649346 | 0.646087
20.0 0.714067 | 0.713228 | 0.711790 | 0.708287
30.8 1.000000 | 0.998975 | 0.997182 | 0.992784

(b) for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) 0.0 10.0 20.0 25.4
0.0 0.606221 | 0.605423 | 0.604098 | 0.600812
10.0 0.656391 | 0.655533 | 0.654106 | 0.650567
20.0 0.718471 | 0.717548 | 0.716023 | 0.712218
30.8 1.000000 | 0.998857 | 0.996957 | 0.992183
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Table F.13: Normalized rms values of accelerometer #1 (cases #5 to #8)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 3 (mm)
location 4 (mm) 0.0 10.0 20.0 30.8
0.0 0.483036 | 1.000000 | 0.734159 | 0.816648
16.0 0.478977 | 0.909558 | 0.731732 | 0.815722
32.0 0.480675 | 0.871124 | 0.754886 | 0.841974
41.7 0.469188 | 0.719192 | 0.759070 | 0.848456
(b) for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 3 (mm)

location 4 (mm) 0.0 10.0 20.0 30.8
0.0 0.582147 | 0.577807 | 0.885799 | 0.978960
16.0 0.575034 | 0.571568 | 0.876037 | 0.971673
32.0 0.590234 | 0.600039 | 0.902352 | 1.000000
41.7 0.591009 | 0.605092 | 0.900563 | 0.999717

Table F.14: Normalized rms values of accelerometer #2 (cases #5 to #8)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 3 (mm)

location 4 (mm) 0.0 10.0 20.0 30.8
0.0 0.471210 | 1.000000 | 0.701730 | 0.803186
16.0 0.466431 | 0.919879 | 0.700682 | 0.803293
32.0 0.465378 | 0.869844 | 0.717328 | 0.823508
41.7 0.451394 | 0.717964 | 0.721247 | 0.829722

(b) for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 3 (mm)

location 4 (mm) 0.0 10.0 20.0 30.8
0.0 0.573889 | 0.572178 | 0.863370 | 0.981734
16.0 0.570659 | 0.569801 | 0.857080 | 0.976894
32.0 0.580222 | 0.591724 | 0.876715 | 0.999100
41.7 0.582774 | 0.598627 | 0.876531 | 1.000000
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Table F.15: Normalized rms values of accelerometer #3 (cases #5 to #8)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 3 (mm)
location 4 (mm) 0.0 10.0 20.0 30.8
0.0 0.994704 | 1.000000 | 0.978300 | 0.975669
16.0 0.991627 | 0.997105 | 0.977343 | 0.975189
32.0 0.988251 | 0.991168 | 0.972736 | 0.970273
41.7 0.988679 | 0.990711 | 0.973879 | 0.971707
(b) for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 3 (mm)

location 4 (mm) 0.0 10.0 20.0 30.8
0.0 0.999377 | 0.998133 | 0.985581 | 0.983141
16.0 1.000000 | 0.998727 | 0.986124 | 0.983307
32.0 0.994556 | 0.992207 | 0.979708 | 0.977116
41.7 0.994650 | 0.992895 | 0.980571 | 0.977911

Table F.16: Normalized rms values of accelerometer #4 (cases #5 to #8)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 3 (mm)

location 4 (mm) 0.0 10.0 20.0 30.8
0.0 1.000000 | 0.978761 | 0.924088 | 0.719817
16.0 0.934999 | 0.904899 | 0.843783 | 0.631160
32.0 0.885427 | 0.803055 | 0.736945 | 0.515378
41.7 0.666299 | 0.617627 | 0.548360 | 0.319802

