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Abstract
Fatigue life extension, via the retardation of a growing crack under cyclic loading conditions, has
been an important issue for designers and operators to reduce the cost and to improve the structural
safety of welded structures. The methods to be employed for retarding fatigue crack propagation,
needless to say, should ideally be knowledge based and practical (i.e. easy to implement, cost
effective and should not lead to weight increase etc.).

In this study, a novel approach based on modifying the distribution of the stress intensity factor (SIF)
in plates using thickness variations is presented. By varying thickness via the introduction of ribs,
“crenellations”, on one side or surface of the welded or non-welded plates, it was shown that this
novel technique can contribute to the fatigue crack propagation life of plates substantially.
Furthermore, crenellations can potentially lead to weight reduction for a given target fatigue crack
propagation life as well.

This research programme aimed to gain a fundamental understanding of the mechanisms involved in
the damage tolerance behaviour of crenellated parent material and laser beam welded steel plates
which operate, in principle, under cyclic loading. Particular emphasis was given to describe the
crack growth retardation mechanism using the crenellation technique.

The “crenellations” were introduced on the surface of the steel sheets and plates of medium grade
and high-strength steels with and without laser beam welds. Experiments were conducted to study
and investigate the fracture toughness, fatigue response and fatigue life of crenellated plates. In
parallel, numerical analyses were carried out to compute the actual SIF for the combinations of
crenellations in order to correlate the fatigue crack growth data.

Investigations focused on fatigue crack propagation (FCP) under constant amplitude loadings, with
cracks growing within (in butt joints) and towards (in fillet joints) the fusion zone. A number of
crenellation configurations was investigated and the fatigue crack growth data were correlated using
SIF. It was shown that the edge regions -where the thickness sharply changes from thin to thick or
vice versa- and crack length have a substantial effect on the retardation and acceleration of the
fatigue cracks. Factors such as sudden thickness variation and crack lengths -where plasticity can be
substantial depending on the load level- affect crack retardation. However, it was shown that the
evaluation of the correct SIF with respect to thickness and crack length conveniently describes
fatigue cracking in these crenellated plates and allows the behaviour of these plates under cyclic
loads to be compared with the behaviour of the reference, as-received plates subject to the same
conditions.

Based on the present tests and analyses, it is expected that an improvement in the fatigue crack
propagation life of crenellated plates can be as much as 50 - 120 % depending on the configuration
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machined on the parent material and fillet welded plates, and crack arrest is very likely to occur
depending on the crenellation configuration machined on the butt welded plates.

The roles of local microstructural properties, residual stress profiles and K-distribution variations
(due to crenellations) were discussed. The governing micro-mechanism(s) of failure of the plain and
stiffened panels were identified and compared. The regions -where there is a rapid thickness change-
exhibit complex crack fronts which contribute to the retardation of the crack under cyclic loading
conditions. However, the overall cracking mechanism is the same as the mechanism observed in the
un-crenellated, reference plates.

Additionally, a numerical damage model based on strain energy was used to predict fatigue crack
growth in the crenellated plates. In general, the results were conservative. The comparisons
presented are used to identify the future trends in the development of numerical techniques that
should be developed to complement testing. This is imminent especially for the cases, where large
components with various features need to be tested. Given the difficulty and expense of running such
industrial scale test programmes, numerical methods will be crucial for the optimization of the
number of tests that may be necessary.

This work and the conclusions presented are novel, and it was shown that no investigations exists in
the open literature and on-going publicly funded projects, that considers both experimental and
FE-methods to study the effect of crenellations. Furthermore, no previous work -using both
extensive experimental and numerical programmes- has been reported on the role of crenellations on
steels and their weldments.

The results of this thesis are expected to have a significant impact on the existing knowledge and
design as well as methods to extend fatigue life of the welded structures where crack propagation
plays an important role.
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Nomenclature

Roman and Greek Symbols

A elongation
A area
a half crack length
a0 initial crack size
da
dN

crack growth rate with cycles
B section thickness in plane of flaw
BN net specimen thickness of side grooved specimens
C constant in fatigue crack growth relationship
d spacing between the planes in the atomic lattice
d0 stress free lattice parameter
E elastic modulus
E

′
elastic modulus corrected for constraint conditions, E

′
= E for plane stress,

E
′
= E/(1− ν2) for plane strain

F applied load
f frequency of fatigue loading cycle
G strain energy release rate
J a line or surface integral that encloses the crack front from one crack surface to the

other, used to characterize the local stress-strain field around the crack front
Jel value of J determined using an elastic analysis
Jpl value of J determined using a plastic analysis
K stress intensity factor
KI applied tensile (mode I) stress intensity factor
KJ stress intensity factor calculated from elastic J-integral
Kmat material toughness measured by stress intensity factor
Kmax maximum stress intensity factor in cycle
Kmin minimum stress intensity factor in cycle
Kth threshold stress intensity factor
M strength mismatch ratio
m constant in fatigue crack growth relationship
R stress ratio [ratio of minimum (σmin) to maximum (σmax)]
Re yield strength
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Rm ultimate tensile strength
Rp0.2 yield strength at the onset of 0.2% plastic strain
rp cyclic plastic zone size
u displacement
W plate width in plane of flaw
Y stress intensity factor correction
δ crack tip opening displacement (CTOD)
δc CTOD at either: (i) unstable fracture or (ii) onset of arrested brittle crack or pop-in
δmat material toughness measured by CTOD method
ΔK stress intensity factor range
ΔKI cyclic range in KI

ΔKth threshold stress intensity factor range below which fatigue crack growth does not occur
εij strain tensor
Γ contour for integration
μ shear modulus
ν Poisson ratio
λ wave length
σ stress
σij stress tensor
σDi deviatoric stress components
σH hydrostatic stress component
σM von Mises stress
σL
R longitudinal residual stress

σT
R transverse residual stress

θ the angle between the incident ray and the scattering planes

Acronyms

C(T) compact tension specimen
CMOD crack mouth opening displacement
CTOD crack tip opening displacement
EPFM elastic-plastic fracture mechanics
FCP fatigue crack propagation
FTD fracture toughness determination
FEA finite element analysis
HAZ heat-affected zone
LBW laser beam welding
LEFM linear elastic fracture mechanics
M(T) middle cracked tension specimen
PFA progressive failure analysis
RS residual stress
RT room temperature
SEN(B) single-edge notch bend specimen
SIF stress intensity factor
VCCT virtual crack closure technique
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Chapter 1

Problem Definition and Objectives

Fatigue life extension, via the retardation of a growing crack under cyclic loading conditions, has been
an important issue for designers and operators to reduce the cost and to improve the structural safety
of welded structures. The methods to be employed for retarding fatigue crack propagation, needless
to say, should ideally be knowledge-based and practical (i.e. easy to implement, cost effective and
should not lead to weight increase etc.).

To this end, within this study, the methods to improve damage tolerance of welded steel structures
were reviewed and a novel approach based on modifying the distribution of the stress intensity factor
(SIF) via thickness variations or ribs, called as “crenellations”, on one side or surface of the welded
or non-welded plates, was adapted and devised to contribute to the life improvement.

This research programme aimed to gain a fundamental understanding of the mechanisms involved in
the damage tolerance behaviour of laser beam welded steel structures operating, in principle, under
cyclic loading. Particular emphasis was given to describe the crack growth retardation mechanism
using the crenellation technique.

The “crenellations” were introduced on the surface of the steel sheets and plates of medium grade
and high-strength steels with and without laser beam welds. Experiments were conducted to study
and investigate the fatigue response and fatigue crack propagation life of crenellated steel plates. The
aims of both experimental and numerical studies were to explain;

• the level of beneficial effect of crenellations on fatigue crack growth rate and life of different
steel grades with and without laser welds (butt- and T-joints), while optimizing the geometries
using finite element modelling.

• the role of microstructures of the steels (ferritic and quenched and tempered steels), weld zones
and Heat Affected Zones (HAZs) (of high power laser beam) on the fatigue crack propagation
(FCP) in combination with crenellated design.

In this PhD study, the micro-mechanism(s) of crack growth and crack retardation in both laser beam
welded butt-joints and fillet welds of different grades of steel were investigated and results were com-
pared with those of parent materials and numerical results. Investigations focused on fatigue crack
propagation (FCP) under constant amplitude loadings, with cracks growing within (in butt joints) and
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towards (in fillet joints) the fusion zone. The roles of local microstructural properties, residual stress
profiles and K-distribution variations (due to crenellations) were discussed. The governing micro-
mechanism(s) of failure of the plain and stiffened panels were identified.

Numerical analyses were another core element of this thesis, aimed to evaluate the variation in stress
intensity factor with crack length within the panels with various dimensional changes due to crenel-
lations. Therefore, Finite Element Analysis (FEA) was conducted to determine the stress intensity
factor of the crenellated panels and advise optimal crenellation geometries for given boundary condi-
tions. Different steel grades were used for the purpose of performing a sensitivity analysis to observe
the response of different materials to the same mechanical phenomenon.

In summary, the objectives of this PhD programme were:

• the adoption of the novel design approach, “crenellations”, to retard a growing fatigue crack
without increasing the weight of the welded steel components/structures,

• to analyse the change of the crack tip stress state of the crenellated structures via numerical
methods, and

• to investigate the sensitivity of different steel grades to this new design approach by establishing
the performance-property relationship.

According to the open literature and information on the on-going publicly funded projects, there exists
no other investigation using both experimental and FE-methods to study the effect of K-distribution
(due to crenellations) together with microstructure along the crack growth to achieve effective crack
retardation and hence life extension of advanced welded steels both in butt and fillet weld configura-
tions.

No previous work on the role of crenellations on steels and their weldments has been reported using
both extensive experimental and numerical programmes. The results of this thesis are expected to
have a significant impact on the existing knowledge and design as well as methods to extend fatigue
life of the welded structures where crack propagation plays an important role.

This thesis, aiming to contribute to the improvement of damage tolerance of welded and non-welded
steel structures, is structured as follows. Following this introductory chapter, a literature review is pre-
sented in Chapter 2. This covers relevant techniques for the retardation of fatigue crack propagation
under cyclic loading. The literature review also includes the current knowledge and understanding
relating to the analysis of fatigue crack propagation data.

The overall objective of this PhD is to adopt the novel design approach, “crenellations”, to retard
growing fatigue crack without increasing the weight of the welded and non-welded steel compo-
nents/structures. The methodology and approach used to achieve this is reported in Chapter 3. In this
chapter, the concept of crenellations is introduced in more detail. Findings of previous, exploratory
works on crenellated austenitic steels are presented and the evolution of the wide plate testing pro-
gramme in the light of these preliminary results is explained, Sections 3.2 and 3.3.
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Certainly, there was an infinite number of different geometrical patterns, “crenellation” geometries,
which could have been machined on the wide plates to be tested. From the limited, previous experi-
ence, it was known that any crenellation pattern would not prove to be beneficial for the improvement
of fatigue crack propagation life. Hence, a quasi-optimum crenellation geometry was chosen with
the help of the simulation of crack tip conditions via numerical analysis, Section 3.4. The numerical
analyses also helped to understand various aspects of the retardation mechanism, which could not be
detected or observed during the experiments. The numerical work was then taken one step further by
Progressive Failure Analysis (PFA), Section 3.5, to predict the behaviour of crenellated panels sub-
ject to cyclic loading, which requires considerable input from the small-scale material characterization
tests and which is certainly not an alternative to testing but is a very cost effective way of initial design.

When the welded structures are of concern, welding procedure induced residual stresses, as it is
known, should also be taken into account during the fatigue and fracture analyses. Hence, a bench-
mark study was conducted to identify the possible role of residual stresses on the fatigue crack prop-
agation behaviour of crenellated and welded panels. This work programme is also introduced in
Section 3.3.

Following the methodology and approach, the experimental and numerical results generated within
this study are presented in Chapter 4. The results of basic material characterization are presented in
Section 4.2.1, which is followed by the results of the wide plate tests in Section 4.2.2 and residual
stress measurements in Section 4.2.3. The last set of results presented in this chapter are the numerical
analysis results, Section 4.3.

Chapter 5 is devoted to the discussion of all the results generated in this study and the validation
of numerical studies against experiments. The experimental fatigue data generated in this study are
compared with the experimental data available in the open literature and the predictions delivered
by the Progressive Failure Analysis on the tested, crenellated wide plates with the experimental data
obtained from the fatigue crack propagation tests of crenellated wide plates.

The conclusions which can be drawn from the results and various analyses of this PhD can be found
in Chapter 6. With regard to the crenellations in terms of their scientific and technological poten-
tials, it is believed that there will be novel tasks to accommodate the results of this study. Hence,
recommendations for implementations and further work are addressed in Chapter 7.
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Chapter 2

Literature Review

2.1 Introduction

For centuries, fatigue of materials or as Jean-Victor Poncelet described the phenomenon in Metz
(France) in the first half of the nineteenth century in more popular terms, the “tired metals” has been
the focus of researchers in materials mechanics. After Wilhelm Albert published the first article on the
subject in 1838 [1] and after the appearance of railroad axle failures in the following years, scientists
from mainly France, UK and Germany have worked intensively first in order to gain a fundamental
understanding of the problem and consequently to find an ultimate solution to prevent fatigue.

The fatigue life of welded joints is mainly limited by the propagation of a crack originating from
inherent welding flaws or imperfections [2] under the influence of higher local and residual stresses
[3]. Initial effort was made in order to identify and assess fatigue cracks at steel bridges. Further
investigations were directed at the tubular joints of off-shore structures together with the flat plates,
after the exploitation of oil and gas fields in the North Sea. Within the years to come the European
Commission funded many projects aiming to provide design rules for tubular joints and these same
rules were adapted and further developed for application in pressure vessel design and welded, in-
tegral aluminium alloy structures in aviation [4]. International Institute of Welding (IIW) has also
published “IIW Recommendations for Fatigue Design of Welded Joints and Components” [5] for
welded structures which has been widely used since then.

Challenging in-service conditions of welded structures and the development of new welding pro-
cesses, high strength materials and multi-material design defined the new challenges for the design
engineers to overcome. The demand on lighter structures and fatigue life extension of these structures
via retardation of a growing crack under cyclic loading has been an extremely important issue for
designers and operators to reduce the cost and improve the structural safety.

The factors affecting the fatigue crack growth and the application of linear elastic fracture mechan-
ics (LEFM) to analyse fatigue crack propagation (FCP) behaviour of both parent and weld materials
are explained in Section 2.2. Various methods and procedures have been developed for the analysis
of experimental fatigue crack propagation data and the application of fracture mechanics to predict
fatigue failure and FCP properties. A collection of methods that have been proposed to improve the
Paris law by considering different correlating fits and by accounting for R-ratio effects under constant
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and variable amplitude loading conditions are discussed in Section 2.3.

An important issue associated with welded structures is the almost inevitable presence of residual
stresses and weld distortion. The effect of residual stresses on the FCP behaviour of welded struc-
tures is treated usually in a conservative manner in the standards and advisory documents. However,
tremendous advances have been made in the numerical modelling of residual stresses induced by the
welding procedure and in destructive and non-destructive residual stress measurement techniques.
Therefore, Section 2.4 was devoted to the current state of the art of the modelling and measurement
of residual stresses. Additionally, the effect of residual stress fields on the fatigue crack propagation
is discussed briefly in this Section as well.

The weldments are the most critical areas of structures which need to be protected from growing
cracks by retarding or diverting them and/or by taking precautions against crack initiation and growth
in these inhomogeneous zones. To this end, an overview of the existing and recently developed meth-
ods to make welded structures more “Damage Tolerant” is given in Section 2.5.

Subsequently, the novel approach studied in this thesis, the “crenellation” concept, which is based
on modifying the distribution of the stress intensity factor, K, is introduced briefly in Section 2.5.4.
Since this technique and the mechanism of retardation are the essence of this study, the detailed dis-
cussion on the crenellations is left to Chapter 3.

From the analysis of the experimental data generated and collated within the last few decades, a robust
range of standards and codes of practice has emerged to assess the fatigue and fracture integrity of
structures analytically. National and international standards together with the advisory documents
(e.g. BS7910 [219] and FITNET [223] - [224]) provide guidance on the analysis of fatigue crack
propagation via fracture mechanics methods. These are reviewed in the last Section of this Chapter,
Section 2.6.

2.2 Continuum Disturbed by a Crack...
Fracture Mechanics & Mismatch Phenomenon

The engineering structures especially the ones joined by welding are more susceptible to inherent im-
perfections and flaws. The presence of flaws is not associated with the weld zones only but the parent
material may also contain flaws which might lead to catastrophic failures if they are not detected,
analysed and/or the necessary precaution (inspection and repair) is not taken against them.

Hence, this Section covers the fundamental crack driving force definitions of fracture mechanics
such as the stress intensity factor, K, crack tip opening displacement (CTOD) and J-integral, which
are of complementary nature to the fundamentals of linear elastic and plastic continuum mechanics,
and which enable the analysis of structures subject to both static and cyclic loading conditions, see
Sections 2.2.1 and 2.2.2. Additionally, the yield strength mismatch of weldments and its implications
on a fracture mechanics analysis are discussed in Section 2.2.3. However, it should be noted that
the yield strength mismatch is an elastic plastic fracture mechanics parameter but it is necessary to
discuss mismatch at this stage bearing in mind that the fatigue crack propagation path of a welded
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structure is also dependent on the type and degree of mismatch especially for longer crack lengths and
higher cyclic stress amplitude conditions. Finally, the derivation of stress intensity factor solutions by
analytical methods and assessment of K solutions by numerical tools are explained briefly in Section
2.2.4.

2.2.1 Stress Analysis of Cracks

In general, there are two accepted approaches to linear elastic fracture mechanics (LEFM). One of
them is based on the singular nature of the stress distribution at a crack tip and the other on the energy
balance.

The most general formulation of the distribution of stresses in a cracked body can be expressed in
polar coordinates as

σij =
k√
r
fij(θ) +

∞∑
m=0

Amr
m
2 gmij (θ) (2.1)

where σij is the stress tensor, k is a constant and fij is a dimensionless function of θ [6] - [7]. While
the 1/

√
r singularity is observed for each mode, the proportionality constant k and f(θ) depend on

the mode. The second term on the right side of equation (2.1),
∑∞

m=0 Amr
m
2 gmij (θ), is a closed-form

formulation of the higher order terms and the higher order stress terms depend on the geometry.
However, the solution for any given geometry contains a leading term which is proportional to 1/

√
r

through r
m
2 . As r converges to 0, this leading term approaches infinity but the other terms remain

finite or approach zero.

