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Abstract

The presence of cracks in any type of structure is undesirable as they often lead to

fracture or failure of the structure. Marine propeller shaft is a key component in marine

propulsion systems; moreover due to the strenuous working conditions, to which it is

subjected during its marine operation, it is prone to develop crack(s). The presently

available crack detection methods, either require disassembly of the shaft substructure for

visual inspection or require external excitation of the relevant portion of the shaft for

subsequent dynamic analyses; consequently these methods are quite complex and time

consuming.

In this study a simpler crack detection method is proposed for crack detection in rotating

marine propeller shafts. The crack detection method is based on simple strain and

displacement measurements at identified locations and hence easy to execute. The study

was carried out using Finite Element Analysis through ABAQUS, a well-known

commercial finite element package. The analysis was carried out both for the existence of

single bending crack and single circumferential crack, on the body of the rotating shaft

component, and the proposed method was able to identify both types of cracks at quite

early stages of their growth and development.  It was found that if measured at the proper

locations, the percentage changes and slopes of percentage changes for these parameters

(strain and displacement) changed more rapidly than frequencies, due to the presence of a
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crack. Only two measurements were required to get such identification which could be

directly related to crack location and size.  Based on the computed and analyzed

numerical results, a simple but effective crack detection method has been proposed which

would eliminate the complexities present in the currently available crack detection

methods for such structures.
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Chapter 1
Introduction

Travelling through the ocean to experience the unseen has always been of great interest to

curious human nature. But such experience often came with great price as numerous

incidents of ship sinking can be found throughout the history of human civilization.

Therefore, human civilization has always tried to develop the safest marine vehicle

possible which requires the assurance of safety for each and every component of the ship.

Propeller shaft is a key element in marine propelling systems and is one of the few

components of the ship structure, working under the most strenuous loading conditions,

caused by the start-up/shutting-down, encounter of propellers with floating/submerged

debri or broken ice and the speed-and-course maintenance during an unexpected stormy

ocean scenario. Failure of the propeller shaft would lead to a stoppage of the vessel

motion, leading to exorbitant operation costs, and perhaps to loss of vessel/human lives;

therefore safety of the propeller shaft operation requires continuous supervision and

maintenance. Fractures and failures are often originated by cracks that initiate and

propagate during the continuous cyclical bending and rotational loading exerted on the

propeller shaft; hence the development of an effective early crack detection method for

propeller shaft is a must for the safe operation marine vehicles.
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1.1 General Overview & Motivation

Marine propeller shaft is a key component of the marine propulsion system. The main

purpose of propeller shaft is to transfer the engine torque to the propeller and the

consequent axial forces to the thrust bearing. Figure 1.1 represents a typical marine

propulsion system showing the propeller shaft.

Figure 1.1: Marine Propulsion System

Due to the rotating bending nature and continuous transfer of dynamic loads, the shaft is

always at great risk of failure due to crack growth and propagation. Also tribological

wear, caused by the continuous abrasion of the shaft on the sealing components, presents

an ever present danger to initiate cracking. Moreover, the presence of small cracks might

not lead to imminent fracture or failure of the shaft, but it will affect the overall dynamic

behavior and the performance of propulsion system. Hence early crack detection in

marine propeller shaft is very important for ship performance and safety. Most
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conventional NDT's such as visual inspection or eddy-current method requires

disassembly of the whole system which is cumbersome. Dynamic analysis such as

vibration or frequency measurement provides large amount of data which is difficult to

interpret sometimes. Hence, a simpler and easy-to-execute crack detection method is

required for early identification of cracks in such shafts.

Crack detection considering static parameters such as strain, displacement and bending

moments are much simpler to use but has not received much attention so far. A few

research studies have been carried out based on theoretical modeling but no one has

proposed a complete crack identification method which could be further extended to

practice (see section 2.3.2 for details). An effective crack detection method based on such

simple strain and displacement measurements would reduce the complexity and time

spent during periodical maintenance operations and hence it becomes essential and

necessary to seek for one. The study presented in this thesis is one such effort.

1.2 Objective

The main goal of this study is to propose an effective crack identification method for

overhanging propeller shafts based on strain and displacement measurements. Such crack

identification method in practice would facilitate the technicians to identify cracks in

different types of overhanging shafts more conveniently. The initial goal is to model the

propeller shaft properly for finite element analysis; this exact numerical modeling would

be required to identify the possibility of cracking under its own weight.
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The next objective is to identify the optimum locations both for strain and displacement

measurements, where significant variations would occur due to the presence of the crack

for most of the possible crack locations. For both bending and circumferential cracks

these locations would be kept unchanged to differentiate between these two. The

identification of optimum locations would reduce the number of sensors required for

identifying the cracks or damages under actual load scenarios.

The final objective is to use the measurement to calculate the percentage difference and

slope of percentage difference for both strain and displacement and propose a crack

detection method which would be able to identify both crack location and size along the

whole beam. From a theoretical viewpoint, since crack location and size are the two

parameters to be identified, at least two sensors would be required and the measured data

will be used to identify the crack location and size.

1.3 Novelty and Contribution

The novelty and contribution of this thesis can be summarized as follows:

 The study has shown that the use of two sensors is sufficient to locate the position

of a single crack present in a rotating shaft, and as well to determine the size of

the crack.
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 The study found out that in overhanging shafts having a load (propeller weight) at

the end, strain and displacement show higher percentage change than frequency

due to the presence of crack.

 The study found out that near the point of contra-flexure strains show higher

percentage change, whereas displacement is more sensitive at the free end.

 It was found that slope of percentage change is much higher than the percentage

change for both strain and displacement and can be used as an effective crack

detection tool.

 The study has also shown that it is possible to have cracking in marine propeller

shaft under the weight of its propeller.

 Based on the findings, a crack detection method is proposed which has

successfully identified both bending and circumferential helical cracks in such

shafts.

1.3 Thesis Outline

The thesis is written in manuscript format. The outline of the thesis is given below:

Chapter 1: A brief introduction to marine propeller shaft and crack detection along with

the motivation and objective of the research is discussed.



Hossain 2014 Page 6

Chapter 2: An extensive literature review of the mechanics of cracking and crack

detection methods were presented

Chapter 3 introduces the procedure used for strain and displacement for crack detection,

using the finite element method.  Thereafter it develops the method used for the

identification of optimum locations for measurement of strain and displacement. This

chapter has been presented in International Workshop on Smart Materials, Structures and

SHM in Conjunction with NDT in Canada 2013 Conference and NDT for the Energy

Industry, Calgary, Alberta, CANADA, 2013.

Chapter 4 discusses about the possibility of cracking in marine propeller shafts due to the

weight of the propeller and also uses the method described in chapter 3 to identify a

single bending crack in such systems. This chapter has been accepted for publication in

International Journal of Engineering, Science and Management for publication.

Chapter 5 discusses a possibility of circumferential helical crack development in marine

propeller shafts along with the limitation of current dynamic methods to identify such

cracks and proposes a complete identification method for crack location and size. A

version of this chapter has been prepared for submission in International Journal of

Engineering, Science and Management.

Chapter 6 concludes the thesis with a summary, findings, conclusions and relevant areas

for further extension of this study.
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Chapter 2
Literature Review

2.1 Introduction

As most fractures are initiated by cracks, early detection of crack can often minimize the

risk of sudden collapse. Hence researchers have sought for an effective early crack

detection method for decades. Although not much work has been done for crack detection

considering marine propeller shafts yet it poses the same risks to floating ship and other

marine structures as for other cracked structures and shafts. The overhanging nature of

the shaft having a static load (propeller) at the end makes it prone mainly to surface

cracks; also any delay in crack detection may cause sudden collapse since large cracks

have been observed only at the very late stage of its total life. To develop an effective

crack detection method the mechanism of cracking including crack initiation and

propagation must be understood. Therefore, in this chapter, the mechanism of cracking

and some of the popular and often-used crack detection methods have been discussed. In

the first section, the basic mechanism of cracking including types of cracks, linear elastic

fracture mechanics, elasto-plastic fracture mechanics is discussed. It is followed by a

brief discussion of crack initiation and propagation. The second section discusses some of

the recently developed crack detection methods including frequency change and mode
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shapes. Although not much work can be found related to the use of static response as a

tool of crack detection, some of the related articles have also been reviewed.

2.2 Mechanics of Cracking

Cracking might be referred to as the separation of two adjacent surfaces under the

application of load. Depending on the types of applied load crack can be mainly

classified in three categories:

Mode I Cracking or Opening: Mode I cracking or opening is caused by the application

of tensile stresses normal to the plane of crack, as shown in Figure 2.1 (a).

Mode II Cracking or Sliding: Mode II cracking or sliding is caused by the application

of shear stress acting parallel to the plane of crack and perpendicular to crack front [see

Figure 2.1 (b)].

Mode III Cracking or Tearing: Mode III cracking or tearing occurs when a shear stress

is acting parallel to the plane of crack and parallel to the crack front [see Figure 2.1 (c)].
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Figure 2.1: Different types of Crack modes; (a) Mode I or Opening; (b) Mode II or Sliding; (c)

Mode III or Tearing

2.2.1 Early Works on Crack Mechanism

The very first work related to crack development and fracture was probably done by

Inglis [1]. He researched on the stress in a plate due to the presence of the crack. He

considered a plate with an elliptical hole under stress and tried to find out the stress

concentration around the hole. Later, he proposed how it might be used to calculate

fracture strength. However, his proposed solution posed a mathematical difficulty since

for a sharp crack, the stress approaches infinity at the crack tip. This was not very

practical as it suggested that even for a small applied load the stress at crack tip would

become infinite and the material bond will rupture. Weighardt [2] had earlier refused this

possibility by finding out a paradox that the stresses at crack tip of a sharp crack at elastic

body is infinite no matter how small the loads are. Therefore, he proposed that rupture
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does not occur when the stress at a point exceeds some critical value but only when the

average stress over a small region exceeds the critical value.

Griffith [3, 4] was the first one to come up with a valid postulate which laid the basis of

modern fracture mechanics. Rather than focusing on the crack tip stresses directly,

Griffith considered an energy-balance approach which eventually became one of the

famous contributions in material science. He proposed that, a certain amount of energy

was required to produce a fracture which was later known as free surface energy for pure

elastic material. Due to the fact that this type of system is conservative, he concluded that

fracture problem is just an extension of the elastic theory of minimum potential energy

considering the potential surface energy and other potential energies as well. He assumed

that under tensile loading crack extension and fracture would occur when the loss of

stress field energy per crack increment becomes greater than the gain of surface energy.

The relationship was expressed as:

s = (2.1)

where, γ = surface energy, s = tensile fracture strength of the material, E = Young’s

modulus of elasticity and a = crack length. However, in his later studies, Griffith himself

noted that this equation is only valid for glass and other types of brittle materials.
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2.2.2 Development of Linear Elastic Fracture Mechanics (LEFM)

Until 1940, Griffith's work [3, 4] did not get much attention as his theory was applicable

to only glass and other highly brittle materials which had little to do with the engineering

application. It was the work of Orowan [5] which led the Griffith's theory applicable to

less brittle materials. Using X-ray scattering, Orowan [5] studied the depth of plastic

strain below cleavage facets in low carbon steel. Based on his work, Irwin [6] noted that

the fracture energy in low carbon steel at 00C is 2000 times higher than the surface

energy. Therefore, Griffith's theory could be applicable to ductile materials if the surface

energy is replaced by the work causing plastic strains around the crack tip. He defined

this as strain energy release rate, G, and showed that it could be determined using the

stress and displacement field around the crack tip. Although his initial development of

LEFM was based on energy, later Growan [7] established a critical fracture toughness

criterion (Gc), specifying that fracture occurs when G equals to Gc.

2.2.3 Development of  Elasto-plastic fracture mechanics

As the LEFM predicts infinite stress at the crack tip, so there must be a zone where the

elastic solution breaks down. Irwin [8] proposed the size of the plastic zone dp, at a crack

tip, for a material of yield strength SY to be:

= (2.2)
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When dp is smaller, compared to the object dimension which causes the stress intensity

K-field to dominate outside the plastic zone, LEFM can be applied to model the crack tip

deformation. He also suggested that the plastic-zone size under plane strain condition can

be obtained if the tensile stress for plastic yielding caused by plane-strain elastic

constraint is considered. Under these conditions, the yield strength is estimated to

increase by a factor of √3 and hence the size of the plastic zone becomes:

= (2.3)

The advantage of LEFM is that it only depends upon the state of stress and not its history.

But plastic deformation is path dependent and therefore it is not possible to have a simple

one parameter model.

In 1961, Wells [9] proposed that fracture behavior, in the vicinity of the crack tip, can

model opening of the notch faces as crack opening displacement (COD), later known as

crack tip opening displacement (CTOD). He used the slip line theory and the rotation of

arms to obtain CTOD of a deep notch bending specimen for complete yielding. Dugdale

[10] proposed a strip yield model analysis and showed that it is possible to relate the

CTOD to the applied stress and crack length. Based on his analysis a more exact

expression for CTOD was obtained by Burdekin and Stone [11] and expressed as:

= 8 ln (2.4)
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where, = yield strength of the material, ksi

a = half of the real crack length, in.

s = nominal stress, ksi

2.2.4 Fatigue Crack Initiation

The fatigue life of a structure may be considered to be composed of three stages: (1)

fatigue crack initiation; (2) fatigue crack propagation and (3) fracture. The final fracture

stage represents the terminal condition and is not considered in this work; hence we will

be focusing on the first two stages only. The contribution of these two stages to the

fatigue life depends upon the intended application. For example, components containing

stress concentration or initial defects may be determined primarily by the characteristics

of fatigue crack propagation. On the other hand, the fatigue life of structural components

intended for infinite-life application, i.e., crack propagation under decreasing stress field

may be governed by fatigue crack initiation or propagation or by both. The main

principle to design structural components subjected to fluctuating loads is based on a

design fatigue curve which represents the basic un-notched fatigue properties as well as

the fatigue-strength-reduction factor. The design fatigue curves are based on the

prediction of cyclic life from data on nominal stress (or strain) versus elapsed cycles to

failure, also known as S-N curves.
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In metals, the plastic deformation is caused at the dislocation level (atomic scale) which

is accomplished via slip of the lattice. As slip accumulates during the cyclic loading,

plastic deformation causes strain localization leading to crack initiation. The slips,

introduced during the forward loading cycle, are not fully recovered in the reverse

loading causing slip irreversibility. The main reasons behind this are developments in

material science including arrangement of edges in low energy level, point defects,

difference in dislocation back stresses etc. After a large number of cycles, dislocations

pile up and form structures named persistent slip bands (PSB). These PSBs either rise up

or fall below the original level surface due to the movement of grains of the material.

These up and down movements leave tiny steps in the surface where stress concentrations

occur. This localized stress concentrations may cause the localized region of the

component, in that neighborhood, to undergo plastic deformation. As the nominal stresses

in most structures are elastic, the plastic zone in the vicinity of stress concentration is

surrounded by an elastic-stress field.  The deformations of the plastic zone are therefore

governed by the elastic displacement of the surrounding elastic-stress field causing a

micro-crack to become a visible one.

2.2.5 Fatigue Crack Propagation

Figure 2.2 shows a schematic log-log plot of da/dN vs. ∆K which illustrates typical

fatigue growth behavior in most metals; ΔK is the stress intensity range. The curve

contains three distinct regions. At the lower end, i.e. region I is the threshold region
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where the crack does not grow. The crack starts to propagate when ∆K value exceeds the

threshold limit, which is represented as the region II, and the curve is linear in that

region. The relationship of this region can be described by the following power law:

= ∆ (2.5)

in which C and m are material constants. This is also known as Paris' Law.

Figure 2.2: Typical Fatigue Growth Behavior in Metal

Paris and Erdogan [12] were probably the first ones to propose this relationship.

According to their experimental data, they proposed the value of the exponent m as 4.
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However, later studies showed that m can range from 2 to 4. A number of researchers had

tried to develop an equation to model for all or part of the da/dN vs. ∆K relationship,

most of which were empirical. Forman [13] proposed that the following equation can be

used in both region II and III:

= ∆( ) ∆ (2.6)

where R = ; Kc = fracture toughness

The equation can also be re-written as:

= ∆
(2.7)

This equation is based on the assumption that region III behavior is influenced by fracture

and fatigue rather than plastic zone effect. Thus crack growth rate becomes infinite when

Kmax approaches to Kc. Also this equation does not have the same material constants as

proposed by Paris and Erdogan [12].

Klesnil and Lucas [14] modified the equation (2.5) for the threshold as follows:

= (∆ − ∆ ) (2.8)
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Donahue [15] suggested a similar type of equation with the exponent m applied to the

bracketed terms, (∆ − ∆ ). One problem with this equation is ∆ depends on the R

ratio.

The most common expression that describes the relationship in all three regions was

developed by the scientists at NASA and was first published by Forman and Mettu [16]

and the simplified form is as follows:

= (∆ ) ∆∆ (2.9)

where C, m, p and q are material constants. At intermediate ∆K values where ∆K>>∆Kth

and Kmax<<Kc this equation reduces to the equation (2.5) therefore the material constants

are equivalent. Dowling and Begley [17] applied the J integral to fatigue crack growth

under large scale yielding for which K is no longer valid. The equation they developed

was in terms of ∆J but followed the same power law expression:

= (∆ ) (2.10)

However, in later studies it was found that J integral has lots of theoretical in-

justifications and limitations for modelling fatigue crack growth.
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2.3 Types of Crack Detection

Hundreds of papers have been published considering crack/damage detection in a number

of engineering disciplines. Current crack detection methods include visual inspection,

eddy-current method, ultrasonic method, radiography etc. However, all of these methods

are effective if the crack location is priory known or it has been localized (discussed in

the literature review). Therefore, researchers have sought for an alternative solution,

wherein crack location and size can be determined simultaneously, and modal testing and

analyses have been given the highest attention in this regard. So far, a number of studies

have been done for early crack detection which have been applied for shafts in various

sectors. Most of these crack detection methods are based on the dynamic behavior of the

structure and therefore researchers have been working on the dynamics of the cracked

structure for decades [18-20]. In this section, a brief review has been presented regarding

modal testing due to their extensive use in cracked shaft systems. Some of the other

analogous crack detection methods using static measurements have also been reviewed

here although the number of studies in that area is extremely limited.

2.3.1 Crack Detection Using Modal Testing

The modal testing became popular as the parameters (frequency, mode shapes, modal

damping) measured are direct functions of the physical properties (mass, stiffness,

damping) of the structure. So, as the presence of cracks causes reduction in stiffness, it
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directly affects the modal parameters. Also, due to the technological advancement, it

became easier to measure the modal parameters instead of measuring the physical

properties directly. Among the different parameters of modal testing, frequency and

mode shapes have received the most attentions due to their ease of measurement and this

literature review will be focused on those only. The attention given to the modal testing

and analyses methodologies is primarily due to the fact that most of the

experimental/analytical methods are based on the concepts of measured/analyzed outputs

obtained from the given inputs to the system; thus modal procedures have been

successively used in vibration, acoustic intensity scanning, Laser Doppler Vibrometer

scanning, 3-D vision based measurements and in other areas.

2.3.1.1 Frequency Change

Frequency measurement for damage detection has gained greater attention because of its

simplicity in measurement than mode shapes. It was earlier found that the presence of a

crack or multiple cracks directly affects the natural frequencies of a structure because the

resonant frequencies directly depend on the geometrical and the physical properties of the

structure (such as spatial profiles and stiffness) under consideration. Besides, they are less

seriously affected by experimental errors. The amount of literatures published on damage

detection using natural frequencies is quite large. A brief description of those can be

found in the literature reviews of Salawu [21] and Doebling et al [22]. In this study,

however, only major contributions will be discussed in this field.
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Lifshitz and Rotem [23] were probably the first to discuss about damage detection using

vibration measurement. Their method involves vibration testing and continuous

measurement of audio frequency, dynamic modulus and damping for specimen under

tensile loading. They introduced a term called dynamic modulus which can be related to

frequency shift and was sensitive to stress induced structural changes. Three composite

specimens were used in their test and the effect of tension induced structural changes on

dynamic moduli and damping, were reported.

However, the analytical procedure to use the natural frequencies of a structure as a

diagnostic tool for damage detection was started to get attention when Adams et al [24]

introduced it for structural integrity. In an earlier work, Adams et al [25] had observed

that in fibre-reinforced plastics, a reduction in stiffness and increase in damping occur

due to the presence of a damage. This phenomenon occurs both for localized (single

crack) and distributed damages (many micro-cracks). Changes in stiffness for both the

cases have direct effect on frequency changes and thus frequency measurement can be

regarded as an essential parameter for damage detection. Adams et al [24] carried out

their experiment for one dimensional bar under axial excitation only. They modeled the

damage as a massless axial spring where the stiffness, expressed as a function of

receptance (inverse of stiffness), defined the damage severity. An analytical formulation

was developed for change in natural frequencies because of the induced damage. A plot

superimposing this relationship for two different modes provided the possible damage

location. To use this formulation as a generalized condition, they developed a functional
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relationship by differentiating the summation of the receptances of the undamaged

section on both sides of the crack in two different modes with respect to the

corresponding natural frequency. A universally applicable chart was obtained by plotting

the ratio of this function against x/ℓ, where 'x' was the location of the damage and 'ℓ' the

length of the bar. This method is applicable to all bars if the receptance can be expressed

as a function of position 'x'. Adams et al [24] carried out experiments based on this theory

on: (i) An Aluminium bar with a saw cut; (ii) An Aluminum beam with different types of

damage; (iii) A tapered bar; and (iv) A camshaft. This method provided identifiable

results except for the case of severe damages where the presence of non-uniform stress

distribution made it impossible to define a single resonant frequency. In these studies, the

assumption of a single axial massless spring to represent the effects for all the possible

axial frequencies seems to be questionable.