(b) for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 3 (mm)

location 4 (mm) 0.0 10.0 20.0 30.8
0.0 0.786780 | 0.769185 | 0.823992 | 0.920877
16.0 0.817335 | 0.796920 | 0.848333 | 0.936817
32.0 0.836828 | 0.825072 | 0.875290 | 0.959432
41.7 0.902625 | 0.876868 | 0.923842 | 1.000000
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Table F.17: Normalized rms values of accelerometer #5 (cases #5 to #8)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 3 (mm)
location 4 (mm) 0.0 10.0 20.0 30.8
0.0 1.000000 | 0.974800 | 0.916927 | 0.712023
16.0 0.939864 | 0.906178 | 0.841904 | 0.627630
32.0 0.892199 | 0.806974 | 0.737811 | 0.513872
41.7 0.673362 | 0.622151 | 0.550412 | 0.319319
(b) for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 3 (mm)

location 4 (mm) 0.0 10.0 20.0 30.8
0.0 0.559261 | 0.511594 | 0.513651 | 0.532161
16.0 0.697710 | 0.645623 | 0.650505 | 0.658460
32.0 0.762762 | 0.744012 | 0.757155 | 0.771367
41.7 1.000000 | 0.942071 | 0.955482 | 0.963631

Table F.18: Normalized rms values of accelerometer #6 (cases #5 to #8)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 3 (mm)

location 4 (mm) 0.0 10.0 20.0 30.8
0.0 1.000000 | 0.982722 | 0.974557 | 0.968270
16.0 0.990626 | 0.979105 | 0.974635 | 0.973349
32.0 0.981696 | 0.975688 | 0.974835 | 0.977505
41.7 0.989765 | 0.987574 | 0.988044 | 0.991965

(b) for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 3 (mm)

location 4 (mm) 0.0 10.0 20.0 30.8
0.0 0.996988 | 0.992431 | 0.989267 | 0.982583
16.0 0.996043 | 0.992782 | 0.990563 | 0.985171
32.0 0.995005 | 0.993755 | 0.992491 | 0.988137
41.7 1.000000 | 0.999271 | 0.998312 | 0.994211
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Appendix G

e;; Values for the rms Response
Given in Appendix F

Normalized root mean square (rms) values presented in Appendix F were utilized
to compute a damage indicator given in Equation 6.5 or 6.6. The damage indicator
values obtained from accelerometer and strain response are presented in Tables
G.1 to G.6 and Tables G.13 to G.18 for damage cases #1 to #4 and damage cases

#5 to #8, respectively. The values obtained from strain response are presented in

Tables G.7 to G.12.
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Table G.1: The e;; values of accelerometer #1 (cases #1 to #4)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)
location 2 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(25.4)
1(0.0) 0.105584 | 1.000000 | 1.754697 | 1.800353
2(10.0) 0.104110 | 0.995261 | 1.748035 | 1.793394
3(20.0) 0.104261 | 0.986744 | 1.731223 | 1.776370
4(30.8) 0.100556 | 0.951480 | 1.669114 | 1.712876
(b) for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 1 (mm)
location 2 (mm) | 1(0.0) 2(10.00 | 3(20.0) 4(25.4)
1(0.0) 0.103818 | 1.000000 | 1.759404 | 1.802695
2(10.0) 0.102187 | 0.993850 | 1.750255 | 1.793215
3(20.0) 0.102185 | 0.983620 | 1.730393 | 1.773080
4(30.8) 0.097625 | 0.940259 | 1.654008 | 1.695071