While deriving the stress state in Mode I (tensile), k can be replaced by the stress intensity factor K,
which defines the amplitude of the crack tip singularity and will then be used to assess all components
of stress, strain and displacement as a function of polar coordinates, r and θ,

K =
k√
2π

(2.2)

Making the assumption that the material to be analysed is isotropic, the stress field ahead of the crack
tip can be fully characterised by the general limit problem:

limr→0σ
I
ij =

KI√
2πr

f I
ij(θ) (2.3)

which leads to the following individual stress and displacement solutions after making the necessary
arrangements
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KI√
2πr
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θ

2
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2

)
(2.4)
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KI√
2πr
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2
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)
(2.5)
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KI√
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2
(2.6)
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where σzz = 0 for plane stress and σzz = ν (σxx + σyy) for plane strain,

ux =
KI

2μ

√
r

2π
cos(

θ

2
)

[
κ− 1 + 2sin2(

θ

2
)

]
(2.7)

uy =
KI

2μ

√
r

2π
sin(

θ

2
)

[
κ+ 1− 2cos2(

θ

2
)

]
(2.8)

and where μ is the shear modulus, κ = 3 − 4ν for plane strain and κ = (3− ν) / (1 + ν) for plane
stress. These formulations can be used to conduct an analytical analysis provided that the small scale
yielding conditions are satisfied, provided that r is small compared to the other dimensions of the
specimen, e.g. crack length, thickness and etc.

Turning back to equation (2.1), Williams [7] showed in his work published in 1957, that the crack tip
stress fields in an isotropic elastic material can be expressed in an infinite power series. The leading
term in this equation exhibits 1/

√
r singularity, the second term obtained by setting m = 0 is constant

with r, the third term obtained by setting m = 1 is proportional to
√
r, the other higher order terms

are obtained by setting m = 2...∞ and these terms are proportional to r...r∞.

The third and the higher terms in the Williams solution have positive exponents on r but they all
vanish at the crack tip. However, the second term remains finite. It has been demonstrated that this
second term can affect the plastic zone shape and the stresses deep inside the plastic zone [8]. Thus,
in an isotropic elastic material containing a crack and subject to Mode I loading, the first terms of
equation (2.1) can be written as follows:

σij =
KI√
2πr

fij(θ) + Tδ1iδ1j (2.9)

where δij is Kronecker’s delta and T-stress is the stress parallel to the crack flanks. The T-stress is a
function of the remote stresses applied, geometry, crack size and loading [221], [223]. The value of
T-stress can be calculated from elastic finite-element analysis. The incorporation of the second term
into elastic-plastic fracture mechanics assessments is explained in more detail in codes and standards
such as R6 [221] and FITNET [223].

For the stress state in Mode II (in-plane shear) and Mode III (out-of-plane shear), the stress fields
ahead of a crack in an isotropic linear elastic material take the form:

limr→0σ
II
ij =

KII√
2πr

f II
ij (θ) (2.10)

and

limr→0σ
III
ij =

KIII√
2πr

f III
ij (θ) (2.11)

similarly to equation (2.3). It should be noted that the individual contributions of tension, in-plane
shear and out-of-plane shear stresses to a given stress component are additive in a mixed-mode prob-
lem:

σtotal
ij = σI

ij + σII
ij + σIII

ij (2.12)
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As stated earlier, the second approach to LEFM is based on the energy balance. For linear elastic
materials, the Mode I stress intensity factor, KI , is related to the elastic strain energy release rate, G,
through:

G =
K2

I

E ′ (2.13)

where E
′
= E for plane stress and E

′
= E/(1− ν2) for plane strain condition. E and ν are Young’s

modulus and Poisson’s ratio, respectively. In the presence of all three modes of loading, the energy
release rate is given by:

G =
K2

I

E ′ +
K2

II

E ′ +
K2

III

2μ
(2.14)

The contributions to the energy release rate from the three modes are additive, as the energy release
rate is a scalar quantity. However, the total stress intensity factor or in other words the effective stress
intensity factor is calculated from:

Keff =
(
K2

I +K2
II +K2

III1− ν
)0.5

(2.15)

The observations presented above are valid for linear elastic materials. However, in ductile mate-
rials a plastic zone is present at the crack tip. Its size can be correlated with the linear elastic KI

incorporating the yield strength as material property as Irwin suggests [6].

rY =
1

2π

(
KI

Rp0.2

)2

(2.16)

which is the first approximation of the plane stress plastic zone. This formulation allows small crack
tip plasticity but if the plastic zone at the crack tip becomes large compared to the crack length or other
geometrical dimensions of the cracked structure, the stress and strain fields are no longer characterised
by the linear elastic stress intensity factor, K. For the consideration of these elastic-plastic conditions,
two additional parameters controlling fracture are introduced in Section 2.2.2.

2.2.2 Elastic Plastic Fracture Mechanics

Introduction of the stress intensity factor, K, was a milestone in fracture mechanics. However, emerg-
ing advanced materials, especially the ductile structural steels, were too tough to be characterised by
LEFM. Wells’ two observations during the experiments in 1956 were that the plastic deformation
blunted an initially sharp crack and the degree of crack blunting increased in proportion to the tough-
ness of the material. In order to quantify these phenomena, he introduced a new parameter, the Crack
Tip Opening Displacement (CTOD). Equation (2.17) represents its calculation from the material
properties and the link between LEFM and elastic plastic fracture mechanics (EPFM).

δ = 2v =
4

π

K2
I

Rp0.2E
(2.17)

where δ is the CTOD, see Figure 2.1. CTOD can be derived alternatively using Dugdale’s strip
yield model which assumes plane stress conditions and a perfectly plastic material, [6]:

δ =
K2

I

Rp0.2E
(2.18)
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Equation (2.18) differs from (2.17) by a factor 4/π. For the case of an ideally plastic material, the
relationship between CTOD and KI can be written as:

δ =
K2

I

mRp0.2E ′ (2.19)

where m is a dimensionless constant differing depending on the material and according to the stan-
dard or best practice guide chosen, E ′ = E for plane stress and E ′ = E/ (1− ν2) for plane strain.

δ

Sharp crack

Blunted crack

Figure 2.1: Crack Tip Opening Displacement (CTOD). An initially sharp crack blunts with plastic
deformation

Subsequently, Rice introduced another analytical EPFM parameter, the path independent J-Integral,
[13], expressed by:

J =

∫
Γ

(
Wdy − Ti

∂ui

∂x
ds

)
(2.20)

where Γ is the integration path around the crack tip, Ti are the components of traction vector, ui are
the displacement vector components, and ds is the length increment along the contour Γ. The strain
energy density, W per volume is:

W =

∫ εij

0

σijdεij (2.21)

where σij and εij are the stress and strain tensors respectively. The traction vector can be defined as:

Ti = σijnj (2.22)

where nj are the unit vectors normal to Γ. The J-Integral can also be assessed by experiments, if the
load - load line displacement curve is available [249], [252].

In the structural integrity assessment procedures, both parameters are used. However, the trend in the
fracture integrity assessment is to develop J-based procedures, i.e. it is intended that the latest edition
of British Standard BS7910 -one of the most widely used fracture mechanics assessment standards-
planned to be published towards the end of 2012 will be J-based but will include guidance on how to
convert CTOD into material’s fracture toughness Kmat. If CTOD or J-integral is known, it is very
easy to convert them into material’s fracture toughness using the correlations below:

δ =
1

mRp0.2

J (2.23)
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Kmat =

√
mRp0.2δmat

E

1− ν2
(2.24)

Kmat =

√
JmatE

1− ν2
(2.25)

where m is the dimensionless constraint factor discussed above.

2.2.3 Strength Mismatched Welds

In engineering metallic structures, welded joints can be locations of crack initiation due to inherent
metallurgical, geometrical defects as well as heterogeneity in mechanical properties and presence of
residual stresses. Particularly, during the last three decades, studies by various researchers, pioneered
by M. Toyoda from Osaka University since the 1970s, have clarified the significance of the mechani-
cal heterogeneity (weld strength mis-match) on the structural performance of load bearing structures.
Toyoda et al. has been working on the topic of weld joint heterogeneity in connection with various
aspects of the deformation and fracture of welded structures since over three decades [14]-[28]. While
the former studies of Toyoda concentrated on the identification and explanation of the phenomenon,
Kocak et al. focused on the quantification of it in the 1980s.

In 1985, Kocak et al. introduced a new, weld specific fracture mechanics parameter called the Mis-
match factor, M , [29]-[33]. This parameter was described as the ratio of the yield strength of the
weld material (WM) to the yield strength of the parent material (PM), see equation (2.26):

M =
RWM

p0.2

RPM
p0.2

(2.26)

The strength mismatch phenomenon was the topic of two international conferences, Mismatch ’93
[32] and Mismatch ’96 [33] where various aspects of the weld strength mismatch were addressed.

However, this new parameter, M , served as a quantitative measure and in 1999 well established rules
to incorporate it into the structural integrity assessment procedures were published after the comple-
tion of the EU-project SINTAP (Structural Integrity Assessment Procedures for European Industry),
[34]. In 2001 while updating R6 (British Energy’s Assessment of the Integrity of Structures Contain-
ing Defects), this new assessment route accounting for the local properties of a structure was included
as an alternative approach for fracture integrity assessment in Section III.8, [221].

With the help of the mismatch factor, three cases can be distinguished. In the case where the yield
strength of the weld metal is greater than the yield strength of the parent material, the heterogeneous
system is designated as “Overmatching”. If the yield strength of the parent material is greater than
the yield strength of the weld material, the heterogeneous system is “Undermatching”, and the me-
chanical system is defined as “Matching”, if the yield strengths of the parent and the weld materials
are nearly the same.

The implication of “Mismatch” on the fracture behaviour of a heterogeneous system can be seen in
residual strength tests where gross section yielding is likely to occur provided that the crack length is
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short and the plastic strain is concentrated in the parent metal for ’Overmatching Welds’, and where
strain concentration will occur in the weld metal and a higher level of weld toughness will be required
to prevent fracture initiation from a pre-existing defect in the weld metal for “Undermatching Welds”,
see Figure 2.2.

YSW

W
YSW

YSW

YSW
YSW

Homogeneous

Parent material

Plastic zone

Over-match

Over-match

Under-match

Under-match

RWM
p0.2

RWM
p0.2

RWM
p0.2

RPM
p0.2 < RWM

p0.2

RPM
p0.2 < RWM

p0.2
RPM

p0.2 > RWM
p0.2

RPM
p0.2 > RWM

p0.2

2H

PMPM

PMPM

LBW Steels LBW Al-alloys

Figure 2.2: Schematic description of crack tip plasticity due to weld strength mis-match [35]

The fatigue crack propagation path of a welded structure is also dependent on the type and degree of
mismatch especially for longer crack lengths and higher cyclic stress amplitude conditions. In sys-
tems demonstrating overmatching characteristics the crack initiating in a weld region may grow under
quasi-static loading in the parent material provided that a narrow weld zone (like in laser beam weld)
is available, which is a more preferred situation, while the same crack growth in the weld material
will not leave the weld or the fusion zones in undermatched systems. This is particularly true for laser
beam welds. However, under LEFM dominated, K-governed cyclic conditions the size of the plastic
zone is small. Hence, the existence of neighbouring material property may not be noticed by the crack
tip process zone.

Power beam welding technologies like laser beam welding were improved significantly in recent years
but the assessment of welds manufactured by these advanced technologies using standard fracture
integrity assessment procedures is still not very straight forward due to the very narrow weld zone
with high mechanical property heterogeneity, which causes difficulty in the determination of local
mechanical properties like fracture toughness, Figure 2.3.
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a) Conventionally welded shipbuilding steel (grade A235 )

b) Two side laser beam welded AISI 304 stainless steel and one side welded EMZ 450 off-shore steel

Figure 2.3: Examples of conventionally welded and laser beam welded steels

Due to the relatively high consumption of steel compared to other metals and its wider application
potential in key industries like energy, shipbuilding etc., the overmatching systems manufactured by
laser beam welding are in the focus of structural integrity research. In the last decade the EU-Projects
like ASPOW (Assessment of Quality of Power Beam Welded Joints) [36] and L-SHIP (Laser Welding
in Ship Construction) [37] contributed to overcoming of the lack of knowledge in the field of laser
beam welding of steels by addressing these needs.

Laser beam welding (LBW), which was used for the manufacturing of welded specimens of this study,
is a high speed process and causes very low distortion but the major challenge of this process is the
efficient control of the mechanical properties of the weldment. Typically 1-3 mm wide welds are
the reason of abrupt changes in properties across the weld, Figure 2.3. While in conventional welds
the mechanical performance is often controlled by the properties of the Heat Affected Zone (HAZ),
the Weld Metal (WM) dominates mechanical properties of laser welds and hence performance of the
structure. Since filler wires are usually not used in LBW of steels, it is also not possible to control
mechanical properties of the weld metal by alloying via consumables.
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The suitability of various steels for LBW process was examined [38] and a recommendation for the
weldability of C-Mn steels was made defining the maximum carbon equivalence as 0.38%. So, when
laser beam weldability of a steel is ensured metallurgically and the high overmatch ratio M (e.g. 2-3)
as a result of the process is achieved, it is inevitable that weld zones become unfavorable locations for
fatigue crack initiation and propagation when subject to cyclic loading.

For the experimental programme of this study, similar laser beam welds of S420M mild steel and
S690QL high-strength steel were manufactured. The basic mechanical properties of these welds were
determined using small scale tests and high cycle fatigue tests carried out on large panels containing
laser beam welds in butt and fillet configurations.

2.2.4 Background to the Assessment of Stress Intensity Factor Solutions

Stress intensity factor, K, solutions, without which it would not be possible to analyse various failure
mechanisms including FCP, can be obtained by means of analytical and numerical methods. Before
introducing the numerical methods and discussing their advantages, analytical methods will be ex-
plained first since the numerical approaches used extensively today are based on discretisation of the
analytical formulations introduced nearly a century ago [39].

Equations of two-dimensional elasticity can be formulated in terms of complex variables. The advan-
tage of this formulation is that it allows application of powerful methods of analytic function theory
and conformal mapping. Hence, considering the equilibrium equations in cartesian coordinates;

∂σx

∂x
+

∂τxy
∂y

= 0 (2.27)

∂σy

∂y
+

∂τxy
∂x

= 0, (2.28)

and assuming elastic material behaviour and σx = ∂2Φ
∂y2

, σy = ∂2Φ
∂x2 when necessary arrangements are

made, the following equation is found
∇2(∇2Φ) = 0 (2.29)

where Φ is the Airy stress function. For the solution of this equation, Muskhelishvili [40] suggested
that the solution should be either the real or the imaginary part of

F = z∗φ(z) + χ(z) (2.30)

where z = x+ iy and z∗ = x− iy. For a crack propagating in the x-axis, Westergaard [41] suggested
a one-function approach for use in Mode I crack analysis,

Φ = ReZ̄(z) + yImZ̄(z) (2.31)

Furthermore, Westergaard’s solution to one of the crack problems was Z(z) = σ√
1−(a/z)2

. With the

help of previous works of Griffith [42] and Inglis [43], the final solution, K = KI = σ
√
πa, could be

found for an infinitely long plate.
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Another approach for assessing the stress intensity factors is the use of the whole stress field for the
cracked component, rather than the complex formulation of the crack tip conditions. This indirect
approach is attractive since it demands less accuracy of the stress field in the vicinity of the crack
tip. The J-Integral method [13], which is used within the scope of this thesis, the weight functions
method [44] and the compliance method are examples of this approach.

Alternatively, for a specimen, that can be modelled using beam or plate theory, if the energy or the
stiffness of the structure can be determined as a function of the crack length or the area, the energy
release rate and hence the Mode I stress intensity factor can be computed [6], [9].

Unfortunately, K cannot always be derived from a closed-form crack stress field solution. In such
cases, the results of a finite element analysis like displacement, stress or global energy can be cor-
related in accordance with the respective formulae to find the stress intensity factor of the structure
for a given crack length. Then this procedure can be repeated till LEFM-EPFM boundary is reached
and fitting a curve to the collection of solutions for various crack lengths delivers the closed-form K
formulation.

2.3 Analysis of Fatigue Crack Propagation

In the 1960s, various research groups approached the construction of a spacecraft by assuming that the
essence of the mechanical challenge is to improve the damage tolerance. As a consequence, analysis
of experimental fatigue crack propagation data and then prediction of propagation behaviour follow-
ing the analysis became the hot topics of the time.

The preliminary effort was made in order to understand the nature of growing fatigue cracks based
on the movement of dislocations in the continuum which act as stress raisers. Weertman and Lardner,
independent of each other, extended the theory of continuously distributed infinitesimal dislocations,
introduced by Bilby et al. [45]-[46], to the rate of growth of fatigue cracks [47]-[48]. F. Erdogan’s
report on the crack propagation theories was one of the pioneering source documents discussing the
problem from the viewpoint of continuum mechanics and classical thermodynamics for brittle and
quasi-brittle solids [49]. His report covers Barenblatt’s concept of the modulus of cohesion together
with its weaknesses and further introduces the energy balance at the periphery of the propagating
crack based on the first law of thermodynamics stating that the crack will propagate along a surface
showing the least thermodynamic resistance. As the second thermodynamic postulate for propaga-
tion, the energy exchange process in the neigbourhood of the crack periphery is discussed and the
difficulties in application are explained. After reviewing all the continuum theories of fatigue crack
propagation aiming to relate the growth rate with external loads, crack dimension and material prop-
erties, he concludes that the research field is still in its primitive stage in 1967.

However, the application of LEFM to the description of fatigue crack growth rate was the turning
point of damage tolerance research. Many empirical relations for the crack rate as a function of stress
amplitude, stress-cycle asymmetry, crack length, geometry of loaded body, loading forces and ma-
terial parameters were proposed [50]. Paris and Erdogan found a very simple and elegant way of
exhibiting the FCP behaviour of aluminium specimens by fitting an exponential curve to the stable
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propagation phase [50]. This formulation is still the most widely used analysis option and together
with its modified form, introduced by Newman in 1981 later adopted by NASA and named as the
NASGRO equation [51] - [52], they are today’s dominating analysis tools.