Rizos et al [26] used measurement amplitudes at two different locations in a beam

vibrating at one of its natural frequencies and an analytical solution for dynamic

response. But this method was only limited to one dimensional beam or bar type

structure. Hearn et al [27] performed modal analysis for vibration response of welded

steel frames and wire ropes. Natural frequency changes were derived from a perturbation

of the equations of motion and by suitably interpreting this frequency change, damage

location was identified. The presence of damage was found to influence the natural

frequencies and modal damping in a predictable manner. The required modal parameters

of the structures were obtained from the free vibration response of the structure.
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Friswell et al. [28] tried to identify damage through measurement of small change in

natural frequency based on the priory known likely damaged scenarios. He considered a

theoretical model of the damaged structure and calculated the frequency shifts of the first

several modes for the undamaged structure and the presumed damaged structures.

However, the accuracy of the method depended upon the accuracy of the model and in

his case it was assumed that the model was highly accurate. By comparing the frequency

shift ratios for the model and the candidate structure, a power-law fit was proposed and it

was postulated that if the damage is of the same class it would produce a fit that is a line

with unity slope. Narkis [29] proposed an analytical solution for computing the natural

frequencies of a simply supported beam having a crack, considering both the cases of

transverse and axial vibrations. He considered the beam as two separate beams connected

together by a bending spring. Combining the earlier work of Shen and Pierre [30] and

Haisty and Springer [31], he was able to formulate a relationship between structural

flexibility and frequency parameter. For different crack depths, the results showed

similarity in behavior with the work of Shen and Pierre [30] who used Fourier analysis

and Finite element method.

However, the solution of the inverse problem, i.e., identification of damage parameters

(crack location and/or size) based on frequency shifts (as it is dependent on both crack

location and depth) would have been a better procedure for crack detection. Vestroni and

Capecchi [32] adopted a different approach to identify damage detection as the inverse

problem did not have a straight forward unique solution. They proposed that as the
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damage was located in a few sections it was therefore more convenient to focus the

identification on those specific sections rather than the whole model. In this regard they

used a finite element model to solve this problem for a simply supported beam. By

discretizing the whole model into a number of elements it was possible to locate the crack

in a much less number of elements. The proposed method suggested that the change in

stiffness in those elements only should provide the information regarding the severity of

the damage. But this method required the cracks to be located on the identified number of

elements for which an objective function was proposed. The objective function was

defined as the square of the experimental eigenvalues and the function that furnished the

analytical quantities through a finite element code. The minimization of this objective

function was done by standard minimization methods rather than using derivatives (to

avoid cumbersome iteration) and a computer code IDEFEM (Capecchi et al [33]) was

used for this purpose. By assigning the cracks to localized zones only, they reduced the

number of parameters required to obtain the severity parameter for the crack. In fact in

different cases they showed that if crack was defined in k distinct elements, only k+1

parameters are required to identify the crack. Thus they were able to overcome the

indeterminacy of the problem by proposing a minimum norm solution. Nikolakopoulos et

al [34] examined an experimental single storey frame and were able to identify a single

crack from shifts in the first three natural frequencies. Using FEM, the dependency of

first two eigen-frequencies on crack size was represented by a contour graph. The

location and depth of the crack were found out by identifying the intersection of the
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contour plots for all variations of location and depth against change in the natural

frequencies.

Perchard and Swamidas [35] presented a finite element analysis and experimental study

for crack detection in a cantilever plate having notched crack. The first 20 mode shapes

and natural frequencies were considered for the finite element analysis but the primary

foci were kept to the bending modes having frequencies in between 0 to 1000 Hz due to

the comparison with experimental analysis. Changes in the displacement and rotation

mode shapes for the cracked model from their corresponding un-cracked model were

computed and plotted; it was found that for lower modes the discontinuity of the plot of

rotation mode shape difference around the notch was significantly larger than any other

location in the plate and it increased with the increase of crack depth. The experimental

study was carried out using two methods: (a) accelerometers as transducers and (b) strain

gauges as transducers. The FRF's obtained from accelerometers showed that comparison

of off-the-peak amplitudes showed a clear downward trend indicating the existence of

crack; however the trend was not as smooth as the one obtained through finite element

analysis. For the strain gauges, the peak magnitudes of the resulting FRF's were found to

be more sensitive to cracking than off-the-peak amplitudes; however, location of the

strain gauge had to be near to the crack.

Nwosu et al [36] used finite element analysis of tubular T-joints to find out the existence

of cracks in their welded joint intersections. The joint was modelled with 8-node
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degenerate shell elements having 5 degrees of freedom per node. The exact crack

configuration was achieved through a mapping function which allowed the cracks to be

mapped on the surface of the tube. The lowest natural frequency showed only a very

small change of 4.82 percent change for an 83 percent chord crack depth; however,

dynamic bending moments near crack vicinity showed a 97 percent changes for an

eighty-three percent chord thickness crack. The dynamic bending moments showed 34.15

to 78 percent changes even for a location far away from crack location as well. Hence it

was proposed that combining the change in natural frequencies with the change in

bending moments or curvatures (using strain gauges as sensors) could be an effective tool

for crack detection. Li et al [37] presented a crack detection method based on acoustical

modal response (using acoustic pressure intensity functions) for submerged structure. The

analysis was carried out for a cantilever plate under cyclic bending load. The effect of

submergence depth was also taken into account. Instead of considering the added masses

as constants, they were considered as functions of the in-vacuo natural frequencies. The

results showed a good agreement in natural frequency and damping ratios obtained from

acoustic pressure intensity and vibrational modal responses.  When the crack area was

33% of the cross-section, the first bending frequency showed 3.5% decrease and the

damping ratio increased by 62% when the crack area was 40% of total cross-section. The

effect submergence depth and air bubble on modal responses were also discussed.

Cheng et al [38] presented an experimental and numerical analysis of cracks in

intermediate scale tubular T-joints; the experimental study on fatigue crack initiation and
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growth simulated the loading scenarios of the tubular T-joints used for offshore

platforms. The crack locations and profiles were recorded and fractographic examinations

were carried out to reveal the mechanisms of crack initiation, growth, and crack closure.

Strain gages were used as the main response measurement transducers. Strain response

function was particularly analyzed to indicate the presence of cracking at the tubular joint

intersections. Analyses of the response functions also showed the presence anti-resonance

shifts, quasi-static phenomenon and nonlinearity, even at a normalized crack size (the

ratio of cracking area to load-bearing area) as small as 0.07. A finite element analysis was

also carried out to validate the results and to present cracked and un-cracked mode

shapes. Parametric equations were developed to relate the fatigue life of the tubular

specimen to the strains/frequencies measured at the various strain gauge locations. In

addition equations were also developed to relate the crack size to the strains/frequencies

measured at various locations. These equations could be utilized to predict the remaining

life of the joint as well as the probable crack size at the critical location near the gauge.

Owolabi et al [39] carried out experiments on one set of fixed beams (seven in each set)

and another set of simply supported beams, made of aluminum. They investigated the

effects of cracks on the first three modes of vibrating beams and proposed a simple

method to identify the size and location of the crack based on the changes in natural

frequencies and amplitudes of the frequency response functions (FRF). To detect the

crack, the changes in frequency ratios were plotted against crack location and crack depth

and it was proposed that the point of intersection of the three contour plots for three
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different modes will provide the location and size of the crack. The same method was

applied for amplitude ratios as well and the results were compare with the theoretical

results obtained earlier by Yang et al [40] and was found to be in good agreement. A

possible method for identifying multiple cracks was also discussed.

Yang et al [40] proposed an identification method of cracks in vibrating beam using

energy method. The strain energy for a cracked beam was calculated first for a dead load

condition and the bending stiffness of the system was determined. The equation of

transverse vibration was formulated using Galerkin's method for beams containing one or

two cracks. The results available from an experimental study carried out earlier for a

simply supported beam, were compared with those obtained from the developed theory

and were found to be in good agreement. It was found that the presence of a crack (both

its location and size) has a direct influence on the obtained frequencies. Based on these

measurements and computations, a crack identification procedure was proposed based on

calculating the first four frequencies and mode shapes of the structure. As the existing

crack belonged to a particular frequency or mode shape contour of the beam, it was

proposed that by plotting the contours of different frequency or mode shape, the

intersection will give the location and size of the crack. Yang et. al. [41] also considered

the vertical bending and the coupled bending-torsion of a hydro-elastic ship model,

modeled as a free-free beam supported on an elastic foundation (water); the model also

included the effect of added water mass in the vertical and transverse directions. Coupled

and uncoupled vibration equations were solved using Hamilton’s principle and Galerkin’s
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procedure. Analysis of coupled vibrations, along with the vertical vibration, provides a

thorough theoretical dynamic analysis for the model, and provided a good verification for

the test results. In addition to these, a crack identification procedure was also developed

by considering the frequency contours that had the same normalized frequency on the

contour line as that obtained for the cracked beam. The contours from the first four

modes were plotted together, and the intersection point gave the crack location as well as

the crack depth.

Chaudhari & Maiti [42] adopted Frobenius method to study the transverse vibrations of

for stepped slender Euler-Bernouli beams (simply supported and cantilever beams were

considered). They considered both the cracked and un-cracked conditions and divided the

beam into two segments, one of which had a linearly varying depth and the other one was

uniform. They expressed displacement of the two sections in terms of mode shapes and

used Frobenius method to obtain the solution of the differential equation. For the cracked

beam, the beam was divided into three segments considering the crack as a bending

spring. Chinchalkar [43] modelled the crack as a rotational spring for a beam with

varying cross-section and obtained the first three natural frequencies by finite element

approach. At first, the crack was modelled as a rotational spring and graphs of spring

stiffness versus crack location were plotted for each natural frequency. Having known

the first three frequencies of the varying depth beam, the location of the crack and its

depth was modelled as an inverse problem of finding the spring stiffness, given the

natural frequency. The method was shown to be related to the problem of a rank-one
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modification of an eigenvalue problem. Examples outlining the accuracy and ease of

using this method were also shown.

Morassi [44] found that variations of the nth frequency and 2nth frequency uniquely

determined the position parameter. When n = 1, this work agreed with Narkis [29] who

earlier developed that the localization of crack can be determined by the variation of first

two natural frequencies. Based on this result, he proposed that by increasing the number

of frequencies the stiffness parameter can also be determined. Although the problem was

ill-posed, he found that a careful choice of data based on the work of Vestroni and

Capecchi [32] could reduce the non-uniqueness of the solution for several cases. Armon

et al [45] used rank ordering of the modes according to reduction in natural frequency to

locate slots and cracks in a beam. It was found that rank ordering of the eigen-frequency

shift is a function of damage location. However, their work also showed it does not

depend on the damage magnitude for small cracks. Lee and Chung [46] found the first

four natural frequencies by FEM and then applied Armon's rank ordering scheme [45] to

approximate the location of the crack. An appropriate model was then developed by FEM

based on the crack location range. The crack depth was identified by FEM program

which was modified to carry out do-loops so that the natural frequency equaled the

measured value. The accurate location of the crack was then estimated by Newton-

Raphson iteration method using Gudmundson's [47] equation.
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However, the success rate for multiple damage identification using frequency shift is not

very common as there are very few studies concerning this. Choy et al [48] used natural

frequency change to model a beam on elastic foundation and to identify damage. Damage

was expressed in terms of reduction in Young's modulus of a beam element and change

in stiffness. The elastic foundation was modelled as a Winkler spring, with some

damping associated with it. Due to the presence of a single fault the change in each

element was calculated iteratively and was matched with the shift in natural frequency.

For two possible damages, all possible combinations were calculated in a similar manner

which best matched the shift in first two natural frequencies. The intersection of these

solution sets provided the damage location and severity. The third natural frequency was

then determined based on the solution and the closest match deemed the true solution. A

caution needs to be exercised in modelling the crack/damage as a single spring constant,

since the structure executes a number of modal vibrations as it vibrates. The single spring

constant cannot properly model all the modal vibratory effects at that specific location;

moreover at each location, theoretically there are six spring constants that need to be

used. Hence the spring constant used can only model the dominant effect visualized for a

particular mode at that particular location. A continuous finite element model eliminates

all these approximations present in the study.



Hossain 2014 Page 31

2.3.1.2 Mode Shapes

Another popular method for damage detection is based on mode shapes. The mode

shapes are generally measured using a single excitation point and many sensors or by a

roving exciter having one or more fixed sensors [49]. Generally, damage is identified by

direct measurement of the mode shapes or mode shape curvature [50].  Commonly to

compare the two sets of mode shapes, two types of methods are used. One is Modal

Assurance Criterion (MAC) [51] and the other is Co-ordinate Modal Assurance Criterion

(COMAC) [52]. The MAC values are numbered from 0 to 1 between two modal shapes.

The MAC value 1 means complete similarity while MAC value 0 means complete

dissimilarity. Thus variation of MAC value (between 0.0 and 1.0) can be used as a

damage identification criterion. COMAC measures the difference of two mode shapes

based on each point.  And similar to the MAC method a low COMAC value indicates the

possibility of damage. Messina et al [53] proposed a method called Multiple Damage

Location Assurance Criterion (MDLAC) to localize damage. This method was

formulated on the same basis as MAC. Shi et al [54] extended Messina et al.'s method

[53] of using frequency only for incomplete (measured at a few locations only, along the

modal shape) mode shapes for the location of damage. The damage locations were

initially localized using initial mode shape measurement. The true damage locations were

then identified using more accurate modal frequencies. A significant advantage of this

method is neither the expansion of incomplete measurement set nor the reduction of
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simulated stiffness or mass matrices is required. The method was applied to a 2-D planar

truss and found to produce more accurate results than Messina et al.'s [53] frequency shift

method. The algorithm was further improved by optimization of the sensor placement for

the measurement of incomplete mode shapes. Khan et al [55] used Laser Doppler

Vibrometer (LDV) to measure mode shapes in (i) a steel cantilever beam; (ii) a steel

cantilever plate and (iii) a concrete beam. LDV allowed a dense grid of measurement

which facilitated measurement of modal displacements in a large number of locations

required for mode shape analysis. The local mode shape discontinuities indicated the

presence of the crack. But for thick metals it was found that damage having a depth less

than half the thickness of the structure was not detectable. An algorithm based on the

original condition of mode shape sensitivities were developed by Araujo dos Santos et al

[56]. The algorithm was applied to a laminated rectangular plate, free in space, which

was discretized using first order shear deformation finite element (Soares et al [57]). The

results obtained by this procedure showed greater accuracy, than the ones found by using

mode shapes only.

Rathcliffe and Bagaria [58] were able to identify the delamination in a composite beam

based on gapped smoothing method. Using Laplace's difference equation, the

displacement mode shape was converted into curvature shape. The curvature shape was

then smoothed using a gapped polynomial at every point. A term, damage index, was

introduced which was defined by the curvature polynomial at each point. The largest

damage index (identifying the separation of faces) indicated the position of delamination.
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Wahab and De Roeck [59] applied a curvature based method to damage detection for a

real life structure. They considered the Z24 bridge of Switzerland and obtained

satisfactory results with their method. They introduced a term called Curvature Damage

Factor (CDF) to indicate damage. CDF was defined as the difference of curvature before

and after the damage and averaged over a number of modes. Modal curvature has also

been used with other measured data and found to improve the identification assessment.

Oh and Jung [60] used both dynamic and static data on a bowstring truss. They found that

best results were achieved when static displacements and mode shape curvatures were

used in combination.

2.3.2 Crack Detection Using  Static Behavior

The dynamic analysis of damage detection always provides large amount of information

and sometimes it is not feasible to measure all the responses at critical locations. Static

analysis procedure on the other hand, is easily executable and provides easily measurable

information for many types of structure. Furthermore static analysis contains less

theoretical underpinnings and hence provides easily comprehensible results and

conditions pertaining to damage detection. Compared to dynamic analysis, little attention

has been paid to the use of static analysis in damage detection so far; this was perhaps

due to the fact that the magnitudes of static displacements or strains would be very small

and hence needed very sensitive static deformation sensors.
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The static measurements are based on the resistance to deformation provided by the

structure when subjected to forces whereas the frequency and acoustic measurements

require excitation of the structure. All that a static method requires is a parameter

estimation algorithm as they use analytical models of the structure to interpret the data.

Due to the noise and sparse nature of data most of the early algorithms were not

successful.  To overcome this problem Hjelmstad and Shin [61] proposed an adaptive

parameter grouping scheme technique to eliminate the effect of sparsity of data and a data

perturbation scheme to distinguish the damage response from noise. Their proposed

algorithm was based on the property change of the structure and, to identify the

properties and assess the change in the properties, they used a parameterized finite

element model along with the measurement obtained from a static test. Hence, there were

two basic requirements, viz. one is the parameterized description of the structure and the

second is a method to estimate the parameter. In the development of this technique, they

used the estimation method developed by Banan et al [62]. The governing equation for

static equilibrium was not satisfied exactly; consequently an output error was defined

which was a function of inverse of the stiffness matrix and displacements using the finite

element model and a Boolean matrix. An objective function was formulated using the

output error vector and minimizing this objective function, the unknown parameters were

obtained. The number of unknown parameters was minimized by parameter grouping

where similar parameters were grouped without modification of data. If a member of the

group was damaged, it had very small effect; but if few parameters of a group were
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damaged, the combined effect became noticeable enough. The main goal was to

determine a parameter grouping distinguishing the damaged members from the

undamaged ones. The adaptive grouping parameter was then introduced where the

parameter groups were divided into sequential manner starting from a known parameter

estimation obtained from measured data. The group whose estimated parameter differed

from its baseline value was subdivided. The subdivision was done repeatedly until the

model reached interpolating data with zero error. However measurements were never free

from error and the presence of noise affected the group behavior of data. In order to

eliminate this problem, a data perturbation scheme was proposed which was able to

distinguish the damage from noise for baseline structure and to compute damage indices

in damaged structure. For both the cases of single and multiple damages they were able to

assess damage in spite of the presence of noisy and sparse data. However, due to the

perturbation trials many times, over and over again, the algorithm required a great deal of

computational time.

Di Paola [63] showed that applying a convenient set of parameters dependent on

superimposed strains on a reference structure, the variation in the structural parameters

can always be defined typically due to the temperature variation based on stress

distribution. Using this concept Di Paola and Bilello [64] proposed a damage

identification procedure for Euler-Bernouli beams. The governing equation for damaged

structure was reduced to a Fredholm integral of second kind in terms of bending moment.

The proposed method suggested that the integral can be solved by an iterative manner or
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in exact form using the properties of its kernel. The solution will therefore depend

explicitly on the variation of stiffness parameter caused by the presence of damage and

hence it can be used in damage identification procedure by comparing the theoretical and

measured response from the damaged and undamaged beams. They employed this

method for an Euler-Bernoulli beam and expressed the change of the response in terms of

the variation of the bending stiffness. In case of non-redundant beams the variation in the

stiffness due to the presence of the damage was modeled as a superimposed curvature.

The original damaged beam was then divided into two beams: a principle beam which

was subjected to external loads and an auxiliary beam which was subjected to

superimposed curvature. By applying the superposition principle the case of a simply

supported beam was analyzed. The equations were solved by breaking the problem into

two sub-problems and a closed form solution was obtained for the original beam.

However, in case of redundant beams an explicit dependence of the beam response on the

variation of stiffness parameter could not be obtained. Unlike the previous case of the

superimposed curvature, in this case the curvature depended on actual bending moment

distribution in the beam, which was unknown. To solve this problem, the bending

moment distribution was expressed as an integral function of superimposed curvature and

bending moment distribution of the auxiliary beam named as curvature Green's function.

Applying the boundary conditions, a Fredholm integral of second kind was then obtained.

Solving the kernels an equation providing the analytical relation between the bending

moment distribution and damage parameter were developed. Using the superposition



Hossain 2014 Page 37

relationship, the equations for deflection, slope and shear force were also calculated.

These two equations provided exact solution for the Euler-Bernouli beams having an

arbitrary bending stiffness variation. By minimizing the objective function expressed in

terms of the theoretical and experimental variations a damage identification procedure

was proposed. The identification algorithm was then formulated as a non-linear

constrained minimization problem. An optimization method used earlier by Vestroni and

Capecchi [32, 65] and Cerri and Vestroni [66] was adopted to solve this problem.

