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ABSTRACT

The study presents investigations on different aspects of vibration techniques for crack

detection in welded T-joints; it incorporates cxperimental testing, finite element analysis. system
identification and model updating in ing a for detecting and
quantifying fatigue cracks in plated T-joints. The experimental study measured modal parameter

changes that occur in a structure as a fatigue crack grows in the critical region of plated T-joints.

The finite element model was generated and refined by comparing the frequency response

functions (FRFs) obtained from the finite element (FE) model and the intact experime:

model.

Finally, combining the experimental and finite element results and utilizing a model uj

ng
ped to find out the location, length and depth of the crack
at different intervals of fatigue crack growth; the methodology used the correlation between the

a was

finite element and experimental frequency response functions. Local strain frequency response
functions, which are very sensitive to cracking, were used as the objective functions in the model
updating procedure. Perturbation based updating procedure, which incrementally modifies the
design parameters (i.e. crack locaticn, length and depth) at every iteration, was used to minimize
the error in FRFs between the experimental and finite element models. Changes in strain mode
shapes were used to determine the approximate location of the crack initially; subsequent
estimation of crack profile was carried out utilizing model updating procedure and using linc
spring (crack) elements to model the crack.

The crack location, length and depth measured from five experimental T-joint specimens
have been correctly identified and quantified by this methodology. To the author's best
knowledge, the application of this method to a plate-type structure and the accuracy that could
be achieved have never been investigated in the published literature so far. At the conclusion of
this study, a promising method for crack detection is provided. It is believed that this will help
in the further p of new vibration-based NDE i for industrial
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CHAPTER 1
NTRODUCTION

1.1 Cracking and Crack Detection in Structures

Many structures are subjected to repeated regular/irregular cyclic loadings; parts of these
structures will develop cracks after certain service life. For instance, offshore structures are
subjected to repeated loadings due to ocean waves which impose a large number of cyclic
stresses; under these varying cyclic stresses fatigue cracks develop at critical welded junctions
of offshore structures. The cracks should be detected at an early stage so as to prevent them

from developing into large cracks that would produce a catastrophic failure of the structure.

Therefore the prediction. detection and monitoring of cracks in structures have been the
subject of intensive investigations during recent years. Its importance is shown in the strict
guidelines enforced in the design of structures and structural components, as well as on the
maintenance and in-situ repair carried out on structures for maximum effectiveness at minimum
cost. Many theoretical and experimental studies of the behaviour of structures with cracks have

been carried out to develop a feasible . Thousands of ical and

studies have been carried out in the allied area of fatigue and fracture mechanics. Meanwhile,
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many techniques have already been developed to quantify cracking and damage in structures,
such as acoustic emission, magnetic particle inspection. alternating/direct current ficld

eddy current i i i inati ele.

The Non-D i ion (NDE) i listed above, have attracted the

attention  of many investigators for utilizing them in monitoring and detection of cracks

developed in operating structures. Each of these methods has its own advantages and

New i are being to meet the i of moderm

structures operating in more severe environments. Among these newly emerging techniques, the
procedure for modal analysis and testing is being explored by many rescarchers (o determine

‘whether it can be used as an efficient technique for crack monitoring and detection.
1.2 Scope of the Present Study
The physica! properties of any structure can be expressed in term of its mass, stiffness

and damping. Any crack/damage that occurs in the structure will cause changes in these physical

properties; and these changes will be reflected in the change of dynamic characteristics of the

structure such as natural ies, mode shapes, di: i and damping.
A number of studies have already been carried out to investigate the sensitivitics of these
parameters to cracking in a structure. Early studies on vibration crack detection have focused
on the changes in natural frequencies due to damage in the structure. Certain limitations have

been observed in this approach, viz., (i) Changes in natural frequencies due to damage are wo



small; (i) Crack sizing becomes quite difficult: and (iii) It is not easy to locate the damage in
the structure. Recently other parameters, which are more sensitive to cracking in the structure,
have been investigated. Also, the fast growth of computer technology has made the finite
element analysis method more accurate in terms of mudelling the structure: consequently.
matching the cxperimental results with the finite element analysis results in modz) space is easier
to achieve. This study investigates the sensitivities of the dynamic characteristics of a structure
to crack development so as to develop a new technique to monitor, detect and locate cracks or
damages in structures, especially in offshore structures. Model updating procedures which
combine the experimental and analytical results (based on finite element analysis) will be used
to quantify cracking in structures. Not only the location, but also the length and depth of crack
would be determined for plate-type structures (in this particular study, plated T-joints were

examined).

More specifically the following goals have been planned for this study:

i) Develop @ methodology, based on frequency response function approach, to detect,

quantify and locate fatigue or any other type of damage in a plate-type structure.

Carry out modal testing of fatiguing plated T-joints, acquire experimental data on crack

growth and its development, and identify the characteristic features of their dynamic

responses.



if) Carry outa finite element modal analysis and structural dynamic modification so that the
experimental and analytical results of the study could be correlated to minimize the mean
square error between experimental and analytical results; thereafter, a refined finite

element model would be obtained.

iv) Use the perturbation based approach in model updating procedure to determine the extent
and location of the crack. An updating algorithm based on minimizing the least square
error between experimental frequency response functions and analytical frequency
response functions of a structure with a crack, will be developed, and predicted values
compared with measured experimental ones to determine the effectiveness of the

methodology developed in this thesis.

1.3 Organization of the thesis

The research study reported in this thesis contains three parts, viz., (i) Experimental
study; (i) Analytical study (finite element analysis): and (iii) Model updating procedure, which
combines both the experimental and analytical results, and gives the final predicted values. The
thesis is written in the following format: Chapter 2 gives a review of the relevant studies carried
out by other researchers in the area. Chapter 3 is devoted to basic theories needed to carry out
the thesis research, They include the basic theories of finite element analysis, basic theorics of
modal analysis and testing, and basic theories required for model updating procedure. Chapter

4 discusses the experimental studies on plated T-joints, which include the experimental set up



for fatigue and modal testing, and the results of modal testing of seven T-joints. Chapter 5
includes the results of finite element analysis, and the model updating procedure. In this chapter,
experimental and analytical results are combined, and the final predictions of the location and
extent of the crack are presented and compared with the measured crack profiles. Finally, in
Chapter 6, conclusions obtained from this study and recommendations for further studies are

given.



CHAPTER 2
LITERATURE REVIEW

2.1 Nondestructive Evaluation and Damage Detection in Structures

The detection of cracks in components of structures in service is important to ensure
integrity since these cracks can propagate and cause sudden failures. Such failures can be very
costly in terms of human life and property damage. Therefore nondestructive evaluation (NDE)

techniques are widely used for damage detection. Some of the commonly used techniques are

acoustic emission, magnetic particle i i i irect current field

eddy current method, ics and radis i Each of these i has

its own advantages and disadvantages. The use of most of the well known NDE techniques may

‘become inconvenient under certain situations due to the need for the investigator to have access
to the component under operating conditions. Therefore a newly emerging technique using the
vibrational characteristics of structures via modal analysis has been recently considered by many

researchers for damage detection.



2.2 Damage Detection Using Vibrational Characteristics

‘The physical properties of any structure can be expressed in term of its mass. stiffness
and damping. Any crack or damage that occurs in the structure will cause changes in these
physical propertics; and these changes will be reflected in changes of the dynamic characteristics
of the structure, such as natural frequencies, mode shapes, damping ratios, modal amplitudes,
etc. The numerous methods developed for damage/crack detection in a structure using vibration
techniques during the past 25 years differ only in the techniques used to detect and quantify
changes in the modal response, and the method for relating such changes to physical damage in
the structure. Doebling et al. (1996) have summarized the research studies published during the
past 25 years, dividing the investigations into two parts (309 references). The first part discusses
various methods that have been developed and the philosophy and methodology behind each of

them. They include:

(1)  Frequency change method, which consists of calculating the damage parameters, e.g.,

crack length and/or location, from the frequency shifts;

(2)  Mode shape change method, consisting of examining the changes of mode shapes due

to the crack/damage of the structure;

(3)  Mode shape curvature or strain mode shape change method, consisting of examining

changes in these modal parameters due to the presence of crack/damage in a structure;



@

®)

©)

(o)

Methods based on measured flexil

v, which use the measured flexibility matrix (o
estimate changes in the static behaviour of the structure. Typically, damage is detected
using flexibility matrices by comparing the fexibility matrices of the damaged structure

to those of the undamaged structure, via a finite clement or analytical model;

Matrix updating methods. This class of methods is based on the modification of
structural mode! matrices such as mass. stiffness, and damping. to reproduce results as
closely as possible to the measured static or dynamic response of the structure. These
methods solve for the updated matrices (or perturbation to the nominal model which
produces the updated matrices) by forming a constrained optimization problem based on
the structural equations of motion, the nominal model, and the measured data. The
methods use a common basic set of equations, and the differences in the various
algorithms result from the objective function to be minimized, constraints placed on the

problem, and the numerical scheme used to implement the optimization:

Nonlinear methods which examine the nonlinearity associated with the crack opening

and closing;

of methods.

Sensitivity methods. Several sensitivity matrices were derived in these clas
The damage (normally represented in the reduction of an element or the magnitude of

one of the stiffness matrices) was related to the changes of certain parameters, such

natural frequency or damping. By examining these changes (c.g. changes in natural



frequency) through the sensitivity matrix, the location of damage can be identified.

OF these seven methods, only the first three methods have been applied to complex
structures such as plates, shells, bridges, offshore platforms, etc. The remainder of the methods

have been developed and verified using simple structures such as trusses, beams and frames.

‘The second part of their review paper has listed various field/laboratory studies carried
out for developing a damage detection methodology using vibration techniques. The kind of
structures which have been tested include: (1) Metal and concrete beams; (2) Trusses; (3) Plates;
(4) Shells; (5) Bridges; (6) Offshore platforms; (7) Other large civil engineering structures:
(8)Acrospace structures: (9) Machinery; and (10) Composites. Most of the methods in this part
of their review have used monitoring changes in natural frequencies, damping ratios, and mode

shapes.

Another study which carried out a similar detailed investigation of the various vibration-
based procedures for crack detection and monitoring (178 references) was reported by Rytter
(1993). He also carried out experimental studies on beams besides carrying out detailed
numerical investigation of a few of the listed procedures. He has classified the various available

into level one ion), level two (localization), level three ) and

level four (details of available safety limits) methods. More detailed examination of some of

these methods are presented below.



2.2.1. Monitoring of changes in modal parameters

Adams, et al. (1978) examined a method by which damage in a structure can be
identified from changes in the resonant frequencies. Shahrivar and Bouwkamp (1986) determined
the natural frequency shifts in an offshore structure due to the presence of damages in structural
elemenis. Modal testing of an offshore framed platform model, with grossly cracked structural

members (severed members), was performed and a reduction in natural frequencies and increase

in structural responses were reported.

Springer et al. (1991) reported that a boxbeam structure was built and tested at the
Marshall Space Flight Centre (MSFC) for the purpose of evaluating the ability of the modal test
to detect the presence of structural faults in space flight hardware. A finite element model of this
structure was also de'velopcd and used to simulate the modal test results. The results of the finite
element analysis compared favourably with the test data. No further results were presented in

the paper.

Gomes and Silva (1990 and 1991) and Silva and Gomes (1992) conducted a series of
studies using modal analysis for crack identification in simple structures. Modal tests of
cantilever beams with increasing fatigue crack depths at different locations were performed. The
influence of a lumped mass, which was attached to the structure (to simulate the end loads on
the structure), was also studied. The main modal parameters that were monitored were the

natural frequencies of the vibrating beams. A serics of nondimensional curves and tables

10



depicting the changes in natural frequencies for various depths of the crack, location of the
crack, and lumped masses were presented. Use of these tables and figures would give the
probable depth and location of the crack in an cantilever beam. The method has only been tested
under laboratory conditions and needs more detailed studies for application to more complex

structures.

Richardson and Mannen (1991) developed modal sensitivity functions for the location of
structural faults due to a change of mass, stiffness and/or damping in structural components. For
small stiffness changes, where the fault was small enough so that the mode shapes did not

change substantially, the authors gave the stiffness sensitivity equation as:

(VTR = o - @ @

where {U,} is the modal displacement vector for the kth mode, [dK] is the change in the
stiffness matrix for the structure, wy, is the frequency of the damaged structure, and wy, is the

frequency of undamaged structure. Using this equation, when the change in natural frequency

of kth mode and the corresponding model vectors are also known (where k= .., 0, nbeing
the number of modes considered), the corresponding change in stiffness can be obtained, and
vice-versa. Normally cracks in the structure tend to reduce the stiffness of the structure.
Consequently when a structure is cracked, a natural frequency reduction is predicted. For mass
and damping changes, similar sensitivity equations were derived in their paper. The method uses

changes in natural frequencies alone for crack detection. These changes would be too small in

a complex structure to correctly identify the stiffness changes dK.

11



Stubbs and Osegueda (1990) also derived cxpressions for changes in modal stiffness in
terms of modal masses. modal dampings. eigenfrequencies and eigenvectors. From matrix

structural analysis. sensitivity matrices which relate variations in stiffnesses of structural

elements to the variations in modal sti were d. Thus by ining the changes
in modal parameters such as natural frequency and damping through the sensitivity matrix, the
location and the magnitude of the damage can be detected. A case study of a simply supporied
beam was presented in their paper, and good results were achieved. This method requires the

calculation of the variation in stiffness, which limits its application to more complex structures.

Most researchers have stated that damages in structures reduce the nawral frequencies
(Boebling et al., 1996); consequently by knowing the changes in nawral frequencies, it is
possible to determine the extent of cracks or damages in a structure. However it is difficult 1o
determine the location of the crack by this procedure since cracks at two different locations,
associated with certain crack lengths or depths, may cause the same amount of frequency shift
at certain modes. Hearn and Testa (1991) have pointed out that the magnitudes of changes for
different natural frequencies is a function of the severity and location of defects in the structure.
Therefore ratios of changes in natural frequencies, normalized with respect to the largest
frequency change, are independent of severity for small flaws and can be utilized to indicate the
defect locations directly. The theory was based on the concept that a single crack will affect cach
vibration mode differently, having a strong effect on certain modes and a weaker effect on
others. This dissimilarity of effect on various modes (since it can be predicted) is the basis for

the identification of damaged members. The procedure was stated as follows: Natural vibration



frequencies are to be measured periodically; when changes in natural frequencies are measured,
the sct of ratios of changes are computed and compared with the various member characteristic

ratio ensembles obtained from the equation:

d)kyen(d)
Aw,1= BTMd, @
B k@)

&M

where Aw, and Aw, are the changes of the natural frequency of ith and jth modes, respectively,
due 1o cracking; ¢ are the Nth member deformaiions and have the following relationships with

displacement mode shapes and stiffness/mass matrices of the whole structure:

B1Ké, = T endkyey(d) (2.3)

BIMé, = T eI Myen(®) (2.3b)

where ¢, is the ith displacement mode shape, M the mass of the structure, K the stiffness matrix
of the whole structure and ky the stiffness of Nth member. The location of crack is determined
by sclecting the member characteristic ensemble that most closely matches the observed ratios
of frequency changes. This method can identify the location of cracked members of the

structure, This method is more suitable for a truss-type structure where Ky is easy to define.



Pandey et al. (1991) used changes in curvature mode shapes to determine the location of
the damage. They examined a cantilever beam and a simply supported beam. Instead of
displacement mode shapes, curvature mode shapes were calculated. Absolute ditferences between
the curvature mode shapes for the intact and the damaged beam were calculated. The largest
differences occurred at the damaged point. Therefore they stated that absolute differences of the
curvature mode shapes between the intact and the damaged structures could be used to indicate
the location of damage in the structure. Obtaining the curvature mode shapes in a complex
structure is difficult, if not impossible. Also, the extent of damage in a structure cannot be found

by this method.

Recently a study concerning both the severity and location of cracks in offshore structures
was carried out by Swamidas and Chen (1992). They used strain gauges in modal testing,
monitoring both the global and local changes in frequency and amplitude of strain frequency
response functions. Also they carried out a finite element analysis for the modal response of the

structure and determined the frequency response functions for displacements and accelerations.

The results showed that local surface strain frequency response functions were very se e 10
the presence of cracking in the structure and was strongly recommended for the detection of
cracking in structures. This method can give an approximate indication of cracking in the
structure. Further investigation is needed to find out more accurate location and extent of
cracking in a structure.