Besides the Paris law, within the last 40 years many more formulations aiming to consider the tran-
sition from the stable fatigue propagation regime to unstable crack propagation, see Figure 2.4, com-
bining the effect of fatigue-fracture toughness together with the hardening of the material or aiming
to consider the transition from the threshold/initiation regime to stable crack growth were introduced
[53] - [55]. The work of Walker [56], Forman [57], Collipriest [58], McEvily [59], Frost et al. [60],
Zheng [61], Wang [62], Miller [63]-[65] are only some examples of them, the details of which can
be found in various textbooks, [6]-[12], and original articles of the authors. Another interesting work
on the generalisation attempts of Paris Law by Pugno can also be found in [66]. Within recent years,
numerous new approaches were developed for the analysis of FCP, the work of Kohout [67], Pommier
[68], Noroozi [69], Yao [70] and Farahmand et al. [71] are only some examples of them.
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da/dN = C(ΔK)m
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da/dN = C2(ΔK)m2

Figure 2.4: Linear and bi-linear FCP relations

In all of these formulations, the fatigue crack propagation is assumed to be taking place under small-
scale yielding conditions. Since fatigue crack propagation under large-scale yielding conditions can-
not be described with a LEFM parameter anymore, the parameters of nonlinear fracture mechanics
are to be employed as proposed in the studies of Weiss [72], Dowling et al. [73] [74], Tomkins [75],
Schwalbe [76], Nichols [77] and Skelton et al. [78].
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It should be emphasized once again that today the Paris Law and NASGRO equation are of great
importance due to their simplicity and well-studied parameters for the evaluation of fatigue data.
Hence, they will be discussed in more detail in Sections 2.3.1 and 2.3.2.

2.3.1 Paris Equation

A non-welded component spends the major part of its life in the short crack domain or near threshold
part of the long crack domain. However, for welded components, the power law regime of fatigue
crack propagation is still of considerable interest due to the presence of weld imperfections and inher-
ent flaws. Considering that the detectability limit of non-destructive examination (NDE) techniques
for large-scale structures is rather in the millimeter range, it is not wrong to assume that cracks in
welded components are not short cracks. Erdogan and Paris’ equation correlating the crack growth
rate da/dN with the stress intensity factor range ΔK, see equation (2.32) is still the most widely used
and most studied approach for analysing FCP

da

dN
= C (ΔK)m (2.32)

where C and m are empirical constants called the power law coefficient and the Paris exponent. Sev-
eral modifications of equation (2.32) have been proposed [79]. For accounting for the crack closure
effects, Elber suggests substitution of the ΔK in the Paris equation with an effective value of the
stress intensity factor range ΔKeff [80]. In order to consider the effect of the material systems more
explicitly, it was suggested that the ΔK term should be replaced with ΔK/E [81].

However, before examining various new formulations, the Paris equation itself should be studied well
because this curve fit is not as simple as it seems to be. Shortly after the publication of the Paris
equation, the discussions focused on the statistical aspects of the C and m constants. Kitagawa [82],
Tanaka et al. [83] and Yarema [84] proved that both C and m are random variables and they are
mutually dependent.

In 1981, Barenblatt et al. [85] conducted a more systematical statistical examination leading to the
conclusion that the crack growth rate in the Paris regime is influenced by the following three main
group of variables; (i) the nature of the loading, (ii) material properties and (iii) specimen size, in
addition to the stress intensity factor range, and these factors are already incorporated into the Paris
equation in the form of the C and m constants.

For commencing a dimensional analysis, Barenblatt et al. assumed that nine independent variables
affecting the FCP rate exist and the propagation rate is governed by ΔK, asymmetry ratio of the
loading R, frequency of cyclic loading f , time t, cyclic yield strength σcy, fracture toughness KIc

and threshold Kth, the derivative governing the rate of strain hardening of the material dσcy/dN and
thickness of the specimen h. They identified the correlation between those parameters but using the
incomplete self-similarity method of dimensional analysis since a complete self-similarity analysis
suggests that m should always be equal to 2, which is not the case [86]. By the help of this approach,
they stated how and to what end the equation constants are affected by the nine independent variables.
In the last years, Botvina and Barenblatt’s theoretical work has attracted the attention of many scien-
tists and they re-analysed, validated and generalised this approach [87], [88].
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However, within the last twenty years, it was reported that the FCP behaviour of some newly devel-
oped ferritic offshore steels and their weldments does not obey the Paris equation. A HSE report [89]
reviewing the FCP rates and fatigue thresholds in austenitic, structural and high-strength steels operat-
ing in air environment including the results of a very comprehensive testing matrix conducted within
the USKOSRP II project coordinated by TWI Ltd. (Cambridge, UK) states that a bi-linear propaga-
tion regime is observed as can be seen in Figure 2.4 b). For the examination of this behaviour, the tests
were conducted at various R ratios on structural and pipeline steels exhibiting a yield strength smaller
than 450 MPa and other weldable steels exhibiting a yield strength greater than 450 MPa. In 1999, the
general conclusions obtained by analysing these tests were incorporated into the British Standard BS
7910 recommending two different C and m constants for each part of the stable propagation regime,
see Section 2.6.

2.3.2 NASGRO Equation for the Analysis of Fatigue Crack Propagation Data

The NASGRO approach, also known as the Forman-Mettu approach, can describe the complete sig-
moidal shape of the da/dN vs. ΔK relationship and includes the effects of stress ratio, mean stress
level and other important parameters explicitly [52]. This rather sophisticated formulation is advan-
tageous if very detailed materials data are available. Forman, Newman, Shivakumar, de Koning and
Henriksen contributed to the development of a new formula, which was first documented by Forman
[51] as

da

dN
= C

[(
1− f

1− R

)
ΔK

]n (
1− ΔKth

ΔK

)p
(
1− Kmax

Kc

)q (2.33)

where a is the crack length, N is the number of cycles applied, R is the stress ratio, ΔK is the
stress intensity factor range, and C, n, p and q are the empirically derived material constants. Critical
stress intensity factor is Kc, threshold stress intensity factor is ΔKth and the crack opening function
is denoted by f . The crack opening function f for plasticity-induced crack closure introduced by
Newman is defined by:

f =
Kop

Kmax
=

{
max(R,A0 + A1R + A2R

2 + A3R
3) R ≥ 0

A0 + A1R −2 ≤ R < 0
(2.34)

and the coefficients of (2.34) are:

A0 =
(
0.825− 0.34α+ 0.05α2

) [
cos

(π
2
Smax/σ0

)]1/α
(2.35)

A1 = (0.415− 0.071α)Smax/σ0 (2.36)

A2 = 1− A0 − A1 −A3 (2.37)

A3 = 2A0 + A1 − 1 (2.38)

Here α is a plane stress/strain constraint factor, and Smax/σ0 is the ratio of the maximum applied
stress to the flow strength. Values of α range from 1, corresponding to a plane stress condition, to 3,
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corresponding to a condition of plane strain.

The threshold stress intensity factor range, ΔKth, can be approximated by the following empirical
equation:

ΔKth = ΔK0

(
a

a+ a0

)0.5

/

(
1− f

(1−A0)(1−R)

)(1+CthR)

(2.39)

where ΔK0 is the threshold stress intensity factor range at R = 0, Cth is an empirical constant, and
a0 is an intrinsic crack length that is assigned a fixed value of 0.0381 mm. The parameter CthR is the
cut-off stress ratio above which the threshold is assumed constant.

Kc is a quasi-fracture toughness value used to describe the acceleration of the crack growth rate
at high ΔK values. Its value is determined from the calibration procedure for the parameter in the
Forman-Mettu crack growth equation. It is possible to apply so-called Kc values, which are a function
of thickness, part-through fracture toughness (KIe) or any other available fracture toughness (Kc)
values, where possible. The following relationship developed by Vroman in the 1980s [90] can be
applied to describe the relationship between fracture toughness of the material Kc and thickness

Kc/KIc = 1 +Bke
(−Akt/t0)

2

(2.40)

where Ak = 5 and Bk = 1 can be assumed and t0 = 2.5(KIc/Rp0.2)
2.

Alternatively, a strain energy based damage model can also be used for the prediction of fracture
toughness as a function of thickness. In the 1990s Farahmand et al. proposed a novel technique for
the prediction of fracture toughness as a function of thickness from the stress strain curve of the ma-
terial [91], [92] and [71].

According to the energy balance approach, known as the Griffith theory of fracture [42], the quan-
titative statements of critical conditions at the crack tip and at the onset of fracture can be stated as
follows for brittle materials or for materials obeying the Hook’s law

∂

∂a
[UE − US] = 0 (2.41)

where UE is the energy per unit thickness available to create the new crack surfaces resulting from a
through thickness crack of length 2a in an infinite plate subject to the tension stress, σ, normal to the
crack plane

UE = (πσ2a2)/E

and US is the elastic surface energy defined as the energy consumed per unit thickness in creating the
new crack surfaces

US = 4aT

T being the surface tension of the material, which is the work done in breaking the atomic bonds.
If equation (2.41) stating the energy balance is worked out, the equilibrium condition for an infinite
plate containing a through thickness crack of 2a length can be given as

πσ2a

E
= 2T (2.42)
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The left side of this equation is the elastic energy release rate, G, and the left side of this equation is
the energy absorption rate for the creation of two new surfaces

G = πσ2a/E = K2/E (2.43)

As discussed in Section 2.2.1, the energy release rate and the elastic fracture mechanics parameter,
the stress intensity factor, K, are linked together through equation (2.13).

In 1948 and 1949, Irwin [93] and Orowan [94] extended the energy balance approach of Griffith to
plastic materials by introducing the energy consumed per unit thickness in plastic straining in the
region at the crack tip, UP , to characterize the behaviour of ductile materials via the expression below

∂

∂a
[UE − US − UP ] = 0 (2.44)

If the surface energy term in this equation is set to zero, as the plastic straining energy per unit
thickness is much greater in ductile materials at the onset of fracture, equation (2.44) can be rewritten
as

∂

∂a
[UE − UP ] = 0 (2.45)

From this equation, the critical stress intensity factor is calculated as

Gc =
K2

c

E
(2.46)

In the 1990s, the Irwin-Orowan equivalent of the Griffith energy balance equation has been further
improved and the total energy per unit thickness absorbed in plastic straining of the material around
the crack tip, UP , has been expressed as the sum of two different constituents

UP = UF + UU (2.47)

where UF and UU are the energy absorbed per unit thickness in plastic straining of the material beyond
the ultimate tensile strength at the crack tip and below the ultimate tensile strength near the crack tip.
Where UF and UU designate on the stress-strain curve and in the vicinity of the crack tip can be seen
in Figures 2.5 and 2.6 respectively.
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Figure 2.5: Regions of stress-strain curve, adapted from [91]
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Figure 2.6: The two crack tip plastic zones, adapted from [91]

If the total energy per unit thickness absorbed in plastic straining of the material around the crack tip,
UP , given in equation (2.47), is incorporated into the energy balance equation of Irwin and Orowan,
equation (2.44), the following partial differential equation is obtained

∂

∂a
[UE − US − UF − UU ] = 0 (2.48)

Substituting UE and US with (πσ2a2)/E and 4aT respectively and deriving equation (2.48) with
respect to a leads to

πσ2a

E
= 2T +

∂UF

∂a
+

∂UU

∂a
(2.49)

The left-hand side of this equation is the energy release rate. The first term on the right-hand side of
this equation is the derivation of surface energy per unit thickness required for creating new crack sur-
faces. The other two terms on the right-hand side are derivations of the energy absorbed in straining
beyond and below the ultimate tensile strength of a ductile material. If the contribution of the energy
required for creating new crack faces is set to zero as in equation (2.45), it can be seen that the strain
energy release rate will be equal to the energy absorbed in the course of straining. The advantage of
this formulation is that it allows consideration of different deformation phases up to final failure more
explicitly.

Further details of this equation -used in the determination of fracture toughness from stress-strain
curves- including the derivation and explicit formulation of ∂UF

∂a
and ∂UU

∂a
can be found in [91] and

[92].

2.4 Weld Residual Stresses and Their Influence on Fatigue Crack
Propagation Behaviour

Weld residual stress fields have an effect on the fatigue crack initiation. They also affect the FCP by
accelerating or retarding the crack propagation depending on the tensile or compressive nature of the
dominating residual stresses in the vicinity of the crack tip. However, the magnitude of the residual
stress field ahead of the growing crack will also be influenced by the cyclic loading (shake-down ef-
fect) and the presence of the crack which causes relaxation of the stress field. Therefore, the influence
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of the residual stresses on the growing fatigue crack exhibits a different mechanism than its effect on
crack initiation. Nevertheless, the presence of tensile residual stress fields should be considered as
harmful for the FCP rate and effort should be made to reduce the magnitude of tensile residual stress
fields via selection of lower heat input welding processes, [95],[96], such as laser beam welding.

Control of weld residual stresses and distortion is a vital task in welding manufacturing. However,
first of all, the origin of the residual stresses and allied distortion should be identified. The conclusion
of many researchers working in this field since 1930s has been that the weld residual stresses and dis-
tortion occur as a result of the shrinkage in the weld metal and its adjacent base metal during cooling.
Non-uniform cooling during welding usually results in a complex distribution of residual stresses in
the joint region and undesirable deformation or distortion of the welded structures, which is caused by
the solidification shrinkage of the weld metal, non-uniform thermal expansion and contraction of the
parent metal, the internal constraints of the structure being welded or the external structural restraints
of fixtures used in a welding operation, [97], [98].

This conclusion has led to the development of the “inherent shrinkage model” [99],[100]. The model
suggests that incompatible thermal strains resulting from the non-linear temperature distributions will
generate mechanical strains and these mechanical strains will lead to incremental plastic strains in
the weldment if yielding occurs. The incremental strains accumulating over the period of welding
procedure will result in the final cumulative plastic strains governing the final state of weld residual
stresses and distortion. Hence, engineering approaches to estimate welding-induced residual stresses
or distortion were established to correlate plastic strains and other variables associated with welding
process and weld geometry.

Furthermore, recent developments in the measurement techniques have made precise determination of
weld residual stresses possible which can affect fatigue and fracture failure mechanisms detrimentally.
But before discussing the effect of residual stresses on the mechanical performance of structures, first
measurement and modelling techniques are discussed in Section 2.4.1. Priority is given to the residual
stresses and their influence on the FCP behavior of a growing crack along the weld seam under cyclic
loading in Section 2.4.2 and a novel method for introducing compressive residual stresses, namely
“mechanical tensioning”, is discussed in Section 2.4.3.

2.4.1 Measurement and Modelling of Weld Residual Stresses

Many different methods for the measurement of residual stresses have evolved within the last thirty
years. Methods such as “Hole Drilling”, measuring the degree of relaxation of undisturbed and lo-
cally machined specimens, and “Compliance Methods”, involving cutting a small slot to monitor the
relaxation of stress in the vicinity of the crack using strain gauge interferometry, are classified as
destructive methods [101]. The favorable methods are certainly the non-destructive ones, especially
diffraction-based techniques.

The diffraction methods are able to quantify the distances between atomic planes very accurately, and
thereby provide a non-destructive probe for elastic strain and thus stress characterization. They are
based on the simple principle that if the residual strain, which can be quantified by the formulation
of Bragg through the knowledge of the incident wavelength and the lattice parameter of the material,
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can be measured, this elastic strain can be converted into a stress equivalent [102]-[103].

In the 1920s laboratory based X-ray measurements have been used for the determination of strains.
However, the major constraint of laboratory based X-ray techniques was the lack of penetration ca-
pability into typical industrial polycrystalline materials. More specifically, the technique was limited
to penetrations of a few tens of microns. For a better penetration, the surface of the specimen should
have been removed and that would require a post-correction of the measurement [102].

Today this shortcoming and the further limitations of laboratory based X-ray techniques have been
overcome by the development of neutron diffraction and energy dispersive synchrotron X-ray diffrac-
tion techniques, which have been the most widely used methods for the determination of residual
stresses on welded metallic structures. Neutron diffraction techniques are limited in spatial resolu-
tion, e.g. 0.5 mm spatial resolution is generally not achievable in normal timescales. However, they
provide the advantage of a better three-dimensional definition of the gauge volume when tri-axial
stress fields are expected and the penetration power is of the order of centimetres. The synchrotron
X-ray diffraction technique is the preferred choice for two-dimensional geometries e.g. thin-walled
structures and light alloys due to the high flux and excellent beam definition in millimeter- to micron-
size sampled gauge dimensions. Furthermore, the high intensity and the high collimation of the
synchrotron beam increases the data acquisition rates [103]-[106].

While the measurement techniques for residual stresses have been evolving, in the meantime mod-
elling of residual stresses and use of measurement data for the calibration of models have been effec-
tive and complementary methods. However, due to the large number of variables involved in welding,
e.g. solidification, liquid metal thermodynamics, material softening, non-linear heat conduction, ther-
mal contact to jig etc., the residual stresses caused by welding cannot be predicted a priori [107].
Consequently, neglecting e.g. the behaviour of the weld or simplifying the heat input, the process
physics is simplified.

For predicting the weld residual stresses and distortion in large-scale engineering structures in a prac-
tical manner, finite element analysis (FEA) models using the advantage of their capability of meshing
two-dimensional and three-dimensional elements enabling a hybrid analysis for a detailed thermal
elastic-plastic analysis with a moving heat source have been developed. The limitations and merits of
these commercial softwares, like ABAQUS, SYSWELD, VFT or SDPS, and the various modelling
strategies can be found in countless articles [99], [108]-[121].

Certainly, monitoring the thermal history during welding procedure using thermo-couples and feeding
this weld specific information back into the thermal finite element analysis for calibration purposes
together with material properties and various welding parameters (such as process efficiency, welding
speed and etc.) is the most accurate way for starting to predict the residual stresses numerically. Since
the peak temperature distribution is uniquely related to the longitudinal inherent shrinkage strains
along the weld except in the start and stop areas, they can be used to calibrate the finite element
models leading to accurate and reliable simulations. The next step in the analysis of this temperature
driven mechanical problem is to run the mechanical finite element analysis to calculate the welding
procedure induced residual strains and stresses [122]. This modelling strategy is definitely an accu-
rate method for predicting the residual stresses but it should be noted that gathering thermal history
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of each welding procedure may not be possible due to various reasons including accessibility of the
location and lack of resources. Material properties, particularly stress strain curves of materials as a
function of temperature ranging from ambient to melt, may also be difficult to generate.

Furthermore, the effect of phase-transformations occurring at the weld region and in the vicinity of
the weld can also be incorporated into the residual stress predictions. This exercise increases the ac-
curacy of the modelling problem but the complexity of it as well [117], [123].

Alternatively, there are two relatively simple methods for introducing residual stresses in the finite
element framework, if the residual stress measurement results are available. The first one is known as
the “eigenstrain approach” [124]. If the residual stresses are known throughout the components, the
eigenstrain, ε∗, can be calculated from

ε∗ = −C−1
ijkl σ

RS
kl (2.50)

where σRS is the measured residual stress and C is the elastic tensor. As denoted in this equation,
the eigenstrain is the cause of elastic residual strain and hence stress. Eigenstrain is an inelastic strain
and it is non-uniform [112], [113]. However, once the measurement results are available, there is no
need to consider the non-linear thermal procedures contributing to the evolution of eigenstrain and
the calculated eigenstrain field can be introduced to the finite element model using the subroutines in
commercial finite element analysis packages, such as the UEXPAN subroutine of ABAQUS [125].