Buda and Caddemi [67] tried to identify concentrated damage in Euler-Bernouli beams

using static response and the linear behaviour of the beam. Due to the presence of a crack

there existed an 'ineffective' zone adjacent to the crack. This ineffective zone, due to its

low stress level reduces the flexural stiffness in case of straight beams. By avoiding

closure or propagation of cracks, i.e., assuming the behavior of the beam to be linear,

they modeled the flexural stiffness as an internal hinge restrained by rotational spring

whose 'equivalent' stiffness was dependent on damage extent at the crack location. The

combination of the equilibrium, compatibility and constitutive equations generated a

fourth order differential equation in terms of deflection parameter. The presence of the

damage was defined as a slope discontinuity at x0 and the moment of inertia was defined

as a distribution, considering the singularity at the crack location as a Dirac delta

function. A new parameter named level of damage α was introduced which was directly

related to damage intensity. The equation for deflection function was then developed for

single and multiple damages. The optimization was done by defining the error function as
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the square of the difference between deflection of the Euler-Bernouli beam model and the

experimental deflection measurements for different cross-section and load conditions.

The solution procedure developed earlier by Vestroni and Capecchi [32, 65] and Cerri

and Vestroni [66] was carried out by two phases; i) Minimization of the error function for

fixed values of x0 with respect to αi only and leading to reduced error function; and ii)

minimization of the error function with respect to x0. But the inverse identification

problem requires that the number of measurements required must be equal or greater than

the number of the parameters to be identified and hence the study was limited to

identification of single and double crack problems only.

Caddemi and Morassi [68] applied this principle (damage induced variation) to identify

crack in straight elastic beams. Their aim was to look for an explicit expression in static

deflection measurement which indicated the position and severity in case of beam

bending. They also focused their attention on finding sufficient analytical conditions to

formulate a rigorous identification of damage. By measuring the damage-induced

variation for both undamaged and damaged beam under the same load condition, a

procedure to solve the inverse identification was proposed. Also to identify the damage

location and severity as explicit closed form solution, in terms of deflection

measurement, sufficient conditions were obtained. The crack was modeled as a linear

elastic rotational spring. By restraining the ends of the beam with translational and

rotational springs, boundary conditions were set. Applying the jump condition, the

bending moment equation at the cross section where the crack was present was obtained
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in terms of transverse displacement and bending stiffness of the beam. A new term called

angular distortion was then introduced and damage-induced variation was obtained as the

product of angular distortion and bending moment of the undamaged beams. Finally it

was possible to express the damage-induced variation in terms of the both bending

moment and the stiffness of the rotational spring. The method was applied for several

types of beams and the expression of the damage location was obtained by the above

mentioned relationship. To calculate the severity of the damage, numerical calculations

were adopted and for a number of cases satisfactory results were obtained

Umesha et al [69] proposed a new method for locating and quantifying damage by using

the static deflection profile as an input signal for wavelet (Symlet) analysis. This method

emphasized on measuring the deflection at a particular point, since in real life it is often

very difficult to measure deflection at several points due to the requirement of large

amount of instrumentation. They used a fixed beam with single damage to demonstrate

the method. The damage was modeled as a reduced stiffness element in finite element

analysis. Based on the work of Poudel et al [70], the stiffness of the damaged beam was

modeled and an equation of deflection for concentrated load on that beam was obtained.

The measured or calculated deflections were then treated as spatial distributed signal in

wavelet analysis. For that signal, the continuous wavelet transform was obtained and

wavelet coefficient was computed.  When the wavelet coefficient was plotted against the

length the curve, it showed a sudden change or peak at the locations of the damage,

location of the sensor and supports. By eliminating the location of the sensor and support,
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the location of the damage was determined. A generalized curve was then plotted with all

maximum wavelet coefficients of the deflection response at the damaged point. The

severity of the damage was then obtained by mapping the calculated wavelet co-efficient

in the generalized curve. They also carried out a parametric case study by varying the

damage, location of damage, intensity of load, flexural stiffness and length of the beam. It

was observed that wavelet coefficient was directly related to the above mentioned factors.

2.3.3 Crack detection in Rotor Shafts

The technical bulletin of Bently-Nevada [71] reported at least 28 incidents of shaft failure

over last 10 years and according to the manufacturers it was a partial list only. According

to an EPRI report mentioned in that bulletin, one utility paid $6.2 million to replace

power alone during an outage caused by shaft crack on turbine. The replacement cost was

$100,000; hence crack detection on shafts has received large attention over the decades.

Moreover, it was also reported in that bulletin that under an especial context, the presence

of a helical crack was noted only when it was already greater than 90% in crack depth.

The success of modal testing in different structures encouraged researchers to apply this

method in crack detection for rotor shafts as well. The earlier focus was to study the

dynamics of the cracked rotor and hence papers have been found as early as 1944 related

to this topic [18]. Based on the dynamics and other studies crack detection and diagnostic

methods have been formulated.
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Collins et al [72] investigated the excitation of a rotating Timshenko shaft having a single

crack by applying a single and periodic compressive axial impulse at one end. By

applying the periodic impulse, they found that the vertical motion in un-cracked shaft

decayed with time and the vibration spectrum had a single frequency component Ω,

whereas in the cracked shaft the vertical motion did not decay and the vibration spectrum

had two additional components of the exciting frequency. They stated that this coupling

mechanism can be used to identify cracks. Gounaris and Papadopoulos [73] presented a

crack detection method by applying radial excitation at one end and measuring

displacement at the other. The crack was considered as a transverse crack on a rotating

circular shaft. The crack was modeled using local compliance matrix and for each case

they used three sets of excitation frequencies and shaft rotational speed. A 3D contour

plot was developed by plotting the response against crack location and crack depth and

they mentioned that by measuring the axial response at each run, the location and size of

the crack can be determined graphically.

Prabhakar et al [74] analyzed the influence of an open and breathing crack on the

mechanical impedance of a rotor bearing system using FEM. Impedance was defined as

the ratio of the magnitude of an exciting force to the velocity response. By applying an

impulse at different locations the impedance was measured. They observed substantial

change in the normalized mechanical impedance due to the presence of the crack and

identified a definite trend depending upon the location and size of the crack. Also, they

found a breathing crack to be more sensitive than an open crack. Thus, he identified
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mechanical impedance as a potential parameter for crack detection in such systems.

Brooks et al [75] patented a collar attachment system having facilities for mounting

multiple vibration responsive transducers which allows for simultaneous measurement of

vibrational responses. Radial, torsional and other exciters can also be mounted on the

collar and can be fixed at any angular position.

Sekhar and Srinivas [76] used a commercial finite element analysis package NASTRAN

and FEMAP to model hollow cracked composite shafts, fabricated using stacking

sequences of boron-epoxy, carbon-epoxy and graphite-epoxy materials. The finite

element formulation was based on first order shear deformation theory. They created a

crack on the shaft by using Boolean operations. Spring elements were used to represent

the effects of the bearings. They have stated that the stacking sequences such as 90/0/90/0

and 90//90/0/0 produced a higher frequency than other sequences of stacking. They also

found that for all the three materials used in their study, the eigen-frequencies decreased

with increases in crack depth. Kisa and Gurel [77] used a combination of finite element

analysis and synthesis method (substructure technique) for non-propagating cracks in

beams with circular cross section. The substructure technique was first proposed by

Hurty [78] to facilitate the study of large structures. However, they used it to reduce the

non-linearity of the structure by splitting the beam into components at the cracked

sections or substructures having linear behavior. They discussed three scenarios viz. (i) a

cantilever beam with single crack; (ii) a cantilever beam with three cracks of same depth

and (iii) a simply supported beam with three cracks of same depth and concluded that by
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using this model a relationship between the magnitude of the frequency and form of

mode shapes with the location and depth of the cracks can be formulated.

Lissenden et al. [79] tried to model crack propagation and determined natural frequencies

and mode shapes for a line shaft system using experimental and numerical methods. They

considered both straight and semi-elliptical surface cracks under quasi static and dynamic

bending loads. They created the 3D model using finite element analysis and represented

the crack by decoupling the joined nodes. In their experimental study, they found no

significant change in torsional stiffness for quasi-static loading while a gradual decrease

in torsional stiffness and natural frequency for occurred for dynamic loading. The

numerical analysis also showed the change in first torsional natural frequency to be

directly proportional to the extent of crack growth.

The studies on crack detection in marine propeller shafts, so far, are extremely limited.

Arisoy et al [80] inspected a failed 17-4 stainless steel sailboat propeller shaft visually

and macroscopically.  The analysis included chemical analysis on part of the shafts,

hardness measurement, scanning electron microscope (SEM) analyses and X-ray

dispersive analysis. It was found that deformation due to press fitting led to surface

deformation tracks, which assisted in crack occurrence. The cracks were propagated

mainly due to stress corrosion cracking (SCC) and torsional fatigue. Bielawski [81]

proposed a diagnostic method of marine propeller shafts based on measurement of shaft

journal trajectory. He mentioned that the available methods for condition monitoring and
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diagnostic method of propeller shafts were insufficient. One of the common failures

occurring in such shafts was tribiological wear when the sealing between the propeller

and the bearing breaks, causing the water to leak inside the sealing. The condition

monitoring in this case consists of measurement of journal center trajectory, position of

the journal center inside the circle and changes of clearance circle. The physical model

used in the experiment was built in a test stand ROTOR KIT OIL WHIRL/WHIP

OPTION from Bently Nevada. The tests were carried out in the range of 0 - 2500 rev/min

and the trajectory examined using eddy-current sensors and a digital real-time

oscilloscope TDS 210. A relationship was obtained between the tightness of the sealing,

eccentricity of the journal center trajectory and eccentricity of reaction force. It was

proposed that this relationship can be used to identify sealing condition and hence shaft

system condition. Tlaisi et al [82] carried out experimental measurements (for impedance

measurement) and numerical studies, using finite element procedure, to examine the

crack development in rotating shafts. The experimental study was carried out using a

modal analysis software, LMS test lab, and the numerical study was carried out using

ANSYS software. Impedance and velocity frequency functions were used for crack

detection and they were measured in the vertical direction for resonant and anti-resonant

frequencies. These parameters showed significant variation for crack depths greater than

0.2 and 0.25 hence it was proposed as a tool for crack detection in such shafts.
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2.4 Sensor Placement Optimization

Since an efficient methodology required to detect/predict crack/damage detection needs

to know the location of the damage/crack and its size, one needs to look at the optimum

placement of sensors (or the minimum number of locations at which measurements need

to be made or computed) to identify the damage. Consequently, a brief literature review

is given here on earlier efforts made to optimize the sensor placement on structures.

The problem of optimal number of sensors and their placements has been first addressed

probably by control engineers [83]. However, their concern was identification and control

of distributed electrical parameter systems. The majority of the recent studies on sensor

placement are in the field of structural dynamics and although a handful of those are

concerned with fault detection in different structural components, yet they share the same

common goals. Guratzsch and Mahadevan [84] discussed a methodology for optimum

sensor placement under uncertainty conditions. The methodology included four major

steps: (a) Structural simulation and model validation; (b) Probabilistic Analysis; (c)

Damage Detection; and (d) Sensor Placement Optimization. The structure considered was

a simplified Thermal Protection System (TPS), consisting of a plate and four fastener

locations, and was modelled using the known finite element software package, ANSYS.

The load considered was a dynamic mechanical load consisting of sinusoidal frequency

sweep and the structure was considered to be excited from 0 to 1500 Hz in approximately

2.0 seconds. This excitation was used as the auxiliary input to the damage detection
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algorithm used. Four sensors were placed one of which acted as the point of input

excitation and was stationary. The other three were points of sensing and their locations

were variable and the damage considered in this study was located at any of the four

fasteners placed at the four corners of the plate. A probabilistic finite element model was

used to generate statistical information on stress, strain or deformation at each possible

sensor location. Each node of the FEM model was considered as the possible sensor

location. From the pool of probabilistic outputs consisting of temporal data, a set of 300

measurements of von Mises stress from sensors 2, 3 and 4 were utilized. A state

classification was then done using Bayes theory to reduce the classification error. State

classification was continued by generating a discriminant function and the consequent

evaluation of each data set. The state was assigned according to the discriminant function

having the smallest value. A classification matrix was then developed corresponding to a

given sensor layout which can be used to estimate the probability of damage detection

and probability of false alarm as well. Repeating the above calculations for different

sensor layouts will allow the optimization of damage detection with respect to the

position of sensor. The authors stated that for the given thermal protection system, sensor

placement optimization was achieved in this study. Worden and Burrows [85] proposed a

damage identification method using a neural network, and discussed its effectiveness

compared to a number of methods, used for optimal sensor placement. The subject

structure was a cantilever plate and the adopted methods for sensor distribution were: (a)

Iterative insertion/deletion; (b) Genetic Algorithm; and (c) Simulated Annealing. For the
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300×200×2.5mm plate, the three methods were in agreement for 10 sensor placements at

best. The Simulated Annealing method found a 4-sensor placement to be the best, which

according to the authors had a 99.5% probability of damage detection or identification.

For the used structure, it was observed that the genetic algorithm and simulated annealing

methods gave the most promising results.

Kirkegaard and Brincker [86] carried out an information based analysis for the sensor

placement problem by using the parametric identification problem for a linear system.

The system considered was a simply supported vibrating beam under the application of

transverse load. The analysis was carried out for two sensors and the estimated

parameters were expressed in terms of covariance matrix [C]. The covariance matrix [C]

was the inverse of Fisher information matrix [F] which was depended on the

experimental conditions. Maximizing the determinant of the Fisher information matrix

would therefore minimize the covariance matrix providing the optimal locations of the

sensors. A surface plot was drawn of the objective function over the plane that specified

the sensor position along the beam. The sensitivity of the method was also studied and it

was found that by increasing the number of sensors, the sensitivity of the optimal

locations of the sensor become less sensitive. Singh and Joshi [87] proposed a sensor

layout optimization using complete damage detection for evaluating objective function.

The objective function was formulated based on the mean square error (MSE) and

genetic algorithm was used for pattern identification. A cantilever beam with a fixed

damage at mid-span was considered and responses from static strain sensors were used as
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the inputs to damage detection algorithm (DDA). An artificial neural network (ANN) was

trained with predefined data and the DDA worked by establishing essentially a

correlation matrix, between strain pattern and damage status. A single optimization

framework was able to optimize the number of sensors as well as their positions. Hemez

and Farhat [88] extended the study of effective independence (EI) concept to allow the

sensor placement based on the strain energy distribution. Instead of maximizing the

Fisher Matrix, the algorithm placed the sensors along the critical load path of the

structure. An eight bay truss structure was considered for this case and the conventional

EI and the new algorithms were used for damage detection using FE updating. Both

methods were effective for damage identification but the update based EI also showed

damage in other areas. However, it was also found that the energy based sensor

placement algorithm was highly sensitive to location and orientation of sensors.

Gao and Rose [89] proposed a covariance matrix adaptation evolutionary strategy

(CMAES) for quantitative sensor placement optimization. A damage detection

probability model for 12 sensors was developed for ultrasonic guided wave sensor

network and it was found that the probability model achieved up to 11% improvement for

damage detection compared to random sensor network configuration. Two cases were

taken into account: one was for a structure with irregular damage detection probability

and another for an aircraft wing section. A parametric study was also carried out to find

out the reliability, quality and the efficiency of the algorithm and it was found that

CMAES over-performed compared to the classical evolutionary algorithm both in the
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searching converging speed and solution quality. Guo et al. [90] presented an improved

genetic algorithm (IGA) for sensor placement optimization. The improvement was done

using improved crossover, two-gene mutation and convergence criterion. A two

dimensional truss structure, consisting of 31 elements, 14 nodes and 28 degrees of

freedom, was used for the case study and finite element analysis was used. The analytical

results obtained from IGA were compared to penalty function method and forced

mutation method. It was found that IGA provided faster results in terms of convergence

speed and placement optimization than the other two methods.

2.5 Summary

The literature review carried out above details the various techniques utilized for

crack/damage identification, using dynamic/static deformation measurement/analysis; in

addition it also gives some details concerning the mechanics of crack development in

structures considering the mechanics of initiation and propagation of cracking in

structures. Even though the studies reviewed for rotating shafts and propeller shafts have

been few and far in between, yet the essential knowledge development in these areas

have been suitably reviewed. Since crack detection methodologies would involve

optimum placement of sensors relevant studies published in this area have also been

reviewed.
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From the above review, it has been observed that the use of static measurements and

analyses, for crack detection, has been of recent origin. In addition, the studies carried out

on cracking of marine propeller shafts, carrying a propeller at the overhanging end, have

been almost non-existent even though the cracking of shafts poses a serious problem for

marine floating structures. The best crack detection procedure would also involve the

most optimum placement of sensors to detect its location and size. In the subsequent

chapters the numerical studies, using finite element methodology available in the

software ABAQUS, have been carried out on an overhanging rotating shaft carrying an

end propeller. The results have been analyzed and the salient findings obtained from

these studies are summed up in the final chapter.
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Chapter 3
IDENTIFICATION OF THE SIZE AND LOCATION OF A

CRACK, USING STATICAL DEFORMATIONS OF A

MARINE ROTOR SHAFT WITH A PROPELLER AT THE

OVERHANGING END
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manuscript is presented with altered figure numbers, table numbers and reference formats

in order to match the thesis formatting guidelines set out by Memorial University. The

paper presents measurements from locations which could be used for crack detection. To

view measurements and the subsequent analyses, carried out for all locations, see

Appendix A.

Abstract

In this study a simpler but effective method, based on static deformation and strain

measurements, is proposed for crack identification in marine propeller shafts. The study

proposes to identify the crack location and crack depth based on a combination of

deflection and strain measurements, measured at a few locations. Finite element method

has been used in the numerical analysis used in this study. Cracks have been located at

different (pre-selected) locations and for each location the displacement and strain have

been determined for a given crack depth ratio. The calculations have been repeated for

different crack depth ratios (Ratio of crack length against diameter) varying from 0.05 to

0.6 at different locations. By using the responses associated with the crack depth ratios at

identified crack locations, a new method is proposed for detecting crack location and

depth for a single crack.

Keywords: Rotor shaft, Static measurements, Crack identification, Overhanging propeller



Hossain 2014 Page 53

3.1 Introduction

The problem of detecting the location and extent of damage in structures has received

much attention during the last two decades and a large number of studies has been

published to solve the problem; most of these studies were based on the dynamic

response of the structures with the presence of a crack or many cracks. The dynamic

analysis for damage detection provides large amount of information and sometimes it is

not feasible to measure all the required responses at critical locations. Static analysis

procedure, on the other hand, is easily executable and provides easily measurable

information for many types of structures. Furthermore, static analysis requires less

theoretical underpinnings and hence provides easily comprehensible results and

conclusions pertaining to damage detection. Compared to dynamic analysis, little

attention has been paid to the static analysis in damage detection so far.

Di Paola [1] showed that by superimposed strain, the variation in the stiffness of the

structure can always be defined. This superimposed strain is a function of the stress

distribution of the structure itself. Using this concept, Di Paola and Bilello [2] proposed a

damage identification procedure for Euler-Bernouli beams. In case of non-redundant

beams, the variation in the stiffness due to the presence of the damage was modeled as a

superimposed curvature. The governing equation for damaged structure was reduced to a
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Fredholm integral of second kind in terms of bending moment. The proposed method

suggested that the integral can be solved in an iterative manner or in an exact form using

the properties of its kernel. Buda and Caddemi [3] tried to identify concentrated damage

in Euler-Bernouli beams using static response and the linear behaviour of the beam. Due

to the presence of a crack, there exis an 'ineffective' zone adjacent to the crack.  This

ineffective zone, due to its low stress level reduces the flexural stiffness in case of

straight beams. By avoiding closing or propagation of cracks, i.e., assuming the behavior

of the beam to be linear, Buda and Caddemi [3] modeled the flexural stiffness as an

internal hinge restrained by a rotational spring whose 'equivalent' stiffness was dependent

on amount of damage and severity of damage at the crack location. The combination of

the equilibrium, compatibility and constitutive equations generated a fourth order

differential equation in terms of deflection parameter. Caddemi and Morassi [4] applied

induced damage principle to identify cracks in straight elastic beams. Their aim was to

look for an explicit expression in static deflection measurement which would uniquely

indicated the crack position and severity in case of beam bending. They were able to

formulate a closed form expression for identification of crack position and severity for

different measurement positions. However, in practice, the measurement positions were

not known with respect to the crack size, since a procedure for damage localization had to

be formalized. This damage localization procedure was based on the knowledge of

deflection profile along the beam length and the successive application of different closed

form solutions.
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Umesha et al [5] proposed a new method for locating and quantifying damage by using

the static deflection profile as an input signal for wavelet (Symlet) analysis. This method

emphasized on measuring the deflection at a particular point since in real life it is often

very difficult to measure deflection at several points due to the requirement of large

amount of instrumentation. They used a fixed beam with single damage to demonstrate

the method. The damage was modeled as a reduced stiffness element in finite element

analysis. Based on the work of Poudel et al [6] the stiffness of the damaged beam was

modeled and an equation of deflection for concentrated load on that beam was obtained.

The measured or calculated deflections were then treated as spatial distributed signals in

wavelet analysis. For that signal, the continuous wavelet transform was obtained and

wavelet coefficients were computed. When the wavelet coefficients were plotted against

the length of the beam, it showed a sudden change or peak at the locations of the damage,

sensor location and supports. By eliminating the location of the sensor and support, the

location of the damage was determined. A generalized curve was then plotted with all

maximum wavelet coefficients of the deflection response at the damaged point. The

severity of the damage was then obtained by mapping the calculated wavelet co-efficient

in the generalized curve.