As pointed out in the previous paragraph, modal strains are very sensitive to local




damage. Chen and Swamidas (1993) conducted an experiment which showed that the amplitude
of the strain frequency response function near the crack zone decreased considerably when the
crack size increased. They reported that in the main column of a tripod tower platform model,
with a diameter of 300 mm and a thickness of 3 mm, the amplitude of the local strain FRF at
the first resonant frequency decreased by more than 60% when the crack became a through
crack, with a crack length to circumference ratio of 1/10 (actual length 90 mm).They used
accelerometers, linear variable displacement transducers (LVDT), and strain gauges in their
experiment. They proposed a procedure to detect cracks in offshore structures from global
sensors, such as accelerometers, to determine the natural frequency changes that occur in the
structure. When there is a change in the natural frequencies of the structure, there is a possibility
that a crack has started to grow. Local sensors (strain gauges applied in critical areas of the
structure) are then monitored 1o find the location and magnitude of the crack. Later, Chen (1993)
carried out a systematic theoretical study of the behaviour of a plate with a small growing
surface crack using the finite element method, including static, steady state. resonant and
transient response analyses. By comparing the sensitivity of different parameters to cracking, it

was found that besides natural frequencies of the structure and amplitude of the response, some

of the most sensitive parameters to cracking were the difference of the strain mode shapes and
local strain FRFs. Again, the method can only give an indication and not the extent of cracking

in a structure,

In addition to the literature reviewed above, many other researchers have also carried out

studies on the behaviour of structures with cracks. Collins et al. (1992) studied the free and



forced longitudinal vibrations of a cantilever bar with a crack, and the effect of the crack

location and i on the natural ies was i Chondros and

Dimarogonas (1989) studied the change in natural frequencies and modes of vibration of the
structure with a given geometry for a crack. Earlier (1980). they had investigated the
relationships between the change in natural frequency of vibration of a cantilever beam and the

crack depth that occurred at welded junctions.

From the literature reviewed above, it can be observed that by monitoring the changes
in modal parameters, which include natural frequencies, mode shapes, strain mode shapes,
curvature mode shapes, residues or amplitude of FRFs, etc., damages occurring in structures

can be found, and the approximate location and severity of the crack can also be obtained. But

in all the reviewed literature, no method is available to locate cracking in complex structures

very accurately, that gives the location along with length and depth of a crack.

2.2.2 System identification/model updating procedures

Doebling et al. (1993) carried out an experimental investigation on damage detection of
a truss structure by a model updating procedure. They presented a damage detection algorithm
based on a particular finite element updating scheme. First they expanded the experimental data
50 that the experimental model can be described in all finite element model degrees-of-frecdom
(DOFs). Then they used a Sensitivity Based Element By Element (SB-EBE) updating algorithm

which relies on an unconstrained minimization of modal dynamic residual



R, = KU, - MU, @4

for m experimental eigen-modes, and of static residuals

R, = KU, - F, (2.4b)

for n experimental static modes, where K and M are the stiffness and mass matrices,
respectively; U,, U, are measured mode shape matrix (expanded to have DOFs of the finite
element model); ©, is mth eigenvalue; and F, is the loading for static deflection curves. Young's
modulus and density of various truss members were reduced to simulate the damage in the

structure.

From their paper it was shown that the algorithm worked very well for a cantilevered
truss structure, but had trouble locating the damage in a suspended truss with several
concentrated masses. They believed that the reason for this was the modal complexity of the
structure. They concluded that the choice of modes in the modally complex structure is critical
to the success of the algorithm, and to detect damage in the structure with highly localized modal

mechanics, it was necessary to consider high frequency modes as well.

Kim et al. (1995) developed .+ :wo-step approach to identify the location and extent of
structural damages. First, a general area of structure damage was located by minimizing the

following function



minimize § = 1/2[ My (K, - K, )M." (2.50)
o - KMoy

subject to

Kid, = M,0,% (2.5

d
= K, = Ky (2.5¢)

where K, M are the stiffess and mass matrix, respectively; ¢ is the modal matrix; and

subscripts au and td represent i and

pectively. The location

and extent of the damage can be identified by examining K, - K,,.

This approach can only identify a general area of structural damage when instrumentation
is limited. So the second method, using a perturbation based approach, was developed to carry
out a more detailed investigation on damage detection. The basic theory can be expressed as

follows:

The design vector, which includes physical properties such as cross-sectional area and

moment of inertia, is defined as:



u = fuuu] (2.6a)

The state vector, which includes frequencies and mode shapes. is defined as

V= [v|v, --v‘)' (2.6b)

Using linear perturbation theory, the modified state vector, v™, with respect to the change

in design vector Au can be approximated without solving the eigenvalue problem as,

V"= v+ Av = V- QAu (2.6c)

where v" is the original state vector calculated from the undamaged analytical model, Av is the
change of state vector, and Q is a sensitivity matrix. The optimal design vector, which contains
the damage information of the structure, can be found by iteratively minimizing the difference
between the test results and the modified analytical restlts with least changes to the analytical
model:

V-
v

+ function of

minimize § = function of {

Au
F] (2.6d)

where u” is the original design vector used in the undamaged analytical model; and v* includes
frequencies and mode shapes obtained from modal testing of the damaged structure. The method
was successfully applied to detect damaged members in a long hexagonal truss with total of 224

members.



Kaouk and Zi (1993) an i on canti truss structures.

They ped a theory which the damage location and extent in a decoupled
manner. The original finite element model and a subset of measured eigenvalues and
eigenvectors were used in this technique. First, a theory was developed to determine the location
of structural damage. With the location determined, the extent of damage was then estimated.

The damage extent algorithm was a minimum rank perturbation procedure, which was consi:

ent
with the effects of many classes of structural damage in a finite element model. They tested
fifteen damage cases. The damage was clearly located in eleven cases. In two cases, the damage
location was determined with further analysis. 1n one case, the location of damage was narrowed
down to within two struts. The location algorithm failed in one case. On the other hand, the

extent algorithm performed well for all cases where the damage was located.

Salawu and Williams (1993) compared four different methods of structural damage
detection using modal analysis. A simulation analysis of a simply supported steel beam was
performed using four methods. One method used changes in natural frequencies and mode

shapes to locate the damage area, while the other three methods utilized system

updating The authors that the they used
in their paper were quite attractive, and the effectiveness of the three model updating procedures

could have been affected by the choice of the system identification method.

The methods reviewed here were able to detect the cracks, relatively accurately, for

truss-type structures. The severity of the damage for this kind of structure is mostly simulated
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by cutting off one or more members, or by reducing the stiffness of one or more elements where
the crack was located. It must also be pointed out that for the location of the crack. all the
methods mentioned above had to check all the elements in the structure. which would be very
time consuming for a complex structure. No publication is available in the open literature which

gives the location and the accurate extent (length and depth) of crack(s) in plate-type structures.

2.3 Other

Besides vibration techniques using modal analysis many other NDE techniques are
available for crack detection. Harris and Heyman (1993) reviewed some of the NDE procedures
that were considered in the research activities of the NASA airframe structural integrity program
for the aging commercial transport fleet, which included thermal methods, ultrasonics,

radiographic methods, magnetic particle methods and optical methods. Newton (1990) outlined

some new of it for inspection of offshore structure, which
included eddy current system and ultrasonic methods. Rogers (1987) published a paper that
outlined the use of acoustic emission method for detection and monitoring of cracks in offshore
structures. Guigne et al. (1992) used acoustic intensity and pressure measurements for fatigue

crack detection applications.

Some of the methods mentioned above are well developed, widely used and are available
in the market (such as ultrasonics, eddy current, magnetic particle imaging, etc.). Hundreds of

papers have been published in these areas, while the others (such as acoustic intensity



are still i Each of these methods has its own advantages

and di for specific icati For example, in offshore structures, most of the

methods mentioned above require divers for underwater inspection each time an inspection

becomes necessary. Another interesting feature that most of these methods have mn common

(except acoustic measurement) is that they measure the crack in a static mode. It will be
interesting to see how the dynamic behaviour of the structure would change when cracks oceur

in the structure, and how the detection and sizing of cracks shonid be carried out under such

context.

Another new NDE technique which is worth being mentioned here is the

speckle pattern interferometry {ESPI), which is

undergoing development at California Institute of Technology and Northwestern University

(Pouet, 1993). This method uses the speckle phase ion between ively )
correlated speckle images, each of which contains information about the same tw states of
deformation of a test object undergoing vibration stressing. Based on the correlation fringes
observed on the screen of the monitor, the displacement fields associated with changes in the
state of the specimen can be determined, and the location of cracks can be monitored direetly
on the screen when discontinuity of the fringe patterns occur. This technique provides real time

monitoring and can show crack opening and closing on the n, which is attractive for the

better understanding of fatigue cracking in structures.
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2.4 Summary

During recent years, many investigations have been carried out for crack detection and

using various i Vibration i using modal testing and analysis have

ulso attracted a lot of atention because of their unique characteristics of investigating the
structure in a dynamic mode and global sense. Earlier investigations using modal testing mainly
focused on nawral frequency shifts. Recently other modal parameters such as
displacement/curvature/strain mode shapes, damping ratios and amplitudes of frequency response
functions have also been investigated as sensitive indicators to cracking. With the availability

of: (i) More accurate system identification procedures which utilize new modal techniques: (ii)

Well developed finite element analysis and degi f-freed
techniques. for matching the results of finite element and experimental models; and (iii) Various

fest is/identificati i and ial softwares such as STAR STRUCT

(Spectral  Dynamics, Inc.), MODAL (Hewlett-Packard Co.), LMS CADA-X (LMS
International), etc. ., the diagnostics of crack detection for preventive maintenance is gaining more

attention.

As reviewed earlier, use of vibration techniques and model updating procedures for crack
detection is still under development, and most of the available methods have been applied only
to truss- and frame- type structures. The present study as given in the subsequent chapters
extends this technique further, and applies it to a plate-type structure. A model updating

procedure, which combines the results of experimental and finite element analyses, is used to



identify a fatigue crack in a plated T-joint. The study has carried out & detailed implementation
of the procedure to a plate-type structure. combining it with the strain mode shape changes for

approximate crack location and for accurate estimation of crack profiles (Itl;:alilln. length, and

depth). The procedure uses the currently available i of system i

a ion based optimizati di Shallow shell elements have been

used in the finite element model, so that the model updating procedure could be applied to any

plate-type structure.
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CHAPTER 3
BASIC THEORIES

3.1  Modal Analysis and Testing
3.1.1 Multi-Degree-Of-Freedom (MDOF) system theory

Modal analysis deals with the method of determining basic vibration properties of a
general linear structure. It is based on the concept that the structure’s behaviour can be described
by a set of vibration modes: the modal model. This model is defined by a set of natural

frequencies with corresponding vibration mode shapes and modal damping factors.

For the typical theoretical route to vibration analysis (by modal analysis), one begins with
the description of the structure's physical characteristics, usually in terms of its mass, stiffness
and damping properties. Then an analytical modal analysis is performed, and the modal model

determined. Finally, the response of the structure to a given excitation is obtained.

The governing equations for vibration of the structure are expressed as:



IO} - (v} - K} = (Fol a.n
where [M], [C] and [K] are the mass, damping and stiffness matrices, respectively, {U} is the

displacement vector and F(t) is the applied time-dependent force.

Applying Laplace transform to the equation:

<} + o} + mful) = iFo) o
one obtains:
BEHUE) = Fe) + (Ml + [Cfuol + MIfUE! a3
where
[B(s)] = [MIs* + [C]s + [K] (3.4)

Rearrangement of the above equation leads to

) = HEOFO} + (MIs « [CHUO} + MIUO)) @3

where [H{s)] = [B(s)]" is called the transfer function matrix.

For the homogeneous solution:
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[Bs){UE)} = 0 (3.6)

The characteristic polynomial equation is obtained from:

p(s) = det[B(s)] = 0 @D

where the Laplace variable s = ¢ + jo

The roots s; of the characteristic equation are called eigenvalues. Substituting the

eigenvalues into the equation of motion and solving for {U} vields the associated eigenvectors:

BE&)UY = {0} (.8)

where s; is the ith eigenvalue and U; is the associated eigenvector. The eigenvalue s; (or
sometimes called complex natural frequency) has two parts: (i) the imaginary part which gives

the damped natural frequency: (ii) the real part which gives the damping factor.

It can be shown that modal vectors are orthogonal with respect to one another if they are
weighted with respect to the stiffness matrix [K] and mass matrix [M]. It can also be shown that
modal vectors are orthogonal to one another if they are weighted with respect to the damping
matrix [C], when the damping matrix is proportional to the mass matrix and stiffness matrix (the

proportionally damped system).

Eqn. (3.1) can also be written in the modal space. The transformation from physical
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space to modal space is given by

(Ul = 16)alplo G

where:

{U}: displacement of the physical degrees of freedom.

[¢]:  modal matrix. [¢] = [y, b2, ... b,
{p}: displacement in modal space,
n number of physical degrees of freedom, and

m: number of modes considered in the study.

Using Eqn. (3.9), Eqa. (3.1) can be written as:
MitsHp} + IClalfp} + [KItsllp} = (Fo} B0
Pre-multiplying by [4]", we get:
tsTMItelp) + riClalfp} - eI Kliolfpl = 161 {F0) a.m
For the proportionally damped system. using the orthogonality properties of the madal
vectors weighted with respect to the mass, stiffness and damping matrices, one can define the

diagonal modal mass matrix as:
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M1, = [/ Mlg] 3.12)

diagonal modal damping matrix as:

[Clys = [4ICII (.120)
diagonal modal stiffness matrix as:
K] ey = [SITKI(6] (3.120)
and modal force vector as:
{Fl oy = (61"} (3.12)
Egn. (3.1) can be written as:
1My fBh s * 1 lbhoss + KlgelPlay = {Fl 613

It can be noticed that each equation is uncoupled from the other equation and represents an

individual modal response of the system (Ewins, 1996).

As is often the case for real systems, the damping matrix is not proportional, and thus
cannot be diagonalized as shown in the above derivation. The occurrence of non-proportional

damping generally results in eigenvalues which are either negative real, or complex with
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negative real parts. In the latter case both eigenveciors and cigenvalues exist as conjugate pairs.
In handling cases like this a common procedure is to transform n coupled second order

differential equations into 2n uncoupled first order equations. Forwnately, in most cases,

especially in steel structures, the damping values are small, and can be treated as proportional.

In this study, the damping matrix of the plated T-joint is treated as proportional marix.

3.1.2 Frequency response function

Using Egn. (3.5), the transfer function [H] can be expresscd as follows:

-yt = [P} 3.
[H] = [B] Detl 5] 3.14)

where: [D): adjoint matrix of [B]

Det [B]: Determinant of [B}
Since both the adjoint matrix of [B] and the determinant of [B] are polynomials of s, the
elements of [H] are rational fractions of s. Therefore, it is possible to represent any clement of

the transfer function matrix [H] in a partial fraction form.

If it is assumed that the poles of the system are of unit multiplicity, and that the s,

is inherently underdamped (the poles occur in complex conjugate pairs) the transfer function can

be expressed as:
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By Ay AT, 1.15)
" ;S')\ 5= ¢

where

M=t jefl - 8 Gl
A= U,U, (G.15b)

) is called the system pole, and ', is its complex conjugate; Ay is called the residue of the rth
mode (or sometime it’s called modal constant), and A;" is its complex conjugate; w, is the rth
natural frequency; {, is the critical damping ratio of rth mode; and ¢, is an element in modal

matrix [¢).

From Egn. (3.5), assuming zero initial conditions, one obtains:

e - L6l (.16)
{F)l

If the Fourier variable s = jw. then we have:

gy - UG} a1
()]

where [H(jw)] is called the Frequency Response Function (FRF).
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The frequency response function has many forms in terms of input (excitation) and output

(response). The traditional forms include:

(a) in the form of (di: )/( force), whers di is the output.

(b)  mobility, in the form of (velocity)/(force), where velocity is the output.

(c)  inertance, in the form of i force), where the ion is output,

Recently other forms such as slope, curvature, strain, bending moments etc., per unit
applied force, have been discussed. It must be noted that in all these cases, the input is the

excitation force.
Strain frequency response function

During the past decade, the consideration of surface strains has been introduced into
modal analysis. The strain frequency response function is the transform function between output
(surface strain level at a certain point) and input (the excitation force) in the frequency domain.
‘The derivation of the strain frequency response function using finite element method is described

as given below [Bernasconi and Ewins (1989), and Li et al. (1989)].

Eqn. (3.9) can also be written as

U - Y iy 3.1



where

From the theory of elasticity, strain in x-direction can be written as

P
¢ = a—: = gp,'&,(x.y.z)

36,

(3.19)

(3.20)

where y, is the strain mode shape of rth mode in x-direction (or some times called modal strain).

Similar expressions could be witten for €, €, ¥yy. ¥, and v,, and can be derived in the same

way. Strain at a point should be a tensor. But usually only the normal strains are measured.

Using the finite element method, strain can be expressed as

{e} = [A{U} or {U} = [A]'{e}

@21

where [A] is the strain-displacement matrix. Substituting Eqn. (3.21) into Eqn. (3.1), one obtains
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MYel - [oHel - [ReHed = (A] Mol
[M] = 1a ™AL ¢
[e] = tarTcyar

[K] = (AFIKIIAL!
Similar to displacement, the solution of Eqn. (3.22) has the form of
m
e = [Wle) = Teitvd
=
where p,' is the strain modal coordinate.