The second approach, which can be taken for modelling, is direct reading of residual stresses in the
presence of experimental data. The subroutines in commercial finite element analysis packages, such
as SIGINI subroutine of ABAQUS [125], allow definition of initial stress fields at particular locations
such as welds and the vicinity of welds. Both eigenstrain and direct reading methods are employed
widely for the incorporation of residual stresses into the finite element models.

However, if the welding procedure specific peak temperature distributions are not available and if
there is also no experimental data characterising the residual stress distribution, the peak magnitude
of residual stresses can be assumed to be equal to the yield strength of the parent material and subse-
quently a yield magnitude pressure can be applied on the faces of a crack for the numerical assessment
of stress intensity factors arising from residual stresses in the frame of a fracture mechanics analy-
sis. This is obviously a quite conservative assumption, which will consequently lead to conservative
estimates of stress intensity factors due to residual stresses. Hence, where possible, effort should be
made to reduce the conservatism by gather welding procedure related data and generating accurate
material properties to be used as input parameters of a simulation or to measure the residual stresses
with an appropriate method.

In conclusion, the purpose of modelling should not be considered only as a predictive tool trying
to quantify weld residual stresses and distortion, since precise prediction of residual stresses is of-
ten a very difficult task to accomplish, especially for large-scale structures or welding fabrication in
different production environments. All modelling studies should be regarded as a good numerical
approach for generating parametric knowledge and for reducing the number of trials via optimisation
of welding parameters.
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2.4.2 Significance of Residual Stress Fields in the Assessment of Weldments

The influence of microscopic weld defects or inherent flaws on the strength and failure mode of struc-
tures has been studied extensively. However, the role of residual stresses on the failure of welded
structures has received little attention due to the historical difficulties in their measurement and pre-
diction. Recent advances in technology, see Section 2.4.1, have made the precise determination of
residual stresses possible, leading to their further incorporation into the structural integrity assessment
procedures [95]. Within this section, the influence of residual stresses on the failure of structures due
to fatigue crack propagation is discussed, while better established methodologies for fracture assess-
ment can be found in [219], [221] - [224], although there is still a need to reduce the conservatism in
the methods of these advisory documents and standards.

Tensile residual stresses can have detrimental effects on the fatigue life of structures, while the com-
pressive residual stresses can be very beneficial. However, the mechanism of this influence is not that
simple. When the metallurgical complexity of weldments and local mechanical property gradients of
welds are considered, explanation of the fatigue crack propagation phenomenon for cracks in weld-
ments turns into an extremely difficult matter [126].

In theory, residual stresses affect the mean stress during cyclic loading. As the tensile residual stresses
increase the applied mean stress, the compressive ones decrease it and hence contribute to the exten-
sion of the life of the component. By setting ΔK in the Paris law, equation (2.32) to a ΔKeff , which
can be calculated from Keff = Kapplied +Kresidual, the analytical formulation of fatigue crack prop-
agation in the presence of residual stresses can be demonstrated [4],[96].

If fatigue crack propagation behaviour is to be predicted using the Paris law, a different set of C and m
values are recommended in the British Standard BS 7910 [219] for assessing welded joints, for taking
into account the effect of tensile residual stresses. The values recommended for the assessment of
weldments are higher than the ones recommended for the non-welded structures, on which the same
mechanical loads act. In the same standard, it is also assumed that the R ratio will be greater than
0.5 in the presence of welds. This assumption reflects the increase in the mean stress acting on the
structure. However, the incorporation of compressive residual stresses into fatigue crack propagation
analyses is beyond the remits of BS 7910.

The other equation used for the analysis of fatigue crack propagation and discussed in Section 2.3
is the NASGRO equation, see equation (2.33. In the NASGRO equation, there are three variables,
which can accommodate the effect of residual stresses: the maximum stress intensity factor denoted
as Kmax, the R ratio and the crack opening function f .

Kmax is the sum of stress intensity factor due to the maximum applied mechanical load and the stress
intensity factor arising from the weld residual stresses and is given as

Kmax = Kmax applied load +Kresidual (2.51)

In the presence of tensile residual stresses, Kmax increases, whereas the presence of compressive
residual stresses leads to decrease of Kmax.
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The second variable in the NASGRO equation is the R ratio, which is the ratio of the minimum to
maximum force (stress) in a cycle and can be written as

R =
Kmin applied load +Kresidual

Kmax applied load +Kresidual

(2.52)

As can be seen in the above formulation, the presence of tensile residual stresses will increase the R
ratio and the presence of compressive residual stresses will decrease it.

The third variable of NASGRO equation, with which the effect of residual stresses can be taken into
account, is the crack opening function f . f itself is a function of R as can be seen in equation (2.33).

However, it should be noted that assuming a constant value of residual stress or the residual stress
distribution of an uncracked weldment is a conservative way of fatigue crack propagation assessment
and currently there is not an accurate way for quantifying the relaxation of residual stresses and hence
the decrease in Kresidual as a function of crack length. Furthermore, how the residual stress field
redistributes as a crack propagates is another key question that should be answered if the influence of
weld residual stresses are to be incorporated into structural integrity analyses accurately.

It is not possible to measure the residual stress distribution of every weld manufactured. Hence, as-
sessment procedures like API 579, FITNET, R6 and BS 7910 contain residual stress profiles compen-
dia for use in fracture analysis based on upper-bound profiles for a range of different configurations
of as-welded structural weldments [219], [221] - [224]. Further literature survey has also been con-
ducted within the revision and amendment activities of these documents to update the collections of
the residual stress profiles. These profiles emerged based on the experimental, numerical and analyt-
ical studies of various scientists within the last decades. However, these procedures do not provide
guidance on the relaxation of residual stresses as a crack subject to cyclic loads propagates.

Adams was among the first to suggest a simple superposition approach using weight function methods
to determine the net effect of residual stresses and applied loads on FCP in weldments [127] while
Glinka, Parker and Nelson attracted attention to physically inadmissable interpretation of results from
the weight function methodology [128]-[131]. Besides weight functions, Miyazaki et al. proposed a
model based on the inherent strain model [132]. Furthermore, numerous researchers adopted the crack
closure approach as a superior and compared their numerical and analytical results with Glinka’s clo-
sure studies e.g. [133]. Beghini et al. proposed modification of the traditional superposition method
by accounting for certain closure effects [134]. Wang et al. extended the strip-yield FCP model for
considering the plasticity induced residual stresses in weldments [135]. However, none of them ad-
dressed the redistribution of residual stresses or tried to quantify the relaxation of residual stresses as
the crack propagates [136]. On the redistribution during cyclic loading, some experimental studies
can be found in e.g. [134], [137]-[139].

Turning back to the fracture assessment, according to the available procedures, once the residual
stress profile is calculated, the appropriate fracture mechanics parameters should be determined in
order to take into account the effect of residual stresses on the cracks. Since this approach based on
the suggested residual stress profiles has proved to be over-conservative, attempts have been made to
derive generic solutions independent of the geometry but based on the knowledge of the measured
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residual stress data of fillet joints, pipe butt joints, tube-on-plate joints, tubular Y-joints and tubular
T-joints in order to cover a wide range of weldment types.

Recently, Lee et al. have proposed a simplified generic residual stress profile based on a linear fit
to the measurement data for calculating transverse residual tensile stress fields [140]. They have
normalised a great deal of transverse residual stress measurements -from various conventional welds
manufactured from different steel grades- by the yield strength of the parent material and the distance
by the thickness of the specimen. After decomposing the stress components into membrane and bend-
ing stresses, they have come to the conclusion that the normalised mean line of the distribution can be
written as σ̂(x) = −0.31+0.88(1−2x), where σ̂(x) is the normalised residual stress and x is the nor-
malised distance. However, this method should be further examined and validated for welds of other
steels, alloys and welding procedures, and the incorporation of the redistribution of residual stresses
into a generic solution for a more realistic fatigue life prediction model still requires substantial effort.

Understanding the nature of residual stresses and the current knowledge on their effect on the fatigue
performance of welded structures have led to the challenging question of how to control the distri-
bution of residual stresses during advanced welding procedures. Airbus UK’s collaborative research
activities with the University of Cranfield have led to the evolution of a promising method called
“mechanical tensioning”, Section 2.4.3.

2.4.3 Mechanical Tensioning Method

With “mechanical tensioning”, it is aimed to control the weld distortion, reduce the tensile residual
stress peak across the weld zone and eliminate buckling distortion. This technique proved to be ef-
fective on thin-walled structures and hence affect the fatigue crack propagation behaviour of these
structures. It requires application of a uniform tensile stress along the weld line either during or after
welding and is also known as “longitudinal stretching” by means of hydraulic rams to apply a con-
trollable and constant stress.

Despite the lack of optimal tensile force information for specific weld geometries and welding pro-
cesses, and knowledge on how this force affects the redistribution of residual stresses quantitatively,
recent advances in experimental and numerical studies have been remarkable. Price et al. were the
first to investigate the viability of this procedure working on friction stir welded and arc welded
aerospace grade aluminium alloy Al-2024 of two different thicknesses; 3.2 mm and 6.35 mm [141].
The parameters they have varied were; the global tensioning stress varying between 10 % and 80 %
of the yield strength of the parent material, and “during welding” vs. “after welding” application op-
tions. Subsequently, they measured the residual stresses by neutron diffraction and energy dispersive
synchrotron X-ray diffraction techniques. Their experimental results stated that; (i) it is possible to
modify the residual stress distribution and eliminate buckling by mechanical tensioning, (ii) buck-
ling distortion is eliminated by much lower mechanical tensioning loads when sheets are tensioned
during welding and (iii) the application of relatively small tensioning loads e.g. 25 % of the yield
strength of the parent material during welding has produced a flat longitudinal stress profile. It was
further observed that when the tensioning load was increased, the peak compressive residual stress
was increased too. However, if the sheets are over-tensioned, if the critical buckling load is exceed,
distortion occurs again.
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The numerical study of Richards et al. supports the findings of Price et al. by showing that “tension-
ing during welding” is more effective in the control of residual stress distribution than “after welding
tensioning”, since at ambient temperature a higher material flow stress interacts with the transient
stress field created during welding and after welding this opportunity is missed [142]. Richards et
al. have further examined the influence of welding process variables like speed or welding off-axis
angle for friction stir welding. Their simulative work stating that the peak compressive residual stress
is affected by the local tensioning and only heat input as a process variable was validated against
experiments as well [143]-[144].

Altenkirch et al. worked with two different high-strength aluminium alloys, Al 2199-T8 and Al
7449-W51, to investigate the viability of the method on different aerospace grade aluminium alloys
and thicker sections. Their test results on thin sheets were all consistent with the findings of the former
studies. However, they identified that the reduction in residual stress decreases with the depth from
the weld surface for thicker plates. The explanation of this result may lie in the through-thickness
thermal gradients that may lead to yield stress variations indicating that tensile plastic straining is no
longer in proportion to the tensile load [145]-[146].

2.5 Fatigue Crack Retardation and Retarders

One of the most famous stories in American history is also associated with the history of fatigue crack
retardation in fracture mechanics. On the Liberty Bell in Philadelphia, which summoned the citizens
to hear the Declaration of Independence read for the first time publicly, the first crack was observed in
1752, when it was rung the first time. Despite three recasting attempts in England, a very large crack
became apparent on it in 1835 and to be able to use it in 1846 on Washington’s birthday, the crack
was drilled out. Unfortunately, that precaution did not help much and since the 1846 final fracture the
bell has been an exhibition object [147].

Today, engineers are very well aware of the fact that weldments are the most critical areas of struc-
tures which need to be protected from FCP by retarding or diverting the crack and also by taking
precautions against crack initiation and growth in these inhomogeneous zone. After the suggestion of
drilling a hole (destructive method) at the crack tip, in either the base material or the weld zone, to
retard crack propagation, more creative and advanced methods were developed and validated in the
last 200 years.

The methods that are to be employed for retarding fatigue crack growth, needless to say, should ideally
be easy to implement, cost effective, safe and they should not lead to weight increase. Introduction of
single or multiple overloads (Section 2.5.1), surface treatment (Section 2.5.2), metallurgical solutions
like new functional structural steels (Section 2.5.3), and geometrical alterations aiming to modify
stress intensity factor (Section 2.5.4), are some examples of possible solutions to this challenging
problem. In this Section, the level of beneficial effect of these technological, metallurgical and local
engineering solutions are discussed.
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2.5.1 Retardation of Fatigue Crack Propagation due to Overload

In general, “overload” is not a technique that a designer can make use of by introducing it inten-
tionally to a structure which contains a flaw. However, it happens during service of e.g. pressure
equipment, aircrafts or offshore platforms. At the beginning of the service life of welded structures,
the application of overload via over-pressurization to release residual stresses partially can also be
thought as a viable application field.

In principle, the application of a relatively high single tensile load retards a growing crack due to
the formation of plasticity in the wake of the crack. Crack tip blunting together with the formation
of residual stresses of compressive nature are the consequences of the procedure contributing to the
retardation. Additionally, oxide-, roughness- and phase transformation induced crack closures are the
secondary mechanisms affecting the behaviour of the crack partially after the application of overload
[10], [148].

Several approaches are available for treating such effects, including the Willenborg model [149], the
Wheeler model [150], and the strip-yield model [151] [152]. However, it should be borne in mind
that their application to a FCP analysis should be supported by an appropriate justification of their
suitability to the circumstances under consideration. These models have been well validated against
experimental results by various groups, see [153]-[163] for selected articles.

Although the analysis methods describing single overload (SOL) applications is rather well-established,
the effect of multiple overloads (MOL) or variable amplitude loading (VAL), also known as spectrum
loading, especially on weldments still requires research effort and no universal model exists. In in-
dustry, the fatigue design of welded joints is currently based on fatigue data obtained under constant
amplitude conditions and this data is futher used in conjunction with Miner’s rule [164] to account
for the service stress history to estimate the possible damage as a result of spectrum loading [165].
Although Miner’s rule is often conservative, it was found to be unsafe under some operational condi-
tions as proved by Zhang et al. [166].

On the academic side, numerous attempts have been made for the development of a unified model.
For the generalisation of the SOL models, incorporation of new parameters into the models has been
tried but the difficulty in the analysis of variable amplitude loading (VAL) lies in the consideration
of the load interactions or sequence effects [167] [168]. Currently, there are two major categories
of models; the ones based on yield zone concept and the ones based on the crack closure concept.
Details of each method highlighting their merits and limitations can be found in [80], [150], [169]
-[182].

2.5.2 Retardation of Fatigue Crack Propagation via Surface Treatment

Retardation of FCP via surface engineering methods is particularly effective in thin section com-
ponents. This kind of approach is relatively new and still a matter of research. The basic idea is to
introduce compressive residual stresses by methods, such as laser shock peening or laser surface treat-
ment (particularly in Al-alloys). The latter one is in fact based on introducing both locally modified
microstructure and a tailored residual stress field which contributes to the retardation of a growing
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crack by the development of compressive residual stresses in the hardened zone due to the volume ex-
pansion associated with other metallurgical mechanisms e.g. martensitic transformation in austenitic
stainless steels [183].

Tsay et al. were the pioneering group investigating the possible beneficial effects of laser surface
treatment in 17-4 PH stainless steels. Their comprehensive work identified the retarding role of laser
treatment induced microstructure and residual stresses during the FCP tests of C(T) specimens -with
constant ΔK and R ratio of 0.1 - subjected to double-sided laser surface annealing. The observa-
tion of a “plateau” in the da/dN vs. crack extension diagrams together with in-situ residual stress
measurements proved the existence of compressive residual stress fields responsible for the increased
resistance to crack growth [184].

In another study, Tsay et al. performed FCP tests on AISI 304 stainless steel with or without laser
processing on parent material and differently from the previous work on the weld seam [185]. Ob-
serving a remarkable improvement in the FCP life of this material and its weldment and later of AISI
306 stainless steel [183] moved Shiue et al. to conduct a simulation work on the redistribution of
residual stresses arisen from laser surface annealing [186].

In addition to the sensitivity analyses of Tsay et al., Raymond et al. examined the viability of laser
surface annealing on aerospace grade aluminium Al 2024-T3 by addressing the identification of opti-
mum process parameters using finite element analysis and then testing the samples treated according
to the quasi-optimum process parameters [187]. Their results showed that this technique may provide
desired life enhancement characteristics which require growing of a crack untill allowed critical size
is reached under cyclic loading between two maintenance intervals.

Besides the above mentioned ones, various groups have also focused on different aspects of laser
surface treatment. From the modelling of laser induced melting to the modelling of microstructural
changes or prediction of residual stresses due to laser surface treatment and their relaxation can be
found in e.g. [188]-[193].

2.5.3 Metallurgical Solutions to Fatigue Crack Retardation

Metallurgical solutions aiming to generate a retardation effect on the welded structures can be divided
into two major categories; development of new consumables and of new parent materials which are
more fatigue resistant even in the as-welded condition.

Weld metal development covers low transformation welding wire applications. In that case, it is ex-
pected from the welding wire that it contributes to the retardation by introducing compressive residual
stresses delaying the initiation, a phenomenon mainly controlled by the chemical composition of the
wire [194], [195]. However, this method cannot be regarded as an economical way of safe and reliable
production due to the large amount of alloying elements which will be added to lower the transition
temperature but at the same time will lead to an enormous increase in the costs.

So the Japanese steel industry offered more fatigue resistant steels, when the viability of the de-
velopment of new consumables began to be questioned. Their development approach focusing on



2.5. FATIGUE CRACK RETARDATION AND RETARDERS 45

target industries to produce tailored products or on the scientific fundamentals of the failure mecha-
nisms has proved to be successful. The studies of Korda et al. investigating crack branching due to
ferrite-pearlite microstructure [196], and different effects of networked and distributed pearlite struc-
tures [197] are examples of such tailored metallurgical solutions. However, the weldments of these
steels have not been yet investigated. Although it is known that the base material includes barriers
for branching the propagating crack tip, how the weldments of these materials will respond to cyclic
loading conditions still requires research effort.

On the other hand, another group in Japan, Konda et al., examined fatigue strength of welded struc-
tures made of new generation high-strength multi-functional steels, e.g. which can be used in ship-
building as well as in bridge constructions, but containing different/dual phases and low carbon con-
tent for better weldability [198]. They compared the fatigue performance of commercially available
ferrite and pearlite banded conventional steels with the performance of the newly developed steel
composed of rather fine ferrite and bainite dual phase. The identification of the detouring or arresting
effect of grain boundary between hard phase (bainite) and the soft phase (ferrite) on FCP explained
the retardation in the base materials. Furthermore, modification of the stress concentration, Kt, in the
microstructure by means of modifying the orientation of the phases leads to retardation of initiation
of fatigue cracks both in base material and weldments.