In the present study a simpler but effective method, based on static deflection and strain

measurements, is proposed for crack identification in marine propeller shafts. The shaft is

fixed at one end and carries the propeller at the other end. The shaft is 1,300 mm long,

and at 1000mm from the fixed support, there is an intermediate support which makes the
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propeller shaft to act as an overhanging shaft. A preliminary analysis carried out earlier

on rectangular overhanging beams has shown that the percentage changes in the statical

displacements were more than that shown by the dynamic frequency parameters obtained

from an earlier study carried out by Tlaisi et al [7]. Based on that, a combination of strain

and displacement measurements have been carried out to identify the crack location and

depth. To measure the statical response, finite element analysis has been used and

ABAQUS1, a well-known finite element software package, was used to carry out the

analysis. The cracks have been located at a number of locations as a “seam” crack in

ABAQUS which allows the adjacent surfaces to displace from each other based on the

amount of load or stress, at that location. However, since the proposed method is being

developed for the overhanging shaft, only a general procedure for crack detection is given

in this paper to identify the crack size and location. Further details of this procedure are

being developed to uniquely identify the crack size and location, based on an earlier work

by Yang et al [8].

3.2 Model Preparation and Pre-processing for Finite Element
Analysis

The finite element model of the rotor shaft has four major components, viz., the shaft,

fixed end support, intermediate support and the propeller. The CAD model for all the four

components are generated in the computer software SOLIDWORKS2. The data file from

SOLIDWORKS was imported into ABAQUS and pre-processed for finite element
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modeling. The rotor shaft is 1300mm in length and 15.75mm in diameter and is made of

mild steel having the Young's Modulus of elasticity of 200.0 GPa.

The propeller used in this analysis is a 4-blade propeller, shown in Figure 3.1, having a

weight of 15.39N. Due to the 3D nature of the propeller blade profiles, the exact CAD

model generation was a difficult task. To solve this problem, a 3D laser scanner has been

used. The scanner used in this analysis was a high-speed Terrestrial Laser Scanner (TLS)

which produced dense point clouds based on the actual shape.  The propeller has been

scanned on both sides and for each side, a point cloud was obtained. Both the point

clouds were then merged and a single point cloud was generated, as in Figure 3.2. The

combined point cloud was then exported into SOLIDWORKS and by following the

location of the points the CAD model of the propeller has been generated.

Figure 3.1: Propeller Used in the Analysis
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Figure 3.2: Propeller; (a) Scanned Point Cloud of Side 1; (b) Scanned Point Cloud of Side 2; (c)
Combined Point Cloud; (d) CAD Model

The finite element analysis has been carried out using a well known finite element

package ABAQUS. All the parts have been first assembled in SOLIDWORKS and the

assembly was converted into a parasolid. The parasolid was then imported into ABAQUS

graphic user interface (GUI); in the GUI the number of data points to be used for the

analysis was reduced from 200,000 to 40000. The section used in the whole model was

solid homogeneous section. As shown in Figure 3.3, the rotor shaft-system has been

partitioned at seven locations, viz., 300mm, 450mm, 600mm, 750mm, 900mm, 1100mm

and 1180mm (from the fixed end), where the strains and displacements are to be

monitored. Strain and displacement sensors are assumed to be located at these locations.
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All of them have been located at the bottom surface of the shaft. Another partition has

been created to define cracks and is varied between locations 200mm, 400mm, 600mm,

800mm, 950mm, 1100mm and 1185mm where the crack locations are assumed.

Figure 3.3: Model Assembly with Planes at Measuring Locations

Bending crack was considered in the analysis. A seam crack was used to represent the

cracking section of the rotor shaft. The seam of the crack defines an edge or a face in the

model that is originally closed but can open during analysis. To create the seam crack the

shaft was cell-partitioned at the desired location. That cell partition was then defined as a

seam crack, shown in Figure 3.4. Quadratic Tetrahedral elements (C3D10) have been

used for the mesh generation. The element type belongs to the 3D stress family and the

shape function is quadratic; the elements around the crack are clustered together to

properly represent the singularity effect present at the crack tip.
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Figure 3.4: Seam Crack; Crack Location:  at 800mm, Crack Depth Ratio: 0.4

3.3 Results & Discussion

3.3.1 Displacement Plots

The displacements were plotted as percentage of difference against the crack depth ratio.

For each displacement sensor, a graph was plotted. Every graph shows the variation of

data for different crack locations. The displacement plots show that with the increasing

crack depth ratio, there is a significant amount of change in the displacements which is in

agreement with the theory (Figures 3.5 & 3.6). The nature of the response depends upon

the distance between the measuring locations and crack locations. Comparing our results

with the work of Tlaisi et al (2012), it is found that the static deflection gives much better

response for the presence of the crack than the frequency changes indicated in that paper.

In that paper, the authors have shown that for a crack depth ratio of 0.6, the frequency

change was around 6% only; whereas in the present study, the percentage change in
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displacement at the propeller end is observed to be 17.5%, as shown in Figure 3.5 (when

the sensor is located at 1300mm).

The displacement changes, even at other sensing locations (viz., 300 mm, 600 mm and

900 mm for cracks located at certain specific locations) seem to be much higher than 6%

(for a crack depth ratio of 0.60). This indicates that the static displacement measurement

changes give much higher changes than that observed in dynamic frequency

measurements. Moreover Figures 3.5 and 3.6 indicate that even if the displacement

changes are sensed at the proper location, it indicates about the crack presence (at

possible crack locations) only when the crack depth ratio is much larger than 0.4; but if

the crack is located in between 800 mm to 1100 mm from the fixed end, then the crack

presence can be found even from a crack depth ratio of 0.3 (where the change is higher

than 2%).
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Figure 3.5: Percentage Change in Displacement against Crack Depth Ratio for Displacement
Sensor Located at 1300mm from the Fixed End (Different Curves Show the Location of the

Crack from Fixed End).

3.3.2 Strain Plots

Similar to the displacements, the percentage differences in strains have been plotted

against crack depth ratios in Figures 3.7 and 3.9. It has been observed that only the first

two strain sensors (located at 300mm and 450mm from fixed end) show appreciable

changes with increasing crack depth ratios; moreover, it is observed that they show good

response only if the crack is in between the supports of the rotor shaft (Figure 3.7). But

the response changes they indicate are much higher than that shown for frequency

measurements; in some cases they are even better than that obtained from deflection
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Figure 3.6: Percentage Change in Displacement Against Crack Depth Ratio for Various Crack
Locations. Location of the Displacement Sensors are at: (a) 300mm; (b) 600mm; (c) 900mm.

measurements. The main reason behind this is the location of the point of contra-flexure

(where the stress/strain shift occurs) within these two sensing points (see Figure 3.8). The

maximum changes in strain for a crack (crack depth ratio of 0.6) for the crack located at

200mm, 600mm and 800mm (with the sensor located at 300 mm) are 37.75%, 40.4% and

37.59% respectively, as shown in Figure 3.7. For the same crack located at 200mm,
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600mm and 800mm and the strain sensor located at 450mm, percentage changes are

11.34%, 12.63% and 10.19%, respectively. It is also found that strains are very sensitive

to manual monitoring and hence even for a very small change of monitoring position they

show a high amount of noise (Fig 3.7).

Figure 3.7: Percentage of Difference in Strain vs. the Crack Depth Ratio for Strain Gauges
Located at (a) 300mm; (b) 450mm

The rest of the strain sensors show very high amount of change if they are located very

near the location of the crack (Figure 3.9). For other cases, the changes they show are

very insignificant. Once again it is seen that presence of the crack can be sensed from

strain measurements only when the crack depth ratio is larger than 0.3.

For both the strain and displacement changes, if the rates of change of

displacement/sensor (with respect to crack depth ratios) are plotted against the crack



Hossain 2014 Page 65

depth ratios, it can be seen that crack presence can be sensed even from a crack depth

ratio of 0.15 and higher. These results are not shown here (due to space limitation).

3.3.3 Procedure for Crack Detection

Based on the readings provided by the strain and displacement sensors for different crack

locations and for crack positions, a crack detection procedure is formulated. The

procedure is based on the logicality of the scenario presented below. Having the above

plots, consider a scenario where the displacement sensor is located at 1300mm from the

fixed end, for a crack depth ratio of 0.3 (from Figure 3.5). For this crack depth ratio,  let

us assume that the percentage difference in displacement is around 2%. For this

difference, considering the plots shown in Figure 3.5, the crack could be anywhere

between 800mm to 1100mm. Thereafter going to the strain plots at 300 mm [shown in

Figure 3.7 (a)] if the strain sensor shows the percentage difference to be less than 1%,

then the crack is outside the support, near 1100mm. If the percentage difference is in the

range of 1-2.5%, the crack would be located in between 800mm to 950mm. Moreover

considering the output of displacement sensor located at 600mm (see Figure 3.6), if it

shows a percentage difference of nearly 1%, the crack is closer to 800mm and if the

percentage difference is closer to 0.5, the crack is closer to 950mm. Thus we see that if

we formalize a method to combine the outputs of the different sensors, then we can

predict exactly where the crack is located for this crack depth ratio of 0.3.
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Figure 3.9: Percentage of Difference in Strain against Crack Depth Ratio for Strain Gauge
Located at 1180mm

Figure 3.8: Variation of Principle Strain along the Length of the Beam for Uncracked
Condition
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This procedure is formalized by plotting three dimensional plots for displacement/strain

differences for different sensor locations, similar to the method illustrated in Yang et al

[8] for different modes. The exact crack size and crack location can be identified for any

experimentally measured percentage difference in displacement/strain ratios of difference

sensor locations.

3.4 Conclusions

The method discussed above provides a simple procedure to identify tentatively the crack

size and location in overhanging rotor shafts. The following conclusions are made from

the above study:

(a) It can be clearly observed that both the displacement and strain monitoring show

better percentage changes than that shown by dynamic frequency measurements.

(b) The displacement sensor located at the propeller end shows the maximum

percentage difference for different positions. The change is 2.92 times that indicated from

the frequency monitoring method (for a crack located at 950mm from the fixed end).

(c) The major changes in strain sensors are observed when they are located around

the point of contra-flexure. At other locations the changes are marginal.

(d) The strain sensor located at 300 mm shows 6.73 times the differences observed in

frequency monitoring method for a crack located around these regions. It is also 1.89 and
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2.1 times more for cracks located faraway at 200mm to 600mm from the fixed end,

respectively.

(e) Using the responses obtained from the above monitoring, a new crack detection

method is being developed by using the statical measurements; this method is inferred to

give much better results than the frequency measurements.

Appendix

1ABAQUS - A well known finite element software package to perform numerical simulation.

2SOLIDWORKS- A 3D mechanical Computer Aided Design software developed by

Dassault Systèmes SolidWorks Corp.
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Preface

A version of this paper has been submitted to International Journal of Engineering

Sciences and Management. The principal author Ridwan, wrote the paper, carried out the

finite element analysis by modeling the system and plotting necessary graphs. The co-

author Dr. Swamidas supervised the principal author with technical guidance and

reviewing of the manuscript. In this chapter the manuscript is presented with altered
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figure numbers, table numbers and reference formats in order to match the thesis

formatting guidelines set out by Memorial University.

Abstract

The study proposes a simpler but effective method for crack detection in a marine

propeller shaft based on static displacement and strain. A small scale real life propeller

shaft system used in an earlier analysis, at the Faculty of Engineering and Applied

Science, Memorial University, St. John’s, NL,  has been used in this study; and only the

weight of the system along with the added mass of the water has been considered for

crack detection. A finite element analysis carried out by ABAQUS showed that cracking

is possible under such loading conditions; hence a crack detection method has been

proposed. The strains and displacements are measured at four different (previously

identified critical) locations for un-cracked conditions and the same measurement is

repeated for several pre-defined crack locations and crack depth ratios. Based on the

changes in the above parameters, it is shown that crack sizes and locations can be

properly identified in structures under such loading conditions, using this method.

Keywords: Rotor Shaft, Crack Detection, Finite Element Analysis, Static Measurement,

Overhanging Propeller
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4.1 Introduction

Shafts are the most common components used in all kinds of rotating machinery and

mechanical equipment and in most high performance rotating devices. They are amongst

components that are subjected to the most strenuous working conditions. Besides, the

current trends among the machine users to utilize the machinery beyond the expected life

period and the practice of run up and run down of machines twice or more per day are

causing unexpected stress conditions on shaft's performance. Hence the number of shaft

crack incidents has increased dramatically over the last few years. According to the

technical bulletin of Bently-Nevada [1] one manufacturer has logged more than 28

incidents in North America over the past 10 years in the power generation industry alone.

And the manufacturer indicates that this is a partial list only. Among the four basic failure

mechanisms i.e. corrosion, wear, overload and fatigue, corrosion and wear almost never

causes shaft failure (unless they act along with fatigue) and of the rest two, fatigue is

more prominent than overload. The rapidly fluctuating nature of bending/shear stresses

could be held responsible for this phenomenon of cracking along with rotating unbalance

and accidental mass eccentricity.

Propeller and rotor shaft components are the key components of any marine propulsion

system and the rotor shaft is placed within the stern tube bearing. The sheer purpose of

the marine propeller shaft is to transfer the torque from the engine to propeller and the

axial forces from the propeller to the thrust bearing. A schematic view of a marine
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propulsion system is presented in Fig. 4.1. The combined bending and torsion with

various degrees of stress concentration mainly causes cracks in such shafts. Other than

that, the tribological wear at places where it co-acts with the seals and sleeves (along with

the fluctuating fatigue loads) also leads to shaft failure [2].

Arisoy et al [3] carried out a failure analysis of a 17-4 PH stainless steel sailboat propeller

shaft, which failed earlier than its normal usage life, using both macroscopic visual

inspection and microscopic inspection with a light optical stereoscopic microscope (Fig

4.2); they stated that the failure was primarily due to torsional moments acting on the

propeller. The striation marks shown in the above figure also indicate that bending was

associated with the torsional fatigue in that case. Since failure in this case occurred at the

location where the propeller was mounted to the shaft, it also indicates the presence of

heavy bending and torsional moments (perpendicular and transverse to its rotating

direction) on the rotating propeller blades. Fig. 4.3 provides a better illustration about the

Figure.4.1: Schematic View of Marine Propulsion System
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crack initiation and propagation in a rotating shaft due to bending. The bending crack

often moves along the plane, perpendicular to its longitudinal axis, and causes failure.

Figure. 4.2: (a) and (b) Show the Fractured Surface of the Failed Propeller Shaft Macroscopically

[3]

Figure. 4.3: Crack Initiation and Propagation due to Rotating Bending (Source:[4])
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In the present investigation, a single crack caused by bending of shaft due to the weight

of rotor and propeller system is analyzed using finite element procedure for a marine

propeller shaft. The possibility of crack initiation and propagation was validated by

measuring the maximum strains (and the consequent stresses) caused by the weight of the

rotor shaft and propeller system and added mass of the water. Based on the static

response, a crack detection method (both location and extent) has been proposed

following an earlier study carried out by Hossain et al [5].

4.2 Crack Detection Methodology

Most of the crack detection method in marine propeller shafts are based on visual

inspection, as most of the propeller shafts are made of stainless steel and the surfaces of

inspection are not uniform and smooth enough; hence ultrasound or eddy current

measurements cannot be relied upon. The frequency response and the modal analysis

provide large amount of information and sometimes it is not feasible to measure

responses at critical locations. On the other hand, static analysis procedure is easily

executable and provides easily measurable information for many types of structures.

Furthermore, static analysis requires less theoretical underpinnings and hence provides

easily comprehensible results and conclusions pertaining to damage detection. Compared

to dynamic analysis, little attention has been paid to the use of static analysis in damage

detection so far.
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The static analysis is mostly done either by model based approach or finite element

analysis. One of the difficulties of model based approach is finding an effective

parameter estimation algorithm as the presence of noise and sparsity of data makes it

difficult to identify damage. To overcome this problem, Hjelmstad and Shin [6] proposed

an adaptive parametric grouping and a data perturbation scheme. Their proposed

algorithm was based on the property change of the structure and, to identify the

properties and assess the change in the properties, they used a parameterized finite

element model along with the measurement obtained from a static test. Di Paola and

Bilello [7] proposed a damage identification procedure for Euler-Bernouli beams by

reducing the governing equation for damaged structure to a Fredholm integral of second

kind in terms of bending moment. According to their literature, the solution of the

integral depends explicitly on the variation of stiffness parameter caused by the presence

of damage and hence it can be used in damage identification procedure by comparing the

theoretical and measured response from the damaged and undamaged beams. Buda and

Caddemi [8] modeled the flexural stiffness of an Euler-Bernouli beam as an internal

hinge restrained by a rotational spring whose “equivalent” stiffness was dependent on

damage extent at the crack location. By avoiding closing or propagation of cracks, i.e.,

assuming the behavior of the beam to be linear, they proposed of an 'ineffective zone' due

to the presence of a concentrated damage and mentioned that due to the low stress level

of such 'ineffective zone', it reduces the flexural stiffness adjacent to the crack. With this
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approach they were able to generate a fourth order differential equation in terms of

deflection by combining equilibrium, compatibility and constitutive equations.

Another proposed method of using static response as a damage identification parameter is

Finite Element Analysis. Prabhakar et al [9] propose mechanical impedance as a potential

parameter for crack detection by analyzing the influence of an open and breathing crack

on the mechanical impedance of a rotor bearing system using FEM. They observed

substantial change in the normalized mechanical impedance due to the presence of the

crack and identified a definite trend depending upon the location and size of the crack.

Kisa and Gurel [10] used a combination of finite element analysis and synthesis method

(substructure technique) for non-propagating cracks in beams with circular cross section.

Umesha et al [11] proposed a new method for locating and quantifying damage by using

the static deflection profile as an input signal for wavelet (Symlet) analysis. This method

emphasized on measuring the deflection at a particular point since in real life it is often

very difficult to measure deflection at several points due to the requirement of large

amount of instrumentation. They used a fixed beam with single damage to demonstrate

the method. The damage was modeled as a reduced stiffness element in finite element

analysis. Based on the work of Poudel et al [12] , the stiffness of the damaged beam was

modeled and an equation of deflection for concentrated load on that beam was obtained.

The measured or calculated deflections were then treated as spatial distributed signals in

wavelet analysis. For that signal, the continuous wavelet transform was obtained and

wavelet coefficients were computed. When the wavelet coefficients were plotted against
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the length of the beam, it showed a sudden change or peak at the locations of the damage,

sensor location and supports. By eliminating the location of the sensor and support, the

location of the damage was determined. A generalized curve was then plotted with all

maximum wavelet coefficients of the deflection response at the damaged point. The

severity of the damage was then obtained by mapping the calculated wavelet co-efficient

in the generalized curve.

Tlaisi et al [13] carried out experimental measurements (for impedance measurement)

and numerical studies, using finite element procedure, to examine the crack development

in rotating shafts. The experimental study was carried out using a modal analysis

software, LMS test lab, and the numerical study was carried out using ANSYS software.

Impedance and velocity frequency functions were used for crack detection and they were

measured in the vertical direction for resonant and anti-resonant frequencies. These

parameters showed significant variation for crack depths greater than 0.2 and 0.25 hence

it was proposed as a tool for crack detection in such shafts.

The earlier work by Hossain et al [5] carried out a finite element analysis of an

overhanging propeller shaft with a concentrated load at the end and concluded that

percentage changes in deflection and strain provided much larger changes than

frequencies obtained from the work of Tlaisi et al [13]. By measuring strain and

displacement at a number of location, they were able to detect the optimum location for

measuring strain and displacement where these two parameter show maximum variation
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irrespective to the location and size of crack. Based on the outcome of the above study,

they proposed a much simpler crack detection method for this type of structures, using

only two measurement sensors. In this study, a similar approach has been taken, by

considering a more realistic scenario where the load considered will be only the weight of

the shaft and the propeller, and the effect of the associated added mass of water has been

reckoned for determining the possibility of cracking of propeller shaft.

4.3 Pre-Processing of the System Component

The finite element model of the rotor shaft has four major components, viz., the shaft,

fixed end support, intermediate support and the propeller. The CAD model for all the four

components were generated in the computer software SOLIDWORKS, The rotor shaft is

1300 mm in length and 15.75 mm in diameter and is made of mild steel; the center of the

intermediate support is located at 1,000 mm from the fixed end.

The propeller considered in this analysis is a 4-bladed propeller (Fig. 4.4) used earlier by

Tlaisi et al [13]for crack detection using mechanical impedance procedure. The propeller

weighs 15.39N and is made of commercial bronze having a density of 8800kg/m3. Since

the weight of the system will be considered as the only load in analysis, it is very

important to model the propeller exactly. Due to the 3D nature of the propeller blade

profiles, the exact CAD model generation was a difficult task and to solve the problem, a

3D laser scanner was used. The scanner used in this analysis was a high-speed Terrestrial
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Laser Scanner (TLS) which produced dense point clouds based on the actual shape.  The

propeller was scanned on both sides and for each side, a point cloud was obtained. Both

the point clouds were then merged and a single point cloud was generated, as in Figure

4.5. The combined point cloud was then exported into SOLIDWORKS and by following

the location of the points the CAD model of the propeller was generated. From

SOLIDWORKS the weight was evaluated and was found to be in agreement with the

actual measured weight.