Table G.2: The e;; values of accelerometer #2 (cases #1 to #4)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)
location 2 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(25.4)
1(0.0) 0.501359 | 1.000000 | 1.311969 | 1.366921
2(10.0) 0.494783 | 0.998037 | 1.316415 | 1.371080
3(20.0) 0.495496 | 0.985786 | 1.291721 | 1.346148
4(30.8) 0.478974 | 0.948753 | 1.240542 | 1.293531
(b) for frequency range of 200 Hz to 1200 Hz
Crack length at Crack length at location 1 (mm)
location 2 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(25.4)
1(0.0) 0.493067 | 1.000000 | 1.325270 | 1.373272
2(10.0) 0.485648 | 0.996599 | 1.327905 | 1.375618
3(20.0) 0.485625 | 0.982453 | 1.300470 | 1.347877
4(30.8) 0.464667 | 0.937076 | 1.238444 | 1.284281
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Table G.3: The e;; values of accelerometer #3 (cases #1 to #4)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)
location 2 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(25.4)
1(0.0) 0.108532 | 0.107533 | 0.108262 | 0.107722
2(10.0) 0.999998 | 1.000000 | 0.997069 | 0.992589
3(20.0) 1.752257 | 1.753946 | 1.746965 | 1.739103
4(30.8) 1.844756 | 1.846293 | 1.839377 | 1.831335
(b) for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 1 (mm)
location 2 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(25.4)
1(0.0) 0.104520 | 0.103381 | 0.103974 | 0.103028
2(10.0) 1.000000 | 0.998579 | 0.993914 | 0.984973
3(20.0) 1.760418 | 1.759571 | 1.749483 | 1.733663
4(30.8) 1.848096 | 1.847009 | 1.836835 | 1.820506

Table G.4: The e;; values of accelerometer #4 (cases #1 to #4)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)
location 2 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(25.4)
1(0.0) 0.998752 | 0.993378 | 0.987731 | 0.972806
2(10.0) 0.998768 | 0.993565 | 0.987920 | 0.972992
3(20.0) 0.998972 | 0.993769 | 0.988121 | 0.973189
4(30.8) 1.000000 | 0.994791 | 0.989137 | 0.974187
(b) for frequency range of 200 Hz to 1200 Hz
Crack length at Crack length at location 1 (mm)
location 2 (mm) 1(0.0) 2(10.0) 3(20.0) 4(25.4)
1(0.0) 1.000000 | 0.982223 | 0.948839 | 0.874970
2(10.0) 1.000801 | 0.983094 | 0.949859 | 0.876185
3(20.0) 1.001052 | 0.983240 | 0.949943 | 0.876610
4(30.8) 1.006160 | 0.988993 | 0.956792 | 0.884950

238




Table G.5: The e;; values of accelerometer #5 (cases #1 to #4)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)
location 2 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(25.4)
1(0.0) 0.998756 | 0.993466 | 0.987873 | 0.973059
2(10.0) 0.998819 | 0.993646 | 0.988054 | 0.973239
3(20.0) 0.999016 | 0.993841 | 0.988249 | 0.973433
4(30.8) 1.000000 | 0.994822 | 0.989228 | 0.974402
(b) for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 1 (mm)
location 2 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(25.4)
1(0.0) 0.900792 | 0.875832 | 0.824935 | 0.742101
2(10.0) 0.910079 | 0.884695 | 0.832525 | 0.746748
3(20.0) 0.924841 | 0.898820 | 0.844701 | 0.754140
4(30.8) 1.000000 | 0.970999 | 0.908191 | 0.796481

Table G.6: The e;; values of accelerometer #6 (cases #1 to #4)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)
location 2 (mm) 1(0.0) 2(10.0) 3(20.0) 4(25.4)
1(0.0) 0.995553 | 0.995908 | 0.997076 | 1.000000
2(10.0) 0.994204 | 0.995225 | 0.996401 | 0.999325
3(20.0) 0.993503 | 0.994515 | 0.995692 | 0.998616
4(30.8) 0.989974 | 0.990994 | 0.992171 | 0.995104
(b) for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 1 (mm)
location 2 (mm) 1(0.0) 2(10.0) 3(20.0) 4(25.4)
1(0.0) 0.987593 | 0.989973 | 0.992709 | 1.000000
2(10.0) 0.983030 | 0.985633 | 0.988420 | 0.995829
3(20.0) 0.977922 | 0.980567 | 0.983413 | 0.990973
4(30.8) 0.953712 | 0.956498 | 0.959554 | 0.967599
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Table G.7: The e;; values of strain gage #1 (cases #1 to #4)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)
location 2 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(25.4)
1(0.0) 0.887864 | 0.909369 | 0.934132 | 1.000000
2(10.0) 0.890717 | 0.912315 | 0.937187 | 1.003336
3(20.0) 0.894544 | 0.916270 | 0.941274 | 1.007779
4(30.8) 0.912478 | 0.934808 | 0.960464 | 1.028708
(b) for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 1 (mm)
location 2 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(25.4)
1(0.0) 0.883589 | 0.905966 | 0.931717 | 1.000000
2(10.0) 0.886595 | 0.909073 | 0.934939 | 1.003522
3(20.0) 0.890540 | 0.913154 | 0.939157 | 1.008110
4(30.8) 0.909342 | 0.932594 | 0.959284 | 1.030051