Substituting Eqn. (3.26) into Eqn. (3.22), and premultiplying with [¢]", one obtains

iMoot - Wllcdvlie) « BTk ole = WA o)

Since

(K]

G20

G249

3.25

(3.26)

a.27)



feh = 1a1u) (3.28)

therefore
191 = [Allg] 6.9
‘Then
WMy = (A1) A1 TtvilATiAls)
= [4[MIl8) (330
= (Ml
Similarly
wricdw = (€l (331
WKl = Kl [eX)
WAL = [6] [€E)

Rewriting Eqn. (3.27), one obtains
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M)+ [Chsli = Kluwufe} = to1frol sy

Eqgn. (3.34) is the same as Eqn. (3.13); therefore p,' = p,, which means the strain modal

coordinate p,, is the same as the displacement modal coordinate p, defined in section 3.1.1.

Similar to displacements, if one assumes f(t) = {F}e*, the solution of Eqn. (3.22) has the form

of

{eh = WY, lor - )R} (3.35)

where

= (K, - &M, + juC)* (3.36)

Then the strain transfer function

1] = Y Jor (.37

As in displacement, the strain transfer function can also be expressed in the following form

(3.38)

where Ay = ¢y is the residue.
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3.1.3. Modal parameter extraction

Frequency response function of a structure can be obtained experimentally by measuring
the excitation input arnd the response output at various points of interest. The fundamental
expression used in the derivation of FRFs was given in Eqn. (3.17). This states that an FRF is
the complex ratio of response output to force input in the frequency domain. There are several
formats which can be used in the derivation of the FRF. Each of these has a specific strength
in terms of noise reduction. The three methods defined below are: the H, Estimator, the H,

Estimator, the H, Estimator (SDRC, 1990).

The H, uses cross spectrum of response and force to the autospectrum of force,

Hw = U - Snl@ 339

F'F  Gglw)

‘This method minimizes the effect of noise in response output.
The H, is defined as the ratio of the autospectrum of response to the cross spectrum of
force and response,

U U _ Gy
H. =" = 3.40)
L9 = 5F oo e

This estimator reduces the effect of noise present in input signals while computing the FRF.

The H, is the average of H, and H,.

3
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H(w) - Hyw)
Hyw) = Bio) +Hto) - A

‘There are some other estimators, which minimize the influence of noise in both input and output

signals. One of them is called H, (SDRC, 1950).

From these FRFs, modal parameters such as natural frequencies, damping ratios, and
mode shapes can be extracted. The techniques that are widely used, most suitable for lightly
damped and well separated modes, are peak searching, polynomial and circle fitting techniques.
Some other methods such as complex exponential technique, Ibrahim time domain approach,
polyreference technique, etc. are more suitable for clotely coupled modes or heavily damped
structures (Allemang, 1993). The theories for the three curve fitting techniques, namely, peak

searching, polynomial and curve fitting techniques, are described in Appendix I.
3.2 Finite Element Method

3.2.1. General equations of finite element analysis

Consider the equilibrium of a general three-dil i body such as that shown in
Figure 3.1. The external statical forces acting on the body (shown in Figure 3.1) are surface
tractions f%, body forces f* and concentrated forces F'. These forces have three components

corresponding to the three coordinate axes:
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Finite element

Figure 3.1 General three-dimensional body (from Bathe, 1982)

‘The displacements of the body, as shown in Figure 3.1, are U where

UT=[UvVvw

The strains corresponding to U are,

v
€7 = Jexy vy €22 Tay Tz Vo

and the stresses are

39

(3.42)

(3.43)

(3.44)



(345

[rxx vy Taz T Tz T
Applying the principle of virtual displacements, the total internal virtual work done is equal to
the total external virtual work: hence we have,

[ & = | U« l‘l_JSTI"dS + YU (3.46)

v v

where € and U are the virtual strains and virtal displacements.

In finite element analysis the body shown in Figure 3.1 is treated as an

semblage of
discrete finite elements with the elements being interconnected at the nodal points on the element
boundaries. The displacements measured in a local coordinate system Xy, z within cach element
are assumed to be functions of displacements at the N nodal points. Therefore, for clement m

we have (Bathe, 1982)

Ux,y,2) = N(x,y.2)0 (3.47)

where N is the displacement interpolation matrix, and U is a vector of the three global

displacements U;, V; and W, at all nodal points.

07 = [UV,W, U,V,W, .. UV, W, (3.48)

or we can write more generally
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0" = U, (3.49)
The strain distributions within the element now can be determined from
d(x,y.2) = A"(x,y.2)0 (.50

where A™ is the strain-displacement matrix.

The stresses in an element are related to the element strains and the element initial

stresses, using the following equation.

o L omgm , pim (3.51)

where C™ is the elasticity matrix of element m and 7™ are the element initial stresses.

Rewriting the Eqn. (3.46), one obtains

ATy m T gsmgy TS Smgg
R R Y A

5" (3.52)
+ Y UF

where m = 1, 2, ..., k and k is the number of elements. If we substitute Eqns. (3.47) - (3.51)

into Eqn. (3.52), one obtains
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T [ ) J'wA‘mncmymmde,] 0T [{Z l\uN(wn\"‘lhmvd\Hmv}

{ ] N psmgg o | (3.53)
w Js J

Denoting U = U, Eqn. (3.53) reduces to

KU =R (3.54)

where

R=R,-R-R -R, (3.55)

The load vector Ry, due to body forces, is given by

R, =Y IWN”..,T‘«;mudvmn =Y R™ (3.56)

The effect of the surface forces are given by

R, =% J‘s‘-‘Nsrm,Tthdslnu - TR (3.57)

m m

and the effect of the elemental initial stresses are given by
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R, = ).,: ] ATV ER;‘“‘ (3.58)

and that of the concentrated loads by

R, (359
The stiffness matrix K can be determined from
K-% J AmTCmAmgY o 3 gm (3.60)
w IV n

For a dynamic problem, using d’Alembert’s principle, the inertia forces can be included

as part of body forces in Eqn. (3.56),
R, =Y L-“"'"’"" - pmNTlAV (3.61)
-
where U is the nodal acceleration and o™ is the mass density of elemeni m. Now the

cquilibrium cquations become,

MU + KU = R (3.62)

where R and U are time dependent. The mass matrix M can be determined by
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M=y J\_}""'N"’"N"‘d\""' -y (2.63)

In practice. damping always exists in any system. Hence the eguilibrium equations

should be of the following form.

MU - CU - KU = R (.64

This equation is the same as that given in Eqn. (3.1).

Determination of the general finite element damping matrix is quite difficult, it not
impossible. As stated in 3.1, in most cases, the damping can be ussumed to be proportional o
the mass and stiffness of the system. So generally the damping matrix is constructed using the

mass matrix and the stiffness matrix, together with experimental results.

. Thin shell element

The thin shell element formulation is based on the theory of plates with transverse shear
deformations, which assumes that "particles of the plate originally on a line that is normal to the
undeformed middle surface remain on a straight line during deformation, and this line is not
necessarily normal to the deformed middle surface”. With this theory, the displacement

components can be expressed as:

u = zf(xy): v = zB(x.y): and w = w(x,y) (3.65)



where w is the transverse displacement. B, and §, are the rotations of the normal to the
undeformed middle surface in the x-z and y-z planes. respectively. see Figure 3.2. With
KirchhofT plate theory, which states "a material line that is originally normal to undeformed
middle surface remains normal to that surface throughout the deformation”, £, = -dw/dx. and

A, = awldy.

zZ,w :
M~ p
it = h
B/ . 'ﬂf TTA I
/////\T-y
re
7 Ed Y.¥ o,

9,

Figure 3.2 Deformations considered for a plate element

In linear analysis, the in-plane deformations present in the middle plane are not coupled
with the out-of-planc deformations of w, 8,, 8, Hence for clarity, the two types of deformations
are treated separately and combined finally to give the total stiffness matrix for the element. The

bending strains of the plate can be written as:

45



ax
i" . a6,
w| 7 = ay
Y a6, a6,
ay  ax

[v,l] wh
o T ew
w0
The stresses can be writien as:
9B,
1w x
T E |»1 0 aB,
| Tl 5y
7 oo L y
», 3 0B, 0B,
dy dx
aw
A
Ta 2(1+v) ﬁ’_w_a,g
ax "

and 7, = 0.

The total potential of the plate element can now be expressed as:
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Tu

m- % J. I:[( € 1] |7 | d2dA
. (3.70)

* 3 a] b 1,.{ ]dld'\ - [ wpaa

where ¢ is a constant used to account for the actual nonuniformity of the shearing stresses.

Substituting Egn. (3.66) - (3.69) in Eqn. (3.70). one has

&1 ¢ 1 (am -
<3 ‘[AKTCMA + ﬂ;y CaydA Lw;um @3.71)
where
B,
X w g
k-| -% o e | 9L © 3.72)
dy. .
8, a8, x
oy ox
1v 0
En' |v1 0| . Eh (10 (3.73)
T Taes o0 1 t20W) (01
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Using the fact that the total potential must be stationary, Eqn. (3.71) becomes

IAEKTC,,I(dA . J’\a-,TC;,dA - [ owpda =0 3.7h
’ A

lement.

which may be regarded as the principle of virtual displacements for the pla

For the finite element analysis

o .
w=Y hw B = ; hoy: 8, = Z’; o, (375

where h; are the interpolation functions and q the number of nodes of an isoparametric plate

element.

The more general shell may be
constructed by superimposing the plate 4 7 3
bending stiffness matrix and the plane stress
stiffness matrix for membrane element. The 6
‘major advantage of the general shell element

formulation is that the geometry of any shell

1 5 2
8 - NODE ELEMENT

Figure 3.3 ABAQUS’s S8R5 8-noded shell
d eleraent

surface is represented accurately and all

elements are satisfied directly and in an



effective manner.

In this study. ABAQUS finite element analysis package (Hibbitt. Karlsson & Sorensen.
1995) was used, and shell element type S8R5 was used for most part of the plated T-joint. This
type of clement has 8 nodes (as shown in Figure 3.3), each node having five degrees of

freedom. It is a doubly curved shell element, with 3x3 middle surface integration for mass. body

forces and surface pressure ion and a 2x2 i ion for itutive equation
and output. Five integration points are chosen through the shell thickness for stress and strain

output; this is based on the conclusion from an earlier study (Nwosu, 1993).
3.2.3 Line spring element for modelling crack

Line spring element is designed to model part-through cracks in shell-type structures. It
is based on replacing the part-
through crack with an equivalent N
distributed spring which matches < M e
A9,
the compliance introduced into the

structure by the crack. The

stiffness of the spring varies with L‘:‘
ER
the crack depth a. ! M %,

Figure 3.4 Single edge notched specimen
The stiffness calculation is
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based on matching the local compliance of the crack with that of a single edge notched specimen

(see Figure 3.4).

From Figure 3.4, assume that the specimen is under remote tension N, and moment M,

with conjugate displacement Au, and rotation Ag,. Consider these as generalized forees Q, =
N and Q, = M and conjugate generalized displacements g, = du, and g, = A¢;. Since the

stress intensity factor varies linearly with load, we can write

K =eN+eM=YeQ (3.76)
&

where K; = K;(a,h) are the stress intensity factors for a single edge notched specimen under unit
remote tension or bending, which are known functions of the crack depth a, and specimen

thickness h (refer to Hibbitt, Karlsson & Sorensen, Inc.. 1991 "Fracture Mechanics Notes").

The complementary energy of the cracked single edge notched specimen is

9 = ZlQricQl 3.1

where Cy(a,t) is the compliance of the cracked specimen and

9=X¢CQ 3.7%)
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It is known that the stress intensity factor is related to the energy release rate per unit

crack tip advance according ©

K gl 679
E/1-7) da 0

Then

- L€l (3.80)
T 2IQ] = Q1
Since K, is also defined as
Ki = [QlTe, < m (o] 68D

For any Q, and Q, this defines the element of compliance matrix by

(3.82)

which gives

g lc,(s)ci(s)ds (3.83)



The stiffness for the line spring finite element model is simply [K] = [C]".

The stiffness of the line spring per unit length of crack front is thus known from the

Figure 3.5 Line spring element

crack depth, and a distributed spring element can be constructed, linking the nodal displacements

and rotations across the line spring to conjugate forces and moments (Figure 3.5).

Shell element

X Line spring
Shell element element

Figure 3.6 Line spring clement in a shell mesh

52



This line spring element is then inserted into a shell mesh. to represent a part-through

crack in the sheli (Figure 3.6).
3.3 Model Updating for Damage Detection

The model updating for damage detection methods is based on the modification of
structural model matrices such as mass, stiffness, and damping, to reproduce responses as
closely as possible to the measured responses. These methods solve for the updated matrices
(or perturbations to the nominal model which produce the updated matrices) by forming a
constrained optimization problem based on the structural equations of motion, nominal model

and measured data.

Many techniques have been investigated for the model updating procedure. Most of them
use modal parameters in their objective functions. Some of them use experimental FRFs directly,
which has the advantage that no curve fitting is needed. In this study, a two step approach

similar to the approach used by Kim et al. (1995) is wtilized.

First, an approximate crack area is located by examining the changes in the strain mode
shape. From a previous study by Chen (1993), the changes in the strain mode shapes, especially
the dominant mode shapes, gave a good indication of the location of the crack. The first
dominant mode, which in this study is the first bending mode of the bottom plate, has the largest

changes in modal strains in the area around the crack region. Also, for a known structure, it is
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not possible, nor necessary, to apply strain gauges all over the structure, to obtain the strain

mode shapes. Only those areas with high stress levels need to be examined. In this the

modal strains obtained from those points are examined. Those points with large chan in the

modal strains, are examined for possible crack formation. After that, a more detailed study using

model updating procedure is used.

The basic idea for model updating is to minimize the error between the experimental and
analytical models. There are many expressions for error functions and they depend on the
parameters which are chosen for the objective function. Jeong and Nagamatsu (1992) suggested
an approach in which the error function between analytical and experimental FREs was used as

the objective function. The error S is given by

5= I);)'__"?{wm(m,){u,;(ug - )]

- WHie) - ]

(3.84)

where Wy and Wy are the weighting cocfficients, H* is the analytical FRF and 11 the
experimental FRF. The subscripts R and I denote, respectively, the real and imaginary parts of
the complex value, m is the number of referenced FRF for identification, and n is the number

of eigenvalues to be considered.

The use of FRFs directly, instead of other parameters such as natural frequencies or

mode shapes, avoids curve fitting procedures, which introduce more errors in the whole
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procedure. It would also be helpful in examining the regions of FRFs away from the resonant

points.

One way to minimize the error S is to attach certain constraint conditions. and then use

Lagrangian i for these ini itions. The ity of the modal matrix

can be used as a constraining condition. and can be expressed as

[9116]" = 0] or p(Z) =0 (3.85)

where Z is a design parameter.

To minimize the error S, one can minimize the following function A by introducing the
Lagrangian multiplier A

A =S5@ + @ (3.86)

‘The differentiation of Eqn.(3.86) with respect to Z must be zero; hence
82 _, o2) _ 3.87)
E e G

Using Eqns. (3.85) and (3.87). the Lagrangian multiplier \ and the design parameter Z can be

determined.

55



This method requires the calculation of 35/8z. which would require the computation of
derivatives of FRFs [H* and H® in Eqn. (3.84)] with respect to the design parameters (erack
location, length and depth). This requirement was found to be very difficult to implement in real
structures unless an analytical expression for H in terms of design parameters was available
Hence a perturbation based approach is used in this thesis along with a modified form of Eqn
(3.84); the perturbation procedure described by Kim et al. (1995) is adopted and described as

follows.

Let {Z} be the design vector, which is a function of location, fength and depth of the

crack.

D (3.88)
{zy-]L

where D, L and C are the depth, length and location of the crack, respectively.

The changes in H* can be expressed as

AH* - QAZ (3.89)

Using linear perturbation theory, the modified state vector, H*, with respect (o the change

in design vector AZ can be approximated without sclving the cigenvalue problem,
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HY = H} - AH® = H! - QAZ G:30

where Q is called the sensitivity matrix.