Figure. 4.4: Propeller Used in the Analysis
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Figure. 4.5: Propeller; (a) Scanned Point Cloud of Side 1; (b) Scanned Point Cloud of Side 2; (c)
Combined Point Cloud; (d) CAD Model

The finite element analysis was carried out using the well-known finite element package

ABAQUS. All the parts were first assembled in SOLIDWORKS and the assembly was

converted into a parasolid. The parasolid was then imported into ABAQUS graphic user

interface (GUI); in the GUI the number of data points to be used for the analysis was

reduced from 200,000 to 40000. The section used in the whole model was solid

homogeneous section. The earlier analysis [5] showed that the surface strain change was

only significant near the point of contra-flexure and in this study it was found to be

located at 418mm from the fixed end. In addition, displacement changes were also found
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to be prominent at the overhanging end and at locations in between 700-800 mm from the

fixed end. Consequently, the strain sensor locations were considered at 410mm and 530

mm from the fixed end and the displacement sensor locations were considered at 710 mm

from the fixed end and at the overhanging end.

A seam crack was used to represent the cracking section of the rotor shaft. The seam of

the crack defines an edge or a face in the model that is originally closed but can open

during analysis. To create the seam crack the shaft was cell-partitioned at the desired

location. That cell partition was then defined as a seam crack, shown in Figures 4.6.

Quadratic Tetrahedral elements (C3D10) have been used for the mesh generation. The

element type belongs to the 3D stress family and the shape functions are quadratic in

nature; the elements around the crack are clustered together to properly represent the

singularity effect present at the crack tip.

Figure. 4.6: Bending Seam Crack; Crack Location:  at 750mm, Crack Depth Ratio: 0.4
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4.4 Results & Discussion

4.4.1 Possibility of Cracking

The possibility of cracking was validated by computing the maximum strain (and the

consequent stress) the shaft would experience during bending. Considering the added

mass of water and the weight of the system, the maximum surface strain (over the

intermediate support) obtained was 77 micro-strains. Since the shaft was executing a

rotational motion, the strain range at the maximum strain location would be twice the

static strain, viz., 154 με (equivalent stress would be 30.8 MPa). If we consider the

expression used by Chattopadhyay [14] for crack threshold stress intensity factor:

= 1 (∆∆ )
where, the threshold stress intensity factor ΔKth was taken as 10MPa√ and threshold

notch radius (for crack initiation) ath = 5mm; then the nominal surface stress range ΔS

obtained was 79.79 MPa. This would require a stress amplification factor of 2.591 (since

the computed nominal stress range was 30.8 MPa) to initiate cracking in steel at the

hotspot location. Considering that a run up and down operation would occur, during the

start-up and slowing down of the rotating shaft and propeller, the excitation of natural

frequencies during this operation would generate large dynamic strain amplifications;

also the fretting wear caused by the tribological contact of rotating shaft with the

hardened sleeve (of the bearing) would be locations for stress amplification in the rotor
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shaft [2]. Moreover the blade bending caused during thrust generation in propeller will

also cause additional bending stresses in the rotor shaft. As a consequence the required

stress amplification of factor of 2.57 will be easily available to initiate cracking in the

shaft. So the initiation and the propagation of crack under current loading scenario seem

to be possible for the rotating propeller shaft.

4.4.2 Displacement Results

The displacements have been plotted as the percentage difference (between the cracked

and un-cracked shaft) against crack depth ratio. For each sensor location individual plot

represents the variation of displacement against crack depth ratio for different specified

locations. For each location, the obtained result shows that the percentage change in

displacements increases almost in an exponential manner as the crack grows larger

(Figures 4.7 & 4.8). Comparing this result with the earlier work by Tlaisi et al [13] , it

was found that the displacement changes provides much higher values than the frequency

changes. It was found that the percentage difference for displacement was up to 21.5%

(for the crack located at 750 mm) for the sensor located at 710mm (see Figure 4.7) and

22.6% (for crack located at 1030 mm) for the sensor located at 1300mm, whereas the

frequency change was only 6% for 0.6 crack depth ratio. It should also be observed that

the exponential percentage changes in displacements are noticeable only beyond a crack

depth ratio of 0.3 to 0.4; hence the use of displacement changes as a crack predication

parameter would not be sensitive enough if they are used below a crack depth ratio of 0.3.
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It should be observed that the displacements are quite small and they need to be measured

with proper devices to obtain correct results. This should not be held as a limitation of the

method since in prototype situations, the displacements will be amplified by the scale

ratio used in modelling the structure for small scale testing.

4.4.3 Strain Results

Similar to displacements, the percentage differences in strains have been plotted against

the crack depth ratios in Figures 4.9 & 4.10. As observed earlier, the percentage

differences were found to increase in an exponential manner with crack depth ratio and it

showed larger changes than displacements, especially if the crack was within the

intermediate support. The maximum percentage difference obtained at 410 mm was

33.3% when the crack was located at 400 mm; when the strain sensor was at 530 mm the

change was 14.9%, when the crack was located at 750 mm (for a crack depth ratio of

0.6). Both of these values are much higher than frequency change (6%) and one of them

was even higher than the displacement change as well. The limitation observed here is

that for crack located beyond the intermediate support, strain changes did not provide

significant variations. The same limitations given above for displacement changes,

concerning detecting crack initiation, were also observed for strain changes. Hence

displacement and strain changes do not seem to be sensitive enough for detecting crack

initiation in rotating shafts. It can also be seen from Figure 4.9, that if the crack was
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located at 400 mm, then the crack initiation can be detected even from a crack depth ratio

of 0.15 (by the sensor located 410 mm).

Figure 4.7: Percentage Change in Displacement against Crack Depth Ratio for Displacement
Sensor Located at 710mm from the Fixed End (Different Curves Show the Location of the Crack

from Fixed End).
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Figure 4.8.  Percentage Change in Displacement against Crack Depth Ratio for Displacement
Sensor Located at 1300mm from the Fixed End (Different Curves show the Location of the Crack

from Fixed End)

Figure 4.9: Percentage Change in Strain against Crack Depth Ratio for Strain Sensor Located at
410mm from the Fixed End (Different Curves Show the Location of the Crack from Fixed End)
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Figure 4.10: Percentage Change in Strain against Crack Depth Ratio for Strain Sensor

Located at 530mm from the Fixed End (Different Curves Show the Location of the Crack

from Fixed End)
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computation) was not considered as it gave an unexpected high value. Since the strains

were picked out manually using visual estimation, the raw plot of these slopes did not

give a smooth curve; hence a five-point averaging procedure was carried out to reduce

the variableness of the data. The maximum slope for strain (or percentage rate of change

of strain as a function of crack depth increase) was found to be up to 176.6% and 112.1%

at 410 mm and 530 mm respectively for the 0.6 crack depth ratio. For the same crack

depth ratios, the maximum slope for displacement was found to increase to 124.2% and

127.9% at 710 mm and 1300 mm respectively. These plots could be used as effective

tools for early crack detection as for most cases, even for the 0.1 crack depth ratio these

plots provide significant amounts of change in the slope. So when over a period of

measurement, significant changes in slopes occur (say from 5 to 8 or 10%) one can be

sure that a crack has initiated in the rotor shaft, and the methodology given below can be

used to detect the probable location and size of the crack.



Hossain 2014 Page 91

Figure 4.11: Slope of Percentage Change in Strain against Crack Depth Ratio for Strain Sensor
Located at 410mm from the Fixed End (Different Curves Show the Location of the Crack from

Fixed End)

Figure 4.12: Slope of Percentage Change in Strain against Crack Depth Ratio for Strain Sensor
Located at 530mm from the Fixed End (Different Curves Show the Location of the Crack from

Fixed End)
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Figure 4.13: Slope of Percentage Change in Displacement against Crack Depth Ratio for
Displacement Sensor Located at 710mm from the Fixed End (Different Curves Show the

Location of the Crack from Fixed End)

Figure 4.14: Slope of Percentage Change in Displacement against Crack Depth Ratio for
Displacement Sensor Located at 1300mm from the Fixed End (Different Curves Show the

Location of the Crack from Fixed End)
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4.4.5 Procedure for Crack Detection

The earlier study by Hossain et al [5] considered the percentage differences that occurred

in displacements and strains of the rotor shaft, as crack detection tool. But as discussed in

the previous section, the slope of percentage difference provides an early indication of the

crack initiation and presence than percentage difference; hence in this study the slope of

percentage difference is used as the crack detection tool. Any two sensor values can be

used to detect the initiation/presence of small cracks; it should be noted that the strains

(as well as the differences and slopes) do not show much variation beyond intermediate

support. Therefore it would be more practical to use either a combination of displacement

and displacement or strain and displacement changes and slopes in crack detection.

The crack detection has been carried out with a Microsoft Excel macro enabled

workbook. The responses stated above was first imported into the workbook and a macro

has been developed using the built-in Visual Basic. When the macro is being run, it asks

for the two responses. Based on the input it receives, it calculates the crack depth ratio for

each of the above mentioned locations. The intermediate points are calculated using

linear interpolation between the points. By plotting the calculated crack depth ratio

against the crack location, the location and the size of the crack is detected.
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4.4.5.1 Displacement-Displacement Sensors

Let's say we have obtained a value of 5 as slope of percentage difference in both the

displacement sensors. After putting these values in input dialogue box, the macro

calculates the crack depth ratio for each locations and puts them in some other part of the

worksheet. Then the crack depth ratio is plotted against crack location using MATLAB.

The two curves intersect at a location of 850mm and at a crack depth ratio of 0.2 (Figure

4.15) . This gives the location and size of the crack. These values have been verified to be

proper by referring to the earlier computed values.

Figure 4.15: Computed Crack Depth Ratio against Crack Location; the Point of Intersection
Gives the Size and Location of the Crack
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4.4.5.2 Strain-Displacement Sensor

Similarly if we obtain a value of 5.5 as slope of percentage difference from the strain

sensor at 410mm and a value of 4 as the slope of percentage change from the

displacement sensor at 1300mm, the two curves intersect at a location of 885mm at a

crack depth ratio of 0.14 (Figure 4.16). These values have also been determined to be the

correct values by referring to the earlier computed values.

Figure 4.16: Computed Crack Depth Ratio against Crack Location; the Point of Intersection
Gives the Size and Location of the Crack
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4.5 Conclusions

The study outlines a simple but effective method to identify the probable location and

size of the crack in a marine propeller shaft. The following conclusions can be made

based on the outcome:

a) The load due to the weight of the marine propeller system causes sufficient stress

to initiate and propagate cracks in the shaft.

b) Both the displacement and strain values show better percentage changes than

frequency change and they can be used as effective tools for identifying crack

propagation.

c) The slopes of percentage changes of displacements and strains show even higher

changes and can be very useful for early crack detection. However, precision is

required in measurement.

d) Since only large strain variations occur near the point of contra-flexure, they

cannot detect crack presence beyond the intermediate support. Hence, a

combination of results from strain-displacement sensors is required to use this

method.

e) Cracks can be detected without disassembling the whole system which is more

convenient than the current methods.
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f) Only two sensors are required to identify crack location and size.
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Abstract

The study discusses an approximated numerical method to identify and detect the

presence and profile of circumferential helical cracks in a marine propeller shaft,

subjected to the repeated cyclic loading effects of combined bending and torsion (Mode I

+ III) generated in rotating shafts. Part of such cracks remains always closed and hence

conventional inspection method such as visual inspection or vibration measurement

during the machine rotation fails to identify such cracks, even at very late stages of the

shaft’s total life. This study proposes a simple but effective method for identifying such

cracks using strain and displacement measurements.  The study was carried out using

Finite Element Analysis on a small scale real life marine propeller shaft. It was found that

due to the presence of the crack, both the percentage change and the percentage change of

the slope of strains and displacements, show significant variations if measured at properly

identified locations. Based on the changes in the above mentioned parameters (of strain

and displacement) it is shown that the location and size of such cracks can be identified in

this type of structure.

5.1 Introduction

Shafts are essential components for transmitting power in all kinds of rotational

machinery and high performance rotating devices. Therefore, they are subjected to one of
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the most strenuous working and repeated cyclic loading conditions and often fail due to

fatigue cracking if not diagnosed at the appropriate time. According to Bachschmid et al

[1], most often the information about the cracks and failure of rotor shafts are kept

confidential by plant management and manufacturer. In this book the authors analyzed

several rotor shaft failure cases from real life scenarios and found that early identification

of damage is one of the key factors for failure prevention in shafts. Another technical

report by Bently-Nevada [2] mentioned that one manufacturer had logged more than 28

incidents of shaft failure in North America for only power generation industries over the

previous ten years and according to the manufacturer it was only a partial list. According

to an EPRI report mentioned in that bulletin, one utility paid $6.2 million to replace

power alone during an outage caused by shaft crack on turbine. The replacement cost was

nearly $100,000; hence crack detection on shafts has received large attention over the

past few decades. Moreover, it was also reported in that bulletin that under a specific

situation, the presence of a crack was noted only when it was around 90 - 95% in crack

depth, and it was stated to be a 4000 spiral crack (see page 10 in reference [2]).

Propeller shaft is one of the key components of propulsion systems. It basically serves

two purposes: (i) to transmit engine power to the propeller; (ii) to transfer the axial force

to the thrust bearing. The main reason for cracking in such shafts is the stress

concentration caused around discontinuities or hotspots during combined bending and

torsion. So far, almost all of the work related to cracked shafts considered bending cracks

only [1, 3-5]. In this study, the possibility of circumferential helical crack detection has
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been discussed using an early crack detection method proposed in this study, based on

variation of static parameters of strain and displacement.

5.2 Circumferential Helical Crack

Circumferential helical cracks are rare in ductile materials but they have been reported in

brittle materials [6, 7]. The stable planar crack under bending (mode I) becomes inclined

due to the superposition of shear stress parallel to the crack front (mode III). Under this

mixed mode loading (mode I + III) condition, an initial micro crack might branch along

the circumference if the probability of branching is equal everywhere along the

circumference, such as in a rotor shaft under ideal conditions (without much cylindrical

surface discontinuities). The combined mode I and mode III loading imposes an angle to

the principal stress plane and therefore instead of being perpendicular to the principal

axial plane, the crack propagates as a circumferential helical crack (see Fig 5.1-5.3). The

technical bulletin of Bently-Nevada mentioned earlier [2] reported an incident of a shaft

(probably constructed from a ductile metal) crack in a utility plant where they found a

400 degree spiral crack based on vibration measurement and subsequent examination

after disassembly.
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Figure 5.1: Effect of Rotating Bending (with a Heavy Bending Load) on Crack Origin [8]

Figure 5.2: Schematic Diagram of Rotating Bending Failure (with a Lighter Bending Load) of

Shafts Showing Multiple Crack Origin [8]

The major difficulty with identifying circumferential helical crack is that part of the crack

remains closed, especially when the mode III loading dominates. Hence, it becomes

difficult to identify such cracks at their early crack growth stage, especially with the
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conventional methods such as visual inspection (using fiberscopes and magnifying

glasses/mirrors). So far, the most common practice of identification method includes

measurement of the super-synchronous 2X and 3X vibration components during machine

rotation [2, 9] along with the 1X component. However, according to the report of Bently-

Nevada [2], this methodology gives indication of crack only at a very late stage of crack

growth development (in one analysis, it was found that there was already a 90-95%

developed crack present in the rotating shaft, to show a significant change in 1X and 2X

components of vibratory speed).

Figure 5.3: Circumferential Helical Crack on a 1.2m Diameter Hydraulic Turbine Shaft [10].

An earlier analysis carried out by Hossain et al [11] based on the use of static parameters

(strain and displacement) for crack detection in rotating shafts was able to detect the

presence of a bending crack at an early stage. The method was applied to a rotating
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Crack
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marine propeller shaft with a propeller attached to an overhanging end, where crack was

initiated and propagated due to the bending effects of the propeller weight. Finite element

analysis using ABAQUS was used to calculate the displacement and strain at several

predefined locations. A sensor placement study was carried out to determine the most

optimum placement that would give the maximum change in the measured parameters of

strains and displacement. It was found that due to the presence of the propagating crack,

variation of strain was high near the point of contra-flexure and variation of displacement

was high near the free end. An inherent relationship was shown to exist between change

in these magnitudes of strain and displacement and the crack location and crack depth,

which could be used to identify the crack location and size. In this study, the same

methodology has been applied to a helical circumferential crack in an overhanging

marine propeller system under its weight and an identification method has been proposed

for early crack detection.

5.3 Model Pre-processing and Load estimation

The propeller system considered for the analysis has four major components viz. a 4-

bladed propeller, a 1.3 m steel shaft (15.75mm dia) having mounted the propeller at one

end, a fixed support at the other end and an intermediate support located at 1000mm from

the fixed end.
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The 4 bladed propeller used in this analysis and earlier one ([11, 12]) was made of

commercial bronze and weighed 15.39N having a density of 8800 kg/m3 (Fig. 5.4). The

exact modelling of the propeller was very important in this case as only the influence of

its weight  was considered for crack initiation and propagation. To measure and model

the complex nature of the blades properly, a high-speed 3D Terrestrial Laser Scanner

(TLS) manufactured by FARO was used which produced dense point clouds based on the

actual shape. The propeller was scanned on both sides and point clouds were generated

for each side. Both of the point clouds were then merged into a single point cloud and

exported to SOLIDWORKS. Based on the location of the points, the propeller was

generated using SOLIDWORKS drawing (Fig. 5.5). By defining the materials, the weight

of the CAD model was evaluated and was found to be in agreement with weight

measured for the actual model used in this study.

Figure 5.4: 4-bladed Propeller Used in the Analysis
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Figure 5.5: Propeller; (a) Scanned Point Cloud of side 1; (b) Scanned Point Cloud of Side 2; (c)

Combined Point Cloud; (d) CAD Model

The other three propeller blade components were also modeled using SOLIDWORKS

based on their dimensions and the four components were assembled. The assembly was

then converted into a parasolid and exported to ABAQUS for finite element analysis. The

density of the cloud of points was reduced from the laser-measured 200,000 points to

40000 points to make the data to be usable by the available computer space of the

authors. In the earlier analysis carried out by Hossain et al [11], a number of locations

was used to measure the strains and displacements throughout the shaft. It was found that

only near the point of contra-flexure, the strain showed significant variations; and

displacements showed significant variations at the free end and somewhere around the

middle of the shaft, due to the presence of the crack. Therefore, in this study, to reduce
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the number of the sensors to be located in actual measurement setup, strains were

measured only at two locations (near the point of contra-flexure on either side (of the

point of contra-flexure), i.e., 410mm and 530mm) and displacements were measured at

the free end, i.e., at 1300mm and at 710 mm from the fixed end. The cracks were

considered at 11 different locations from 75 mm to 1210 mm from the fixed end having

crack depth ratios (depth of crack/radius of the shaft) ranging from 0.05 to 0.6 at each of

the above locations.

The finite element model was meshed using a total number of 36,025 quadratic

tetrahedral elements (C3D10). This type of element belongs to the 3D stress family

having a quadratic shape function. The cracks used in the analysis were in nature seam

cracks, which remain close initially but can open or close upon the application of

appropriate load (Fig. 5.6). As it can be seen in Fig. 5.3 that the pitch of the helical crack

is very small, therefore it can be considered that the crack is located in the same inclined

plane, instead of being helical in nature. Smaller elements were used along the crack

edges and measurement locations for ease in identification and better results. The

elements around the crack are clustered together to properly represent the singularity

effect present at the crack tip.
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Figure 5.6: Circumferential Seam Crack; Crack location: 750mm, Crack Depth Ratio: 0.45

The bending load for the system was considered to be the weight of the components,

participating in the rotary motion of the propeller shaft. The torsional load was calculated

considering the study of Parsons et al [13] and then applying the similarity method

proposed by Shumin et al [14]. The mass of the prototype model was 25,918.766 kg and

the model ratio was calculated to be 0.0392. The total torsional load thus calculated was

found to be 16.72N and considering the symmetry of the propeller blades, applied load on

each blade was taken as 4.18N. These loads were applied as concentrated tangential (to

the shaft circumference) forces at the centroid of each of the four blades, and were

applied as a torsional couple, on the pair of opposite blades.

Moreover, the angle of the helix was obtained by measuring the inclination of principal

stress plane and found to be 0.035 radians; hence the crack plane was modelled as an

inclined plane at this angle. The strain and displacements, used in the subsequent crack

computation, were obtained manually from the output database file. In real life, strains
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gauge and laser technique might be implemented as the displacement change is

sometimes small, especially for early cracks. A recent study by Kohut and Kurowski [15]

has demonstrated how vision systems can be used to detect modal parameters. In addition

the possibility of crack initiation was discussed in an earlier study carried out on bending

crack development in marine propeller shafts [16].