Table G.8: The e;; values of strain gage #2 (cases #1 to #4)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)
location 2 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(25.4)
1(0.0) 0.999643 | 0.995219 | 0.993745 | 0.984603
2(10.0) 1.000000 | 0.995634 | 0.994204 | 0.985206
3(20.0) 1.000638 | 0.996189 | 0.994702 | 0.985506
4(30.8) 1.002284 | 0.997469 | 0.995702 | 0.985583
(b) for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(25.4)
1(0.0) 0.999854 | 0.995023 | 0.993265 | 0.983039
2(10.0) 1.000000 | 0.995230 | 0.993517 | 0.983433
3(20.0) 1.001043 | 0.996192 | 0.994422 | 0.984131
4(30.8) 1.004644 | 0.999407 | 0.997349 | 0.986063
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Table G.9: The e;; values of strain gage #3 (cases #1 to #4)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(25.4)
1(0.0) 0.977575 | 0.982329 | 0.987002 | 1.000000
2(10.0) 0.986290 | 0.991029 | 0.995674 | 1.008605
3(20.0) 0.992910 | 0.997645 | 1.002260 | 1.015144
4(30.8) 1.034430 | 1.039117 | 1.043610 | 1.056209

(b) for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(25.4)
1(0.0) 0.977826 | 0.982639 | 0.987209 | 1.000000
2(10.0) 1.261583 | 1.267183 | 0.996513 | 1.009229
3(20.0) 1.266508 | 1.272111 | 1.003673 | 1.016333
4(30.8) 1.493734 | 1.308930 | 1.048399 | 1.060713

Table G.10: The e;; values of strain gage #4 (cases #1 to #4)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)
location 2 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(25.4)
1(0.0) 0.664398 | 0.723949 | 0.798541 | 1.000000
2(10.0) 0.668390 | 0.728285 | 0.803301 | 1.005872
3(20.0) 0.673535 | 0.733881 | 0.809427 | 1.013406
4(30.8) 0.697547 | 0.760019 | 0.838126 | 1.048878
(b) for frequency range of 200 Hz to 1200 Hz
Crack length at Crack length at location 1 (mm)
location 2 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(25.4)
1(0.0) 0.669715 | 0.728618 | 0.802125 | 1.000000
2(10.0) 0.673780 | 0.733031 | 0.806967 | 1.005961
3(20.0) 0.679003 | 0.738707 | 0.813171 | 1.013572
4(30.8) 0.703603 | 0.765450 | 0.842488 | 1.049663
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Table G.11: The e;; values of strain gage #5 (cases #1 to #4)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)
location 2 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(25.4)
1(0.0) 0.955377 | 0.960025 | 0.974270 | 1.000000
2(10.0) 0.960882 | 0.965516 | 0.979810 | 1.005576
3(20.0) 0.967894 | 0.972514 | 0.986866 | 1.012676
4(30.8) 1.001057 | 1.005625 | 1.020261 | 1.046320
(b) for frequency range of 200 Hz to 1200 Hz
Crack length at Crack length at location 1 (mm)
location 2 (mm) | 1(0.0) 2(10.0) 4(20.0) 5(25.4)
1(0.0) 0.956067 | 0.960557 | 0.974704 | 1.000000
2(10.0) 0.961682 | 0.966161 | 0.980355 | 1.005690
3(20.0) 0.968832 | 0.973301 | 0.987547 | 1.012925
4(30.8) 1.002742 | 1.007146 | 1.021677 | 1.047290