2.5.4 Local Solutions from Aviation Industry

In military and civil aviation, stiffening of the skin panels of fuselage is realised by reinforcement
elements, called the stringers. Until 2000, these stringers were joined to the skin by conventional
riveting. Within the years to come the demand on lighter structures drove the engineers of the west-
ern aircraft industry to find innovative methods to replace this conventional joining method. While
the Russian aircrafts still fly with extruded integrally stiffened panels, [199] [200], Airbus decided
to employ LBW in order to reduce weight by discarding rivets. However, the welded skin-stringer
construction, which was proved to be safe and approved by the Aviation Authority, was still a critical
region of the fuselage due to the possible presence of inherent flaws and it should also be protected
from cracks propagating towards them.

Beginning with the serial production of A318 aircrafts, the European Commission funded many
projects aiming to investigate fatigue and fracture behaviour of laser beam and friction stir welded
structures, [201]-[203]. Identification of the fatigue life extension and residual strength improvement
methods were the outcomes of these projects which extended the applicability of welding technolo-
gies to the other parts of aircrafts, such as lower fuselage panels, door frames and seat tracks.

At present, the design philosophy is that the cracks in aircraft structures are tolerated within the
Damage Tolerance design concept, which involves evaluation of the amount of time during which a
crack grows from a detectable size to a critical size, as well as the residual strength of the panel once
this critical crack length is reached. To fulfill this requirement, two approaches were adopted by the
aviation industry; turning of a growing crack with the aid of geometrical alterations in the vicinity of
the weld zone and retardation of a growing crack by means of selective reinforcement, Figure 2.7.

For the improvement of damage tolerance by turning of a growing crack, different hardware con-
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Figure 2.7: Fatigue crack propagation on stiffened structures and crack retardation solutions with
weight increase

cepts were proposed. Palm et al. proposed the reinforcement of the stringer by a second material,
the Young modulus of which is higher than the Aluminium stringer’s [204]. To this end, they used
different filler wires making the weld seam softer or harder. At a later stage, they reinforced the foot
of the integrally extruded stringer locally made of different state of the art Aluminium alloys but a
remarkable improvement could not be achieved. Using co-extruded stringer profiles with very high
strength Inconel wires together with foot thickening also did not deliver the expected results. In the
mean time, Llopart et al. were another group working on the alteration of the stringer geometry and
the reinforcement of the weld seam [206]. However, van der Veen et al. concluded that the influence
of stringer geometry is rather small and this design concept is a not a viable concept as well [207].

Retardation of a growing crack by selective reinforcement was a more promising solution, as long as
the loading conditions on the critical component are known. However, its disadvantage was the weight
increase although lighter materials than the skin-stringer Aluminium were applied. The stiffening of
panels by bonding straps of composite materials was first introduced by Heinemann et al. from
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ALCOA [205], [208] with the vision of benefiting from the best characteristics of current aerospace
materials while avoiding their disadvantages. Heinemann et al. used five-stringer laser beam and
friction stir welded panels made of Al 2099-T8 alloy, Figure 2.7. The reinforcement material chosen
was high performance fiber metal laminate (FML). Not only fatigue performance but also residual
strength characteristics was investigated. It was observed that if the selectively reinforced design
is combined with other damage containment features (DFC), such as pad-ups and local thickening,
residual strength can be improved 38%, whereas the improvement in FCP life can be as high as 25%,
Figure 2.8.

Integral Lower Cover Built-Up Lower Cover

BaselineBaseline

DCF 10 % RS - 15% FCG ImprovementDCF 10 % RS - 15% FCG Improvement

Sel. Reinf. 15% FCG - 15%Sel. Reinf. 15% FCG - 15%
Residual Strength Improvement

Residual Strength Improvement

Residual Strength Improvement

Residual Strength Improvement
Sel. Reinf. and DCF 25% FCG - 15%Sel. Reinf. and DCF 25% FCG - 15%

Figure 2.8: Performance of selectively reinforced thin-walled aerospace structures [205].
Note: These methods cause weight increase compared to the “Baseline” panel.

Zhang et al., [209]-[212], conducted a very detailed analytical, experimental and numerical study
on selective reinforcement by employing four different 2mm thick straps materials; CFRP, GFRP,
GLARE and Ti-6Al-4V on nine-stringer panels. While optimizing the stress intensity factor by nu-
merical work to find the optimum places for bonding the straps, their experimental work supported
the beneficial effect of straps in favour of Ti-6Al-4V. Similar work was conducted by different groups
supporting the fundamental findings of Zhang et al. and extending their work on different materials
[213]-[215].
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Despite the improvement of damage tolerance, factors like long term stability of utilized bonding
agents, corrosion danger of aluminium due to humidity contained in especially composite reinforce-
ments and evolution of severe residual stresses at the interface between the panel and the reinforce-
ment, [216]-[218], put the viability of selective reinforcement into question.

However, the reaction from the aviation industry did not delay and as a result of a collaborative
project between an Aluminium producer, ALCAN, and GKSS Research Centre Geesthacht in 2008,
systematic variation of the thickness of the parent material, called “crenellations”, were proved to be
a very effective way of retarding the crack propagating towards the stringers. The evolution and the
mechanism of this new method was explained in more detail in Chapter 3.

2.6 Flaw Assessment Procedures and Advisory Documents on
Fatigue Crack Propagation

Resulting from the experimental data collated in the last decades and analysis of this data, a ro-
bust range of standards and codes of practice have emerged to be used in the prediction of the FCP
behaviour of welded structures. National and International standards together with the advisory doc-
uments (e.g., BS7910 and FITNET) provide guidance on the analysis of FCP via fracture mechanics.
Some of these standards and advisory documents include specific routes only for the assessment of
steels, while the others make recommendations for a limited range of other alloys.

When BS 7910 - Guidance on Methods for Assessing the Acceptability of Flaws in Metallic
Structures [219]-[220] was updated in 1999 and amended in 2005, besides Paris law new fatigue
crack growth laws were included, which are based on extensive review and analysis of published
data. The two-branch or bi-linear Paris law, Figure 2.4, -for the assessment of offshore steels not
obeying the Paris law- enables a more precise analysis. For the bi-linear relationships, both the mean
and mean plus two standard deviations of log(da/dN) versus log(ΔK) relationships for different
R-ratios are given in BS 7910.

Recommended values for C and m constants of the bi-linear Paris law are divided into three sections.
In Section 8.2.3.3 of BS 7910, the recommendations are applicable to ferritic, austenitic and duplex
ferritic-austenitic steels with yield or proof strengths up to ≤ 700 MPa and operating in air or other
non-aggressive environments at temperatures up to 100◦C. For the weldments of these steels it is rec-
ommended that the upper bound value for R ≥ 0.5 should be used, which is intended to allow for
the influence of residual stresses. The respective section of BS 7910 offers recommendations for the
bi-linear constants of steels excluding austenitic and duplex stainless steels but in a marine environ-
ment and the maximum allowed yield or proof strength for the steels operating in seawater is 600
MPa instead of 700 MPa.

For preliminary assessment of steels with yield or proof strengths up to 600 MPa, operating in a non-
aggressive environment at temperatures up to 100◦C, the recommended m and C values in BS 7910
are 3 and 5.21 × 10−13 respectively. For the elevated temperatures up to 600◦C, only C is corrected
by a factor of (ERT /EET )

3 where ERT is the modulus of elasticity at room temperature and EET is
the modulus of elasticity at the elevated temperature. For steels excluding austenitic stainless steels
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operating in marine environment at temperatures up to 20◦C, with or without cathodic protection, C
can be assumed as 2.3× 10−12 while m can be taken 3.

Although priority is given to steels, for the non-ferrous materials the following recommendations are
made. Whilst m is equal to 3, C is calculated from

C = 5.21× 10−13

(
Esteel

E

)3

(2.53)

and similarly the threshold stress intensity factor is approximated as:

ΔKth = ΔKth,steel

(
Esteel

E

)
(2.54)

In another British Standard, BS 7608 - Code of Practice for Fatigue Design and Assessment of
Steel Structures [225] it is recommended that fracture mechanics should be used with considerable
care, where the normal fatigue strength assessment methods may be unreliable. Guidance for the
applicability of fracture mechanics is given in Annex D of the Code for the following cases:

” (i) when assessing the fitness for purpose of a structure known to contain flaws whose
size, shape and distribution are outside normally acceptable limits but which could be
difficult to repair,
(ii) when the effects of relatively minor variations in the geometrical or stress parameters
are being studied,
(iii) when the joint detail under consideration is unusual and is not adequately represented
by one of the standard joint classifications,
(iv) when defining the frequency of in-service inspections and
(v) when assessing the remaining fatigue life of a structure in which fatigue cracks already
exist.”

The Paris law is the recommended assessment equation of BS 7608, advising the following parameters
for structural steels with a specified minimum yield strength of 700 MPa operating in the sub-creep
regime in the absence of particular material data can be applied; m between 2.4 and 3.6 and

C =
1.315× 10−4

895m
(2.55)

C then to be multiplied by 2 for scatter. Alternatively, during the stages of fatigue in which the
dominating failure mechanism is by striation, m = 3 and C = 3 × 10−13 values can be utilised for
the majority of the ferritic steels. For the high ΔK values approaching ΔKmax, the crack growth
mechanism is accompanied by cleavage or microvoid coalescence. If that behaviour is relevant,
C = 6 × 10−13 can be assumed. For structural steels operating in aggressive environments like
marine environment at temperatures up to 20◦C, the following values are recommended for assess-
ment, m = 3 and C = 2.3× 10−12.

R6: Assessment of the Integrity of Structures Containing Defects [221] has been main assessment
handbook of the nuclear sector since 1976. R6 is a procedure which provides very detailed fracture
analysis options for both initiation and tearing analysis of structures under the influence of static
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loads. However, in Section II.8 of R6, it is strongly recommended that the possibility of sub-critical
crack growth should also be considered. Environmental assisted crack growth failure mechanism is
also discussed in this procedure but since it is out of the scope of this thesis, only recommendations
for assessing FCP in ambient laboratory environments is explained below briefly.

R6 adopts the NASGRO approach, see Section 2.3.2, and simplifies equation (2.33) for assessment in
the three regimes of FCP, see Figure 2.4. However, as a result of this simplification, good fits will be
acquired with different values of the NASGRO equation constants.

In the “Near Threshold Crack Growth Regime”, where the FCP rate is typically below 10−8 mm/cycle,
the growth rate can be described by the equation below

da

dN
= A′ (ΔK −ΔKth)

p (2.56)

where A′ and p are constants. This equation is established, when it is assumed that m = p, f = R
and q = 0 in eq. (2.33).

For the “Intermediate / Stable Crack Growth Regime”, FCP is characterized by the Paris law, eq.
(2.32), which is a special case of the NASGRO equation when p = q = 0, f = R and A′ = C.

In the “Fatigue Crack Growth Near Final Failure Regime”, where the final failure mechanism is
cleavage fracture, the empirical relationship below characterizes the contribution of micro-cleavage
to FCP as

da

dN
= CΔK3

(
K2

mat −K2
max

)−3/4
(2.57)

where C is a constant different from the C of Paris law. If the final failure mechanism of the material
is expected to be ductile, it is noted that stable ductile tearing may contribute to the fatigue crack
propagation and guidance is given for this case as well.

American Petroleum Institute’s industry specific assessment procedure, API 579-1/ASME Fitness-
for-Service Procedure [222] excludes fatigue crack propagation assessment and recommends design
against initiation in a very conservative manner. If a crack is detected, only leak before break analysis
is allowed within certain limits.

The European FITNET Fitness-for-Service Procedure, [223] [224], adopts the FCP approaches of
BS 7910 and further if more precise material data are available, the more sophisticated Forman-Mettu
equation or in other words the NASGRO equation is recommended, which can describe the sigmoidal
shape of the da/dN vs. ΔK relationship by including the effects of stress ratio, mean stress level and
other important parameters, see also Section 2.3.2.

The advisory documents and the British Standards explained above were for the purpose of the as-
sessment of FCP as a general failure mechanism and industry specific recommendations were not
included in them. The classification associations, however, have been working extensively on the de-
velopment of industry specific fatigue assessment procedures. Det Norske Veritas, shortly known as
DNV, has produced a wide and systematic collection of Offshore Standards (OS) and Recommended
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Practice (RP) documents for the assessment of welded steel structures for offshore constructions and
marine applications. Although in most offshore and marine structures the design is conservatively
made “against initiation of fatigue crack”, FCP analysis is recommended depending on the load car-
rying role of the structural element.

In general, in the Recommended Practice for Fatigue Design of Offshore Steel Structures, DNV-RP-
C203 [226], it is prescribed that an FCP analysis should accompany S-N data for (i) assessing ac-
ceptable defects, (ii) the evaluation of acceptance criteria for fabrication and (iii) planning in-service
inspection. Accounting for the weld imperfections and inherent flaws, if other documented infor-
mation about crack shape or depth is not available, it is assumed that the depth of the surface crack
starting from the transition region between weld material and base material is 0.5 mm and a fatigue
life prediction can then be made using the Paris equation, the parameters of which can be taken from
BS 7910.

In addition to DNV-RP-C203, DNV-RP-F204 [227] treats fatigue of risers, which deserve special
attention due to their critical role in production. In this RP, it is emphasized that

• for non-welded components, like seamless pipes or machined components, the crack initiation
period is the bulk of the total life and for the fatigue life assessment S-N curves should be used;

• however, for the case of welded joints, due to the presence of weld imperfections and inherent
flaws, the bulk of the fatigue life is attributed to fatigue crack propagation and a damage tolerant
design approach -which states that the riser components should be designed and inspected so
that the maximum expected initial defect size should not grow to a critical size during service
life or within the inspection interval- is adopted in accordance with BS 7910.

Furthermore, the Offshore Standard for Structural Design of Offshore Units According to the Working
Stress Design (WSD), DNV-OS-C201 [228], recommends evaluation of each individual case with
respect to fitness-for-service of the weldments based on fracture mechanics testing and analysis in
accordance with e.g. BS 7910. Especially, for the tension leg platforms (TLP) [229], where the crack
growth rate and the maximum allowable crack sizes gain importance during the design stage, FCP
analysis is a must and BS 7910 is the recommended procedure.

2.7 Knowledge Gaps

Although much research has been conducted into various aspects of fatigue crack propagation and
into various methods for the retardation of fatigue crack propagation, there is, as yet, still a need to
conduct research to devise new methods to improve damage tolerance of structures without increasing
the weight and where possible even to reduce the weight while improving the damage tolerance.

To address this knowledge gap, within this study, a novel approach based on modifying the distribu-
tion of the stress intensity factor (SIF) via thickness variations or ribs, called “crenellations”, on one
side or surface of the welded or non-welded plates, was adapted and devised to contribute to the life
improvement of welded and non-welded steel plates, Chapter 3.
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Chapter 3

Methodology and Approach

3.1 Introduction

In Chapter 2, various damage tolerance improvement methods applicable to welded and non-welded,
steel and non-ferrous materials were introduced. All these novel, tailored solutions to special appli-
cation fields and against known stress conditions, and aiming to retard propagation of fatigue cracks
were developed in the light of the works of and on the basis of theories developed by various re-
searchers [50], [80], [164], [230] - [240].

In Section 2.5.4 some of these tailored solutions to retardation of fatigue crack growth developed
within aerospace research activities were introduced in more detail. Merits and drawbacks of the so-
called “selective reinforcement” method were discussed and another method involving “systematic
variation of the sheet thickness” by machining ribs on one surface of a plate was introduced briefly.
The drawback of selective reinforcement was that it leads to weight increase while modifying the
stress field and stress distribution. This obstacle, however, can potentially be overcome with the new
technique called “crenellation”. While maintaining the weight of the structure constant, significant
retardation in fatigue crack growth can still be achieved.

Investigations on crenellations and improvement of damage tolerance of steel plates by retarding a
growing crack under cyclic loading via crenellations constitute the essence of this thesis. Hence, Sec-
tion 3.2 was devoted to this new concept and early studies in this field were presented. Within early
research programmes on crenellations, the improvement of fatigue crack propagation life of integral,
aluminium structures had been addressed. In this study, the scope of the experimental programme
was extended to steel structures with and without welds (both butt and fillet welds). The evolution of
this comprehensive experimental programme is introduced in Sections 3.2 and 3.3.

Due to the complexity of the mechanical problem at hand, the design of wide plates to be tested as
described in Section 3.3 required Finite Element Analysis (FEA). However, FEA was not carried out
only for optimizing the crenellation geometry to be machined on the specimens. The large number of
cases examined in the FEA helped to interpret and analyse experimental findings as well, as described
in Section 3.4. The FEA work was taken one step further by Progressive Failure Analysis (PFA) to
predict the behaviour of crenellated plates subject to cyclic loading. The basic idea of PFA -which
receives its main input from the small-scale material characterization tests explained in Section 3.3-
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and application of PFA on the reference and crenellated wide plates were introduced in Section 3.5.

In the final stage, these predictions were compared with the experimental data, and the experimental
data generated in this PhD with the experimental data available in the literature, which are discussed
in Chapters 4 and 5.

3.2 Crenellations

In aluminium aerospace structures like fuselages of aircrafts, it is inevitable to reinforce the structure
with the help of reinforcement elements called stringers to increase both stiffness and load carrying
capacity, and to maintain integrity of the structure. For joining the stringers to the main body of the
structure, there exist, in principal, two design philosophies; namely “differential design” requiring the
use of rivets and “integral design” requiring welding of the stringer to the main structure, Figure 3.1.

In fracture mechanics point of view, differential design is certainly more advantageous, as a potential
crack in the main body of the structure will continue extending under the stringer, which may keep
the stringer undamaged for a certain period. If a crack, on the other hand, evolves in a structure where
the stringer is joined by welding, crack branching may occur leading to failure of the stringer or sep-
aration of the stringer from the main structure.

crack

differential structure integral structure

rivets LBW

Figure 3.1: Crack paths in uniformly stressed differential and integral structures [241]

Rivets, however, lead to high-cost fabrication and weight increase, while significant cost and weight
reduction can be achieved by incorporating laser beam welding into manufacturing. Hence, at present,
aircraft contain both riveted and laser beam welded stringers depending on the type of loading acting
on the joint. In the presence of welded reinforcements, these critical locations should be protected
where possible by means of local design concepts aiming to delay occurrence and/or growth of cracks.