5.4 Results & Discussion

5.4.1 Displacement Plots

Displacements were measured at both the locations (given earlier) for the uncracked

condition at first. Then for every crack depth ratio at each location, they were monitored

and the change computed; and the results were plotted as percentage change against crack

depth ratio for each location (Figure 5.7 & 5.8). From both the figures it is clear that the

percentage change in displacements increase rapidly with the crack depth ratio. For the

same crack depth ratio, the percentage change differs from point to point, depending on

the crack location, and it was found that for a 0.6 crack depth ratio, the maximum change

(26.71%) obtained at first monitoring point (710 mm from fixed end) was for crack

located at 750 mm from fixed end. For the same crack depth ratio, the maximum change

(27.94%) obtained at the second measuring point (1300 mm from fixed end) was for

crack located at 1030 mm from fixed end. Although only small changes were observed

for crack depth ratios less than 0.3, they would definitely give better measurable results
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for the prototype structure, due to scale model amplification ratios, if they were measured

with suitable sensitive devices, under real life situations.

Figure 5.7: Percentage Change in Displacement against Crack Depth Ratio for the Displacement

Sensor Located at 710mm from the Fixed End (Different Curves Show the Location of the Crack

from Fixed End).
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Figure 5.8: Percentage Change in Displacement against Crack Depth Ratio for the Displacement

Sensor Located at 1300mm from the Fixed End (Different Curves Show the Location of the

Crack from Fixed End)

5.4.2 Strain Plots

Similar to displacements, strains were also plotted as percentage difference against crack
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shows greater variation for location in between fixed and overhanging support, they show

almost no variation for cracks located beyond the overhanging support, for both the

locations. Hence it can be concluded that the strain measurements cannot be used for

detecting cracks located on the overhanging end of the propeller. In addition, since the

strain locations and nodal locations were manually identified from the data output

obtained from the numerical computations, the improper identification of nodes and

corresponding locations exist, which could have led to the fluctuations seen for the strain

sensor located at 530 mm from the fixed end (see Figure 5.10).

Figure 5.9: Percentage Change in Strain against Crack Depth Ratio for Strain Sensor Located at

410mm from the Fixed End (Different Curves Show the Location of the Crack from Fixed End)
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Figure 5.10: Percentage Change in Strain against Crack Depth Ratio for Strain Sensor Located at

530mm from the Fixed End (Different Curves Show the Location of the Crack from Fixed End)
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crack depth ratio of 0.05 was not considered since the obtained initial change of slope

value was very high. Thereafter all the values were considered since the computed

average was the average of the five values, with two on either side of the assumed crack.

The maximum slope for strain (or percentage change of slope of strain as a function of

crack depth increase) was found to be up to 257.6% and 155.4%, at 410 mm and 530 mm

respectively, for the 0.6 crack depth ratio. For the same crack depth ratios, the maximum

slope for change of displacement was found to increase to 215.04% and 227.7%, at 710

mm and 1300 mm, respectively. These plots could be used as an effective tool for early

crack detection as they provide a significant amount of change (5 - 10%) even for a very

small crack depth ratio (0.1 - 0.15).

Figure 5.11: Slope of Percentage Change in Displacement against Crack Depth Ratio for
Displacement Sensor Located at 710mm from the Fixed End (Different Curves Show the

Location of the Crack from Fixed End)
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Figure 5.12: Slope of Percentage Change in Displacement against Crack Depth Ratio for
Displacement Sensor Located at 1300mm from the Fixed End (Different Curves Show the

Location of the Crack from Fixed End)

Figure 5.13:Slope of Percentage Change in Strain against Crack Depth Ratio for Strain Sensor Located at
410mm from the Fixed End (Different Curves Show the Location of the Crack from Fixed End)
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Figure 5.14: Slope of Percentage Change in Strain against Crack Depth Ratio for Strain Sensor

Located at 530mm from the Fixed End (Different Curves Show the Location of the Crack from

Fixed End)
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5. 4.4 Crack Detection Method

The earlier study by Hossain et al [11] showed that using the percentage differences of

strains and displacements, a crack identification method (for both location and size) can

be developed. It was also shown in that paper that the use of percentage of strain or

displacement was able to detect crack depth ratio sizes greater than 0.30. But in the

present study, it can be seen that slope of percentage differences provides much larger

values than percentage difference and hence slope of percentage differences was used in

this paper for crack detection. All the slope values (for percentage changes in

displacement and strain) were saved in a Microsoft Excel workbook along with their

corresponding crack location and size. A MATLAB script was then developed which

read those values and asked for input parameters (defined – by the researcher - strain &

displacement or displacement & displacement or strain & strain).  The script interpolated

the input values using spline interpolation and for the various specified crack locations, it

calculated the crack depth ratios. The crack depth ratios beyond range (below 0.1 and

above 0.6) were eliminated along with their locations and the rest were plotted against

their corresponding locations. Two curves for the two given parameters (either strain &

displacement or displacement & displacement) give a common point of intersection,

which indicates the crack location and size. If multiple points of intersection are noted in

one combination, then the other combination can be used to confirm the unique
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intersection point. That means for most of cases in actual situation only two sensors

would be good enough to identify both the crack location and size.

A few examples of identifying crack location and size has been illustrated below:

5.4.4.1 Strain-Displacement Plot

The first example explains the crack identification method using the slope of percentage

change in difference for strain (measured at 410mm) and displacement (measured at

1300mm). Let's say both the strain and displacement sensors provide 5% change in slope

value (in an actual measurement situation). By putting both the values as 5 in input

dialogue box in MATLAB script, the plot shows a point of intersection having a Y value

of 0.18 and X value of 910 (Figure 5.15). That means the crack is located at 910mm

having a crack depth ratio of 0.18.
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Figure 5.15: Computed Crack Depth Ratio against Crack Location; the Point of Intersection

Gives the Size and Location of the Crack

5. 4.4.2 Displacement - Displacement Plot

Another way of crack identification is using the percentage change of displacement slope

values (measured at 710mm and 1300mm) instead of strain changes. Now in this case let

the % change values obtained (from actual measurements) be higher (for illustration),

having a change of slope values of 15% at 710mm and 12% at 1300mm. The intersection

shows a crack depth ratio of 0.29 to exist at 860mm (Figure 5.16).
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Figure 5.16: Computed Crack Depth Ratio against Crack Location; the Point of Intersection

Gives the Size and Location of the Crack

5. 4.4.3 Strain-Strain Plot

Another plot was drawn using strain-strain combination having 5% change for slope

values, at both the measured locations (viz., at 410 mm, and 530 mm, from the fixed

end). The curves in this case showed two point of intersection; one near 400mm having a

crack depth ratio of 0.3 and another is near 860mm having a crack depth ratio of 0.16

(Fig. 5.17). Such type of scenarios would require a third measurement location whose

value would be used for cross-reference.
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Figure 5.17: Computed Crack Depth Ratio against Crack Location; the Point of Intersection

Gives the Size and Location of the Crack

5. 4.5 Difference between Bending and Circumferential Helical Crack
Scenarios

A significance difference was found in the crack identification method for

circumferential helical crack and bending crack (analyzed earlier by Hossain and

Swamidas [16]). It was found that, both for displacement and strain, the slope showed

higher percentage changes in case of an approximated helical crack. Fig. 5.18 shows an

example, where strain measurements at 410mm were plotted for both type of cracks and

it can be seen that the percentage change in slopes is much more rapid in the case of

circumferential helical crack than bending crack, especially at high crack depth ratio.
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Also, it was found that if the strain sensors were located near the crack location, in case

of bending crack, it showed a higher percentage change. Fig.5.19 represents a scenario

where strain sensors were located at 410mm for both type of crack at 400mm. It was

found that percentage change for bending crack was up to 33.31% for a 0.60 bending

crack depth ratio, whereas corresponding percentage change for a helical crack was up to

10.57%, only. Also it to be noted that if the displacements and strains were measured in

the orthogonal horizontal direction, with the load also acting in the orthogonal (or

horizontal) direction, then it will indicate the obvious difference between the presence of

bending and approximated helical cracks. Thus a suitable combination of slope strain-

displacement changes and strain-displacement changes could be used to differentiate

between the existence of bending and axisymmetric approximated helical cracks, in the

rotating shaft.
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Figure 5.18: Slope of Percentage Change in Strain against Crack Depth Ratio at 750mm Location

for both Crack Types (Strain Measured at 410mm).

Figure 5.19: Percentage Change in Strain against Crack Depth Ratio at 400mm Location for both

Crack Types (Strain Measured at 410mm)
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5. 5 Conclusions

The study outlines a simple and effective method to identify the size and location of an

approximated helical crack in a marine propeller shaft. The following conclusions can be

made based on the outcome:

a) Circumferential helical crack can be caused in marine propeller shafts due to the

rotating and bending nature of the shaft; moreover, it has also been observed from earlier

research studies that even the combination of the 2X-components of the rotating shaft (at

the super-synchronous speed) and/or visual inspection are not very effective in

identifying such cracks as part of the crack remains always closed.

b) Both the percentage changes in strains and displacements show significant changes

due to the presence of the crack and thus can be used to identify crack size and location.

A change of 5% in the displacement and strain values are sufficient to detect crack

around a crack depth ratio of 0.2

c) The slopes of percentage changes in strains and displacements are much higher than

strains/displacements and show significant changes even during the earlier stage of crack

growth; hence these changes can be used for early crack detection (as low as 0.10 – 0.15

crack depth ratio), but precision in measurement is required.
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d) Although strains show much higher percentage changes than displacements these

changes are negligible beyond the intermediate support; hence they should be combined

with at least with one displacement measurement for identifying crack in the whole shaft.

e) Crack can be detected without disassembling the whole system and for most cases two

sensors are sufficient to identify cracks.
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Chapter 6
Summary, Findings, Conclusion & Recommendation

6.1 Summary

The study proposes a crack detection method for an overhanging marine propeller shaft

with a propeller at the free end. The method is based on static strain and displacement

measurements and therefore is simple and easy to implement. The analytical study was

performed using a popular commercial finite element package - ABAQUS. The modeling

of the whole propeller system was done mainly with SOLIDWORKS and then imported

to ABAQUS. To model the exact nature of the propeller, the propeller was scanned with

a 3D laser scanner and imported into SOLIDWORKS where it was modeled based on the

point clouds and assembled with the rest of the rotating shaft components.

To identify the optimum locations for measurement, strain and displacements were

computed at a number of locations, for a single bending crack placed in different

locations. These computations showed that strain variations were significant near the

point of contra-flexure whereas displacement variations were significant mainly at the

free end. It was also found that if computations were made at these two locations, these

two parameters of strain and displacement showed higher percentage changes than

frequencies.
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The study was carried out for the presence of a single bending crack and for a single

circumferential approximated helical crack, in the rotating shaft. It was shown that under

its rotatory motion conditions, the self-weight of the propeller system could cause

cracking in the shaft. The cracks were modeled using 'seam' crack procedure, available in

ABAQUS, in which the crack remained closed at the beginning of the analysis but the

opening of crack was allowed after the application of load. The cracks were placed along

the length of the shaft at 11 different locations. It was found that if both strain and

displacement is monitored, significant variation due to the presence of crack in these tow

parameters can be noted for all crack locations. The percentage change and slope of

percentage change for both strain and displacement were calculated and it was found that

both showed higher percentage changes than that obtained from frequency analysis and

the use of 2X vibration components during synchronous speed.

Based on the analysis, a crack detection method was proposed using slope of percentage

difference. The method required a script (either Visual Basic for Application (VBA) or

MATLAB) which analyses the computed output data and calculates the crack depth ratio

for the measured locations by interpolating the input value (given by user). The final

script uses a spline interpolation and eliminates data that are beyond range. It then plots

crack depth ratio against crack location and the two curves obtained from two sensor

locations provide intersection point which defines the crack location and size.
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6.2 Findings

The major findings of the thesis can be outlined as follows:

 Strain and displacement measurement show greater percentage change than

frequency change due to the presence of the crack.

 Early crack detection is possible using slope of percentage change of computed

strain and displacements

 Two sensors are sufficient to detect both crack location and size for single crack.

In special cases, three sensors might be required.

 Both bending and circumferential helical crack can occur in a marine propeller

shaft due to its own weight. Computed strains and displacements can identify both

types of cracks at quite early stage.

 Due to the presence of the crack, significant strain variations occur near the point

of contra-flexure whereas displacement is more sensitive at the free end.

6.3 Conclusions

The study proposes a simple but effective crack identification method for overhanging

marine propeller shafts based on static strain and displacement computations. It was

found that if computations were made at proper locations, strain and displacement

changes showed higher percentage changes than frequency changes. The slope of

percentage changes had a larger percentage increases with respect to crack size and
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therefore could be used as an effective tool for identifying cracking at early stages of its

growth. Based on the computed results, a crack detection method was proposed using

MATLAB script which could identify crack location and size based on the measurement

from two sensors. The study reduces the complexity and time consumption of dynamic

analysis and therefore proposes an efficient technique for crack detection in marine

propeller shafts which can be further extended to other types of rotating shafts as well.

6.4 Recommendation

The present work attempts to introduce a new method for identifying cracks in rotating

shafts. Based on the findings and conclusions given above further extension of the work

can be done to make the method applicable to different types of rotating shafts in various

industrial machines and products:

 An experimental study should be carried out with the proposed setup to validate

the computational findings given above. The experimental study would determine

the feasibility of applying this method in practice and as well estimate the

experimental errors which would provide a better and more appropriate procedure

for crack identification.

 A more rigorous analytical model for strain and displacement variations along the

length of the shaft with respect to crack location and size can be developed, using

the classical theoretical developments. In addition the reason for higher
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percentage change of strains near the point of contra-flexure could also be

clarified in the model.

 In addition, relating the changes in displacements and strains to the total fatigue

life (in terms of cycles of loading) or in terms of the length of days spent in crack

development, would facilitate the easy application of these methods in industries.

 The method can be extended to other type of rotating shafts and structures.

 If the above technology could be further developed for online monitoring (during

annual maintenance), a suitable monitoring method can be developed for crack

detection in such type of structures; in addition custom-made instrumentation

could be made available for such a maintenance procedure. The use of lesser

numbers of sensors would be very helpful and as well prove to be economical and

quick, since smaller amount of data would be required to process and predict the

condition of the structure.
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Appendices

Appendix A

This appendix includes all the computational results obtained using the setup mentioned

in Chapter 3 i.e. bending crack caused by concentrated load at the end. The results show

that significant changes in strain occur only near the point of contra-flexure and

significant changes in displacement occur near locations of maximum positive and

negative displacements, viz., at 710 mm from the fixed end and at the free end.

Table A1: Strains for crack located at 200mm from fixed end

Crack
Depth
Ratio

Strain at
300mm

Percentage
of

difference

Strain at
450mm

Percentage
of

difference

Strain at
600mm

Percentage
of

difference
uncracked 4.61E-06 -1.26E-05 -2.99E-05
0.05 4.62E-06 0.245352 -1.26E-05 0.161301 -2.98E-05 0.368404
0.1 4.60E-06 0.095752 -1.27E-05 0.622159 -2.98E-05 0.248614
0.15 4.58E-06 0.51741 -1.26E-05 0.42113 -2.98E-05 0.272036
0.2 4.52E-06 1.798017 -1.27E-05 0.854973 -2.99E-05 0.09436
0.25 4.47E-06 2.946177 -1.27E-05 0.970982 -2.99E-05 0.011042
0.3 4.34E-06 5.679353 -1.28E-05 1.589168 -3.00E-05 0.398518
0.35 4.27E-06 7.299544 -1.29E-05 2.461622 -3.00E-05 0.311186
0.4 4.13E-06 10.24811 -1.30E-05 3.160856 -3.02E-05 0.970029
0.45 3.95E-06 14.25907 -1.32E-05 4.540254 -3.02E-05 0.957983
0.5 3.66E-06 20.43738 -1.32E-05 4.729365 -3.04E-05 1.555259
0.55 3.33E-06 27.69502 -1.36E-05 8.366971 -3.06E-05 2.421894
0.6 2.87E-06 37.75292 -1.40E-05 11.33951 -3.09E-05 3.308271
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Table A1 (contd.)

Crack
Depth
Ratio

Strain at
750mm

Percentage
of

difference

Strain at
900mm

Percentage
of

difference

Strain at
1100mm

Percentage
of

difference
uncracked -4.70E-05 -6.42E-05 -5.20E-05
0.05 -4.70E-05 0.036985 -6.44E-05 0.363807 -5.22E-05 0.415051934
0.1 -4.70E-05 0.098839 -6.42E-05 0.010127 -5.21E-05 0.200887445
0.15 -4.70E-05 0.120094 -6.43E-05 0.150197 -5.20E-05 0.096980146
0.2 -4.72E-05 0.372187 -6.44E-05 0.325479 -5.21E-05 0.226671849
0.25 -4.71E-05 0.076308 -6.42E-05 0.037549 -5.21E-05 0.201657129
0.3 -4.71E-05 0.025082 -6.42E-05 0.00966 -5.20E-05 0.095440779
0.35 -4.71E-05 0.139862 -6.44E-05 0.413353 -5.20E-05 0.118338869
0.4 -4.72E-05 0.311608 -6.43E-05 0.215947 -5.21E-05 0.160479051
0.45 -4.75E-05 0.948215 -6.44E-05 0.329685 -5.20E-05 0.089090888
0.5 -4.73E-05 0.623854 -6.44E-05 0.382971 -5.20E-05 0.079277421
0.55 -4.75E-05 0.99604 -6.46E-05 0.588791 -5.20E-05 0.066000377
0.6 -4.77E-05 1.340169 -6.46E-05 0.705645 -5.20E-05 0.060227749

Table A1 (contd.)

Crack Depth
Ratio

Strain at
1180mm

Percentage of
difference

uncracked -3.11E-05
0.05 -3.10E-05 0.376287
0.1 -3.10E-05 0.458228
0.15 -3.10E-05 0.388176
0.2 -3.11E-05 0.085476
0.25 -3.11E-05 0.065874
0.3 -3.11E-05 0.008033
0.35 -3.11E-05 0.210476
0.4 -3.11E-05 0.101864
0.45 -3.13E-05 0.452122
0.5 -3.13E-05 0.533099
0.55 -3.13E-05 0.552058
0.6 -3.11E-05 0.189589
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Table A2: Strains for crack located at 400mm from fixed end

Crack
Depth
Ratio

Strain at
300mm

Percentage
of

difference

Strain at
450mm

Percentage
of

difference

Strain at
600mm

Percentage
of

difference
uncracked 4.61E-06 -1.26E-05 -2.99E-05
0.05 4.62E-06 0.284434 -1.26E-05 0.103296 -2.99E-05 0.012715
0.1 4.61E-06 0.094015 -1.26E-05 0.407622 -2.98E-05 0.289436
0.15 4.63E-06 0.622716 -1.26E-05 0.023043 -2.98E-05 0.410899
0.2 4.58E-06 0.520016 -1.27E-05 0.57369 -2.98E-05 0.329589
0.25 4.66E-06 1.238701 -1.25E-05 0.323396 -2.98E-05 0.237572
0.3 4.69E-06 1.798668 -1.25E-05 0.467215 -2.98E-05 0.33695
0.35 4.73E-06 2.643938 -1.25E-05 0.557798 -2.98E-05 0.314532
0.4 4.77E-06 3.579098 -1.25E-05 0.921718 -2.98E-05 0.40956
0.45 4.83E-06 4.899655 -1.24E-05 1.199822 -2.97E-05 0.754541
0.5 4.96E-06 7.69645 -1.23E-05 1.941964 -2.97E-05 0.573518
0.55 5.07E-06 10.01839 -1.23E-05 2.556177 -2.96E-05 0.789675
0.6 5.25E-06 14.01524 -1.21E-05 3.714681 -2.95E-05 1.164437

Table A2 (contd.)

Crack
Depth
Ratio

Strain at
750mm

Percentage
of

difference

Strain at
900mm

Percentage
of

difference

Strain at
1100mm

Percentage
of

difference
uncracked -4.70E-05 -6.42E-05 -5.20E-05
0.05 -4.70E-05 0.039748 -6.45E-05 0.463055 -5.23E-05 0.655771
0.1 -4.70E-05 0.005101 -6.42E-05 0.0832 -5.22E-05 0.375028
0.15 -4.70E-05 0.1405 -6.43E-05 0.165154 -5.21E-05 0.177797
0.2 -4.73E-05 0.614714 -6.43E-05 0.228879 -5.20E-05 0.020204
0.25 -4.70E-05 0.180886 -6.42E-05 0.004363 -5.20E-05 0.11045
0.3 -4.70E-05 0.128597 -6.42E-05 0.032563 -5.21E-05 0.196269
0.35 -4.69E-05 0.292053 -6.45E-05 0.511044 -5.21E-05 0.191459
0.4 -4.70E-05 0.192789 -6.43E-05 0.167491 -5.20E-05 0.106986
0.45 -4.71E-05 0.095225 -6.43E-05 0.110466 -5.22E-05 0.46181
0.5 -4.70E-05 0.095013 -6.42E-05 0.00779 -5.20E-05 0.005388
0.55 -4.69E-05 0.260594 -6.42E-05 0.020878 -5.20E-05 0.01828
0.6 -4.69E-05 0.275048 -6.42E-05 0.025552 -5.20E-05 0.013854
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Table A2 (contd.)