The sensitivity matrix Q is a function of D, L and C. It is calculated by applying
different line spring clements, to simulate various trial cracks, into the finite element model.
Similar to the element by element ap: roach used by Doebling et al. (1993), varying length and
depth line spring elements are applied to different locations. This method is based on the idea
that since an initial crack estimate has already been made, only a small area needs to be
examined in detail for greater accuracy. The final design vector Z which minimizes the error
S is designated as the final predicted crack with accurately determined crack depth, length and

the location.
3.4 Summary
This chapter covers the basic theories that are used in this study. Section 3.1 discusses

the basic theories of modal analysis and testing, provides guidance for experimental part of the

study from which the dynamic characteristics such frequency response functions of

natural ies, mode shapes and damping ratios are obtained. The
theories of finite element analysis, which are needed to generate a finite element model through
ABAQUS and cbtain meaningful results, are discussed in Section 3.2. Finally, in Section 3.3,

a model updating procedure, which uses two sets of data, one from the model testing, and the

51



other from the finite element analysis, is described. The updating procedure updates the finite
element model by introducing different locations. lengths and depths of the crack into the finite

element model, through the use of line spring elements, until the right crack profile is found (by

the minimized error S). The model updating inimizes the error using a

approach,
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CHAPTER 4
EXPERIMENTAL STUDY ON PLATED T-
JOINTS UNDERGOING FATIGUE

CRACKING

4.1 Methodology

Any physical changes that occur in a structure will inevitably cause changes in the
physical properties. These changes normally will be expressed in terms of changes in mass,
stiffness and/or damping of the structure. As mentioned earlier, a structure's dynamic behaviour
can also be expressed in modal space, which is expressed in terms of natural frequencies, mode
shapes and damping value. Therefore the characteristics of fatigue cracks (such as crack
location, depth, width etc.) occurring in a structure, which change its physical propertics, can

be determined by examining the changes in the modal prope: .» (or parameters),

As stated earlier, many research studies have been carried out using modal parameters
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for crack detection. The first modal parameter that was used for crack detection was the natural
frequency. The natural frequency of a structure is the most important modal parameter, and the
easiest to obtain. Unfortunately the changes in natural frequencies, Jue to the presence of a
fatigue crack or any other flaw, are very small. Also, it is difficult to find out the location of

the crack if one uses the natural frequency alone.

In this study, the changes in experimental and analytical frequency response functions
(FRFs) are used to identify and locate the crack. These FRFs would include all the dynamic
parameters that need to be considered in any investigation, such as natural frequencies, modal
damping ratios, mode shapes and other modal constants. In addition, FRFs could be obtained

for di: velocities, i strains, stresses and any other variable that nee

to be examired. Hence FRF seems to be the proper function that needs to be considered for
crack detecticn and identification. The method of using the whole FRF instead of ep: or several
of the modal parameters makes use of the advantage that modal parameter extraction procedure
could be eliminated, resulting in less a;cumuhlion of errors in the numerical estimation
techniques. Also, the structural response at both the resonant and non-resonant regions could be

examined by this method.

From a previous study (Chen, 1993), it was observed that the surface strain FRF around
the crack region gave a much better indication of cracking in plate-like structures than the
displacement/acceleration. FRFs. In this study, a detailed investigation is carried out using both

experiments and analyses to verify the previous indications from theorctical studics. The
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methodology used for experimental investigation was based on the fact that strain and

tion FRFs experience changes when fatigue cracks initiate and propagate. In some cases,

ac
especially for strain FRFs at certain locations and certain directions, these changes are very
significant, Therefore, strain gauges and accelerometers were used to record responses of the
plated T-joints at salient points. Fatigue loading was applied to the structure to develop fatigue
cracking at critical locations; after the crack had developed to an assumed level, modal

g/analysis was carried out to ine the frequency response functions. This was repeated

for various stages of crack development until the specimen failed. The fatigue crack profiles,
at different fatigue cracking intervals, were recorded using ink staining and beach marking
procedures. Seven plated T-joint specimens were tested during the experimental part of this

study.
4.2 Experimental Setup
4.2.1 Instrumentation for experiment

‘Two pieces of 16 mm thick structural steel plates were welded together to form a plated
T-joint (see appendix II for the welding procedure specifications). Figure 4.1 shows the
dimension of a single plated T-joint. Tensile testing was carried out to determine the Young's

modulus of the steel; results are shown in Table 4.1. It is observed that the average value for

E is 207.03 GPa with a variation of + 6.2 %
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Table 4.1 Young’s modulus of steel used for plated T-joint

Young's modulus from test #1 Young's modulus from test #2

219.89 GPa 194.17 GPa

All dirensions in mn

Z
—= <

16
s PO~ (00— §
N e

—~ besis

1

Figure 4.1 Dimensions of a plated T-joint
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The plated T-joint was simply supported at both ends of the base plate. Since fatigue load
was applied at both the upward and <ownward directions (cyclic load). the upward and
downward movements of the base plate were restrained. at the supporting poinis: the rotations
of the base plac were allowed at these points. To achieve these support conditions two
cylindrical rods were placed, above and bencath the plate, at the supporting points. Figure 4.2

shows the supporting mechanism used for the plated T-joint.

l Fotique lood

o JL_ o

Figure 4.2 Supporting mechanism for the T-joint

The cylindrical rods were in turn connected to a solid steel frame, which was bolted onto
the structural laboratory's 0.9 m thick concrete floor. Since stiff supporting conditions are

needed for carrying out modal testing of the plated T-joint, the supporting frame was stiffened
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at salient points and bolted onto the heavy floor at three points (325 N.m torque). During modal

testing, the excitation frequencies were swept through a certain predefined frequency range; the

range was selected so as to give better strain frequency response functions and usually the range

included one or two natural frequencies. Any resonances other than that of the plated T-joint

caused by supporting members would modify the results of modal testing. With the rigid support

mechanism as shown above, the resonance effects caused by supporting members are reduced

10 a minimum. Figure 4.3 shows the photo of the actual experimental setup.

The fatigue load was applied to the attachment plate of the T-joint as shown in Figure

4.2, The connection between the actuator and
plated T-joint was made through two equal angle
steel sections bolted to the actuator using 12 mm
diameter bolts (Figure 4.4). Figures 4.5 and 4.6,
respectively, show the connection and
disconnection of the actuator from the plated T-

joint.

During the fatiguing process, a cyclic
sinusoidal fatigue load (as shown in Figure 4.7)

was applied to the plated T-joint. The magnitude

Figure 4.4 The connection between the
plate and the actuator

of the fatigue load was set so as to cause a nominal maximum weld-toe stress range of ncarly

200 - 250 MPa. Some slight variation from these stress ranges occurred for different specimens.
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Figure 4.3 Photo of the whole experimental setup
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The frequency of fatigue cycles was fixed at 5 Hz. This value was chosen mainly due (o the
limitation of the hydraulic pump. which reduced the maximum load output if operated at higher
frequencies. Table 4.2 gives different fatigue loadings, load ratios and siress ranges near the
weld toe as measured by the strain gauges for different specimens. The maximum siress range
at the weld toe is calculated from the load range obtained as the difference between the

maximum and minimum loads: the mean load was given hy half the load range value.

To record the crack profile at each of the predefined fatigue interval, ink staining and
beach marking techniques were u.ilized. For ink staining, which was made after the first crack
initiation w‘as observed (by eye using a magnifying glass), a slow drying red ink (made from
finger nail polish diluted by 100 % pure isopropyl alcohol) was poured into the crack, while
maximum fatigue load was held constant (till the ink dried); this ink staining (pink in colour)
stays permanently and depicts, the initial crack profile when the cracked plate is broken open.
Mmmwhmonwlmlha fatigue crack propagates at a different rate
when growing at a different fatigue frequency and stress level; this decrease in growth rate gives
a distinct coloration to the cracking interface during the beachmark cycling. Therefore cycling
the specimen at a different frequency and load level will form a mark at the crack surface similar
to the mark observed at the beach during successive wave run ups (from where the name has
come). In this study, beach marking procedure was performed at cach of the predefined fatigue
cycles, at a frequency of 10 Hz (twice the fatiguing frequency); the magnitude of the load range

was reduced to half while keeping P,,,, as constant.
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Table 4.2 Fatigue loads and stress ranges used for different plated T-joint specimens

Specimen # | P, (KN) | P, (KN) P Load ratio | Max strain | Stress range
R=P_ /P, wo (MPa)

1 17.8 -17.8 0.0 -1.0 - -

2 17.9 -17.9 0.0 -1.0 600 248
3 18.6 -18.6 0.0 640 204
4 225 25 0.0 850 358
5 27.6 1.2 1332 525(+518) 28
6 27.1 -0.3 13.7 537(+535) 222
7 30.3 -0.9 15.6 204

Note:

1) All the data were obtained from the initial test of each intact specimen.
2) The maximum strain for the specimen #1 was not recorded.
3) Strain values are those recorded from gauge s31.
4) Numbers inside the brackets are the strain values corresponding to P,,.

FATIGUE LOAD.

VANANFAY
S\ \/ A

Figure 4.7 Cyclic sinusoidal fatigue load
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4.2.2 Modal testing

Modal testing was done initially (before any fatigue load cycling was applied) and at each
of the different predefined fatigue cycles. to record the dynamic response of the plated T-joint.
from which the modal paramelers would be extracted. Frequency response function method was
used for modal testing; that is, frequency response function, which has been discussed earlier
in Chapter 3, was obtained first. Modal parameters, such as natural frequencies, damping ratios.
and mode shapes (or modal constant at a certain point and a certain mode) were then extracted
from the corresponding FRFs. B&K 2034 Signal Analyzer (Briiel & Kjer, 1987) was used for
data acquisition and FRF generation; and STAR STRUCT software (Spectral Dynamics. Inc.,

1994) which was resident in a personal computer was used for the modal parameter extraction.

Excitation

Many different methods have been developed to obtain the frequency response function.
‘These can be divided into transient and continuous excitation tests. The transient test is basically
an impact test and is carried out using a modal hammer. A load cell is mounted at the head of
a hammer. Each time the hammer strikes the specimen, the impact load is recorded at the same
time as the response from a sensor (an accelerometer or a strain gauge) is recorded. From these
responses, frequency response functions could be computed. The advantage of the transient test
using a hammer is that the hammer can be very easily used to excite any location on the

specimen and obtain the FRF at that location. With a number of sensors mounted at preselected
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locations and directions (actually one is enough in many cases), and the hammer impacting a
different location each time. one row of the frequency response function matrix H can be

obtained. As discussed in Chapter 3. the response matrix H and one row

symmetric mari

or one column of the matrix H is sufficient to describe the system in terms of nawural

frequencies, damping ratios and mode shapes. Thus. the hammer test provides a guick and
inexpensive method for determining frequency response functions. However, the hammer test

has many disadvantages which limits its usefulness for performing tests which require high

precision and accuracy. These include such items as lack of repeatability, cxcitation of few

resonant ies, difficulty of an exact application point, i of many

suceessive tests (averaging ) to reduce noise, and low signal to noise ratio. Also for cra

detection to have a better accuracy, the condition of each consecutive modal test has t he
close as possible, with the difference being only in the growing of the fatigue crack. Thus, the

transient test using impact hammer is not suitable for crack detection.

On the other hand, the continuous excitation test can provide sufficient power into the
system to excite as many frequencies as required. It has a good signal to noise ratio; since the
exciter is fixed at a certain point, and it has good repeatability. Once a good forcing signal is
used, and good response signals recorded, a high precision and uccuracy of measurement and
computation can be achieved. For the excitation forcing function, normally two types of signals
are used: random and sine sweep signals (see Figure 4.8). The random signals include true
random, pseudo random and periodic random signals [Figure 4.8(a)]. The big advantage of a

random forcing function is that this type of signal covers a wide range of frequencies. This also
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Figure 4.8(a) Samples of random signals
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Sine Sweep

Y.

20 45 60 @@ 100 120 140 100 Mo 200 220 a0

Figure 4.8(b) Samples of sine sweep signals
has a disadvantage, in that this type of excitatinn needs a large number of averaging to obtain

a stable. smooth frequency response function.

The sine sweep function is a sinusoidal signal, with a constant amplitude, which

]

continuously increases in frequency from a preset lower iimit to a higher limit. The advantay
of sine sweep excitation include: reduced noise (resulting in clean spectra), high signal to noise
ratio, and minimized signal leakage. Few averages are required to achieve a smooth spectrum.
It also has the advantage of being able to observe the response over  certain frequency band by
zooming over a particular frequency range. The disadvantage of this type of excitation is that

it does not represent the realistic service environment.

For crack detection, a repeatable and accurate measurement procedure is needed. Also,

frequency response functions at a certain frequency range with high resolution are needed 10

examine the changes caused by fatigue cracking. Based on the disct above, fixed point
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excitation with sine sweep forcing signals was chosen for this study.

Response sensors

In order to have a good understanding of the modal behaviour of plated T-joints with a
fatigue crack, a large number of sensors were used in this study. This was purely for the sake
of detailed rescarch investigation wherein mode shapes also could be obtained. For practical
purpose, the number of sensors can be greatly reduced to only a few. Figure 4.9 shows the

distribution of sensors (strain gauges and accelerometers) used in this experiment.

Along the weld-toe, where the crack was expected o occur, three strip gauges were used
(526-30, 531-35, and $36-40 in Figure 4.9). Each sirip gauge had five individual gauges packed
together. The total length of the strip gauge was 15 mm, with a 1 mm gap between each
individual gauge, on either side. Two roselte gauges (s41-43 and s44-46 in Figure 4.9) were
placed in between the strip gauges. The 45" rosette has a total length of 6.99 mm, with 3,18 mm
length for each section. For the rest, general-purpose gauges with an overall length of 2.9 mm

and a gauge length of 1.57 mm were used (s1 to 524, 525, s47 and 548).

STRUCTCEL light weight accelerometers (each accelerometer weighs 2.0 grams) were

used to measure the i This type of employ a mass loaded,

differential structure as its sensing element with integral microelectronics. Encased in a plastic

cap and a 3-pin transistor-head ion, the provides low cost, low mass
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Figure 4.9 Distribution of strain gauges and accelerometers
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Some of the ifications of this type of are listed

in Table 4.3.
Table 4.3 Specifications of STRUCTCEL accelerometer
SPECIFICATION: STRUCTCEL ACCELEROMETER (Model No. 330A)
Sensitivity (mV/g) 200
Range (+10V) (g) 10
Resolution (g) 0.001
Frequency range (+5% sens. dev.) (Hz) 1 - 1000
Resonant frequency (Hz) 3000
Excitation (+VDC) 15
Temperature range (°F) 0-130
Shock (max) (g) 5000
Weight (gm) 2
Connector (pin) 3

Strip gauges were placed very close to the weld toe in order to find the stress
concentration around this area. Figure 4.10 shows the normalized modal strain obtained from
the nearest gauge of a set of strip gauges located at the centre of the plate (s31 - s35) in
specimen #3, for the first bottom plate bending mode, which is similar to the static bending of
the bottom plate under an in-plane load on the plated T-joint. The nominal stress range at the
weld toe for the plated T-joint is observed to be between 0.88 to 0.90 times the value of the
maximum stress range given in Table 4.2 (it must be borne in mind that the gauge s31 is located
ata distance of 1-3 mm from the weld toe and consequently that distance also must be taken into

account while computing the nominal weld toe stress range).
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Figure 4.10 Normalized modal strains from a strip gauge
Signal processing

Figure 4.11 shows the diagram of the procedure for signal acquisition and subsequent

data processing. Noisc inevitably exists in most i setups. Thercfore it and

filters are used to amplify the signal and reduce the noise level. Since the conditioners for the
load cell and accelerometers have built-in filters, the signals reccived from them are refatively
clear. For strain gauges, additional filters were used to climinate any frequencies below and
above the frequency range of interest. Shielded cables were used for all connections to shicld

out any interference from the laboratory’s environment.

Aliasing and leakage errors were eliminated by choosing the right dat acquisition

frequency and record time length. Hanning window and signal averaging were used to further
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Figure 4.11 Procedure for data acquisition and signal processing
reduce the effect of noise. In order to have an efficient use of recorded data an overlap
procedure, in which a block of (ime'hislory data used for one analysis contained a certain
amount of previously processed data, was used. Figure 4.12 shows a 50 % overlap procedure.
This procedure is most useful when applying certain window techniques (e.2. Hanning window),
since a portion of the data is reduced in amplitude by the window application. In this study a

75% overlap procedure with a Hanning window, available in the B&K analyzer, was used.

In the study, a sine sweep function was generated from a function generator and sent to
the excitor. The excitation force was recorded through a load cell located in between the excitor
and the plated T-joint. The force signal output from this type of connection had very small noise.
Therefore, to obtain the frequency response function, the H, estimator, which reduces the noise
in the response, was used. As described in Chapler 3, the H, is calculated from the cross

spectrum of response and force, and the autospectrum of force. The formula of the H, estimator
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can be expressed as:

- LF U Gul) @0
SFF Gy

where F is the forcing signal, U is the response signal, and * indicates the complex conjugate

of the corresponding parameter.
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Figure 4.12 Overlap in signal processing

4.3 Results and Discussion

4.3.1 Natural frequencies and damping ratios

The first modal parameter to be examined is the natural frequency. It is not surprising

to find out the small decrease of natural frequencies as the fatigue crack grew. Figures 4.13 (a) -
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(D show the changes in natural frequencies and damping ratios as the  ta

eue crack grew, for

each of the seven specimens tested. Table 4.4 gives the fatigue ch fatigue interval.

for each of seven specimens tested.  See Appendix 11 for all the frequencies and damping values

for all seven specimens at all predefined fatigue cycles. It is observed that the crack produces
noticeable changes only towards the end of its life. Most of the changes in modal parameters
such as natural frequencies, amplitude of strain frequency response functions. ete. veeurred only
after the ink staining was done. Also it should be noted that at the fatigue cracking interval
wherein ink staining was done, modat strain values around the crack area dropped significantly,

while changes in natural frequencies were barely noticeable.