Table G.12: The e;; values of strain gage #6 (cases #1 to #4)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(25.4)
1(0.0) 0.601089 | 0.601815 | 0.603065 | 0.606086
2(10.0) 0.651472 | 0.652254 | 0.653599 | 0.656858
3(20.0) 0.714067 | 0.714907 | 0.716345 | 0.719848
4(30.8) 1.000000 | 1.001025 | 1.002818 | 1.007216

(b) for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 1 (mm)

location 2 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(25.4)
1(0.0) 0.606221 | 0.607019 | 0.608343 | 0.611630
2(10.0) 0.656391 | 0.657249 | 0.658676 | 0.662216
3(20.0) 0.718471 | 0.719394 | 0.720919 | 0.724724
4(30.8) 1.000000 | 1.001143 | 1.003043 | 1.007817
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Table G.13: The e;; values of accelerometer #1 (cases #5 to #8)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 3 (mm)
location 4 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(30.8)
1(0.0) 0.483036 | 1.000000 | 1.265841 | 1.348331
2(16.0) 0.478977 | 0.909558 | 1.087385 | 1.171375
3(32.0) 0.480675 | 0.871124 | 0.987363 | 1.074451
4(41.7) 0.469188 | 0.719192 | 0.759070 | 0.848456
(b) for frequency range of 200 Hz to 1200 Hz
Crack length at Crack length at location 3 (mm)
location 4 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(30.8)
1(0.0) 0.582147 | 0.577807 | 0.885799 | 0.978960
2(16.0) 0.589261 | 0.584047 | 0.895562 | 0.986247
3(32.0) 0.604461 | 0.612517 | 0.921877 | 1.014575
4(41.7) 0.605236 | 0.617570 | 0.923666 | 1.014857

Table G.14: The e;; values of accelerometer #2 (cases #5 to #8)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 3 (mm)
location 4 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(30.8)
1(0.0) 0.471210 | 1.000000 | 1.298270 | 1.399727
2(16.0) 0.466431 | 0.919879 | 1.139077 | 1.241688
3(32.0) 0.465378 | 0.869844 | 1.022361 | 1.128541
4(41.7) 0.451394 | 0.717964 | 0.721247 | 0.829722
(b) for frequency range of 200 Hz to 1200 Hz
Crack length at Crack length at location 3 (mm)
location 4 (mm) | 1(0.0) 2(10.0) | 3(20.0) | 4(30.8)
1(0.0) 0.573889 | 0.572178 | 0.863370 | 0.981734
2(16.0) 0.577119 | 0.574555 | 0.869661 | 0.986575
3(32.0) 0.586682 | 0.596479 | 0.889297 | 1.008781
4(41.7) 0.589234 | 0.603382 | 0.889481 | 1.009681
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Table G.15: The e;; values of accelerometer #3 (cases #5 to #8)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 3 (mm)
location 4 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(30.8)
1(0.0) 0.994704 | 1.000000 | 1.021700 | 1.024331
2(16.0) 0.991627 | 0.997105 | 1.016868 | 1.019022
3(32.0) 0.988251 | 0.991168 | 1.009601 | 1.012064
4(41.7) 0.988679 | 0.990711 | 1.007543 | 1.009715
(b) for frequency range of 200 Hz to 1200 Hz
Crack length at Crack length at location 3 (mm)
location 4 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(30.8)
1(0.0) 0.999377 | 0.998133 | 0.985581 | 0.983141
2(16.0) 1.000000 | 0.998727 | 0.986124 | 0.983307
3(32.0) 1.005444 | 1.005247 | 0.992540 | 0.989499
4(41.7) 1.005537 | 1.005935 | 0.993404 | 0.990294