Crack Depth
Ratio

Strain at
1180mm

Percentage of
difference

uncracked -3.11E-05
0.05 -3.10E-05 0.270566
0.1 -3.11E-05 0.002249
0.15 -3.11E-05 0.06491
0.2 -3.11E-05 0.116324
0.25 -3.11E-05 0.113111
0.3 -3.12E-05 0.099936
0.35 -3.10E-05 0.244217
0.4 -3.12E-05 0.225258
0.45 -3.12E-05 0.109576
0.5 -3.11E-05 0.093831
0.55 -3.11E-05 0.037597
0.6 -3.11E-05 0.036633

Table A3: Strains for crack located at 600mm from fixed end

Crack
Depth
Ratio

Strain at
300mm

Percentage
of

difference

Strain at
450mm

Percentage
of

difference

Strain at
600mm

Percentage
of

difference
uncracked 4.61E-06 -1.26E-05 -2.99E-05
0.05 4.61E-06 0.065138 -1.26E-05 0.215332 -3.01E-05 0.61066
0.1 4.62E-06 0.326557 -1.26E-05 0.125544 -3.06E-05 2.529973
0.15 4.66E-06 1.275396 -1.26E-05 0.162095 -3.22E-05 7.603637
0.2 4.69E-06 1.852298 -1.25E-05 0.564155 -3.44E-05 15.03629
0.25 4.75E-06 3.115969 -1.25E-05 0.959858 -3.77E-05 26.24232
0.3 4.83E-06 4.918328 -1.24E-05 1.483489 -4.20E-05 40.54916
0.35 4.95E-06 7.397902 -1.24E-05 1.663065 -4.82E-05 61.12656
0.4 5.09E-06 10.49954 -1.22E-05 2.73178 -5.56E-05 85.89258
0.45 5.27E-06 14.47229 -1.21E-05 4.08893 -6.53E-05 118.5206
0.5 5.59E-06 21.39903 -1.17E-05 7.171122 -8.13E-05 171.927
0.55 5.95E-06 29.16474 -1.16E-05 8.027683 -9.98E-05 233.8259
0.6 6.47E-06 40.39773 -1.10E-05 12.62594 -1.28E-04 329.3659
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Table A3 (contd.)

Crack
Depth
Ratio

Strain at
750mm

Percentage
of

difference

Strain at
900mm

Percentage
of

difference

Strain at
1100mm

Percentage
of

difference
uncracked -4.70E-05 -6.42E-05 -5.20E-05
0.05 -4.70E-05 0.017855 -6.34E-05 1.215442 -5.23E-05 0.696756
0.1 -4.71E-05 0.011903 -6.43E-05 0.133214 -5.22E-05 0.412166
0.15 -4.70E-05 0.144964 -6.43E-05 0.140693 -5.21E-05 0.188188
0.2 -4.73E-05 0.574753 -6.43E-05 0.210026 -5.20E-05 0.009044
0.25 -4.70E-05 0.183011 -6.41E-05 0.066841 -5.22E-05 0.421402
0.3 -4.69E-05 0.312033 -6.42E-05 0.009972 -5.21E-05 0.162018
0.35 -4.68E-05 0.430002 -6.45E-05 0.443891 -5.21E-05 0.166829
0.4 -4.69E-05 0.403007 -6.42E-05 0.080084 -5.20E-05 0.101213
0.45 -4.71E-05 0.015092 -6.42E-05 0.02711 -5.22E-05 0.457769
0.5 -4.68E-05 0.627892 -6.34E-05 1.257354 -5.20E-05 0.071965
0.55 -4.66E-05 0.897839 -6.41E-05 0.186811 -5.20E-05 0.091208
0.6 -4.64E-05 1.297658 -6.40E-05 0.301485 -5.20E-05 0.118339

Table A3 (contd.)

Crack Depth
Ratio

Strain at
1180mm

Percentage of
difference

uncracked -3.11E-05
0.05 -3.10E-05 0.285348
0.1 -3.10E-05 0.251607
0.15 -3.12E-05 0.100257
0.2 -3.11E-05 0.103792
0.25 -3.11E-05 0.115039
0.3 -3.12E-05 0.102828
0.35 -3.10E-05 0.260926
0.4 -3.12E-05 0.218188
0.45 -3.11E-05 0.030527
0.5 -3.13E-05 0.481685
0.55 -3.13E-05 0.479757
0.6 -3.13E-05 0.467546



Hossain 2014 Page 156

Table A4: Strains for crack located at 800mm from fixed end

Crack
Depth
Ratio

Strain at
300mm

Percentage
of

difference

Strain at
450mm

Percentage
of

difference

Strain at
600mm

Percentage
of

difference
uncracked 4.61E-06 -1.26E-05 -2.99E-05
0.05 4.61E-06 0.131795 -1.26E-05 0.201824 -2.99E-05 0.09369
0.1 4.62E-06 0.350658 -1.26E-05 0.111242 -2.98E-05 0.309513
0.15 4.66E-06 1.132744 -1.26E-05 0.074691 -2.98E-05 0.400191
0.2 4.68E-06 1.6482 -1.25E-05 0.522836 -2.97E-05 0.514627
0.25 4.69E-06 1.825592 -1.25E-05 0.820011 -2.93E-05 2.004972
0.3 4.76E-06 3.366749 -1.23E-05 2.371039 -2.97E-05 0.700335
0.35 4.91E-06 6.653161 -1.24E-05 1.487461 -2.97E-05 0.757218
0.4 5.04E-06 9.435408 -1.23E-05 2.415536 -2.96E-05 1.053681
0.45 5.15E-06 11.80295 -1.20E-05 5.00588 -2.95E-05 1.438481
0.5 5.52E-06 19.85114 -1.18E-05 6.580746 -2.93E-05 1.825622
0.55 5.82E-06 26.38857 -1.15E-05 8.39796 -2.92E-05 2.410852
0.6 6.34E-06 37.58552 -1.13E-05 10.18736 -2.89E-05 3.415011

Table A4 (contd.)

Crack
Depth
Ratio

Strain at
750mm

Percentage
of

difference

Strain at
900mm

Percentage
of

difference

Strain at
1100mm

Percentage
of

difference
uncracked -4.70E-05 -6.42E-05 -5.20E-05
0.05 -4.71E-05 0.09225 -6.44E-05 0.348694 -5.23E-05 0.69233
0.1 -4.71E-05 0.064192 -6.43E-05 0.113583 -5.22E-05 0.39504
0.15 -4.70E-05 0.124983 -6.43E-05 0.147392 -5.21E-05 0.195307
0.2 -4.72E-05 0.430002 -6.43E-05 0.190862 -5.20E-05 0.03733
0.25 -4.71E-05 0.083747 -6.41E-05 0.051728 -5.20E-05 0.062922
0.3 -4.64E-05 1.424129 -6.35E-05 1.075217 -5.21E-05 0.183954
0.35 -4.70E-05 0.140712 -6.44E-05 0.288085 -5.20E-05 0.146047
0.4 -4.69E-05 0.260382 -6.42E-05 0.075254 -5.20E-05 0.078123
0.45 -4.70E-05 0.103728 -6.42E-05 0.039419 -5.22E-05 0.448533
0.5 -4.67E-05 0.736296 -6.41E-05 0.082421 -5.22E-05 0.529735
0.55 -4.66E-05 0.910805 -6.41E-05 0.129475 -5.23E-05 0.582073
0.6 -4.64E-05 1.307648 -6.40E-05 0.238539 -5.23E-05 0.585344
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Table A4 (contd.)

Crack Depth
Ratio

Strain at
1180mm

Percentage of
difference

uncracked -3.11E-05
0.05 -3.10E-05 0.257392
0.1 -3.11E-05 0.133355
0.15 -3.10E-05 0.27378
0.2 -3.11E-05 0.153278
0.25 -3.11E-05 0.063304
0.3 -3.12E-05 0.104756
0.35 -3.10E-05 0.23297
0.4 -3.12E-05 0.237147
0.45 -3.10E-05 0.260926
0.5 -3.10E-05 0.230721
0.55 -3.11E-05 0.125
0.6 -3.10E-05 0.275386

Table A5: Strains for crack located at 950mm from fixed end

Crack
Depth
Ratio

Strain at
300mm

Percentage
of

difference

Strain at
450mm

Percentage
of

difference

Strain at
600mm

Percentage
of

difference
uncracked 4.61E-06 -1.26E-05 -2.99E-05
0.05 4.61E-06 0.01433 -1.26E-05 0.167657 -2.99E-05 0.017065
0.1 4.62E-06 0.231022 -1.26E-05 0.005562 -2.98E-05 0.337954
0.15 4.63E-06 0.598832 -1.26E-05 0.079458 -2.98E-05 0.282409
0.2 4.63E-06 0.607734 -1.26E-05 0.202619 -2.98E-05 0.407218
0.25 4.66E-06 1.207869 -1.25E-05 0.414773 -2.98E-05 0.329924
0.3 4.68E-06 1.653845 -1.25E-05 0.436227 -2.99E-05 0.167639
0.35 4.73E-06 2.595085 -1.25E-05 0.294791 -2.98E-05 0.409895
0.4 4.77E-06 3.608193 -1.25E-05 0.712742 -2.97E-05 0.598949
0.45 4.83E-06 4.765038 -1.24E-05 1.238757 -2.97E-05 0.704016
0.5 4.94E-06 7.316263 -1.23E-05 1.989639 -2.97E-05 0.630402
0.55 5.04E-06 9.498809 -1.22E-05 2.786606 -2.95E-05 1.155402
0.6 5.15E-06 11.92019 -1.20E-05 4.866033 -2.94E-05 1.52481
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Table A5 (contd.)

Crack
Depth
Ratio

Strain at
750mm

Percentage
of

difference

Strain at
900mm

Percentage
of

difference

Strain at
1100mm

Percentage
of

difference
uncracked -4.70E-05 -6.42E-05 -5.20E-05
0.05 -4.71E-05 0.053352 -6.45E-05 0.472559 -5.23E-05 0.559368
0.1 -4.70E-05 0.099264 -6.42E-05 0.018073 -5.21E-05 0.244375
0.15 -4.70E-05 0.061216 -6.43E-05 0.179956 -5.21E-05 0.183762
0.2 -4.70E-05 0.013179 -6.42E-05 0.009037 -5.20E-05 0.024053
0.25 -4.70E-05 0.159205 -6.43E-05 0.15565 -5.22E-05 0.431408
0.3 -4.70E-05 0.106491 -6.43E-05 0.189772 -5.20E-05 0.123919
0.35 -4.70E-05 0.113718 -6.46E-05 0.668252 -5.20E-05 0.130461
0.4 -4.70E-05 0.203842 -6.42E-05 0.052507 -5.20E-05 0.121418
0.45 -4.72E-05 0.278024 -6.42E-05 0.03677 -5.22E-05 0.474895
0.5 -4.69E-05 0.398331 -6.41E-05 0.066997 -5.20E-05 0.074467
0.55 -4.68E-05 0.451258 -6.41E-05 0.089744 -5.20E-05 0.114683
0.6 -4.68E-05 0.555623 -6.41E-05 0.133993 -5.20E-05 0.045604

Table A5 (contd.)

Crack Depth
Ratio

Strain at
1180mm

Percentage of
difference

uncracked -3.11E-05
0.05 -3.11E-05 0.177057
0.1 -3.11E-05 0.075836
0.15 -3.11E-05 0.032134
0.2 -3.10E-05 0.232327
0.25 -3.11E-05 0.007712
0.3 -3.12E-05 0.123394
0.35 -3.12E-05 0.146209
0.4 -3.12E-05 0.219795
0.45 -3.11E-05 0.018638
0.5 -3.13E-05 0.550773
0.55 -3.11E-05 0.006748
0.6 -3.13E-05 0.570053
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Table A6: Strains for crack located at 1100mm from fixed end

Crack
Depth
Ratio

Strain at
300mm

Percentage
of

difference

Strain at
450mm

Percentage
of

difference

Strain at
600mm

Percentage
of

difference
uncracked 4.61E-06 -1.26E-05 -2.99E-05
0.05 4.61E-06 0.056887 -1.26E-05 0.224867 -2.99E-05 0.084321
0.1 4.61E-06 0.049722 -1.26E-05 0.034962 -2.98E-05 0.228203
0.15 4.62E-06 0.210395 -1.26E-05 0.155738 -2.98E-05 0.374761
0.2 4.61E-06 0.144171 -1.26E-05 0.061978 -2.98E-05 0.312524
0.25 4.61E-06 0.137223 -1.26E-05 0.116009 -2.98E-05 0.211472
0.3 4.57E-06 0.835065 -1.26E-05 0.127133 -2.98E-05 0.332935
0.35 4.62E-06 0.248175 -1.26E-05 0.386962 -2.98E-05 0.194073
0.4 4.62E-06 0.204315 -1.26E-05 0.23917 -2.99E-05 0.031788
0.45 4.56E-06 0.9306 -1.26E-05 0.082637 -2.98E-05 0.276721
0.5 4.61E-06 0.187596 -1.26E-05 0.059594 -2.98E-05 0.239914
0.55 4.61E-06 0.138526 -1.26E-05 0.03814 -2.98E-05 0.348996
0.6 4.61E-06 0.145691 -1.26E-05 0.380606 -2.98E-05 0.210803

Table A6 (contd.)

Crack
Depth
Ratio

Strain at
750mm

Percentage
of

difference

Strain at
900mm

Percentage
of

difference

Strain at
1100mm

Percentage
of

difference
uncracked -4.70E-05 -6.42E-05 -5.20E-05
0.05 -4.71E-05 0.014879 -6.44E-05 0.343241 -5.23E-05 0.632295
0.1 -4.70E-05 0.069506 -6.42E-05 0.066529 -5.39E-05 3.682936
0.15 -4.70E-05 0.047613 -6.43E-05 0.141939 -5.63E-05 8.260053
0.2 -4.65E-05 1.165235 -6.45E-05 0.432985 -6.02E-05 15.87242
0.25 -4.70E-05 0.112442 -6.42E-05 0.009348 -6.62E-05 27.35783
0.3 -4.70E-05 0.171746 -6.42E-05 0.007167 -7.35E-05 41.51866
0.35 -4.70E-05 0.055477 -6.36E-05 0.954467 -8.32E-05 60.13077
0.4 -4.71E-05 0.193001 -6.42E-05 0.040354 -9.82E-05 88.97159
0.45 -4.73E-05 0.457634 -6.42E-05 0.011218 -1.18E-04 126.1042
0.5 -4.70E-05 0.075245 -6.42E-05 0.06762 -1.45E-04 179.6877
0.55 -4.70E-05 0.161968 -6.42E-05 0.099248 -1.81E-04 247.5738
0.6 -4.72E-05 0.383877 -6.42E-05 0.089744 -2.39E-04 360.065
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Table A6 (contd.)

Crack Depth
Ratio

Strain at
1180mm

Percentage of
difference

uncracked -3.11E-05
0.05 -3.10E-05 0.300129
0.1 -3.11E-05 0.001607
0.15 -3.11E-05 0.070052
0.2 -3.11E-05 0.145245
0.25 -3.10E-05 0.29788
0.3 -3.11E-05 0.122751
0.35 -3.11E-05 0.166132
0.4 -3.12E-05 0.197623
0.45 -3.11E-05 0.032776
0.5 -3.12E-05 0.285669
0.55 -3.11E-05 0.043702
0.6 -3.12E-05 0.276029

Table A7: Strains for crack located at 1185mm from fixed end

Crack
Depth
Ratio

Strain at
300mm

Percentage
of

difference

Strain at
450mm

Percentage
of

difference

Strain at
600mm

Percentage
of

difference
uncracked 4.61E-06 -1.26E-05 -2.99E-05
0.05 4.61E-06 0.181951 -1.26E-05 0.110447 -2.99E-05 0.015392
0.1 4.61E-06 0.051242 -1.26E-05 0.015892 -2.98E-05 0.241587
0.15 4.62E-06 0.340019 -1.26E-05 0.193084 -2.98E-05 0.317878
0.2 4.61E-06 0.085547 -1.26E-05 0.016686 -2.98E-05 0.347323
0.25 4.62E-06 0.242312 -1.26E-05 0.034167 -2.98E-05 0.242591
0.3 4.61E-06 0.167838 -1.26E-05 0.118393 -2.98E-05 0.325908
0.35 4.62E-06 0.244701 -1.26E-05 0.395703 -2.98E-05 0.177677
0.4 4.62E-06 0.253386 -1.26E-05 0.255856 -2.98E-05 0.302151
0.45 4.61E-06 0.083159 -1.26E-05 0.129517 -2.98E-05 0.293117
0.5 4.62E-06 0.395386 -1.26E-05 0.162095 -2.98E-05 0.275048
0.55 4.57E-06 0.804884 -1.26E-05 0.131901 -2.98E-05 0.261664
0.6 4.62E-06 0.389306 -1.26E-05 0.112036 -2.98E-05 0.280736
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Table A7 (contd.)

Crack
Depth
Ratio

Strain at
750mm

Percentage
of

difference

Strain at
900mm

Percentage
of

difference

Strain at
1100mm

Percentage
of

difference
uncracked -4.70E-05 -6.42E-05 -5.20E-05
0.05 -4.71E-05 0.040386 -6.45E-05 0.460251 -5.23E-05 0.6398
0.1 -4.70E-05 0.102665 -6.42E-05 0.02602 -5.21E-05 0.191074
0.15 -4.70E-05 0.075883 -6.43E-05 0.22031 -5.21E-05 0.32192
0.2 -4.70E-05 0.014879 -6.45E-05 0.462432 -5.21E-05 0.231098
0.25 -4.70E-05 0.089274 -6.42E-05 0.010751 -5.20E-05 0.127383
0.3 -4.70E-05 0.162393 -6.42E-05 0.010439 -5.20E-05 0.147394
0.35 -4.70E-05 0.002763 -6.42E-05 0.032096 -5.23E-05 0.660773
0.4 -4.70E-05 0.059728 -6.36E-05 0.983136 -5.20E-05 0.035021
0.45 -4.73E-05 0.458485 -6.42E-05 0.02415 -5.21E-05 0.345588
0.5 -4.73E-05 0.571352 -6.42E-05 0.102832 -5.20E-05 0.143931
0.55 -4.73E-05 0.608549 -6.43E-05 0.127138 -5.20E-05 0.140082
0.6 -4.73E-05 0.608549 -6.42E-05 0.104857 -5.20E-05 0.103138

Table A7 (contd.)

Crack Depth
Ratio

Strain at
1180mm

Percentage of
difference

uncracked -3.11E-05
0.05 -3.12E-05 0.383677
0.1 -3.18E-05 2.067487
0.15 -3.26E-05 4.780864
0.2 -3.44E-05 10.53474
0.25 -3.63E-05 16.70957
0.3 -3.90E-05 25.21088
0.35 -4.28E-05 37.39279
0.4 -4.67E-05 50.15569
0.45 -5.28E-05 69.72998
0.5 -5.99E-05 92.42318
0.55 -6.82E-05 119.2433
0.6 -7.87E-05 153.0182
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Table A8: Displacements for crack located at 200mm from fixed end (mm)

Crack
Depth
Ratio

Disp.
at
300mm

% of
Diff.

Disp.
at
600mm

% of
Diff.

Disp.
at
900mm

% of
Diff.

Disp. at
1300mm

% of
Diff.

uncracked 0.1474 0.3474 0.2061 -0.9800
0.05 0.1473 0.0292 0.3474 0.0069 0.2061 0.0034 -0.9799 0.0090
0.1 0.1473 0.0448 0.3474 0.0017 0.2061 0.0112 -0.9799 0.0068
0.15 0.1474 0.0387 0.3476 0.0671 0.2062 0.0471 -0.9801 0.0104
0.2 0.1475 0.0713 0.3478 0.1304 0.2062 0.0820 -0.9804 0.0487
0.25 0.1474 0.0387 0.3480 0.1871 0.2063 0.1262 -0.9807 0.0765
0.3 0.1473 0.0183 0.3483 0.2591 0.2064 0.1737 -0.9809 0.0946
0.35 0.1475 0.1317 0.3489 0.4344 0.2066 0.2761 -0.9815 0.1599
0.4 0.1475 0.1289 0.3495 0.6054 0.2069 0.3868 -0.9822 0.2297
0.45 0.1477 0.2287 0.3503 0.8512 0.2072 0.5411 -0.9831 0.3181
0.5 0.1478 0.2891 0.3515 1.1866 0.2076 0.7527 -0.9843 0.4377
0.55 0.1480 0.4058 0.3530 1.6069 0.2082 1.0220 -0.9858 0.5941
0.6 0.1482 0.5497 0.3550 2.1837 0.2089 1.3787 -0.9878 0.7963

Table A9: Displacements for crack located at 400mm from fixed end (mm)

Crack
Depth
Ratio

Disp.
at
300mm

% of
Diff.

Disp.
at
600mm

% of
Diff.

Disp.
at
900mm

% of
Diff.