It should also be noted that the fourth resonant frequenc: ing from Figures 4.13(a
). From the finite element analysis which will be discussed in the next chapter, the fourth
resonant frequency was observed to be a torsional mode of the top plate, while the bottom plate

barely moved (see Figure 5.3). Therefore, sensors located at the bottom plate were not able to

pick up this resonant frequency.

From these figures, it can be seen that the changes in nawral frequencics were very
small: only towards the end of fatigue life, during which time the plate was almost broken (the
crack was throughout the width and the depth of crack was more than half the plate thickness),
the natural frequencies showed some large, reliably detectable changes. The patierns for changes

of damping ratios as the fatigue crack grew, were not well defined.
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Fraguancy Changes for the First Resonant Fraauency
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4.3.2 Freq ¥ response ions for

Twelve accelerometers were used on each specimen (0 record acceleration responses at
12 points. Figure 4.14 shows the changes in acceleration frequency response functions of two
points. one of which was located close to the weld toe. and the other close to the supporting
edge. The results of FRF for specimen #7 is given below: and all other specimens show a

similar pattern and due to the space limitation. they are not shown in here.

It can be seen from Figures 4.14(a) and (b), that the changes in aceeleration FRES are
small, both near and far away from the crack; the acceleration FREs change a little bit more in
locations further from the crack than near the crack. The last fatigue interval represented in
Figure 4.14 is interval 6, of specimen #7, which represents a crack length of 114.0 mm, and
depth of 7.5 mm (specimen width is 203 mm and thickness 16 mm). This size of crack should
be considered as quite significant for the structure. and should be detected to prevent failure of
the structure. Obviously from acceleration FRFs alone. it would be very difficult to detect the

crack since the changes are very small.
4.3.3 Frequency response functions of surface strains.
In order to find more sensitive parameters for fatigue crack detection, strain gauges were

used, and were applied all over the base plate of the plated T-joint at 32 points. Figure 4.15

shows the strain FRFs at a point away from the crack while Figure 4.16 shows the FRFs at a



Table 44 Fatigue cycles for each crack growth interval of the seven plated T-joint specimens

Specimen #1 | Specimen #2 | Specimen #3 | Specimen #4 | Specimen #5 | Specimen #6 | Specimen £7
intervall cycles fintervalf cycles [interval] cycles finerval cycles |interval] cycles [intervall cycles
(k) 0] k) &) k) (k)

1 [2sf 1 || 1 [wo| o |1w0] 0o |30] 0300
2 |75 | 2 [wo| 2 |200] 1 [260]| & Jaso| 1 [700f 1
3 [w2s| 3 |10 3 [ 30| 2 Jao| 2 [e0f 2 |o0f 2
4 |25 | 4 [20] 4 [a00 | 3 [e0] 3 {720 ] 3 frasof 3
s |35 | s [20] 5 [s00]| 4 [80] 4 |90]| 4 [1a50 4
6 [ 35 6 |30 | 6 |60 | 5 |riso| s [roof 5 |1L750| 5
7 |4s| 7 30| 7 [700] 6 [L22] 6 f1120] 6 [2050f 6
g [a15 | 8 |40 | 8 [800 [ 7 [123) 7 [1220( 7 f2325( 7
9 |avs| 9 |40 o [o900 | 8 [1253| 8 [1249| 8 (2475 8
filure| 497 [ 10 [ 500 | 10 [1.000 |failure| 1332| 9 1261 9 |2.525|failurc| 1533

1| s | 1 |1100 failure| 1,265 | 10 | 2,575

12 |60 | 12 |1,200 1 |2610

13|60 | 13 |1.300 failure | 2.611

14 700 | 14 | 1,400

15 | 150 | 15 | 1,500

16 | 800 | 16 |1.600

17 | 80 | 17 | 1.700

18 | %0 | 18 |1,800

19 | 950 | 19 |1.900

20 [1,000( 20 |2,000

21 | 1050| 21 [2,075

2 | 1000 2 |2.150

23 | 1150] 23 [2210

24 [1200] 24 |2.270

25 | 1250 25 |2,330

26 |1300| 26 |2.400

27 [1350] 27 |2.448

28 | 1,400 | failure | 2,467

29 | 1450

30 | 1.500

31| 1550

3 | 1.600

33 | 1650

34 | 1700

35 | 1,750

36 | 1.800

37 | 1850

38 | 1,900

39 | 1,950

40 | 2,050

41 {280

failure | 2,198

* Initial cracking was observed and ink staining was carried out at this interval.
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Figure 4.14(a) Acceleration FRFs at al for various crack growth intervals; close to the
supporting edge (specimen #7)
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Figure 4.14(b) Acceleration FRFs at all for various crack growth intervals; close to the
weld toe (specimen #7)
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region close to the crack: Figure 4,17 shows the FREs at a point between the above two points.

It is observed that strain gauges have a much greater sensitivity to cracks than

at locations near to the crack: at locatios

far away from the crack. the accelerometers and strain

s that the data is

gauges have almost the same sensitivity. One problem with the strain gauge
noisy at strain levels below 10 micro-strain/N. Also it could be seen from the strain gauge data,
that in spite of its noisc ‘2vels, the trend in amplitude decrease is the same as in non-noisy

regions. if not better.

Rosette gauges are also used to measure the response of the structure to the dynamic
excitation. Figure 4.18 shows the FRFs at different crack levels for a rosette gauge located at

node s41-43 (see Figure 4.9), with one gauge at 45°, second at 90" and the third at 1357,

From Figures 4.15 - 4.18, it is seen that strain FRFs undergo significant changes at
regions close to the crack. This close-to-the-crack region can be defined as a circle, with a
diameter slightly larger than the surface crack length. This definition of close-to-the-crack region
should have a practical meaning, since in real structures, it is always possible to find out the
critical regions, where high stress values would exist (obtained by finite element analysis). Thus
a small number of strain gauges can be placed at these critical regions. If significant changes in
FRFs were observed in one of these regions located at various critical locations in the structure,
it indicates that some damage might have occurred in that region. More detailed investigation,
such as the model updating procedure discussed in next chapter, should be used to determine the

extent of damage.
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Figure 4.15 Strain FRFs at sd8 (single gauge) for varicus crack growth intervals; s48 is
located away from the crack (42 mm) (specimen #7)
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Figure 4.16 Strain FRFs at s31 (strip gauge) for various crack growth intervals; s31 was
located very close to the crack at the centre of the bottom plate (1-3 mm) (specimen #7)
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Figure 4.17 Strain FRFs at 525 (single gauge) for various crack growth intervals; s25
was located away from the crack at the centre of the bottom plate (42mm) (specimen #7)
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Figure 4.18(a) Strain FRFs at sd1 (rosette gauge) for various crack growth intervals;
sd1 was located close to the crack at 45° to the crack (5-8 mm) (specimen #7)
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Figure 4.18(b) Strain FRFs at s42 (rosette gauge) for various crack growth intervals;
542 was located close to the crack at 90° to the crack (5-8 mm) (specimen #7)
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Figure 4.18(c) Strain FRFs at 543 (rosette gauge) for various crack growth intervals; s43
was located close to the crack at 135° to the crack (5-8 mm) (specimen #7)
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4.3.4 Mode shapes

Displacement mode shapes were obtained from accelerometers located on the left half of
the bottom plate. Figure 4.19 shows six displacement mode shapes of left half portion of the
bottom plate. The other half of plate. which had no accelerometers on it, was also plotted for
comparison purposes. The mode shapes showed in Figure 4,15 (and the following figures) was
obtained from specimen #3. From these mode shapes, it was observed that the first mode was
# bending mode, the second a torsional mode, the third a bending mode, the fifth a bending
mode (again the fourth mode was missing from the experimental data due to the location of the
sensors, as explained early), the sixth a torsional mode and the seventh a bending mode. The
experimental results match very well with the results obtained from the finite element analysis
which will be discussed in the next chapter. It can be seen here that the major purpose of
displacement mode shapes in this study, is to classify the experimental results and separate the

bending modes from torsional modes.

Strain mode shapes are ctained from the strain gauges located on the bottom plate of
the T-joint. As stated earlier, the changes in the strain mode shapes were used for the initial
identification of fatigue crack occurring in the structure. Figure 4.20 shows the strain mode
shapes of the intact plated T-joint; Figure 4.21 shows the strain mode shapes of the cracked
plated T-joint (from specimen #3). Figure 4.22 shows the crack profile of that specimen. At
the fatigue cracking interval where the above mode shapes were obtained, the surface crack

length was 36.0 mm and the crack depth was 7.5 mm, with the deepest point being almost
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Figure 4.19 Displacement mode shapes
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Figure 4.20 Strain mode shapes for the intact T-joint
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Figure 4.21 Strain mode shapes for the cracked T-joint
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Figure 4.22 Crack profile for specimen #3

towards one edge of the plate (the dark area in Figure 4.22). It can be seen from Figure 4.21
that at top of the plate, near the weld-toe, the modal strain on one side has a very large drop.
This drop is especially clear in the third mode, since this is the dominant mode around this area
(from frequency response functions). All other specimens show a simiiar pattern, with a
difference that the largest drop in modal strain occurs either near the edge of the plate. or at the
centre of the plate, depending on where the crack has initiated. Based on this observation, the

initial crack detection can be made; more detailed analysis is carried out in the next chapter.

4.4 Summary

In this chapter, the procedure used for the experimental study and the instrumentation
used for the purpose were described. Seven plated T-joints were tested under fatigue loading,
modal lests were carried out for each of seven specimens at each of the predefined fatigue cycle
levels. Modal parameters such as natural frequencies, strain FRFs and acceleration FRFs were

examined as the fatigue crack grew in depth and surface length. It was found that the changes

98



in nawral frequencies, as a fatigue crack grew. were very small: whercas the changes in modal
strains near the crack area were very significant. From thes: changes obtained through
examination of the changes in strain mode shapes. an initial craca detection which predicted the
approximate cracking area was made. Strain/acceleration frequency response functions were
recorded at each of the predefined fatigue cycle levels and these are to be used in further

analyses. which will be carried out in the next chapter.



CHAPTER 5
FINITE ELEMENT ANALYSIS OF
PLATED T-JOINTS AND MODEL

UPDATING FOR CRACK DETECTION

5.1 FE Model

A FE model was generated for the plated T-joints using shell elements available in the
gencral purpose computer program ABAQUS (Hibbitt, Karlsson & Sorenson Inc., 1995). Line
spring elements were used to model the surface crack on the plate. The S8R5 element, which
is an 8-node doubly curved thin shell element with reduced integration and having five degrees
of freedom per node, was used for most of the parts of T-joint; the S4RS element, which is a
4-node doubly curved thin shell element with reduced integration and having five degrees of
freedom per node with hourglass control, was used around the line spring elements. The reason
for using the S4RS element wilh the line spring element is for hourglass control. Since line
spring elements assume plane strain conditions, the linear interpolation used for 4-noded shell

elements provide a much better solution to this condition. It was found that the use of the 8-
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noded S8RS element around the line spring elements. displayed hourglass phenomena for some
higher modes. Hence. 4-noded S4RS elements were used to connect the line spring elements with
the S8RS elements. Some triangular thin shell elements. STRIS6. were used for proper transition
between the finite element meshes. Figure 5.1 shows the FE model of the plated T-joint. Figure
5.2 shows the expanded view of anticipated crack region. with a very fine mesh around the line
spring clements. The weld thickness was modelled by increasing the thickness of the shell
elements associated with the weld toe region. Table 5.1 shows the natural frequencies obtained

from this intact FE model.

Figure 5.1 FE model of the plated T-joint
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8R5

S8RS

LS - 6 noded line spring element; S4R5 - 4 noded thin shell element; S8R5 - 8 noded thin
shell element; STRIS6 - 6 noded triangular thin shell element

Figure 5.2 Fine mesh around the anticipated crack region
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Table 5.1 Natural frequencies obtained from the FE model (uncracked) [experimental

frequencies (from specimen #3) within bracket]

Mode 1 2 3 4 5 6 7

Freq. (Hz)| 75.295 137.67 | 220.05 336.82 470.80 | 1088.7 12911
(75.73) (153.78) | (230.44) o (454.21) | (1109.63) | (1246.36)

Error (%) c6 10.5 4.5 - -3.7 1.9 =30

Mode shapes from this FE model were also obtained and are shown in Figure 5.3, It can
be found from Figure 5.3 that the first mode is a bending mode (top plate bending dominant):
the second mode is a bending mode for the top plate in the in-plane direction (for the bottom
plate, the same mode becomes to a torsional mode); the third mode is a bending mode with
dominant bottom plate bending; the fourth mode is a torsional mode of the top plate (bottom
plate shows very small deformation); the fifth mode is a bending mode of both top and bottom
plates; the sixth mode is a torsional mode with top plate torsion being dominant; and the seventh
mode is another bending mode for both top and bottom plates. All these modes agree with the
results from experiments (shown in Figure 4.15). except mode 4. The reason for which the
fourth mode was not identified from experimental data is that the deformations at the bottom
plate are very small. Since all sensors are located on the bottom plate, this resonant mode is not

picked up.

Also it is noticed from Table 5.1, that the natural frequencics obtained from this initial
FE model do not match closely with the experimental results. There are several reasons that

could have these di (i) Boundary itions in the experi set up were




not modeled properly in this initial FE model; (i) Thickness variations in the weld toe area were
not modeled properly in the initial FE model: (iii) Variations that occur in the Young's modulus
values as shown in Table 4.1 (for the initial FE model. it was set o be 210 GPa): and (iv) Small
variations in the thickness that occur throughout the T-joint: in the initial FE model. the
thickness was taken 1o be 16 mm everywhere. Although the errors shown in Table 5.1 are not
very large for most of the modes, for crack detection using model updating procedure, a more
aceurate FE model must be generated. Also some variations in thickness, Young's modulus and
houndary conditions occur for cach specimen tested; hence a refined FE model, discussed in the

next section, is introduced for each specimen of the plated T-joint.

5.2 Refining of FE Model to be Compatible with Experimental Results

It is seen from Table 5.1 that the results obtained from the FE model will be usually
different from that of the experimental model due to the discretion used in FE model. In order
to make these two sets of results compatible, the FE model is normally refined to match the
experimental results. It is assumed that the experimental model represents the "true" model of
the structure. Although this may not be true always, it can be assumed to be true for most of
the cases. Ina FE model, some simplifications are always inherent in order to generate a
workable model. There is also a limitation for the size and the number of elements one can use

ina FE model. Thus, there is usually some scope for refining the FE model.
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Figure 5.3 Mode shapes of the plated T-joint
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Figure 5.3 (cont’d)



In the present study. it was found that the simply supported condition applied to the FE
model. did not truly represent the supporting conditions provided for the laboratory setup. In the
laboratory setup, the base plate of the T-plate joint was kept in position by two cylindrical steel
rods with a certain amount of bottom plate projection outside these steel rod supports. This
projection introduces some rotational restraints at these simply supported points. Further more,

the welded region of the experimental plated T-joint would be much stiffer than the plated T-

Analysis Experiment

Modal testing

Min. objective function S

Refined FE model

Figure 5.4 Procedure used for refining the FE model; {X} represents parameters that
are varied

joint generated in the initial FE model; the FE model was obtained by joining together me:

5
of two finite elemented plates, perpendicular to one another. The thickness of the experimental

plated T-joint was also not the same throughout. All these variations were taken into
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consideration while refining the FE model. Figure 5.4 shows the procedure used to obtain the
refined FE model, where the objective function S is the same as that discussed in Section 3.3.
expressed as:

6.1y

S -

o o
TX WiHiw) - Hiw)
e
Damping ratios obtained from experiment were used in the FE model to generate the analytical

FRF curves.

Table 5.2 compares the natural frequencies obtained from the refined model and
cxperiment. For each specimen, the T-joint welding profile and the end supporting conditions
would be slightly different from those of others. These differences have resulted in the variation
between experimental and analytical natural frequencies. Therefore, a refined FE model has to
be generated for each specimen. In this study, due to the improper inking and beach marking
for the first two specimens, the crack profiles were not properly obtained for these two

specimens. Therefore, the model updating procedure was applied only to the specimens #3 - #7.

During the process of model refinement, several parameters were slightly changed. They
included Young's modulus, thickness plate, length and width of the plate, thickness around the
weld toe and the boundary conditions at the supporting edges (by adding some rotational

restraints).