In order to improve damage tolerance, various tailored local solutions have been proposed in the last
decades, Section 2.5.4. “Crenellation” has emerged as a novel solution to the growing fatigue crack
and hence integrity problem, aiming to retard the growth of a crack towards the stringer, which has
initiated in the parent material. Growing fatigue cracks perpendicular to the reinforcements, as shown
in Figure 3.1, are usually considered as the worst possible design scenario for the thin-walled welded
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structures, as the consequences of the failure of the weldment connecting the stringer to the main
body are severe. Therefore, prevention of such a failure is the target of designers and the achievement
of this challenging target requires novel, innovative design considerations.

Crenellations being one of these novel local engineering design considerations requires introduction
of systematic thickness variations on one surface of the plate to retard the growing crack by changing
the stress field in the vicinity of the crack tip, while the weight of the newly designed plates can be
kept equal to the reference plates’, see Figure 3.2.

FCP

FCP

reference geometry (conventional design)

No retardation

With no weight increase

locally engineered, crenellated geometry with equal weight

Significant retardation

Figure 3.2: Schematic drawing showing the comparison between conventional and new “crenellated”
plate design with fatigue crack propagation, adapted from the courtesy of M. Kocak.

The new plates exhibit a completely different, modified K-profile. The modification of stress inten-
sity factor, K, which is the driving force of fatigue crack propagation as long as elasticity conditions
are satisfied in fracture mechanics, may lead to significant gain in fatigue propagation life.

Ehrstrom et al. have studied the beneficial effects of crenellations on integral wing applications using
Al 2027, Al 7749 and Al 7449 alloys [242]. Recently, Uz et al. [243] have also investigated the effect
of crenellations on FCP in laser beam welded Al-alloys. The results of the experimental studies using
Al 6056 alloy plates showed significant improvement in fatigue crack propagation life, in the order
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of 65 %, under constant amplitude cyclic loading conditions, Figure 3.3, and 150 % improvement
under variable amplitude loading conditions (spectrum loading used in the experiments generated
using Mini-Twist software), Figure 3.4.

reference

crenellated

reference

crenellated

Figure 3.3: Fatigue crack propagation behaviour of reference and crenellated plates under constant
amplitude loading [243]

reference

crenellated

reference

crenellated

Figure 3.4: Fatigue crack propagation behaviour of reference and crenellated plates under variable
amplitude loading [243]
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While this PhD programme investigating the effect and mechanism of the crenellation on the FCP
of steels was in progress, a research group in Italy have conducted a study examining the effect of
crenellations on FCP numerically and comparing their findings with experimental findings obtained
from aluminium plates.

Fossati et al. [244] have conducted a series of finite element analyses of the crack growth along the
section of the crenellated plates. They have used two different crack front shape modelling strategies:

• a finite element analysis model with a straight crack front and

• a finite element analysis model with no constraints on the crack front, the so-called iso-K
approach.

In both models, they have assumed that the crack growth plane is single, without crack turns, kinks
or bifurcations.

To calculate the stress intensity factor at each increment of crack propagation, they have first con-
ducted the finite element analyses assuming a simple straight crack front shape as can be seen in
Figure 3.5. In addition to this type of simulation, they have also adopted an iso-K approach to ac-
commodate the change of stress state through the thickness, as the crack plane is subjected to both
membrane stress and a small amount of bending stress results from the non-symmetric nature of the
plate geometry leading to non-uniform distribution of stresses. In order to find the actual shape of
the crack, they have started their simulations with a straight fronted crack and then in the following
steps K has been evaluated at various positions along the crack front. The nodes constituting the
crack front with approximately equal K values have been chosen as the new crack front, Figure 3.6.
Without re-meshing the whole model, new K values have been obtained.

Crack Tip

Figure 3.5: Model with straight crack front [244]

The difference in the calculated Kmax values as the crack approaches the thicker region can be seen
in Figure 3.7. In this diagram, it is evident that the driving force, K, value obtained from simulations
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with straight crack fronts is slightly underestimated at the initial stages of fatigue crack propagation
but overestimated as the crack approaches the thicker region.

The implication of the two approaches on the predicted crack lengths in the presence of crenellations
and during the transition from the thinner section to the thicker section is illustrated in Figure 3.8.
The crack length estimated from simulations containing straight fronted cracks is slightly lower than
the ones where an adaptive algorithm has been used to predict the actual shape of the crack front.

When the numerical results obtained from iso-K simulations are compared with the experimental
results, the crack length, a, versus number of cycles, N , curves seen in Figure 3.9 have been generated.
In this figure, it is evident that the crack length predictions obtained from numerical analyses are not
conservative.

Figure 3.6: Evolution of crack front during transition from thinner section to thicker [244]

Figure 3.7: Comparison of the two crack front modelling approaches for the transition from thinner
section to thicker [244]
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Figure 3.8: Comparison of the crack lengths predicted by the two crack front modelling approaches
for the transition from thinner section to thicker [244]

Figure 3.9: Comparison of experimental and simulated fatigue crack growth behaviour [244]
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According to the very few and recent investigations including this PhD work, one can describe the
mechanism of the crenellations effect on the FCP retardation as follows. The mechanism of the crack
retardation due to the thickness variation ahead of the growing crack involves relaxation of stresses
acting on the crack tip due to the change in constraint conditions when the crack tip is within the
thinner sections and propagates towards the thicker section. Another consequence of the change in
the constraint condition is the change in the crack tip shape. The quasi-straight crack front takes an
elliptical shape.

When the crack propagates into the thinner section -during the transition from thicker section into
the thinner section- limited amount of ductile tearing may occur if the level load is sufficiently high.
Indeed, occurrence of the small amount of ductile tearing has been reported in [243] and also in the
wide steel plates of this study, although the structure was under cyclic loading. The occurrence of
ductile crack growth is associated with formation of a considerably large plastic zone size at the crack
tip, which will first accelerate crack growth but once the crack reaches the thinner section, the plastic
zone might act as the second retardation mechanism and lead to further retardation in addition to the
beneficial stress relaxation as a result of the change in constraint conditions ahead of the growing
crack.

The iso-K approach is certainly a more accurate way of simulating crack growth towards thicker
sections. However, as the crack propagates towards the thinner section, and when the crack is in
the thinner section again, the limits of linear elastic fracture mechanics are violated. Due to the oc-
currence of ductile tearing, a non-linear J based simulation approach needs to be adopted. Iso-K
approach employed in [244], hence, leads to non-conservative results and loses its validity at a certain
stage. However, finding the crack tip shape along the crack plane in the presence of various thickness
variations -especially in the elastic-plastic regime- and re-meshing the plastically deformed model at
each crack propagation step are currently beyond the limits of commercial software packages.

Up to now, the advantages of crenellations were discussed. However, there is a possible drawback of
the crenellations and this is to do with their possible notch effect in the transition zones. As it was
mentioned above, crenellations are, in principle, “tailored solutions” to a component where acting
principal stress field is known and the component is suitable for the introduction of one-sided crenel-
lations perpendicular to a possible crack growth. Obviously, the edges of the crenellations should not
be sharp and hence smooth transition profiles will remove any possible notch effect. But it should be
borne in mind that this requires considerable numerical effort in the design stage.

The other drawback of the crenellations is that if a crack is present in the thicker region and it prop-
agates towards the thinner region, acceleration of crack growth can be observed depending on the
loading conditions. This is certainly against the design target, which is to improve damage tolerance.
If there is a sufficient number of crenellation patterns machined on the surface of the plate, this draw-
back can be neutralized by the gains obtained at the following transition zones, when the crack is in
the thin region again and propagates towards the thicker region.

The two drawbacks; namely “the notch effect” and “machining optimum number and pattern of
crenellations”, can be overcome with the help of numerical analysis. In this case, the design problem
turns into an optimization problem. Then, the problem of finding the optimum crenellation geom-
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etry, which should lead to the longest fatigue crack propagation life, turns into the definition of the
relationship between the following parameters;

• number of crenellation patterns,

• ratio of height Rh = CH1/CH2,

• ratio of width Rw = CW1/CW2 and

• radius of curvature, r, at the transition from the thinner region to the thicker and vice versa,
Figure 3.10.

Interrelationships between these parameters need to be resolved for both Al-alloys and steels op-
erating under constant and variable amplitude cyclic loading conditions. Examination of constant
amplitude cyclic loading is certainly the first step, which should deserve considerable attention before
the more complex loading scenario involving variable amplitude cyclic loading is considered.

CW1

CW2

CH1

CH2

r

FCP

K-field

ductile crack propagation

Figure 3.10: Parameters of the crenellation patterns. Their particular interrelationship affects the
K-field ahead of the growing crack.

The only study on the distribution of stress intensity factor of a plate with different thicknesses that can
be found in the early literature is in the K-solutions compendium of Rooke and Cartwright [245] and
has been conducted by Isida. Isida has examined symmetrical thickness variations though. Hence, in
this regard, no existing knowledge or study provides knowledge for the analysis of crenellations, the
asymmetrical thickness variations. It is, therefore, intended to focus on investigating the governing
parameters for crack retardation and generate new knowledge in this field within this thesis.

More precisely, Isida has analysed a crack near a junction of two sheets under uni-axial stress condi-
tion for various different thickness ratios, see Figures 3.11-3.13. The crenellation geometry studied
in this PhD work is completely different from the one analysed by Isida. Figures 3.11-3.13 show the
K-variations with respect to solutions of the reference plate, K0. The thickness variation pattern has
been machined on both sides of the plate. This enables a symmetric thickness profile, whereas in this
PhD work plates containing crenellations on one side only are examined. The asymmetric geometry
of plates adds further complexity to the analysis of crack tip conditions, which is discussed in the
finite element analysis part of this work.
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Figure 3.11: KI for tip A of a crack near the junction of two uniformly stressed sheets, [245]
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Figure 3.12: KI for tip B of a crack near the junction of two uniformly stressed sheets, [245]
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Figure 3.13: KI for collinear cracks in a periodically stiffened sheet subject to uniaxial tensile stress,
[245]
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At the beginning of this PhD work, a feasibility and a sensitivity study was conducted to determine the
main course of investigations. For this part of the work, M(T)200 type wide plates were manufactured
using AISI 304 stainless steel. Eight millimeter thick plates were used to generate reference data and
12 millimeter thick plates were used to produce crenellated specimens, see Figure 3.14. By doing this,
the average thickness of crenellated specimens was kept equal to the thickness of the plain, reference
specimen. The selection of stainless steel material for this “path-finding” experiments was to identify
crack growth retardation in highly ductile materials where extensive plastic zone development may
occur at the growing crack tip under varying crack tip stress fields. The intention was to compare the
fatigue crack propagation behaviours of the two types of specimens to observe crack retardation in
this ductile steel as observed in Al-alloys of previous studies, as reported in [242] - [244].

M(T)200 type wide plates each containing a through-thickness centre crack were tested under constant
amplitude cyclic loading (R = 0, 1) at room temperature. The plates tested were in plain (reference)
and crenellated geometries. AISI 304 material was butt-welded with laser beam process and centre
notches were placed in the centre of the weld (Fusion Zone, FZ) and at the edge of the weld (Heat
Affected Zone, HAZ). Hence, three M(T)200 plates were manufactured as reference plates without
crenellations and one crenellated plate with notch at the FZ.

In Figure 3.15 fatigue crack growth rate, da/dN , vs. half crack extension, a, curves are given for the
8.0 mm reference wide plates of AISI 304 steel. Fusion Zone (FZ) and Heat Affected Zone (HAZ)
notched plates exhibit higher da/dN rates compared to the parent material plates, although for the
8.0 mm results, HAZ notched plate exhibited partially lower crack growth rate than the BM which
could be considered as scatter due to deviation of crack into the base material. Basically, weld zone
has inferior FCP properties compared to the BM due to the as-cast fusion zone microstructure and
presence of unfavourable residual stresses.

Figure 3.16 shows the comparison between the reference and the crenellated wide plates which were
prepared from AISI 304 steel butt-joints and 20mm long notches (2a0 = 20mm) were placed at the
FZ of these plates. This comparison presents the first result for the basic idea of this thesis and shows
clearly a significant crack growth retardation due to crenellation which has the potential to improve
the damage tolerance of steel structures. In this diagram, the average fatigue crack growth rate of left
and right cracks can be seen.

In the crenellated plate, the thickness in the cross-section containing the crack varies between 6mm in
the thinnest region and 10mm in the thickest region. A significant retardation is observed, when the
crack approaches the 10mm thick region. Although the sharp thickness transition is at 40mm away
from the middle of the specimen at each side, propagation rate of the cracks starts to decrease before
the left and right cracks reach 40mm length.

Crenellated plate design obviously could provide significant reduction of the crack growth rate up to a
certain crack length. Once crack length is very long, crenellated design can certainly not be beneficial
for the da/dN rate anymore.

Based on the findings of this small work package, the main experimental part of this programme
detailed in Section 3.3 was planned.
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Figure 3.14: Crenellated M(T)200 specimen of AISI 304 steel used in preliminary tests to determine
the main experimental matrix of this thesis
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Figure 3.15: da/dN vs. crack extension curves of reference specimens of AISI 304 steel with 8mm
thickness
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Figure 3.16: Comparison of plain and crenellated FZ-notched specimens of AISI 304 steel.
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3.3 Experimental Work

After conducting constant amplitude fatigue crack propagation (FCP) tests on the reference and
crenellated AISI 304 M(T)200 specimens as preliminary work to see whether crack growth retar-
dation would also take place in steels, the main experimental programme of this study was prepared
as described in the sections below.

In Section 3.3.1, the two different steels tested in the main experimental programme are introduced.
For the manufacturing of butt and fillet welded specimens laser beam welding was used. The pa-
rameters of the laser beam welding procedure employed in this programme can be found in Section
3.3.2. Mechanical tests and measurement of residual stresses are the core elements of the experimen-
tal programme of this thesis. Basic materials characterization includes micro-hardness measurements,
tensile testing and determination of fracture toughness, Section 3.3.3. The results of basic materials
characterization both helped to interpret the results of wide plate tests explained in Section 3.3.4 and
gave input to various advanced finite element analyses and progressive failure analyses detailed in
Section 3.5.

In the last experimental part of this study, residual stresses were measured to investigate their possible
contribution to the fatigue crack growth retardation in conjunction with the crenellated design and
the methods used for measuring the residual stresses together with the analysis of data obtained from
neutron diffraction and synchrotron techniques are discussed in Section 3.3.5.

3.3.1 Material Matrix

Two high-strength low alloy (HSLA) steels (S420M and S690QL) constitute the main material ma-
trix of this programme. The reason for manufacturing specimens from two different steels was to
identify the role of strength and microstructure on the fatigue crack propagation in combination with
the crenellated design. These materials exhibit low strain hardening capacity and the role of different
yield-to-tensile (Y/T) ratio on the crenellated design could have been investigated using such steels.
One of the HSLA steels chosen, S420M, was manufactured by the thermo-mechanically controlled
rolling (TMCR) process and the other steel’s, S690QL, production route includes quenching and tem-
pering substeps.

By thermo-mechanically controlled rolling (TMCR) process it is possible to manufacture fine grained
microstructures by an appropriate combination of rolling steps at particular temperatures and a tem-
perature control of those steps. Another advantage of this process route is that TMCR-steels can be
welded without preheating, enabling cost saving in production [246] - [247]. Being able to reach a
yield strength of 500 MPa by TMCR has stimulated production by other routes, like quenching fol-
lowed by tempering (QT) aiming to produce a microstructure mainly of tempered martensite, as in
the case of S690QL steel. Both S420M and S690QL are construction steels heavily used in oil and
gas and energy applications.

Chemical composition of delivered steels and the tensile properties of these steels noted in the material
certificates can be found in Tables 3.1 and 3.2 respectively. The carbon equivalence of these ferritic
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steels, Table 3.1, was calculated in accordence with the IIW formula, eq. (3.1).

CEIIW = C +
Mn

6
+

Cr +Mo + V

5
+

Ni+ Cu

15
(3.1)

Table 3.1: Chemical composition of steels (from the material certificate prepared in accordance with
EN 10149-2)[Wt %]

Steels Elements wt, %
C Si Mn S P Cr Mo Nb Sn

S420M 0,079 0,007 0,86 0,0056 0,007 - - 0.039 -
S690QL 0,13 0,42 1,36 0,005 0,015 0,02 0,001 0,034 0,004

V Ni Cu N B Altot Ti Zr Ceq

S420M 0,001 - - - - 0,043 0,001 - 0,223
S690QL 0,061 0,02 0,01 0,005 0,003 0,033 0,026 trace 0,374

Table 3.2: Mechanical properties of steels (from the material certificate prepared in accordance with
EN 10149-2)

Steels Rp0,2, MPa Rm, MPa A, %
S420M 452,0 526,0 30
S690QL 789,0 831,0 18

3.3.2 Laser Beam Welding (LBW)

Laser Beam Welding (LBW) is a high energy density process that can be utilized to joint both sim-
ilar and dissimilar materials. This welding procedure has been very popular primarily in aerospace,
automative and shipbuilding sectors and, to a certain extend, in some specific off-shore applications
due to high welding speed and ease in automation. Furthermore, laser beam welded joints have also
proved to be safe under both rapid and cyclic loading conditions. The improvement in damage toler-
ance of laser beam welded structures as a result of low residual stresses and low distortion is another
factor affecting mechanical quality requirements. For the manufacturing of both butt and fillet welds
of this programme, CO2 laser beam welding procedure was utilized with the parameters stated in
Table 3.3.

Table 3.3: Laser beam welding parameters, welding speed 1 m/min

Laser Power, W Energy per unit, J/cm
S420M - butt weld 7000 4200
S690QL - butt weld 7000 4200
S420M - fillet weld 3800 2280
S690QL - fillet weld 3800 2280
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3.3.3 Basic Material Characterization

As part of basic material characterization:

• micro-hardness measurements,

• tensile tests and

• fracture toughness tests

were carried out.

Micro-hardness measurements were conducted on the butt welds using the Vickers technique. The
diamond indenter was pressed with a force of 5.0 N (HV0.5) and was held for 10 seconds.

Tensile properties were measured using standard flat tensile specimens with a gauge length of 60mm
and an overall length of 300mm, Figure 3.17. Six millimeter thick parent material specimens were
oriented parallel and transverse to the rolling direction. Cross-weld specimens contained a butt weld
in the middle and the thickness of these specimens was identical to the thickness of parent material
specimens. Tensile tests were carried out in accordance with the British Standard BS 10002-1 [248]
at room temperature. Engineering strain was measured using an extensometer.

300mm
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Figure 3.17: Standard tensile specimen

In addition to the standard tensile tests, non-standard “micro flat” tensile tests were also conducted
in order to determine the yield and tensile strengths of individual weld regions like fusion zone and
heat affected zone as well as the stress-strain curves of these materials, since LBW zone is very small
to extract standard round or flat all-weld metal specimens. Determination of local tensile properties
would also help identify the reason of various phenomena together with the mismatch ratio M , which
could occur in the mechanical tests such as crack path deviation or behaviour of crack tip in and in
the vicinity of plastic zones.