Disp. at
1300mm

% of
Diff.

uncracked 0.1474 0.3474 0.2061 -0.9800
0.05 0.1473 0.0489 0.3473 0.0135 0.2061 0.0015 -0.9800 0.0014
0.1 0.1475 0.0699 0.3475 0.0294 0.2061 0.0180 -0.9800 0.0004
0.15 0.1474 0.0604 0.3475 0.0213 0.2061 0.0204 -0.9800 0.0011
0.2 0.1475 0.1276 0.3475 0.0429 0.2061 0.0112 -0.9800 0.0018
0.25 0.1477 0.2063 0.3476 0.0639 0.2061 0.0199 -0.9800 0.0009
0.3 0.1479 0.3570 0.3478 0.1264 0.2062 0.0485 -0.9802 0.0272
0.35 0.1482 0.5443 0.3480 0.1906 0.2062 0.0675 -0.9803 0.0379
0.4 0.1485 0.7553 0.3483 0.2671 0.2063 0.0927 -0.9805 0.0513
0.45 0.1490 1.0974 0.3487 0.3820 0.2063 0.1218 -0.9806 0.0653
0.5 0.1495 1.4767 0.3491 0.5072 0.2064 0.1558 -0.9808 0.0794
0.55 0.1503 1.9864 0.3497 0.6722 0.2065 0.1878 -0.9809 0.0961
0.6 0.1515 2.8259 0.3507 0.9658 0.2067 0.2863 -0.9815 0.1534



Hossain 2014 Page 163

Table A10: Displacements for crack located at 600mm from fixed end (mm)

Crack
Depth
Ratio

Disp.
at
300mm

% of
Diff.

Disp.
at
600mm

% of
Diff.

Disp.
at
900mm

% of
Diff.

Disp. at
1300mm

% of
Diff.

uncracked 0.1474 0.3474 0.2061 -0.9800
0.05 0.1474 0.0217 0.3475 0.0311 0.2061 0.0218 -0.9801 0.0088
0.1 0.1475 0.1113 0.3478 0.1261 0.2062 0.0665 -0.9802 0.0251
0.15 0.1476 0.1921 0.3484 0.2977 0.2063 0.1242 -0.9806 0.0666
0.2 0.1479 0.3990 0.3494 0.5898 0.2066 0.2392 -0.9812 0.1244
0.25 0.1484 0.6786 0.3509 1.0208 0.2069 0.4217 -0.9822 0.2310
0.3 0.1489 1.0383 0.3529 1.5945 0.2074 0.6672 -0.9837 0.3851
0.35 0.1497 1.5968 0.3558 2.4126 0.2081 1.0026 -0.9856 0.5760
0.4 0.1507 2.2416 0.3593 3.4400 0.2090 1.4272 -0.9880 0.8239
0.45 0.1519 3.0905 0.3640 4.7817 0.2101 1.9663 -0.9911 1.1328
0.5 0.1539 4.4241 0.3711 6.8157 0.2118 2.8034 -0.9957 1.6061
0.55 0.1563 6.1030 0.3800 9.3852 0.2140 3.8603 -1.0017 2.2141
0.6 0.1599 8.5088 0.3929 13.1128 0.2172 5.3860 -1.0103 3.0978

Table A11: Displacements for crack located at 800mm from fixed end (mm)

Crack
Depth
Ratio

Disp.
at
300mm

% of
Diff.

Disp.
at
600mm

% of
Diff.

Disp.
at
900mm

% of
Diff.

Disp. at
1300mm

% of
Diff.

uncracked 0.1474 0.3474 0.2061 -0.9800
0.05 0.1474 0.0007 0.3475 0.0190 0.2061 0.0340 -0.9801 0.0106
0.1 0.1475 0.1052 0.3478 0.1203 0.2064 0.1529 -0.9808 0.0813
0.15 0.1476 0.1595 0.3483 0.2568 0.2068 0.3703 -0.9820 0.2077
0.2 0.1478 0.3346 0.3492 0.5147 0.2076 0.7289 -0.9841 0.4161
0.25 0.1482 0.5782 0.3505 0.9065 0.2087 1.2913 -0.9872 0.7366
0.3 0.1487 0.9331 0.3524 1.4465 0.2103 2.0537 -0.9916 1.1898
0.35 0.1494 1.4190 0.3549 2.1682 0.2103 2.0537 -0.9974 1.7823
0.4 0.1503 2.0088 0.3582 3.1023 0.2151 4.3927 -1.0049 2.5448
0.45 0.1515 2.7960 0.3624 4.3323 0.2187 6.1372 -1.0148 3.5570
0.5 0.1533 4.0427 0.3693 6.3016 0.2245 8.9503 -1.0307 5.1765
0.55 0.1555 5.5174 0.3771 8.5412 0.2310 12.1196 -1.0488 7.0214

0.6 0.1590 7.8899 0.3899
12.248

6 0.2419 17.3896 -1.0787 10.0756
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Table A12: Displacements for crack located at 950mm from fixed end (mm)

Crack
Depth
Ratio

Disp.
at
300mm

% of
Diff.

Disp.
at
600mm

% of
Diff.

Disp.
at
900mm

% of
Diff.

Disp. at
1300mm

% of
Diff.

uncracked 0.1474 0.3474 0.2061 -0.9800
0.05 0.1474 0.0244 0.3475 0.0225 0.2061 0.0364 -0.9802 0.0208
0.1 0.1475 0.0719 0.3476 0.0619 0.2063 0.1344 -0.9814 0.1418
0.15 0.1475 0.0767 0.3478 0.1051 0.2068 0.3295 -0.9837 0.3798
0.2 0.1475 0.1208 0.3480 0.1776 0.2073 0.6042 -0.9870 0.7155
0.25 0.1476 0.1832 0.3485 0.3166 0.2083 1.0822 -0.9925 1.2769
0.3 0.1479 0.3617 0.3492 0.5346 0.2097 1.7411 -1.0003 2.0723
0.35 0.1482 0.5443 0.3502 0.8092 0.2115 2.6462 -1.0108 3.1427
0.4 0.1484 0.7418 0.3513 1.1276 0.2138 3.7545 -1.0239 4.4816
0.45 0.1489 1.0166 0.3529 1.5752 0.2169 5.2487 -1.0413 6.2571
0.5 0.1494 1.3559 0.3551 2.2232 0.2217 7.6032 -1.0691 9.0909

0.55 0.1502 1.9314 0.3582 3.1046 0.2278
10.523

1 -1.1031 12.5675

0.6 0.1514 2.7139 0.3624 4.3289 0.2363
14.647

9 -1.1515 17.5034

Table A13: Displacements for crack located at 1100mm from fixed end (mm)

Crack
Depth
Ratio

Disp.
at
300mm

% of
Diff.

Disp.
at
600mm

% of
Diff.

Disp.
at
900mm

% of
Diff.

Disp. at
1300mm

% of
Diff.

uncracked 0.1474 0.3474 0.2061 -0.9800
0.05 0.1473 0.0034 0.3474 0.0055 0.2061 0.0126 -0.9801 0.0149
0.1 0.1474 0.0441 0.3475 0.0245 0.2061 0.0199 -0.9808 0.0816
0.15 0.1474 0.0407 0.3475 0.0213 0.2061 0.0180 -0.9820 0.2091
0.2 0.1473 0.0183 0.3474 0.0104 0.2061 0.0049 -0.9841 0.4217
0.25 0.1473 0.0156 0.3474 0.0037 0.2061 0.0044 -0.9872 0.7391
0.3 0.1474 0.0061 0.3474 0.0124 0.2061 0.0218 -0.9915 1.1748
0.35 0.1474 0.0339 0.3475 0.0204 0.2061 0.0175 -0.9971 1.7521
0.4 0.1474 0.0075 0.3474 0.0127 0.2061 0.0175 -1.0043 2.4866
0.45 0.1474 0.0014 0.3474 0.0069 0.2061 0.0136 -1.0153 3.6050
0.5 0.1473 0.0278 0.3473 0.0178 0.2061 0.0102 -1.0299 5.0918
0.55 0.1473 0.0129 0.3474 0.0078 0.2061 0.0044 -1.0494 7.0816
0.6 0.1473 0.0081 0.3474 0.0014 0.2061 0.0024 -1.0821 10.4236
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Table A14: Displacements for crack located at 1185mm from fixed end (mm)

Crack
Depth
Ratio

Disp.
at
300mm

% of
Diff.

Disp.
at
600mm

% of
Diff.

Disp.
at
900mm

% of
Diff.

Disp. at
1300mm

% of
Diff.

uncracked 0.1474 0.3474 0.2061 -0.9800
0.05 0.1473 0.0434 0.3474 0.0101 0.2061 0.0092 -0.9801 0.0170
0.1 0.1474 0.0380 0.3475 0.0210 0.2061 0.0082 -0.9802 0.0282
0.15 0.1473 0.0054 0.3474 0.0020 0.2061 0.0010 -0.9807 0.0713
0.2 0.1474 0.0109 0.3474 0.0060 0.2061 0.0131 -0.9814 0.1435
0.25 0.1473 0.0258 0.3473 0.0167 0.2060 0.0146 -0.9822 0.2306
0.3 0.1474 0.0081 0.3474 0.0124 0.2061 0.0146 -0.9837 0.3835
0.35 0.1474 0.0319 0.3475 0.0207 0.2061 0.0189 -0.9858 0.5927
0.4 0.1474 0.0095 0.3474 0.0098 0.2061 0.0092 -0.9880 0.8203
0.45 0.1474 0.0061 0.3474 0.0092 0.2061 0.0155 -0.9916 1.1851
0.5 0.1472 0.0767 0.3473 0.0320 0.2060 0.0180 -0.9962 1.6528
0.55 0.1472 0.0740 0.3473 0.0273 0.2060 0.0131 -1.0020 2.2488
0.6 0.1473 0.0645 0.3473 0.0204 0.2061 0.0034 -1.0120 3.2703

Appendix B

This appendix includes computational values of strains and displacement at a number of

locations for different crack locations for the setup used in Chapter 4 i.e. bending crack

caused by the weight of the system. The results were used to identify the optimum

measurement locations for strain and displacement measurement. For every case, only 0.6

crack depth ratios are tabulated here; as it can be seen from the results in appendix A that

both strains and displacements will increase similarly, with respect to crack depth ratios,

for any location.
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Table A15: Strains for 0.6 Crack Depth Ratio at Different Locations for Bending Crack

Under Self Weight

Crack
Location

Strain at
50mm

Strain at
110mm

Strain at
170mm

Strain at
230mm

Strain at
290mm

Strain at
350mm

Strain at
410mm

uncracked -5.49E-06 -6.73E-06 -7.36E-06 -7.29E-06 -6.48E-06 -4.97E-06 2.74E-06
75 -4.53E-06 -5.90E-06 -6.48E-06 -6.44E-06 -5.75E-06 -4.30E-06 2.15E-06
300 -4.67E-06 -6.03E-06 -6.60E-06 -6.55E-06 -7.71E-06 -4.39E-06 2.24E-06
500 -5.67E-06 -6.96E-06 -7.52E-06 -7.43E-06 -6.60E-06 -5.08E-06 2.87E-06
700 -6.59E-06 -7.83E-06 -8.32E-06 -8.15E-06 -7.29E-06 -5.70E-06 3.44E-06

Table A15 (contd.)

Crack
Location

Strain at
470mm

Strain at
530mm

Strain at
590mm

Strain at
650mm

Strain at
710mm

Strain at
770mm

Strain at
830mm

uncracked -1.59E-07 -3.77E-06 -8.09E-06 -1.31E-05 -1.88E-05 -2.51E-05 -3.23E-05
75 -6.91E-07 -4.24E-06 -8.50E-06 -1.35E-05 -1.91E-05 -2.54E-05 -3.25E-05
300 -6.14E-07 -4.17E-06 -8.43E-06 -1.34E-05 -1.90E-05 -2.53E-05 -3.24E-05
500 -5.48E-08 -3.67E-06 -8.00E-06 -1.30E-05 -1.87E-05 -2.51E-05 -3.23E-05
700 4.59E-07 -3.22E-06 -7.58E-06 -1.27E-05 -2.42E-05 -2.49E-05 -3.21E-05

Table A15 (contd.)

Crack
Location

Strain at
890mm

Strain at
950mm

Strain at
1020mm

Strain at
1080mm

Strain at
1140mm

Strain at
1200mm

uncracked -4.01E-05 -4.85E-05 -5.41E-05 -4.01E-05 -2.69E-05 -1.45E-05
75 -4.03E-05 -4.88E-05 -5.40E-05 -4.02E-05 -2.70E-05 -1.45E-05
300 -4.02E-05 -4.87E-05 -5.40E-05 -4.01E-05 -2.70E-05 -1.45E-05
500 -4.00E-05 -4.86E-05 -5.40E-05 -4.01E-05 -2.69E-05 -1.45E-05
700 -3.99E-05 -4.86E-05 -5.40E-05 -4.01E-05 -2.69E-05 -1.45E-05
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Table A16: Displacements for 0.6 Crack Depth Ratio at Different Locations for Bending

Crack Under Self Weight

Crack
Location

Disp. at
50mm

Disp. at
110mm

Disp. at
170mm

Disp. at
230mm

Disp. at
290mm

Disp. at
350mm

Disp. at
410mm

uncracked 9.18E-04 4.38E-03 1.09E-02 2.08E-02 3.40E-02 5.01E-02 6.84E-02
75 7.08E-04 5.16E-03 1.35E-02 2.48E-02 3.90E-02 5.58E-02 7.46E-02
300 7.38E-04 3.63E-03 9.26E-03 1.79E-02 2.95E-02 4.65E-02 6.60E-02
500 9.58E-04 4.54E-03 1.13E-02 2.14E-02 3.50E-02 5.15E-02 7.03E-02
700 1.16E-03 5.38E-03 1.32E-02 2.47E-02 4.00E-02 5.85E-02 7.97E-02

Table A16 (contd.)

Crack
Location

Disp. at
470mm

Disp. at
530mm

Disp. at
590mm

Disp. at
650mm

Disp. at
710mm

Disp. at
770mm

Disp. at
830mm

uncracked 8.80E-02 1.08E-01 1.25E-01 1.39E-01 1.47E-01 1.47E-01 1.35E-01
75 9.43E-02 1.14E-01 1.31E-01 1.45E-01 1.52E-01 1.51E-01 1.38E-01
300 8.65E-02 1.07E-01 1.25E-01 1.39E-01 1.48E-01 1.47E-01 1.35E-01
500 9.04E-02 1.10E-01 1.27E-01 1.41E-01 1.49E-01 1.48E-01 1.35E-01
700 1.02E-01 1.25E-01 1.47E-01 1.65E-01 1.75E-01 1.69E-01 1.51E-01

Table A16 (contd.)

Crack
Location

Disp. at
890mm

Disp. at
950mm

Disp. at
1020mm

Disp. at
1080mm

Disp. at
1140mm

Disp. at
1200mm

uncracked 1.08E-01 6.25E-02 -1.87E-02 -1.14E-01 -2.28E-01 -3.54E-01
75 1.10E-01 6.35E-02 -1.89E-02 -1.15E-01 -2.30E-01 -3.58E-01
300 1.08E-01 6.26E-02 -1.87E-02 -1.14E-01 -2.28E-01 -3.54E-01
500 1.08E-01 6.27E-02 -1.87E-02 -1.14E-01 -2.28E-01 -3.55E-01
700 1.18E-01 6.76E-02 -1.99E-02 -1.21E-01 -2.40E-01 -3.72E-01
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Appendix C

This appendix includes computational values of strains and displacement at a number of

locations for different crack locations for the setup used in Chapter 5 i.e. circumferential

helical crack caused by the weight of the system and the calculated torsional load. The

results were used to identify the optimum measurement locations for strain and

displacement measurement. For every case, only 0.6 crack depth ratios are tabulated here;

as it can be seen from the results in appendix A that both strains and displacements will

increase similarly, with respect to crack depth ratios, for any location.

Table A17: Strains for 0.6 Crack Depth Ratio at Different Location for Circumferential

Helical Crack Under Self Weight & Torsional Load

Crack
Location

Strain at
50mm

Strain at
110mm

Strain at
170mm

Strain at
230mm

Strain at
290mm

Strain at
350mm

Strain at
410mm

uncracked -5.50E-06 -6.74E-06 -7.42E-06 -7.26E-06 -6.46E-06 -4.94E-06 2.73E-06
75 -4.15E-06 -5.54E-06 -6.26E-06 -6.20E-06 -5.55E-06 -4.17E-06 2.05E-06
300 -4.29E-06 -5.67E-06 -6.38E-06 -6.32E-06 -5.52E-06 -4.28E-06 2.13E-06
500 -5.53E-06 -6.85E-06 -7.48E-06 -7.39E-06 -6.62E-06 -5.07E-06 2.92E-06
700 -6.72E-06 -7.98E-06 -8.50E-06 -8.37E-06 -7.51E-06 -5.92E-06 3.66E-06

Table A17 (contd.)

Crack
Location

Strain at
470mm

Strain at
530mm

Strain at
590mm

Strain at
650mm

Strain at
710mm

Strain at
770mm

Strain at
830mm

uncracked -1.88E-07 -3.73E-06 -8.02E-06 -1.30E-05 -1.84E-05 -2.50E-05 -3.16E-05
75 -7.22E-07 -4.11E-06 -8.24E-06 -1.30E-05 -1.84E-05 -2.46E-05 -3.15E-05
300 -6.43E-07 -4.12E-06 -8.30E-06 -1.32E-05 -1.87E-05 -2.49E-05 -3.19E-05
500 6.14E-08 -3.44E-06 -7.75E-06 -1.25E-05 -1.83E-05 -2.44E-05 -3.12E-05
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700 7.19E-07 -2.93E-06 -7.24E-06 -1.22E-05 -1.83E-05 -2.44E-05 -3.11E-05

Table A17 (contd.)

Crack
Location

Strain at
890mm

Strain at
950mm

Strain at
1020mm

Strain at
1080mm

Strain at
1140mm

Strain at
1200mm

uncracked -3.98E-05 -4.75E-05 -5.34E-05 -3.94E-05 -2.64E-05 -1.42E-05
75 -3.90E-05 -4.70E-05 -5.12E-05 -3.87E-05 -2.64E-05 -1.38E-05
300 -3.89E-05 -4.70E-05 -5.27E-05 -3.94E-05 -2.64E-05 -1.34E-05
500 -3.88E-05 -4.58E-05 -5.15E-05 -3.87E-05 -2.63E-05 -1.38E-05
700 -3.92E-05 -4.77E-05 -5.27E-05 -3.93E-05 -2.63E-05 -1.41E-05

Table A18: Displacements for 0.6 Crack Depth Ratio at Different Location for

Circumferential Helical Crack Under Self Weight & Torsional Load

Crack
Location

Disp. at
50mm

Disp. at
110mm

Disp. at
170mm

Disp. at
230mm

Disp. at
290mm

Disp. at
350mm

Disp. at
410mm

uncracked 9.46E-04 4.58E-03 1.10E-02 2.10E-02 3.42E-02 5.04E-02 6.77E-02
75 5.92E-04 5.52E-03 1.39E-02 2.60E-02 4.00E-02 5.68E-02 7.43E-02
300 6.27E-04 3.36E-03 8.60E-03 1.70E-02 2.81E-02 4.50E-02 6.34E-02
500 9.60E-04 4.50E-03 1.12E-02 2.12E-02 3.46E-02 5.15E-02 6.87E-02
700 1.27E-03 5.69E-03 1.37E-02 2.53E-02 4.14E-02 6.05E-02 8.12E-02

Table A18 (contd.)

Crack
Location

Disp. at
470mm

Disp. at
530mm

Disp. at
590mm

Disp. at
650mm

Disp. at
710mm

Disp. at
770mm

Disp. at
830mm

uncracked 8.72E-02 1.07E-01 1.24E-01 1.38E-01 1.45E-01 1.45E-01 1.32E-01
75 9.38E-02 1.12E-01 1.29E-01 1.43E-01 1.50E-01 1.48E-01 1.35E-01
300 8.39E-02 1.04E-01 1.22E-01 1.37E-01 1.45E-01 1.45E-01 1.33E-01
500 8.85E-02 1.07E-01 1.25E-01 1.37E-01 1.46E-01 1.44E-01 1.32E-01
700 1.04E-01 1.29E-01 1.50E-01 1.69E-01 1.80E-01 1.72E-01 1.52E-01
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Table A18 (contd.)

Crack
Location

Disp. at
890mm

Disp. at
950mm

Disp. at
1020mm

Disp. at
1080mm

Disp. at
1140mm

Disp. at
1200mm

uncracked 1.06E-01 5.94E-02 -2.07E-02 -1.17E-01 -2.32E-01 -3.58E-01
75 1.07E-01 6.10E-02 -2.24E-02 -1.18E-01 -2.32E-01 -3.60E-01
300 1.05E-01 5.99E-02 -2.07E-02 -1.15E-01 -2.29E-01 -3.58E-01
500 1.05E-01 5.87E-02 -2.21E-02 -1.16E-01 -2.29E-01 -3.56E-01
700 1.19E-01 6.77E-02 -2.22E-02 -1.23E-01 -2.44E-01 -3.76E-01
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