108



Table 5.2 Natural frequencies obtained from ecach experimental specimen and the
corresponding refined FE model

Natural

freq. (Hz) Ist 2nd 3rd 4th 5th 6th Tth
Initial FE| 75.295 | 137.67 | 220.05 | 336.82 | 470.80 | 1088.7 | 1291.1
model

speci. | Refined | 74.42 143.79 | 230.56 | 358.80 | 458.13 | 1110.1 | 1246.9
FE model

# Expt. 75.73 153.78 | 230.44 - 454.21 | 1109.63 | 1246.30
model

speci. | Refined | 75.13 149.49 | 235.75 | 351.35 | 456.96 | 1094.4 | 1243.6
FE model

" Expt. 75.84 | 153.10 | 235.19 - 457.89 | 1109.2 | 1242.1
model

speci. | Refined | 75.455 | 146.40 | 234.77 | 355.35 | 457.97 | 11C2.0 | 1245.7
FE model

#3 Expt. | 75.998 | 165.17 | 234.15 - 467.13 | 1103.9 | 1245.6
model

speci. | Refined | 75.07 | 145.92 | 227.62 | 358.46 | 452.84 | 1100.8 | 1228.9
FE model

fe Expt. 75.54 - 227.26 2 456.44 | 1100.6 | 1228.7
model

speci. | Refined | 76.57 | 173.58 | 230.71 | 338.10 | 475.51 [ 1090.0 | 1233.9
FE model

Bt | 7608 | 174.63 | 23039 | - | 468.56 | 1105.6 | 1233.2
model

As stated previously, the fourth mode could not be identified from the experiments due
to the nature of that mode shape and the location of the sensors. Also it can be observed from
Table 5.2, that the second natural frequency is not matched closely. In specimen #6, around the
second resonant frequency double peaks were located very close to one another in the

experimental FRFs, probably due to the vertical plate being welded non-centraily and at an
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to the plane i to the horizontal plate, providing two dissimilar

configurations during the in-plane vibration of the vertical plate. Consequently the natural
frequency of that particular mode could not be extracted. Also the deformation for this mode
(second mode) was very small where the sensors were located. The signal level was comparable
to the noise level, which made it very difficult to identify this mode exactly; this could have
contributed heavily to the large differences observed between analytical and experimental FRFs
around the second mode. Apart from these two modes, the rest of the five modes showed a very
good match. More importantly if one looks at the generated FRFs as shown in Figure 5.5, the
whole spectrum, especially at the dominant modes (i.e. third and seventh modes), is well

matched between the FE and experimental models.

Figure 5.5 shows the FRFs of the refined analytical model and intact experimental model,
obtained at points al and all for accelerations, and at s25 and s31 for surface strains, for
specimen #7. It can be seen that differences between these two models become very small at the
first, third, fifth, sixth and seventh modes. The two dominant modes, which are the third and

seventh modes, are perfectly matched.

Similarly, for specimens #3 - #6, refined finite element models were generated. The
strain FRFs of refined analytical mode! and intact experimental model, obtained at point s31,
are given in Figures 5.6 - 5.9 for all the other specimens. It can be found that good agreements
have been obtained between the two models around the dominant peaks. Analytical strain FRF

scems to diverge considerably from the experimental strain FRF at low signal levels, for
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specimens #3 and #4. It was found later on that this was produced due to the vibration of the

frame. After ti ing the bolts ing the floor and frame again, the fit between
the refined FE mode! and intact experimental model was found to be very good. as seen for the
specimens #5 - #7. It is noticed that at certain frequency ranges. the response output signals
were very small; in the case of strain gauge output, these signals fall to the same level as the
noise produced by this type of strain gauge in laboratory environments. For a better
understanding of the behaviour around this frequency region, better strain gauges and instrument
setup are required. However, in this study, the model updating procedure is based on the strain
FRFs around the resonant frequencies (of T-joint), where good matchings were obtained between

the analytical and intact experimental FRFs.

5.3 Model Updating With Experimental Data For Crack Detection

5.3.1 Initial step using changes in strain mode shapes

The idea of using model updating for crack detection is to modify the properties of the

finite element model by introducing cracks into the structure. Since a finite element model
normally consumes a large amount of computational time, it is essential to restrict the area of
modification to a small number of elements so as to make the whole process practical and
efficient. The initial step of using changes in the strain mode shapes could identify this small
group of elements. From a previous study (Chen, 1993), it was known that changes in strain

mode shapes were very sensitive to cracking compared to the changes in displacement mode
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Figure 5.5 (a) Acceleration FRFs obtained from refined FE model and intact
experimental model at location a1 for specimen #7. Solid line is for experimental model
and dashed line is for FE model
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Figure 5.5(b) Acceleration FRFs obtained from refined FE model and intact
experimental model at location all for specimen #7. Solid line is for experimental
model and dashed line is for FE model
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Figure 5.5 (c) Strain FRFs obtained from refined FE model and intact experimental

model at location s25 for specimen #7. Solid line is for experimental mode! and dashed
line is for FE model
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Figure 5.5(d) Strain FRFs obtained from refined FE model and intact experimental
model at location s31 for specimen #7. Solid line is for experimental model and dashed
line is for FE model
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Figure 5.6 Strain FRFs obtained from refined FE model and intact experimental

model at location 31 for specimen #3. Solid line is for experimental model and dashed

line is for FE model
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Figure 5.7 Strain FRFs obtained from refined FE model and intact experimental
model at location s31 for specimen #4. Solid line is for experimental model and dashed
line is for FE model
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Figure 5.8 Strain FRFs obtained from refined FE model and intact experimental
model at location s31 for specimen #5. Solid line is for experimental model and dashed
line is for FE model

Ampitudo of strain FRFs at s31

Ampiitude (micro stainN)

200 a0 20

50 800
Froquency (Hz)

Figure 5.9 Strain FRFs obtained from refined FE model and intact experimental model
at location s31 for specimen #6. Solid line is for experimental model and dashed line is
for FE model
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shapes. A sharp change in the strain mode shape would indicate a damaged zone around this
area, although the quantity of damage would be difficult to determine by considering this change
alone. Therefore, the initial step of crack detection using changes in strain mode shapes can
approximately determine the zone of the possible crack, thereby reducing the number of finite
clements that need to be modified in the model updating procedure. Figure 5.10 shows the first
bending strain mode shape of specimen #3; it is observed from the figure that significant changes
have occurred around the weld-toe, near one end of the weld-toe. The other specimens also show
a similar pattern, wherein large changes occur somewhere along the weld-toe region. The main
difference between various specimens is that this change could occur on either side of the centre

of the weld toe region, or at the centre, depending on where the crack has initiated.

For complex structures, it may be difficult to obtain the experimental strain mode shapes.
‘The modal constant (or the magnitude of the strain FRF at a point for a specific resonant mode)
can be used to determine the strain mode shape value at any point under consideration. The
possible crack area will be near the location (where the strain gauge is applied) corresponding
to the largest change of magnitude in strain FRFs (refer Figure 4.16, where the largest change
in strain FRFs occurred in gauge s31, close to the weld-toe). Thereafter a detailed investigation

has to be carried out using the model updating procedure described below.

5.3.2 Perturbation based approach of model updating procedure for crack detection

As stated in Chapter 3, the objective function for the model updating procedure was chosen
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The first bending strain mode shape of the cracked T-joint (after ink staining)

Figure 5.10 Strain mode shapes, before and after cracking (specimen #3)

as follows:

nom 1 )
5= LY | ¥ WHIE? - Hiw)] - a,
=l =t
where H? is the FRF obtained from the refined FE madel, with a crack: H® is the FRE obtained
from the cracked experimental model. W, is the weighting coefficient; A;, is the difference
between the refined FE model and the intact experimental model; n is the number of natural
frequencies to be considered; m is the number of the referenced FRF; and 1 is the number of
points around the natural frequency in the FRF. Only the scctions around the resonant region,

that is the points on either side of the resonant frequency, were used in the calculation of the
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Refined FE model

Modal testing

Reapply line
spring elements

Min. objective function S

Crack location, length and depth

Figure 5,11 Procedure of model updating for crack detection

objective function. Figure 5.11 shows the procedure of model updating for crack detection.

Ay, can be expressed as follows,

b - it - It 6

It is assumed that the Ay, is very small. and will continue to be a constant as the crack grows.

Because of the high sensitivities of strain FRFs at regions close to the crack, they were
used in the model updating procedure. In this study, strain FRFs obtained from gauge numbers

526, s31 and $36 were used in the calculation of the objective function (refer to Figure 4.9 for
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the positions). FRF values for five natural frequencies (1st. 3rd. Sth. 6th and 7th) were used in
Eqn. (5.2) during model updating. As shown in Section 5.2. the refined FE model had a very
good match with the intact experimental model for Ist. 3rd. Sth. 6th and 7th resonant
frequencies, while 2nd and 4th frequencies were not very well matched in all the five specimens.
From Figure 5.5. it can be seen that the dominant modes were the two bending modes of the
bottom plate, namely, 3rd and 7th modes. If the crack occurs at the centre of the botiom plate

then it will have a major influence on these two modes. Also. it

en from Figure 5.5 that
strain FRFs of the finite element model (of the intact structure) and the intact experimental
model have a very good match at these two modes. Considering the above effects, the weighting
coefficients W, were chosen accordingly. It should also be pointed out that it is almost
impassible to have a perfect match between the refined FE model and the intact experimental
model, although a very close match is a necessary condition. Thesc residual differences were
taken into consideration in the objective function by the introduction of A, in Eqn. (5.2). Also,
in the experimental FRFs, there were some resonant peaks which were caused by the resonance
of supporting frames. These resonant peaks will also affect the other peaks in the FRFs. Since
the effect of these resonant peaks would rather tend to be a constant around the resonzai peaks

under consideration, this would also be represented by the term 4,,.

The perturbation method discussed in section 3.3 was used in the model updating
procedure. In this study, the design parameters were chosen as the surface length of the crack
(L), the depth of the crack (D) and the location of the centre of surface crack (C), and the

function S was minimized by changing these three parameters L, D and C. The final value of
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L., D and C that gave the best fit to the experimental curves were taken as the correct length.
depth and location of the crack. Line spring elements were used to simulate the surface crack
present in the weld toe region of T-joint. During model updating. different crack depths were
assigned 1o the nodal points with which line spring elements were associated; thus location.
Iength and depth of the crack for all associated nodal points were obtained. While choosing the
crack depth of line spring elements, it was assumed that the fatigue crack had a semi-clliptical

profile.

Use of line spring elements with shell elements is an approximate method to model the
surface crack on a plate. The assumption of a semi-elliptical profile for a fatigue crack may also

differ from the real crack profile. The results from this study, presented in this chapter. show

approximations are acceptable for practical siwations.

The complete software programming for the model updating procedure was carried out
in the following manner: The main control program. and programs for FRF plots and predicted
crack profile plots were written using MATLAB. A sub-program that controls the running of
ABAQUS, calculates the objective function S, and obtains the H* from outputs of STAR
STRUCT software was developed using C language. Another small sub-program was developed
to obtain the H* from the ABAQUS binary output file using FORTRAN language. The choice

of different computer languages is based on efficiency and convenience.

As mentioned before, specimens #3, #4. #5, #6, and #7 were examined using model
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updating procedure for crack detection. Furthermore, only specimen #7 was examined in detail
for different crack growth intervals. For the remainder of the specimens, only the crack depth
with ink staining mark was used to compare the results obtained from model updating. In this
study, the element-by-element approach which utilizes three design parameters was used
Therefore the iteration steps required for a complete model updating procedure were quite large.
It normally takes about 120 steps, and over 48 hours of total computer time (CPU + disk
storage + output time in a multi-tasking environment) to complete one model updating
procedure. For specimen #7, it was assumed that the crack occurred symmetrically and therefore

C was taken as zero; thus the number of iteration steps was reduced considerably.

First, specimen #7 was examined for four different crack growth intervals. Figures 5.12-
5.15 show the FRFs of the T-joint for different crack growth intervals, and the FRFs from the
updated FE model corresponding to these crack growth intervals. These figures also compare
the FRFs of cracked plate with the FRFs of intact plate (shown in dotted line). The final results
of model updating procedure, which end np with the location, lengths and depths of the crack,
are shown in Figure 5.16. The photo of the cracked cross-section of the slate was enhanced and
sharpened to show the ink staining and beach marks which depict profiles of the crack at
different crack growth intervals. When the crack initiated, of the three locations whose strain

FRFs (at 526, s31 and s36) were used for calculating the error S, only the gauge s31 for which

crack initiation occurred nearby, contributed heavily to the error S. As the crack grew, the FRFs
at the other two points (s26 and s36) also experienced larger FRF magnitude changes around the

resonant frequencies.
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Table 5.3 gives the length and depth of crack computed for specimen #7 by the model

updating procedure, and compares them with actual measured data

Table 5.3  Predicted and measured crack length and depth at various crack growth
intervals for specimen #7

Crack growth

interval 4 5 6 7

c|L{p|Ccf(L|bpDfjCc|L|D|C|L|D

measured (mm) | 0.0 (76.0| 6.5 | 0.0 |97.0] 7.0 | 0.0 |114.0] 7.5 | 0.0 |148.5| 8.5

predicted (mm) | 0.0 {80.0| 6.7 | 0.0 |100.0f 7.2 | 0.0 {120.0| 7.5 | 0.0 |150.0) 8.5

error (%) 0 |-53(-3.1| 0 [-3.1(-29 0 [-53] 0 0 |-14] 0

C = centre of crack; L = length of crack; D = depth of crack.

For the remainder of the specimens, the same model updating procedure was utilized.
Only one fatigue crack growth interval was investigated, namely the crack growth interval at
which ink staining was used to mark the crack profile. Figures 5.17 - 5.24 show strain FRFs
at s31 obtained by model updating procedure, and the measured/predicted crack profiles for
specimens #3, #4, #5, and #6. Table 5.4 gives the location, length and depth of the crack for

these specimens.
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Figure 5.12 Strain FRFs at crack growth interval 4 for T-ji
Solid line: cracked specimen; dashed line: FE model; dotted lin

#7 at location s31.
: intact specimen
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Figure 5.13 Strain FRFs at crack growth interval 5 for T-joint #7 at location s31.
Solid line: cracked specimen; dashed line: FE model; dotted line: intact specimen
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Figure 5.14 Strain FRFs at crack growth interval 6 for T-joint #7 at location s31.
Solid line: cracked specimen; dashed line: FE model; dotted line: intact specimen
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Figure 5.15 Strain FRFs at crack growth interval 7 for T-joint #7 at location s31.
Solid line: cracked specimen; dashed line: FE model; dotted line: intact specimen
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Figure 5.16 Measured and predicted crack profile for the specimen #7, at different
crack growth intervals

From Tables 5.3 and 5.4, it can be seen that the crack length. depth and location were
successfully predicted using the model updating procedure. When the crack initiated
symmetrically, which occurred for specimen #7, the model updating procedure gave more
accurate prediction than others. Invariably there are still some residual errors existing in this
procedure. One reason for this error is that the refined finite element model was not exactly the
same as that of the experimental model. From Figures 5.5 - 5.9, it can be seen that although the
FRFs from the finite element model and the experimental model were very close around the
resonant regions, there are still some differences; this difference is given by A as defined in
Eqn. (5.3). Since changes in FRFs caused by the crack are also small, errors will inevitably be
introduced. Another reason for this error is that the length (L) increment in model updating

procedure was chosen as 5 mm; this is justified by the fact that the change in length of the crack
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was not as sensitive as the change in depth for modifying the magnitude of strain FRFs.
Moreover this increment was also adopted to reduce the number of iterations needed for the

whole updating procedure.

Table 5.4  Predicted and measured crack location, length and depth for the remainder
of test specimens

specimen #3 specimen #4 specimen #5 specimen #6

Paiclars L [p | C|L]|D|C|L|DJC|L|D]JC

measured (mm) [36.0( 7.5 |101.5/119.0| 8.5 |42.0|48.0| 4.5 [68.0|41.0| 7.5 [34.0

predicted (mm) [40.0 | 8.0 |90.0(125.0 8.8 |40.0|50.0( 4.9 |60.0 | 45.0( 7.9 [30.0

error (%) |-11.1{-6.7 | 11.3(-5.0|-3.5| 4.8 [ -4.2(-8.9 [11.8 | -9.8(-5.3[11.8

L: length of crack; D: depth of crack; C: centre of crack (from the middle of the plate).