For the characterization of each butt joint, 12 micro-flat tensile specimens illustrated in Figure 3.18,
where a = 0.5 mm and b = 2 mm, were machined from each butt weld and adjacent base material by
electrical discharge machining (EDM), Figure 3.19. Extension of micro flat specimens were recorded
by the Fiedler-Laser, Figure 3.20, while the specimens were being tension loaded with a constant
velocity of 0.2 mm/min using the setup seen in Figure 3.21.
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a

b

Figure 3.18: Micro flat tensile specimens, a = 0.5 mm and b = 2 mm

Figure 3.19: Extraction of micro flat tensile specimens by EDM, courtesy of M. Kocak

Figure 3.20: Micro flat tensile testing set-up detail showing the laser scanner for measuring the ex-
tension
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Figure 3.21: MFT testing set-up including a servo-hydraulic testing machine and Fiedler-Lasers

Fracture toughness tests in accordance with the British Standards BS 7448-1 [249] and BS 7448-4
[251] using single edge notch bend (SEN(B)) specimens were conducted in order to determine CTOD
R-curves of both parent materials (S420M and S690QL steels) in longitudinal and transversal direc-
tions. Single point CTOD fracture toughness values of butt joints of S420M and S690QL were also
assessed in accordance with the British Standard BS 7448-2 [250].

The dimensions of all specimens were as follows: thickness B = 12 mm, width W = 24 mm and
length L = 130 mm, with a through-thickness notch of 8 mm deep, Figure 3.22. Only parent and weld
material specimens of S420M were side grooved. All specimens were fatigue pre-cracked at room
temperature to a nominal a/W ratio of 0.5.
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Figure 3.22: Principal drawing of fracture toughness specimens

After testing, final values of crack length, af , were measured by calculating the mean value of nine in-
dividual measurements spaced equally along the crack front. All specimens were tested in three-point
bending with span of S = 4W = 96 mm. All fracture toughness tests after pre-cracking were carried
out at room temperature. A single CMOD clip arrangement was used. The clip gauge readings and
the applied load were recorded continuously during each test. During the experiments, the specimens
were tension loaded with a constant velocity of 0.5 mm/min.

For the purpose of material characterisation, CTOD (δ) was calculated using the formulae in BS
7448-1, BS 7448-2 and BS 7448-4, and processing the load and crack mouth opening displacement
(CMOD) signals. The total CTOD being the sum of elastic (δel) and plastic CTOD (δpl) components
is calculated as

δtotal = δel + δpl (3.2)

where

δel =
K2 (2− ν2)

2ERp0.2

δpl =
0.6Δa+ 0.4 (W − a0)

0.6 (a0 +Δa) + 0.4W + z
× Vp

and where K is given as

K =
FS

W 1.5 (BBN)
0.5 × g1 (a0/W )

for three-point bending specimens. In this equation, F is the force at the termination of the test, S is
the span width, B is the thickness of specimen, BN is the thickness of side grooved specimen (which
is set equal to the thickness of the specimen if it is not side grooved) and g1 (a0/W ) is the stress
intensity function;

g1 (a0/W ) =
3(a0/W )0.5[1.99− a0/W )1− (a0/W )2.15− 3.93(a0/W ) + 2.7(a0/W )2]

21 + 2(a0/W )1− (a0/W )1.5

where z is equal to the knife edge thickness and Vp is the plastic component of the notch opening
displacement at the termination of the test.
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Material’s fracture toughness, Kmat, can then be calculated from CTOD as follows:

Kmat =

√
mRp0.2δ

E

1− ν2
(3.3)

where the constraint factor m can be selected as 1.5 for deep notched, high constraint steel specimens
exhibiting also a relatively higher work hardening exponent, N , greater than 0.05. The CTOD fracture
toughness value at the maximum load was converted into Kmat in accordance with this formula,
assumed to be the critical plane stress fracture toughness value (see also Section 4.1) and compared
with the plane stress fracture toughness value calculated using the fracture toughness determination
method described in Section 2.3.2 and [71].

3.3.4 Wide Plate Testing Programme

It was planned to carry out the fatigue crack propagation (FCP) tests on wide plates of S420M and
S690QL steels containing through-thickness centre cracks under constant amplitude tensile loading
conditions to investigate the crenellation effect on “component-like” specimens. This is the difficult,
costly but unique approach of this study. The type and number of wide plates tested can be seen in
Table 3.4, representing the testing matrix. Parent material, butt welded and fillet welded (using CO2

laser beam welding process) specimens were tested in plain (reference) and crenellated configurations
as illustrated in Figure 3.23.

Table 3.4: Constant amplitude fatigue crack propagation test matrix using wide plate specimens in-
cluding, the tested and spare wide plates

Materials S420M S690QL
Base Metal PLAIN 2 2
Base Metal CRENELLATED 2 2
Butt joint PLAIN 3 3
Butt joint CRENELLATED 3 3
Fillet joint PLAIN 3 3
Fillet joint CRENELLATED 3 3
Total 16 16

The stringers of the fillet welded specimens should have been cut to fit specimen holders. However,
the new shape of the specimen should ensure that a secondary crack should not start at another point
on the specimen. To start, only two specimens, one of each material, were prepared. When forma-
tion of a secondary crack due to false specimen design was not observed during the experiments, the
other fillet welded specimens were manufactured according to the principal drawings in Figure 3.24,
notching plan and specimen design in Figure 3.25. Various crenellated specimens containing butt and
fillet welds can also be seen in Figures 3.26 and 3.27.

Constant amplitude fatigue crack propagation tests were carried out with an R-ratio of 0.1. During
these tests, extension of the fatigue crack was continuously monitored, Figure 3.28. For the purpose
of monitoring, both direct (optical) and indirect (CMOD-clip readings) methods were employed, Fig-
ure 3.29. Effort was given to conduct non-stop fatigue crack propagation tests to avoid generating
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additional load history effects. To be able to conduct non-stop FCP tests, advanced experimental
monitoring techniques like ARAMIS image analysis technique was used especially in the evenings to
record the fatigue crack propagation rate, Figure 3.28.

All the load controlled FCP tests were conducted under constant amplitude loading conditions in
accordance with the ASTM Standard E-647 [253], where ΔK at the beginning was chosen to be
20MPa

√
m. This ΔK value corresponds to a relatively high stress level, which is above the normal

operational conditions of steel structures such as ships, and parts of on-shore and off-shore load bear-
ing structures, where the crenellated design can potentially be adopted.

The raw data of these tests are the extension of left and right half cracks a and number of cycles
N , da/dN vs. a and da/dN vs. ΔK diagrams were generated after processing the raw data in
accordance with the ASTM standard E-647 and with the help of numerical analysis. From the linear
region of da/dN vs. ΔK diagrams, Paris constants, C and m, were derived and these were compared
with the results from literature.

Base Material Butt Weld Fillet Weld

Figure 3.23: Principal drawings of through-thickness centre cracked specimens and macro-sections
of the butt and fillet laser welds, as example.
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1000 mm

1000 mm

500 mm

500 mm

LBW

LBW

a) Reference fillet laser welded plate

b) Crenellated fillet laser welded plate

Figure 3.24: Design of fillet laser beam welded specimen with through-thickness centre crack
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a) Notching plan of base material, butt and fillet welded specimens

b) Details of crenellation geometry machined on base material, butt and fillet welded specimens

Figure 3.25: Crenellated base material and butt welded specimens
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a) Butt weld specimen b) Fillet weld specimen

Figure 3.26: Crenellated wide plates containing butt and fillet laser welds

Figure 3.27: Various tested crenellated wide plates
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Figure 3.28: Test set-up for centre cracked wide plates - 100t machine
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CMOD clip

Figure 3.29: Test set-up for centre cracked wide plates - 250t machine
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3.3.5 Residual stress measurements

Some welded plates were used to measure the residual stresses (RS) in the reference and crenellated
plates using the neutron diffraction and synchrotron x-ray diffraction techniques. Within this study,
such a benchmark study was conducted to identify the possible role of residual stresses on the fatigue
crack propagation behaviour of crenellated and welded plates.

Beginning with two C(T)100 specimens containing a butt weld in the middle (at the notch plane),
this measurement programme was then extended to wide plate specimens. The material of C(T) 100
specimens was S450 steel and the wide plate material was S690Q steel. Residual stress distribution
on C(T)100 specimens was measured by neutron diffraction only. The residual stress distribution on
wide plates was measured by both neutron diffraction and sychrotron x-ray diffraction techniques for
verification purposes and it was aimed to see whether the two different techniques would deliver iden-
tical results under identical constraint conditions. The reason for employing two different techniques
was also to make a comparison between the two methods. It is known that neutron diffraction is a
suitable method for relatively thicker specimens such as 30 mm but the same cannot be claimed for
the synchrotron technique, which is known to be a more suitable method for thinner sheets/materials.
The measurement of residual stresses on 12 mm thick steel specimens by the synchrotron technique
was itself a separate experiment. However, the residual stresses on the wide plate were initially mea-
sured by the synchrotron technique and the length of the very same specimen had to be reduced by
cutting the ends of plates to fit the instrumentation. The residual stresses on this plate were measured
by the neutron diffraction technique after cutting. Although the constraint conditions in neutron and
synchrotron experiments could not be kept the same, the results of the two experiments could still be
used for comparison of residual stress distributions on the reference and crenellated wide plates.

The crenellated C(T)100 specimen measured (GeNF, Geesthacht, Germany) can be seen in Figure
3.30. In Figure 3.31, the crenellated and reference specimens are illustrated together after mounting
in the diffractometer. The positions of the three scan lines in the crenellated sample and one scan line
in the reference sample without crenellations are illustrated in Figure 3.32, where the thickness of the
reference specimen is 8mm and the thickness of the crenellated specimen varies between 6mm and
12mm.

The residual stress measurements using the synchrotron method (DESY, Hamburg, Germany) were
conducted on a reference and a crenellated wide plate following the identical approach adopted for the
C(T)100 specimens, Figure 3.33. The thickness of the reference plate was 12mm and the thickness of
the crenellated plate varied between 6mm and 12mm. The plates were mounted with the weld in the
vertical direction. Three scan lines on the crenellated and one scan line on the reference plate were
measured as can be seen in Figure 3.34. The X-ray penetrated the whole sample thickness and from
the total depth average information was gathered. The only disadvantage of the synchrotron tech-
nique was that only longitudinal and transverse stress distributions could be obtained, whereas the
distribution in the through-thickness direction can additionally be measured if the neutron diffraction
technique is used.

After cutting from the two ends of the plate symmetrically, the residual stress distribution on the same
crenellated and reference plates was measured again (HZB, Berlin, Germany), Figure 3.35. Two mea-
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surements were conducted on the reference plate: one scan line 3mm above the root of the weld and
one scan line 3mm below the cap of the weld. Three measurements were conducted on the crenellated
plate focusing the depth 3mm above the root of the weld at three different thicknesses, Figure 3.36.

Considering that two different methods, namely neutron diffraction and synchrotron, were employed
for the measurement of residual stresses, it is worth to explain briefly how the residual stresses were
calculated from the strain data after the neutron diffraction measurements, Section 3.3.5.1, and how
the measured intensities calculated from the area detector images produced by X-rays were con-
verted into meaningful residual stress information as an average value thorough the thickness after
synchrotron x-ray diffraction measurements of strain, Section 3.3.5.2.

a) front view of crenellated sample

b) rear view of crenellated sample

Figure 3.30: Crenellated C(T)100 with butt weld at the notch plane was used for residual stress
measurements
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Figure 3.31: Crenellated (left) and reference sample (right) mounted in the diffractometer for mea-
surement of transverse strains

Figure 3.32: Location of the three scan lines in the crenellated and reference samples
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Figure 3.33: Crenellated wide plate

1. line, t = 8 mm2. line, t = 6 mm3. line, t = 12 mm

1. line, t = 12 mm

a) reference plate

b) crenellated plate

Figure 3.34: Locations of the three synchrotron scan lines at the 6, 8, and 12 mm thick regions of the
crenellated plate and the scan line on the reference plate
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Figure 3.35: Set-up for measuring the residual stresses on the cut wide plate

12mm

12mm 8mm6mm

3mm

3mm

3mm

a) section of a reference plate

b) section of crenellated plate

weld

weld

measurement
line

Figure 3.36: Positions of the neutron diffraction scan lines on the cut wide plates
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3.3.5.1 Measurement of Residual Stresses by Neutron Diffraction and Its Analysis

The principle of neutron residual stress (RS) analysis is the same as for the X-ray residual stress anal-
ysis. General introductions into neutron residual stress analysis can be found eg in [103]-[104]. The
main difference between X-rays and neutrons is that the penetration depth of neutrons is much larger,
about 1000 times the penetration depth of X-rays. Thus, neutrons facilitate stress analysis in the bulk
while laboratory or portable X-ray sources are used for surface stress analysis.

Three types of RS are distinguished: stresses of Type I, II, and III [102]. Stresses of Type I are
macrostresses that are balanced over the whole component. Stresses of Type II are stresses that are
balanced over several grains, caused e.g. by plastic deformation. Stresses of Type III are stresses
within grains, caused eg by precipitates, dislocations, or impurities. Stresses of Type II and III are
called microstresses. When determining stresses from peak shifts, these can contain stresses of all
types that lead to peak shifts.

Stresses of Type III lead to predominantly peak broadening only, but not to a shift of the peak position.
The influence of Type II stresses on the stress result is minimized by choice of the interference peak
used for strain measurement (eg (211) for α-Fe or (311) for γ -Fe). With these peaks, the stresses
determined by diffraction are a good approximation for the true macrostresses, Type I stresses. In the
following discussions, only macrostresses will be referred to.

Strain Measurements

The residual strain measurements were performed with the neutron diffractometers at GeNF, Geesthacht
[254] and HZB, Berlin. Neutrons of 1.64 angströms wavelength at GeNF and of 1.486 angströms at
HZB from an elastically bent perfect Silicon (311) monochromator were used. According to Bragg’s
equation,

nλ = 2dsinθ (3.4)

where θ is the diffraction angle, a change of Δd in the lattice spacing by internal strains will result
in a shift of a Bragg peak Δθ that can be measured. The peak position is determined by fitting a
suitable peak function plus a linear background to the measured data. In all the neutron diffraction
measurements, the Gaussian function was used. The strain in the direction normal to the reflecting
lattice plane is calculated by

ε =
d− d0
d0

= −θ − θ0
tanθ0

(3.5)

where d0 or θ0 is the lattice parameter or the diffraction angle of the corresponding stress-free lattice
[255]. Strain measurements in three perpendicular directions are required to determine the stresses in
these directions, where the three directions are generally chosen as the principal sample axes [104].

The nominal size of the gauge volume was 2 x 2 x 2mm3 for all three directions measured at GeNF
and 3 x 3 x 3mm3 for all three directions measured at HZB. The true size of the gauge volume is
slightly larger than the nominal size given by the slit widths because of the divergence of the incom-
ing beam. The grain size was small enough to ensure a good grain statistics for all measurements.
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The (211) diffraction peak of the α-Fe phase was recorded with an area detector at an angle of about
88.5◦. This peak is recommended for materials with a body-centred-cubic (bcc) crystal structure be-
cause the influence of micro-stresses on the stress results should be small, ie these peaks should give
a good measure for the macro-stresses [256].

Calculation of Stresses

Tri-axial residual stresses are calculated from the measured strains as stated in [104]

σi =
E

1 + ν

[
εi +

ν

1− 2ν
(ε1 + ε2 + ε3)

]
(3.6)

where i = 1, 2, 3 stand for the three orthogonal directions (radial, tangential, axial or x-, y-, z-). The
modulus of elasticity E and Poisson’s ratio ν used for the evaluation depend on the hkl of the reflec-
tion that is used for the strain measurement [102]. The values E211 = 225GPa and ν211 = 0.28 were
used for the α-Fe phase [103].

For the determination of a tri-axial stress state, the knowledge of the unstrained lattice parameter d0

(or the peak position θ0) at each measured point inside the sample is required, equation (3.5). In cases
where d0 can change within the sample, eg in welds, stress free lattice parameters need to be deter-
mined at metallurgically different locations, such as parent material, heat affected zone and fusion
zone, separately. Hence, proper reference samples containing these metallurgically different sections
are required [255]. Small reference samples can be cut out of a specimen in the form of combs, where
macroscopic stresses can relax. Ideally, the reference samples should be cut by EDM to avoid addi-
tional microstructural changes as a result of heat input or mechanical impact.

From equation (3.6) the difference between the stresses in two directions can be written as:

σ1 − σ2 =
E

1 + ν

[
ε1 +

ν

1− 2ν
(ε1 + ε2 + ε3)

]
− E

1 + ν

[
ε2 +

ν

1− 2ν
(ε1 + ε2 + ε3)

]

=
E

1 + ν
[ε1 − ε2] (3.7)

and inserting equation (3.5),

σ1 − σ2 =
E

1 + ν

[
d1 − d0

d0
− d2 − d0

d0

]
=

E

1 + ν

[
d1 − d2

d0

]
(3.8)

It can be seen that d0 is eliminated from the numerator. Variations of d0 in the denominator are of
minor significance, therefore d1 or d2 can be used as a first approximation. Thus, knowledge of d0 is
not required for obtaining correct stress differences. However, when the absolute stress values in the
three directions are required, reference samples have to be prepared. This is important especially for
the welds where significant variations of d0 can occur.

Force balance conditions can be used for the determination of absolute stress values. The force
balance conditions require that d0 does not change along the line on which strains are measured and
the stresses perpendicular to a cross section of the specimen have to add up to zero, ie∫

A

σ⊥dA = 0 (3.9)
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When a plane stress state can be assumed in the specimen, this can be used for the calculation of d0,
[104]. From the condition σ3 = 0, d0 can be calculated for each point:

d0 =
1− ν

1 + ν
d3 +

ν

1 + ν
(d1 + d2) (3.10)

and the stresses σ1 and σ2 can be evaluated using the biaxial formula

σ1,2 =
E

1− ν2
[ε1,2 + νε2,1] (3.11)

In addition, the effective von Mises stresses can also be calculated, which are independent of d0, as
only the stress differences are required for the calculation of von Mises stresses

σM =
1√
2

√
(σ1 − σ3)

2 + (σ1 − σ2)
2 + (σ2 − σ3)

2 (3.12)

Alternatively, the stresses can be divided into hydrostatic (σH ) and deviatoric (σD1, σD2, σD3) com-
ponents, which can be calculated as follows:

σH =
1

3
(σ1 + σ2 + σ3) (3.13)

σD1 = σ1 − σH

σD2 = σ2 − σH

σD3 = σ3 − σH (3.14)

These equations indicate that only the hydrostatic stress depends on d0.