Table G.16: The e;; values of accelerometer #4 (cases #5 to #8)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 3 (mm)

location 4 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(30.8)
1(0.0) 1.000000 | 1.021239 | 1.075912 | 1.280183
2(16.0) 0.934999 | 0.965098 | 1.026214 | 1.238837
3(32.0) 0.885427 | 0.967800 | 1.033909 | 1.255476
4(41.7) 0.666299 | 0.714972 | 0.784238 | 1.012796

(b) for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 3 (mm)

location 4 (mm) { 1(0.0) 2(10.0) 3(20.0) 4(30.8)
1(0.0) 0.786780 | 0.804375 | 0.859182 | 0.956067
2(16.0) 0.817335 | 0.837749 | 0.889161 | 0.977646
3(32.0) 0.836828 | 0.848585 | 0.898803 | 0.982945
4(41.7) 0.902625 | 0.928382 | 0.975355 | 1.051514
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Table G.17: The e;; values of accelerometer #5 (cases #5 to #8)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 3 (mm)
location 4 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(30.8)
1(0.0) 1.000000 | 1.025200 | 1.083073 | 1.287977
2(16.0) 0.939864 | 0.973551 | 1.037825 | 1.252098
3(32.0) 0.892199 | 0.977425 | 1.046588 | 1.270527
4(41.7) 0.673362 | 0.724572 | 0.796311 | 1.027404
(b) for frequency range of 200 Hz to 1200 Hz
Crack length at Crack length at location 3 (mm)
location 4 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(30.8)
1(0.0) 0.559261 | 0.606928 | 0.608985 | 0.627495
2(16.0) 0.697710 | 0.749798 | 0.754679 | 0.762635
3(32.0) 0.762762 | 0.781511 | 0.794654 | 0.808866
4(41.7) 1.000000 | 1.057929 | 1.071340 | 1.079489

Table G.18: The e;; values of accelerometer #6 (cases #5 to #8)

(a) for frequency range of 200 Hz to 600 Hz

Crack length at Crack length at location 3 (mm)

location 4 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(30.8)
1(0.0) 1.000000 | 0.982722 | 0.974557 | 0.968270
2(16.0) 1.009374 | 0.986339 | 0.974635 | 0.973349
3(32.0) 1.018304 | 0.989757 | 0.974835 | 0.977505
4(41.7) 1.026373 | 1.001643 | 0.988044 | 0.991965

(b) for frequency range of 200 Hz to 1200 Hz

Crack length at Crack length at location 3 (mm)

location 4 (mm) | 1(0.0) 2(10.0) 3(20.0) 4(30.8)
1(0.0) 0.996988 | 0.992431 | 0.989267 | 0.982583
2(16.0) 0.997934 | 0.992782 | 0.990563 | 0.985171
3(32.0) 0.998971 | 0.993755 | 0.992491 | 0.988137
4(41.7) 1.003967 | 0.999271 | 0.998312 | 0.994211
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Appendix H

Three-dimensional Plots of the rms
and e;; Values

In this appendix, three-dimensional plots of normalized acceleration and strain
rms response (given in Appendix F) and damage indicator values (presented in
Appendix G) are presented.