5.4 Discussions and Summary

Itis found from this study that a very important aspect in using model updating procedure
for crack detection is the obtaining of a refined finite element model. In Eqn. (5.3), it is shown
that the differences between FRFs of the finite element model with no crack and the intact

experimental model is given by,

A -H-H 54



Ampitude of strainFRFs at s31

Amplitude (mict
8

200 400 500 500 000 1200 a0
Frequancy (Hz)

Figure 5.17 Strain FRFs of specimen #3 at location s31. Solid line: cracked specimen:

dashed line: FE model; dotted line: intact specimen

Figure 5.18 Measured (ink staining) and predicted crack profile for specimen #3
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Figure 5.19 Strain FRFs of specimen #4 at location s31. Solid line: cracked specimen;
dashed line: FE model; dotted line: intact specimen

Figure 5.20 Measured (ink staining) and predicted crack profile for specimen #4
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Figure 5.21 Strain FRFs of specimen #5 at location s31. Solid linc: cracked specimen;
dashed line: FE model; dotted line: intact specimen

Figure 522 Measured (ink staining) and predicted crack profile for specimen #5
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Figure 5.23 Strain FRFs of specimen #6 at location s31. Solid line: cracked specimen:
dashed line: FE modcl; dotted line: intact specimen

Figure 5.24 Measured (ink staining) and predicted crack profile for specimen #6
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Let us denote the changes of experimental FRFs caused by crack as.

& < HS - HS 6.5

In using the model updating procedure it was observed that the procedure gave a good prediction
only when & was larger than A. When & was comparable or less than A, unreliable results were
obtained. In this study, an effort was made to use the FRFs at s25 or all in the objective
function of Egn. (5.2) and determine the crack location, length and depth: the updating
procedure failed to give a reasonable crack prediction. In order to have a good prediction using

model updating procedure, one should have either a lower A, or a higher §°.

First, let us see how A could be lowered. In order to lower it. an accurate and fine tuned
finite element model has to be generated. In this study, for example, one will obtain more
accurate results if the T-joint hot spot area was modelled using 3-D finite clements and 3-1
singular crack elements. This approach weuld require a computer with a very large in-core
memory and efficient computational algorithms. Also the model updating procedure would
require a large number of iterations to minimize the error S, which would mean that the speed

of the computer had to be fast enough to be practically usable.

Second, let us see how &° could be increased. This approach would save a lot of time
spent on computer modelling and computations. It is shown from this study that local strain
FRFs around the crack area are very sensitive to cracking. Although the T-joint was modelled

complete with plate elements (instead of 3-D elements at brace-chord junctions and plae
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clements everywhere else), and the crack was simulated by line spring elements (instead of
singular crack elements). a good crack prediction has been achieved (as shown from the resulis).
One drawback of this approach in real structures is finding this critical area. It means that a

certain number of strain gauges have to be applied around critical areas.

In general, this study provides a new methodology for crack detection in plate-type
structures. The critical joint area can be modelled using shallow shell elements and line spring
clements can be used to simulate the crack. Local strain frequency response functions. which
are very sensitive to cracking, can be used in the objective function for the model updating
procedure, By carefully choosing the location of strain gauges, certain pre-assigned accuracy in
generating the refined finite element model, and using proper weighting coefficients for
calculating the error S, a good prediction which will give results close to the actual crack length.

depth and location can be achieved.

Some of the salient results reported in this chapter include: (i) Prediction of detailed
crack profiles (location, surface length and depth) that compare very well with the measured
experimental values for all the plated T-joints tested: (i) Development of a refined FE model
that matches closely the FRFs of the experimental model; and (jii) The application of model

updating procedure for crack detection in plate-type structures.
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CHAPTER 6
CONCLUSIONS

A crack detection method using model updating procedure was presented in this study.

In order to develop a perspective view of the problem, a state-of-art study on crack identilication

and detection was carried out identifying salient and
Two different methods based on (i) An optimizati followed by
using L i ipliers, and (ii) Minimization based on p ion of peitinent
were i i and the p ion-based minimization method adopted for investigating the

problem, due to its suitability and applicability. An experimental study was carricd out on seven
plated T-joints fatiguing them to a predefined cycle level and then carrying oul dynamic modal
testing to identify characteristic dynamic modal parameters. For the seven tests different fatigue
load ratios were used (viz.. -1 and 0) to make the procedure more general. Ink staining and
beach marking procedures were used to delineate the experimental crack profiles obtained during
the fatigue crack growth interval, After the experiment the joint was broken open, the crack

profile photographed and transferred to computer images by scanning and stored in computer
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files.

Finite element swudies were carried out for uncracked plated T-joint model and combined

with the results of the above i i study on T-joints (using model
updating procedure) to generate a refined uncracked analytical model. Using this refined
analytical model and line spring elements to model the crack, the results of the experimental
study were combined with the progressive crack growth development in the analytical model to
identify crack location and size. The error between the identified cracked analytical model and
cracked expetiental model varied between 0 to 12 %, the minimum error obtained being for
symmetric central cracking in plated T-joints and the maximum error for asymmetric noncentral

cracking.

Based on these studies, major contributions of this study are given as: (i) Use of model
updating procedures based on the perturbation method, and the use of the difference of the strain
mode shapes to locate the crack; (ii) Development of a model updating procedure (using line
spring elements) that can adjust the length and depth of the crack automatically for model
updating; and (iii) Determination of the location, length and depth of fatigue cracks in a
plate-type structure and verifying the accuracy of this procedure on five tested T-joints. The
methodology developed and presented here and the accuracy the method was able to achieve in

solving a crack detection problem have not been available in the open literature to-date.

As a consequence of this study, a crack detection methodology using model updating
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procedure for plate-type structures can be described as follows:

i)

iii)

iv)

Apply strain gauges around critical areas of the structure, determined earlier from finite

element analysis or any other applicable method.

Then carry out modal tests on the initial intact prototype structure. and record the FRE

Thereafter generate a calibrated finite element model, and refine it as close as possible

to the real intact structure by matching the corresponding FRFs.

When the structure has undergone some fatigue cracking, due to in-situ loaging
conditions, carry out modal testing once again and obtain FRFs for this damaged

structure.

Compare these FRFs with the calibrated FRFs of the prototype structure. If no changes
occur between the refined analytical model and the experimental model, then the

structure has not developed any further crack growth; if there are some changes,

peci; when there are freqy shifts and i changes at certain points, more
detailed investigations are required to determine whether these changes are caused by a

crack or by other changes that occur in & structure such as soil erosion and strength

around pile locations, biog: on the structure or mass

changes occurring on the top of the offshore platform (due to drill pipe stacking or
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usage, drill mud storage or depletion etc.)

vi)  If the changes are identified as those due to cracking, then modify the refined finite
element model by introducing cracks at those points where the magnitude of the FRFs
decreased/increased the most. Use model updating procedure to determine the location
and extent of cracking. By varying the length and the depth of the crack and the location
of the crack, within some small range. the final accurate estimation of the crack could

be made at the end of the procedure.

Although the study was applied only to plated T-joints, the procedure mentioned above
could be applied to any kind of structure. The real challenge for a complex structure would be
the creation of the refined finite element model. Because a small crack will have a significant
effect only locally, which would be shown by the changes in the local strain FRFs, a fine mesh
is necessary for the FE model to simulate the exact geometry and boundary conditions. Based
on this fine mesh, cracks could be introduced into the refined finite element model to simulate
the real fatigue cracks. Use of these fine meshes in certain areas may require a large amount of
computer space and a faster computer speed so that a workable finite element model could be
made for complex structures. Since the computer industry is developing at a rapid speed, this

technique could be easily applied to more complex structures.

The other advantage of the model updating procedure, besides the accurate estimation of

the fatigue crack profile, is the identification of changes caused by other effects. For example,
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in offshore structures, many factors besides cracking will affect the dynamic behaviour of
structures. Marine growth. change of deck weights. soil erosion at base of platforms. ete. will
also affect the various modal parameters. But. the type of changes caused by the above
mentioned factors. would be different from that obtained due to cracking at the welded joints
of these structures. One major difference will be the changes obtained for strain FREs
Occurrence of a crack at one joint of a structure will cause comparatively larger changes in
magnitude of strain FRFs around the cracked area as well as frequency shifts and show only
frequency shifts for FRFs of other areas. Other factors such as marine growth, soil erosion and
mass changes will normally cause global changes all over the structure. By examining the
updated finite element model, and comparing it with the experimental FREs of the real structure,
it should be possible to distinguish the changes in FRFs caused by fatigue cracks from other
factors. It is suggested that further research investigation be carried out in this area using the
model updating procedure presented in this study for more realistic structures under realistic
environments (other than laboratory conditions): also validity of the model updating procedure
to ascertain changes due to sub-sea marine growth, soil erosion and deck mass changes needs

to be established for laboratory or prototype conditions.
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I.1 Peak searching method

Perhaps the simplest method to extract modal parameters from experimental FRFs is the

"peak searching” or “peak-picking" method. This method is suitable for structures whose FRF

exhibits well separated modes which are not so lightly-damped that accurate at

resonance are difficult to obtain, and not so heavily damped that the response at resonance is

strongly influenced by more than one mode. Although this appears to limit the applicability of

this method, nevertheless, in most cases, FRFs do exhibit not so lightly and not so heavily

damped behaviours. For these typical cases, this method can be used as an initial estimator

because it is so simple to apply. The procedure to apply the method is as follows:

1y

@

3)

“@

First, individual resonance peak is detected on the FRF plot, and the frequency of
maximum response is taken as the natural frequency of that mode (w,):
Second, the maximum value of the FRF is noted (|H|) and the frequency bandwidth of
the function for a response level of {H|A/2 is determined (Aw). The two points thus
identified as w, and w, are the "half-power points";
The damping ratio of the mode in question can now be estimated from the following
formula:

§ = Awlw, (AL1)
where Aw = w, - @,
Finally, the modal constant of the mode being analyzed can be estimated from the

following equation:



A, = H]ei-ed (ALD

!

where | H |, is the maximum value of the FRF at the peak point.

1.2 Polynomial method

This method fits a polynomial function, in a rational fraction form, to FRI data in a
frequency band around the resonant peak. The fitting is done in a least-squared error sense;
sometimes this method is also called the Rational Fraction Least Squares (RFLS) method. When
this method is used for a single degree of freedom, the modal frequency. the percentage of
critical damping ratio, and the complex residue (magnitude and phase) for the mode can he

identified by solving the polynomial as it represents an equation of motion for the system.

This method can also be used for multiple-degrees-of-freedom system (MDOF). After
specifying the number of modes in the fit frequency range, the system is solved using the

polynomial as it represents the equations of motion of a MDOF system.

The polynomial method fits extra residual polynomial terms to the data to compensate
for the effects of modes which are outside the curve-fitting frequency band. These residual terms
are used to synthesize the fit function. Therefore the contribution due to the out-of-band modes

can be observed by comparing the synthesized and measured FRF data.
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1.3 Circle fitting method

For a SDOF system, the frequency response function can be written as:

Hlw) & ————
(k-w'm)~i(we)

where m is the mass, k is the stiffness and c is the damping.

Using the relationship between the velocity and displacement
U, = U = ioH@)e™

the following velocity form of the FRF (designated as U,(w)) can be written as:

Ve = i0H@) = o - o+ iolk-w'm)
(k-o'm) + iwe)  (k-o'm) + ()

“The real and imaginary parts can now easily be separated as:

BEU N % e B S o
(k-o’m)* + ()’

(U, (@) = ke
Gam) = @of

Letting Z, = Re(U,) - 1/2¢ and Z, = Im(U,), the following equation can be obtained:
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(AL3)

(A1.4)

(A1.5)

(AL.6)

(ALT)



(ALS)

which is in fact the equation of a circle with radius of 1/2¢ and centred at (1/2¢, 0).

A Imaginary
i
|

Real

Figure AL.1 Modal circle for receptance
Figure Al.1 shows the properties of the modal circle (also called Nyquist plot) for a

displacement FRF (receptance).

‘The natural frequency w, is the frequency value of the point along the circle where sweep

rate is maximum. The method of obtaining the natural frequency w, is explained later,

The damping ratio can be determined by using any two points on the cither side of w,

from the following equation:



(A1.9)

‘The modal constant (or residue) can be derived from the modal circle diameter using the

following equation:

A, = DQuwit)

(A1.10)

where D is the diameter of the modal circle for rth frequency (see Ewins, 1996 for details).

For the MDOF system, the Nyquist plots of FRF data form a section of near-circular arc

corresponding to the regions near the natural frequencies. This method, based on the fact that

in the vicinity of resonance the behaviour of most systems is dominated by a single mode, can

be expressed as follows:

. x .
Hyw) = — ,A" * -
-

et inel BT - ot v ine]

where 7,=5y/1-87 s the damping loss factor; same holds good for 7,.

(AL1D)

Since the SDOF assumption is valid for a small range of frequencies in the vicinity of



a natural frequency «, the second term on the right hand side of the above equation is

approximately independent of frequency w: hence the above equation can be rewritten us:

(ALY

The procedure of circle-fit technique can be described as follows:

(1) select points to be used:

(2)  fitcircle, and calculate quality of fit:

3) locate natural frequency, obtain damping ratio estimate:
(4)  calculate multiple damping estimates, and the scatter;
) determine modal constant.

Step (1) can be made by selecting points on cither side of any identified maximum

response of an FRF. The number of points should encompass some 270° of the circle. Not less

than 6 points should be used.

Step (2) can be performed by one of numerous curve-fitting routines and consists si

of finding a circle which gives a least-squares deviation for the points included.

Step (3) can be implemented by constructing radial lines from the circle centre to a

succession of points around the resonance and by noting the angles they subtend with cach other.
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Then, the rate of sweep through the region can be estimated and the frequency at which it
reaches 4 maximum can be obtained. This particular frequency is the nawral frequency in
question. At the same time, an estimation of damping ratio can be derived using the equation

given above.

Next, for step (4), a set of damping estimates are computed using cvery possible
combination from selected points of one point below natural frequency and the other above it
and Eqn. (A1.9). If the deviation is less than 4-5%, then the mean value of the damping is the
estimated value for the system. If the deviation is 20 or 30%, then the estimation is

unsatisfactory. More study should be carried around this point for damping estimation.

Step (5), is to determine the modal constant from the diameter of the circle, and from

its orientation relative to the real and imaginary axes.

Finally, it is desirable to construct a theoretically-regenerated FRF plot against the

originally measured data. In the vicinity of the resonant region, they should appear very close

to one another.
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APPENDIX II
WELDING PROCEDURE

SPECIFICATIONS

153



1. Scope

‘This specification covers welding and related operations for the fabrication of T-joint by Manual

Shielded Metal are Process in G40.2) Grade 350 WT materials, and is generally in accordance
with CSA Standard W59-1982 "Welded Steel Construction” (Metal Arc Welding). Typical

welded joint geometry is shown in Figure AlL 1.

2. Welding N~
[
Welding will be performed by Manual Shielded /
Metal Arc Process. 3‘5
/

3. Preparation

<
Edges and surface of parts to be welded shall be TYPIGAL JONT GEOMETRY

Figure AIL1 Typical welded joint

prepared by flame-cutting. They shall be smooth, geometry

uniform and free of fins, teras, cracks and other

defects which would adversely affect the quality or strength of the weld. Surfaces to be welded
shall also be free, within two inches of any weld location, from loose or thick scale. slag, rust.
paint, grease, moisture and other foreign material that will prevent proper welding or produce
objectionable fumes.

4. Preheat

Prior to tacking or welding, the base metal shall be preheated and the heat maintained during
welding at the minimum temperature of 15 *C. Preheating will be accomplished by means of
flame torches. Preheating shall consist of heating a band of the base metal equal to the thickness
of the base metal, but not less than 3 inches on either side of the joint to the desired

and maintaining this during welding.
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5. Distortion Control

In assembling and joining. the procedure and sequence shall be such as will minimize distortion
and shrinkage. In so far as practicable. all welds shall be deposited in a sequence that will
balance the applied heat of welding while the welding progresses.

6. Appearance of Welding Layers

‘The welding current and manner of depositing the weld metal shall be such that undercutting on
the side walls of the welding groove or the adjoining base material shall be limited o .25 mm
for areas subjected 1o fatigue testing.

7. Cleaning

Cleaning of previously deposited layers shall be done by wire brushing or hy mechanical means,
if necessary, before the next layer is deposited.

8. Defects

Surface defects appearing on any weld bead shall be removed by grinding and rewelded, if
necessary, before the next layer is deposited.

9. Treatment of Second Side of Welding Groove

The root of the joint shall be arc-gouged to produce a groove conlour substantially conforming
to the prequalified single U-joint, and its depth shall be adequate to ensure complete penetration
into the previously deposited weld metal.

10, Finished Joint Profile

The weld profile shall conform to a 45" reinforcing fillet as shown in Figure AlL2, and the
capping runs shall be carried out by first depositing a buttering run, to give a good weld toe

angle and then filling the bulk of the capping runs. In all cases, the weld toe angle shall conform
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to the "dime” test as indicated in the figure.

That is, a disc of radius t/2 shall be placed

against  the butting weld run  and the
Tongiludinal plate, and a 1 mm diameter wire
shall not pass between the disc and the

buttering run in the weld toe region. In all

cases, the maximum amount of undercut at

the weld toe shall not exceed 0.25 mm. Sl

Figure AIL2 Dime test for the T-joint
welding
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APPENDIX III
NATURAL FREQUENCIES AND
DAMPING RATIOS OBTAINED FROM
THE EXPERIMENTS ON SEVEN PLATED

T-JOINTS
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Fatigue
stage
Specimen #1

Ncuswn

PR R N F RSy

=

Specimen #2

84.61
83.43
83.53
83.67
83.36
.72
83.33
82.51
66.35

1.00
1.03
L12
1.74
1.67
1.50
1.81

1.07
0.53452

76.84
76.69
76.64
76.69
76.60
76.61
76.70
76.42
76.66
76.65
76.58
76.67
76.70

2nd 3rd

5th

Natural frequencies (Hz)

155.96 232.44
156.16 232.70
156.08 232.28
155.92 226.95

155.57 223.13
154.88 223.80
154.34 220.61
150.11 196.52
82.38 161.94

451.33
454.41
453.28
452.64
451.38
44934
447.09
437.54
419.77

Damping ratios (%)

0.50551 0.84323
0.39151 0.86329

0.40551 0.90765
0.47993 0.90723
0.44385 117
0.41742 1.36
0.44159 133
0.56126 0.93800
1.59 1.05

0.24635
0.20199
0.24679
0.27598
0.27349
0.27639
0.29711
0.51490
0.31956

Natural frequencies (Hz)

154.58 232.71
154.30 232.44
154.17 231.66
154.16 231.70
154.03 231.70
154.10 231.63
154.06 231.56
154.01 231.46
153.96 231.47
154.11 231.64
154.17 231.30
153.92 231.08
153.97 230.88
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455.94
454.88
454.69
454.82
454.52
454.74
454.82
454.87
454.66
454.68
454.48
454.73
454.58

6th

1110.53
1111.85
1111.57
1111.54
1110.66
1109.75
1108.36
1103.67
1093.13

0.07990
0.09701
0.09031
0.09081
0.09187
0.09102
0.11086
0.17082
0.15120

1118.90
1113.29
1113.38
1113.39
1113.28
1113.34
1113.46
1113.51
1113.51
1113.13
1113.03
1113.17
1113.06

Tth

1246.04
1250.03
1247.08
1242.08
1241.66
1240.45
1235.00
1217.17
1181.15

0.26867
0.20833
0.52924
0.19118
021376
0.42507
0.47164
0.63872
0.51986

1256.26
1252.78
1252.59
1252.41
1251.99
1251.50
1251.68
1251.62
1251.15
1250.94
1249.21
1249.37
1249.47



Fatigue Ist 2nd 3rd 5th 6th Tth

stage

14 76.46 153.85 230.78 454.59 1113.04 1249,08
15 76.53 153.81 230.87 454.18 1112.97 1248.83
16 76.51 153.79 230.68 454.12 1113.04 1249.40
17 76.48 153.67 23049 454.13 1112.98 1249.16
18 76.59 153.60 230.29 453.91 1112.95 1248.93
19 76.50 153.63 230.50 453.89 1112.67 124839
20 76.64 153.53 230.16 453.72 1112.54 1247.83
21 76.43 153.49 230.36 453.71 112.36 124714
22 76.42 153.38 229.82 453.58 12.51 1247.38
23 76.45 153.26 229.42 453.40 112.14 1246.74
24 76.48 153.18 229.82 453.56 1112.29 2
25 76.43 153.07 229.66 453.31 1111.85

26 76.35 152.58 229.10 453.06 1111.63

27 76.32 152.36 228.83 453.00 111.22

28 76.29 152.33 228.50 452.00 1110.71

29 76.15 151.98 227.08 451.67 1110.36 1244.02
30 75.98 151.87 22745 451.90 1110.02 1243.79
31 76.03 151.74 226.87 451.39 1109.69 1243.46
32 75.91 151.44 226.95 451.17 1109.53 1243.13
33 75.89 151.33 226.48 451.02 1109.41 1243.02
34 75.74 151.42 226.36 450.83 1108.98 1242.46
35 75.70 151.50 226.31 451.17 1108.95 1242.40
36 75.60 151.31 225.72 450.42 1108.78 1242.25
37 75.71 150.98 225.93 450.87 1109.37 124277
38 75.56 151.33 225.07 449.70 1108.39 1241.60
39 75.29 151.17 22451 449.68 1108.10 1241.10
40 75.17 151.08 224.04 449.20 1107.86 1237.14
41 74.77 150.94 219.60 447.44 1107.02 1233.10
£Y) 72.98 144.58 198.81 443.58 1104.16 1223.36

Damping ratios (%)

1 0.23232 0.54618 114 0.19997 0.16231 0.38111
2 0.19498 0.48736 1.30 0.22754 0.05917 0.40107
3 0.26924 0.40120 1.52 0.21774 0.05622 0.40273
4 0.30645 0.44444 1.38 0.22346 0.05876 0.39451
5 0.32926 0.49337 1.34 0.20890 0.05410 0.40155
6 0.29355 0.53190 1.22 0.22729 0.05457 0.40985
i 0.29166 0.54650 1.23 0.23586 0.05819 0.41519
8 0.33714 0.49245 1.26 0.23946 0.05833 0.38538
9! 0.29415 0.48790 1.28 0.21946 0.05317 0.41590
10 0.34084 0.53967 1.28 0.23937 0.05487 0.435%
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Fatigue

Specimen #3

W -

Ist

0.27407
0.332712
0.27787
0.324%0
0.29932
0.33283
0.31403
0.44564
0.25467
0.32400
0.42043
0.28582
0.35676
0.34919
0.35612
0.35665
0.24657
0.21505
0.19895
0.22279
0.35586
0.39628
0.21337
0.44981
0.22143
0.44756
0.20318
0.41026
0.51691
0.30746
0.37697
0.11197

76.13
75.73
75.73
75.64

2nd

0.73023
053783
0.62714
0.48409
0.59976
060334
0.55446
0.55080
047976
0.46401
0.55245
044114
0.57861
0.54765
0.60725
0.65052
051117
0.49643
0.51264
045655
042277
0.53806
045713
0.59092
0.48078
0.53497
0.30856
0.54743
0.59956
043979
0.39797
046995

g
g8

o 1 A e s
g

B3gegzaoxbinbuakh

%

0.73227

v o
83

Sth

0.21474
0.23384
0.22946
0.22809
0.22246
0.22090
0.22649
0.21804
0.22634
0.22844
0.22321
0.21526
0.21300
0.23226
0.23323
0.22093
0.23880
0.21200
0.21747
0.22636
0.21362
0.21876
0.22399
0.22507
0.20760
0.19328
0.23294
0.20380
0.21747
0.20942
0.19448
0.20386

Naral frequencies (Hz)

153.73
153.78
153.73
153.69

230.96
230.44
230.19
230.69

160

454.73
454.21
454.03
454.27

6th

0.05453
0.05530
0.05653
0.05365
0.05480
0.05764
0.05678
0.05518
0.05777
0.05589
0.05550
0.05609
0.05331
0.05873
0.05581
0.05428
0.05385
0.05736
0.05582
0.05638
0.05984
0.05702
0.05925
0.05906
0.05827
0.06033
0.06086
0.05907
0.06308
0.06036
0.05858
0.14118

1110.39
1109.63
1109.54
1109.52

Tth

0.41359
0.40008
0.39482
0.37637
0.39001
0.39510
0.39355
0.40445
0.41103
0.38630
0.40288
0.43251
0.40506
0.40174
0.38463
0.36120
0.39242
0.29303
0.29658
0.24590
0.24307
0.22503
0.23260
0.21165
0.21839
0.22522
0.24659
0.17524
0.18782
0.25750
0.30911
0.32197

1250.23
1246.36
1244.93
1245.19



Fatigue

Ist

74.82
75.78
75.85
75.76
76.02
75.99
75.96
75.54
75.72
75.98
75.48
75.87
75.63
75.92
75.82
75.59
75.44
75.33
75.18
75.05
74.97
75.01
74.45
72,93

0.48892
0.33395
0.44343
0.50369
0.32691
0.56601
0.60501
0.53688
0.45520
0.49351
0.41583
0.47165
0.63882
0.39483
0.43537

2nd

153.77
153.76
153.80
153.71
153.17
153.81
153.57
153.58
153.55
153.65
153.31
153.17
153.25
153.05
152.85
152.63
152.27
151.89
151.63
15174
151.20
151.26
146,70
145.08

0.52444
0.54319
0.54914
0.46118
0.57653
0.53204
0.53064
0.50538
0.50888
0.51351
0.50994
0.47757
0.49728
0.62238
0.53225

3rd

230.30
230.72
230.36
230.03
230.53
230.47
230.08
230.12
229.67
229.82
230.00
229.88
228.92
228.55
217
227.95
226.75
226.16
226.15
225.88
225.40
225.19
220.80
201.58

Damping ratio (%)

1.20
1.22
1.46
1.28
1.23
1.28
1.40
1.45
1.38
1.44
1.19
1.42
1.50
1.41
1.36

161

5th

453.87
454.05
453.79
453.92
453.71
453.66
453.86
453.69
453.65
453.60
453.50
453.24
453.18
452.77
452.25
452.12
451.23
450.63
450.11
449.99
449.59
449.01
447.91
443.10

0.17415
0.16514
0.17101
0.17914
0.16431
0.17352
0.15950
0.15741
0.15470
0.15766
0.16561
0.17123
0.16089
0.15926
0.17869

6th

1109.56
1109.51

1944
1109.72
1109.60
1109.50
1109.44
1109.46
1109.42
1109.48
1109.35
1109.05
1108.58
1108.21
1107.41
1107.46
1106.44
1106.09
1106.06
1106.29
1105.27
1104.85
1104.16
1102.43

0.06833
0.06365
0.06215
0.06037
0.06188
0.06169
0.05904
0.06254
0.05893
0.06137
0.05961
0.05917
0.05773
0.05982
0.05671

Tth

1244.56
1244.62
124421
1245.22
1244.72
124451
124428
1244.05
1243.94
1244.32
1243.85
1243.90
1243 .42
1242.98
1241.96
1242.40
1238.15
1237.28
1237.50
1238.14
1236.49
1235.07

0.46729
0.34737
0.27961
0.29924
0.26169
0.26920
0.24591
0.31512
0.27929
0.27267
0.29246
0.26084
0.25205
0.27141
0.27067



Fatigue
slage
1S5

Specimen #4

Ist

0 14630
0.27477
0.29948
0.19707
0.24944
0.18886
0.17369
0.31887
0.44227
0.38511
0.73756
0.79519
0.41289

75.839
75.947
75.929
75.813
75721
74.761
73.757
71.988
65.000

0.08757
0.09268
0.26647
0.06130
0.07340
0.13035
0.03863
0.19071

2nd

0.39941
0.59167
0.58020
0.56344
0.61833
0.59184
0.56202
0.53301
0.60032
0.35151
0.52768
0.45636
0.47097

3rd

1.43
1.50
1.23
1.21
1.14
0.90395
0.73582
0.62839
0.92975
0.62018
0.78703
1.70
1.05

Sth

0.16494
0.16788
0.16310
0.15070
0.15793
0.16198
0.17369
0.17600
0.17929
0.19318
0.18214
0.17801
0.16460

Natural frequencies (Hz)

153.10

1.460

235.189
234.618
234.708
234.489
233.893
223.031
208.488
197.677
122.681

Damping ratios (%)

0.83350
0.76063
0.75542
0.75179
0.75212
1.169

0.82612
1.060

0.96709

162

457.889

409.88

0.18594
0.23221
0.24083
0.24140
0.24432
0.30953
0.47376
0.56354
0.26399

6th

0.05870
0.06582
0.06819
0.06182
0.05283
0.04980
0.03783
0.10523
0.10927
0.11164
0.11628
0.07763
0.05052

1109.22
1109.70
1109.93
1109.28
1108.93
1101.13
1095.40
1092.49
1074.06

0.28793
0.30140
0.31599
0.35748
0.36581
0.25666
0.17273
0.28903
0.28804

Tth

0.26469
0.24231
0.23111
0.20290
0.21780
0.16856
0.20195
0.22336
0.24005
0.28639
0.28369
0.31559
0.28767

1242.06
1240.95
1240.72
1240.54
1239.87
1235.84
1224.95
1212.28
1151.26

0.22891
0.20352
0.19724
0.20825
0.20873
0.30015
0.47878
0.26271
0.11747
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Specimen # 6

PN M EWN—O

Ist

75.998
76.067
76.175
76.110
76.133
75.66
75.899
75.713
75.572
72.701
66.124

0.03000
0.03110
0.04894
0.01849
0.05136
0.01405
0.12540
0.08268
0.11833
0.21152
0.32864

75.544
75.638
75.520
75.321
75.555
75.606
75.326
75.608
75.614

2nd 3rd 5th

Natural frequencies (Hz)

165.171 234.147 467.132
166.561 232 466.857
166.763 232.340 467.028
166.963 232.449 466.967
167.168 232.643 467.153
167.290 232.372 466.900
167.117 231.799 466.641
166.196 229.433 466.326
165.202 224.009 466.495
165.216 201.290 464.935
154.108 176.068 462.359

Damping ratios (%)

1.694 0.78128 0.69614
2.292 0.73600 0.67864
2.344 0.72734 0.69750
2.630 0.75916 0.70275
2.776 0.81606 0.73732
2.444 0.73293 0.72168
2.545 0.75542 0.73160
2.621 0.84315 0.67008
3.013 0.93090 0.73589
1.680 2.009 0.65319
2.228 1.134 0.49615

Natural frequencies (Hz)

227.259 456.44
226.945 456.61
227.196 456.84
227.532 457.03
227.588 457.18
227.551 457.18
227.810 457.12
228.173 457.22
228.058 457.16

163

6th

1103.97
1103.18
1103.57
1103.95
1103.90
1104.12
1103.63
1102.91
1102.07
1095.53
1088.21

0.18370
0.21097
0.21906
0.24289
0.22616
0.22627
0.22257
0.22147
0.17819
0.24327
0.12790

1100.59
1100.95
1101.40
1101.65
1102.07
1101.93
1102.25
1102.23
1102.76

Tth

1245.60
1239.14
1238.73
123918
1239.26

0.31514
930
0.22827
0.25121
0.24185
0.25169
0.23832
0.24737
0.27078
0.27650
0.25607

1228.72
1227.80
1227.93
1228.21
1228.37
1227.74
1228.02
1228.51
1228.84
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Specimen #7

CHuOMBELL—C

o —-o

Ist

75.500
75.230
74.892
72.210

0.03301
0.01729
0.02907
0.00126
0.04301
0.05617
0.00939
0.05787
0.02650
0.04690
0.13381
0.05995
0.14129

75.771
76.033
75.808
75.946
75.774
75.623
75.616
75.295
75.187
72.901

0.07031
0,06895
0.07373

2nd 3rd 5th

225.372 457.10
223.728 457.02
219.212 457.17
197.905 457.21

Damping ratios (%)

0.64698 0.18929
0.61928 0.17041
0.62427 0.14665
0.62734 0.13950
0.67304 0.18168
0.60169 0.16000
0.61162 0.14905
0.71236 0.16888
0.68965 0.13625
0.62572 0.15590
0.62309 0.13093
0.84400 0.18817
0.98957 0.23711

Natural frequencies (Hz)

159.524 231.997 467.183
174.625 230.390 468.563
174.897 230.850 468.360
174.741 230.600 468.794
174.813 230.453 469.431
174.143 229.366 469.100
173.925 227.201 468.344
174.035 226.098 469.201
173.976 222.097 468.753
173.374 201.996 467.274

damping ratios (%)

2.406 0.96925 0.74420
2.480 0.88346 0.87557
2.496 0.90224 0.87093

164

6th

1101.64
1101.25
1100.36
1091.36

0.14419
0.12724
0.11108
0.10340
0.11225
0.12161
0.12640
0.10471
0.12195
0.11618
0.10852
0.09380
0.15867

1104.67
1105.67
1105.68
1105.62
1106.15
1105.66
1105.36
1105.65
1105.30
1101.46

0.19551
0.22766
0.21562

Tth

1226.80
1225.94
1224.13
1210.02

0.19700
0.19359
0.19114
0.21074
0.20711
0.17090
0.17655
0.20934
0.20150
0.18906
0.19654
0.25451
0.21739

1238.18
1233.93
1233.24
1232.70
1232.84
1232.95
1231.81
1231.99
1229.71
1218.18

0.36005
0.30438
0.28445



Fatigue
stage
3

Vwa oL e

Ist

0.20416
0.10082
0.09560
0.07462
0.18203
0.04082
0.17404

3rd

0.91270
0.90523
0.89235
1.00&
1.128
1.101
0.98488

165

Sth

0.89328
0.91164
0.88417
0.85891
0.88619
0.88398
0.82291

6th

0.21005
0.19170
0.19563
0.21255
0.21370
0.21840
0.16803

Tih

0.26678
0.27352
0.29630
0.29455
0.34317
0.3139%
0.31161
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