Three dimensional plots of normalized rms acceleration response and damage
indicator values for damage cases #1 to #4 are shown in Figures H.1 to H.6 and
Figures H.13 to H.18 for damage cases #5 to #8. The plots of normalized strain

response and the damage indicator are shown in Figures H.7 to H.12.
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Figure H.1: Three-dimensional plot of the normalized rms and e;; of acceleration
#1 for frequency range of 200 Hz to 600 Hz and 200 Hz to 1200 Hz for damage cases
#1 to #4
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Figure H.2: Three-dimensional plot of the normalized rms and ej; of acceleration
#2 for frequency range of 200 Hz to 600 Hz and 200 Hz to 1200 Hz for damage cases

#1 to #4
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Figure H.3: Three-dimensional plot of the normalized rms and e;; of acceleration
#3 for frequency range of 200 Hz to 600 Hz and 200 Hz to 1200 Hz for damage cases
#1 to #4
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Figure H.4: Three-dimensional plot of the normalized rms and e;; of acceleration
#4 for frequency range of 200 Hz to 600 Hz and 200 Hz to 1200 Hz for damage cases
#1 to #4
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Figure H.5: Three-dimensional plot of the normalized rms and e;; of acceleration
#5 for frequency range of 200 Hz to 600 Hz and 200 Hz to 1200 Hz for damage cases

#1 to #4
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Figure H.6: Three-dimensional plot of the normalized rms and e;; of acceleration
#6 for frequency range of 200 Hz to 600 Hz and 200 Hz to 1200 Hz for damage cases

#1 to #4
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Figure H.7: Three-dimensional plot of the normalized rms and e;; of strain gage #1
for frequency range of 200 Hz to 600 Hz and 200 Hz to 1200 Hz for damage cases

#1 to #4
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Figure H.8: Three-dimensional plot of the normalized rms and ej; of strain gage #2
for frequency range of 200 Hz to 600 Hz and 200 Hz to 1200 Hz for damage cases
#1 to #4
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Figure H.9: Three-dimensional plot of the normalized rms and ej; of strain gage #3
for frequency range of 200 Hz to 600 Hz and 200 Hz to 1200 Hz for damage cases

#1 to #4
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Figure H.10: Three-dimensional plot of the normalized rms and e;; of strain gage
#4 for frequency range of 200 Hz to 600 Hz and 200 Hz to 1200 Hz for damage cases
#1 to #4
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Figure H.11: Three-dimensional plot of the normalized rms and e; of strain gage
#5 for frequency range of 200 Hz to 600 Hz and 200 Hz to 1200 Hz for damage cases
#1 to #4
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Figure H.12: Three-dimensional plot of the normalized rms and e;; of strain gage
#6 for frequency range of 200 Hz to 600 Hz and 200 Hz to 1200 Hz for damage cases
#1 to #4
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Figure H.13: Three-dimensional plot of the normalized rms and e;; of acceleration
#1 for frequency range of 200 Hz to 600 Hz and 200 Hz to 1200 Hz for damage cases
#5 to #8
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Figure H.14: Three-dimensional plot of the normalized rms and e;; of acceleration
#2 for frequency range of 200 Hz to 600 Hz and 200 Hz to 1200 Hz for damage cases

#5 to #8
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Figure H.15: Three-dimensional plot of the normalized rms and e;; of acceleration
#3 for frequency range of 200 Hz to 600 Hz and 200 Hz to 1200 Hz for damage cases

#5 to #8
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Figure H.16: Three-dimensional plot of the normalized rms and e;; of acceleration
#4 for frequency range of 200 Hz to 600 Hz and 200 Hz to 1200 Hz for damage cases

#5 to #8

262



Wi

crl4

=~
8 § (mm)

1
20.0

o0 2
crl-3(mm) g°

(a) the rms (200 Hz to 600 Hz)

<
<
Q

crl-3(mm)

(a) e values (200 Hz to 600 Hz)

<
(=1 <
- j=1

30.8
16

crl-3(mm)

(b) ej; values (200 Hz to 1200 Hz)

Figure H.17: Three-dimensional plot of the normalized rms and e;; of acceleration
#5 for frequency range of 200 Hz to 600 Hz and 200 Hz to 1200 Hz for damage cases

#5 to #8
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Figure H.18: Three-dimensional plot of the normalized rms and e;; of acceleration
#6 for frequency range of 200 Hz to 600 Hz and 200 Hz to 1200 Hz for damage cases

#5 to #8
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