3.3.5.2 Measurement of Residual Stresses by Synchrotron X-ray Diffraction

The raw data obtained from synchrotron measurements are 2D detector images with measured intensi-
ties. One-dimensional diffractograms are derived by integrating over 20 wide sectors in the directions
parallel and perpendicular to the weld line using the program “Fit2d”. The position of the Fe (211)
reflection was determined by fitting a Gaussian profile. As reference for the exact detector distance,
the position of the Cu (220) reflection from Cu powder applied to the plate surface on the incoming
beam side was used.

The X-ray energy was 100 keV (wavelength 0.12389 A◦). The transmission of 12 mm steel at 100
keV was about 4%. A monochromator with gradient crystals was used. The undulator gap was 14.3
mm. The beam had a cross section of 1 mm x 1 mm (slit 1 = 1x1, slit 2 = 1x1, slit 3 = 1.1x1.1). A
Mar555 area detector was placed at a distance of 1072 mm from the sample. The exposure time was
two seconds. The width between each scan was set as 1 mm.

First of all, the difference in residual stresses in the x-direction (parallel to the weld line) and y-
direction (perpendicular to the weld line) was calculated using a modulus of elasticity for the (211)
reflection plane, E211 = 225 GPa, and a Poisson’s ratio of 0.28 for the (211) crystallographic orienta-
tion. In the absence of d0 knowledge, this can be regarded as the exact result, as the lattice parameter
of the stress-free lattice does not influence this difference. These results are presented in Section 4.2.3
together with the results of neutron diffraction measurement results.
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diffraction and x-ray synchrotron techniques.

3.4 Numerical Analysis of Crack Tip Field

Based on the initial in-house experimental trials and former works on aluminium wide plates, it was
known that any crenellation pattern would possibly not retard the growing crack. Furthermore, ma-
chining of crenellations on a plate could even accelerate crack growth, if not optimized. This conse-
quence was certainly to be avoided.

Hence, before starting the experimental study on wide plates described in Section 3.3.4, a compre-
hensive finite element analysis study was conducted, in order to

• determine the crenellation pattern geometry to be machined on the wide plates to be tested in
this PhD work and

• gain a fundamental understanding of the crack growth mechanism in the presence of crenella-
tions

To be able to understand the mechanism of crack growth and determine the optimum crenellation
geometry, various simulations with varying thickness and width ratios were run to identify the role of

• thickness ratio variation of crenellation pattern on the distribution of the J integral and stress
intensity factor, K, and

• width ratio variation of crenellation pattern on the distribution of the J integral and stress in-
tensity factor, K,

as an infinite number of thickness and width ratio combinations is possible, and it is also very costly
and time consuming to examine the behaviour of fatigue crack growth in each crenellated plate ex-
perimentally.
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In Section 3.2, the mechanism of fatigue crack retardation in the presence of crenellations was dis-
cussed briefly. While the fatigue crack propagation during the transition from the thinner section to
the thicker section takes place in the linear regime, this is not the case for the transition from the
thicker section to the thinner section, where a certain amount of ductile tearing can be observed de-
pending on the magnitude of loading. Hence, although the stress intensity factor, K, can be used to
characterize and quantify the amount of fatigue crack growth in the propagation stage towards the
thicker section, it should ideally be replaced with the J integral to quantify the amount of fatigue
crack growth towards the thinner region.

For this very reason, throughout the numerical examinations in this PhD work, the J integral was
obtained from the simulations as discussed in Section 3.4.1. The models built for analyses and how
they were meshed are detailed in Section 3.4.2.

It should also be noted that one of the objectives of this thesis, defined during its conception, was to
generate closed-form stress intensity factor solutions of crenellated plates. Due to the observation of
ductile tearing in the experiments and deviations from the small-scale yielding, derivation of a closed-
form SIF solution would not be theoretically correct and the focus was placed on understanding the
underlying retardation mechanisms both in the elastic and elastic-plastic regimes.

3.4.1 Simulation of crack growth

Before starting the experiments, first the crenellation geometry to be machined on the specimens
should have been determined. However, there was no comprehensive finite element work on the
influence of different thickness ratios, CH1/CH2, or different width ratios, CW1/CW2, on fatigue
crack propagation in the open literature, Figure 3.10. Hence, as the first step, various wide plates of
M(T)200 type with only one crenellation pattern, were analysed. In these simulations, one variable
was changed at a time and this enabled to reveal the most dominating parameters to be determined,
which will have an impact on the fatigue performance of the crenellated structure. The through-
thickness average J integral values were the results of these simulations, which gave an indication on
the general behaviour of the crack tip on these plates.

After the quasi-optimum crenellation geometry was chosen based on the results obtained from the
simulation of M(T)200 plates, another model for a wider plate, the width of which was set to 400mm,
was analysed. This plate contained two crenellation patterns. During the analysis of the smaller
M(T)200 plates, the behaviour of a fatigue crack entering into the thicker section of a crenellation
was analysed, but in the larger plates containing two crenellation patterns it would be possible to in-
vestigate the behaviour of a fatigue crack in the other transition region, where the crack growing in
the thicker section would propagate towards the thinner section. The subsequent analyses following
400mm wide plates focused on the analysis of the actual, tested wide plate, the width of which was
460mm. The technical drawing of this plate geometry can be seen in Figure 3.25. Although this
model was not very different from the 400mm wide plate, the boundary effects were more or less
eliminated with this wide plate design.

During the experiments, Section 3.3.4, fatigue crack propagation could be monitored from one side
only. This was the smooth surface, which could be well polished. Hence, after conducting the finite
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element analyses on the tested crenellated plates, the simulation data was post-processed to calculate
first the J-integral on the smooth surface only. An additional set of post-processing was carried out
subsequently to generate the J-integral values through the thickness. An average of individual J-
integral values through the thickness was then calculated. Both “J-integral on the smooth surface vs.
crack length” and “average J-integral through the thickness vs. crack length” diagrams were drawn,
Section 4.3.

The commercial Finite Element Analysis software, ABAQUS, was used for the generation of models
and calculation of J-integral by the built-in contour integration function at numerous positions along
the crack front, while simulating the crack growth along the cross section of the plate. For each crack
position, the J-integral was evaluated on five contours around the crack front. Due to the reasons
highlighted in Section 3.2, straight-fronted cracks were modelled in the simulations.

One of the observations in the fatigue crack growth experiments was that the deformation due to crack
propagation towards the thicker section is elastic, whereas the deformation due to crack propagation
towards the thinner section can be elastic-plastic depending on the loading conditions. Therefore,
during the analysis of some selected cases, elastic-perfectly plastic material behaviour was taken into
account.

After linear analyses, the J-integral was converted into a K value using equation (3.15), where the
plastic deformation is within the limits of small-scale yielding,

KJ =

√
JE

1− ν2
(3.15)

and where the material properties for the elastic analysis were adopted as follows: E = 210000MPa
and ν = 0.3.

In order to eliminate the effect of loading conditions, the K values were further converted into dimen-
sionless shape factor, Y , using the formula

Y =
KJ

σ
√
πa

(3.16)

This exercise helped to identify the dominating factors on the fatigue crack propagation behaviour of
crenellated plates. In order to calculate the shape factor, Y , of the reference plates, the solution in
BS7910 [219] was adopted:

Y = sec(
πa

W
)0.5 (3.17)

By dividing the shape factor of crenellated plates by the shape factor of reference plates,

Normalised shape factor =
Ycrenellated plate

Yreference plate
(3.18)

the effect of crenellations and the possible mechanical gain and loss could be illustrated clearly.
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3.4.2 Wide plate finite element models

At the early stages of this programme, while carrying out the feasibility study, reference and crenel-
lated M(T) 200 wide plates containing a through thickness notch were tested, Section 3.2. Hence, as
the starting point of numerical analyses, M(T)200 wide plates were preferred, which would allow a
focused analysis of the transition region of interest. However, for the sake of simplicity, single pattern
plates with different crenellation geometries were examined. The degree of complexity was increased
gradually by modelling multi pattern plates and the actual tested plate. In all the analyses, tension
type loading was applied perpendicular to the crack.

Turning back to the M(T)200 plates, one quarter of the plate was modelled, Figure 3.37 and three sets
of boundary conditions were introduced:

(i) prevention of displacement along the x- and y-axis,
(ii) symmetry along the x-axis and
(iii) symmetry along the z-axis on the cross section containing the crack.

The last boundary condition was re-defined every time the crack was propagated. The straight fronted
cracks defined along the cross section containing the crack can be seen in Figure 3.37 as well. The
remote stress applied on all the plates was kept constant as 100 MPa during these simulations.

3D rectangular elements (type C3D8R) were used and meshing was refined towards and in the tran-
sition regions in order to avoid insignificant contour integral values, Figure 3.38. In Figure 3.39, the
stress distribution in the vicinity of the crack tip can be seen, where the crack tip is located at the
onset of the transition region from thinner to thicker region. It can clearly be seen that the spread of
the highly stressed field is blocked by the presence of the thicker cross-section. This situation at the
front of the crack tip apparently causes significant crack retardation. The stress states before and after
the transition region can be seen in Figure 3.40. However, this will be discussed in a more detailed
manner in Chapter 4.

In Figure 3.41, one quarter of the multi pattern model, the tested plate, is illustrated. The width of this
plate was 460mm. The same set of boundary conditions of symmetry and displacement prevention
were applied on the actual, tested wide plate. For meshing the multi pattern plate, 3D rectangular
elements (type C3D8R) were preferred similar to the analysis of single pattern plates, Figure 3.42.
The only difference in the analysis of this plate was the application of 88.2 MPa remote stress on the
wide plate, as this stress level was chosen for application during the actual tests. This stress level also
corresponds to ΔKinitial = 20MPa

√
m in the presence of a 40mm long crack on a 460mm wide

plate. Mesh details of the transition regions of the wide plate can be seen in Figures 3.43 and Figure
3.44.
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Boundary conditions and loading of the simplified one pattern plate

Straight-fronted crack tips on the simplified one pattern plate

Figure 3.37: Boundary conditions and the crack tips on the one pattern, M(T)200 wide plate



3.4. NUMERICAL ANALYSIS OF CRACK TIP FIELD 95

Figure 3.38: Mesh view of the simplified one pattern plate

Figure 3.39: Analysis of crack tip field at the onset of transition from thin to thick sections of the
plate



96 CHAPTER 3. METHODOLOGY AND APPROACH

half crack length a = 35 mm

half crack length a = 36.28 mm

half crack length a = 38.14 mm

half crack length a = 39.17 mm

half crack length a = 40 mm

half crack length a = 40.23 mm

half crack length a = 40.66 mm

half crack length a = 41.62 mm

Figure 3.40: Crack tip stress fields towards, at the onset of and after transition from thin to thick
sections of the plate
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Figure 3.41: Boundary conditions and loading of the tested wide plate

Figure 3.42: Global mesh view of the tested wide plate
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Figure 3.43: Local mesh detail of the transition region 1 (from thin to thick)
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Z

Figure 3.44: Local mesh detail of the transition region 2 (from thick to thin)

3.5 Virtual Testing and Progressive Failure Analysis

The assessment of material properties (ie determination of fracture toughness for all possible different
thicknesses of a material) and testing of wide plates of metallic structures under static and/or cyclic
loading conditions can be both time-consuming and expensive exercises at the design stage.

Therefore, based on the existing theories of fracture and damage mechanics and by improving these
further, various analytical methods have been developed in conjunction with numerical methods for
primarily:

• predicting the fracture behaviour of large-scale, complex structures,

• predicting the fatigue crack propagation of component like complex structures, and

• determining material’s fracture toughness from a more easily assessable materials data such as
experimentally obtained stress-strain curves, Section 2.3.2, [71].



3.5. VIRTUAL TESTING AND PROGRESSIVE FAILURE ANALYSIS 99

It should be borne in mind that the advances in composite materials technology and use of such ma-
terials exhibiting sophisticated mechanical behaviour for the manufacturing of extremely complex
aerospace structures has been one of the factors triggering the development of concepts like “virtual
testing” and “progressive failure analysis”, which are suitable for the analysis of metallic structures
as well.

As a result of the research efforts in the last decades, numerical techniques have evolved and been
validated, [257] - [264], which have been incorporated into commercial softwares like General Opti-
mizer Analysis (GENOA) [265].

Within the context of this study, particular emphasis was placed on the application of virtual fatigue
crack propagation testing of the crenellated wide plates. To this end, the Fatigue Crack Growth (FCG)
and the Progressive Failure Analysis (PFA) modules embedded in GENOA were used together with
commercial finite element analysis software packages like ABAQUS.

In Section 2.3, various equations and approaches employed for the characterization of the three
regimes of fatigue crack propagation were reviewed. Their merits and advantages were highlighted.
Among these numerous approaches, the NASGRO approach, also known as the Forman-Mettu ap-
proach introduced in Section 2.3.2, was found to be the more appropriate method for the analysis of
crenellated structures, because it is more suitable for the accommodation of the effect of local thick-
ness variations through the material’s fracture toughness, Kc, in addition to the stress intensity factor
range, ΔK.

Numerical analysis of fatigue crack propagation on simpler, continuous geometries, such as plates and
pipes, is a very well-established area of both stress analysis and fracture mechanics. However, the
structures employed in various applications exhibit various forms of discontinuity and these structures
deviate from idealized flat plate and/or curved shell assumptions. For this very reason, the prediction
of the fatigue crack propagation life of these structures using the existing closed-form formulations
of stress intensity factors is not a viable option and geometry specific stress intensity factors must be
generated via FEA.

For this very reason, the stress intensity factors should have been calculated with the help of a finite
element analysis package during the analysis of crenellated structures to be able to accommodate the
effect of such rapid cross-section variations. In the context of Progressive Failure Analysis (PFA), the
strain energy release rate were computed using the Virtual Crack Closure Technique (VCCT) and then
converted into stress intensity factors. It is known that this technique is not sensitive to finite element
mesh sizes, and quite accurate results can be computed even if regular low order elements are used.
However, feeding this information obtained from Finite Element Analysis -after each increment of
fatigue crack propagation- into analytical tools used for fatigue life prediction or estimating residual
strength (fracture integrity) (ie communication of analytical softwares like Crackwise or R-Code with
Finite Element solvers like ABAQUS or Nastran), has been a hurdle preventing less conservative,
more accurate predictions. This has been overcome, to a greater end, in GENOA’s FCG and PFA
modules, where the results of Virtual Crack Closure Technique can be fed into different stages of
analytical assessment through the NASGRO equation.
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For using the NASGRO equation, discussed in Section 2.3.2, the knowledge of material’s critical frac-
ture toughness,Kc, is required as well. The plane stress fracture toughness of the ductile steels used in
the experimental programme of this PhD work were determined as described in Section 3.3.3. How-
ever, this plane stress fracture toughness could also have been generated using the Fracture Toughness
Determination (FTD) module embedded in GENOA, Section 2.3.2, which is capable of generating
the plane strain and plane stress fracture toughness (KIc and Kc) for metallic alloys when the stress
strain curve of a metallic material is provided as input. Furthermore, the FTD module is capable of
generating material’s fracture toughness as a function of thickness. For the analysis of crenellated
structures, where the thickness changes frequently, the definition of fracture toughness as a function
of thickness was of interest. The theory of fracture toughness determination from the stress-strain
curve was explained briefly in Section 2.3.2.

Supporting analytical, structural life prediction methods have proved to be powerful design tools
when used in conjunction with finite element analysis packages and enabled monitoring of various
mechanical phenomena -which are difficult to capture in the experiments-. However, it should be
noted that the intention while developing these novel virtual techniques has never been to underesti-
mate the importance of experimental work and/or to propose complete replacement of experimental
studies with numerical studies aiming to generate virtual data.

Turning back to the GENOA software, it has been validated for various Al- and Ti-alloys used in
the aerospace applications. In this study, it was used the first time for the assessment of crenellated,
steel structures. Within this study, only the stress-strain curves of parent materials and two reference,
parent material wide plate test data generated as described in Section 3.3.3 were provided to Alpha
Star Corporation (Los Angeles, USA), which develops and maintains GENOA software together with
NASA (San Antonio, USA). The results generated by Alpha Star Corporation were then compared
with the experimental fatigue results obtained by testing of crenellated wide plates as described in
Section 3.3.4. This was a blind validation exercise applied on the steel structures and the results are
discussed in Chapter 5.

3.6 Summary

As described in previous Sections of this Chapter discussing the methodology followed in this study,
experimental methods (ie small and large scale tests, residual stress measurements using two different
techniques) as well as numerical investigations were systematically conducted to identify the mecha-
nism of crenellation effect and the possible role of residual stresses on the fatigue crack propagation
behaviour of crenellated and welded wide plates. In addition to the numerical analysis of crack tip
conditions described in Section 3.4, the finite element analysis was taken one step further by pro-
gressive failure analysis for predicting the fatigue crack propagation behaviour of crenellated wide
plates more accurately but in a sufficiently conservative manner. To this end, the NASGRO equation
was used in conjunction with finite element analysis and it was also attempted to predict the material
properties required for this analysis with the help of the most easily assessable test data. The results
of both experimental and numerical analyses will be presented and discussed in Chapters 4 and 5.
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Chapter 4

Results

4.1 Introduction

In Chapter 3, the concept of “crenellations” was introduced, how this novel technique could be applied
on the steel structures with and without welds was explained, and lastly the methodology followed for
the analysis of test results was detailed together with the prediction methods which can be adopted
for virtual testing of crenellated structures.

For the experimental investigation of crenellations, first the material properties should have been ob-
tained via standard tests, then the wide plates to be tested to demonstrate the influence of crenellations
on the mechanical and fatigue performance of structures should have been designed. Certainly, there
is an infinite number of geometrical combinations, which could have been machined on the plates
to be tested. However, Finite Element Analysis could be used for choosing a quasi-optimum geom-
etry to start tests and in the meantime, finite element analyses could be continued to gain a deeper
understanding of the mechanical aspects of crenellations, which would be difficult to observe in ex-
periments.

In this chapter, the results are presented following the same structure as for Chapter 3. In Section 4.2
experimental findings including the results of

• basic material characterisation,

• wide plate tests and

• residual stress measurements

are presented.

Representation of numerical results in Section 4.3 follows experimental results. The results of numer-
ical analyses are discussed in order to identify mainly the role of geometrical variables.

In Chapter 5, the da/dN vs. ΔK curves obtained from testing reference plates and the curves ob-
tained by processing the test data of crenellated plates can be found. A relatively new technique for
the prediction and analysis of fatigue crack growth, namely “progressive failure analysis” was also
applied on some selected crenellated panels. The discussion of these were left to Chapter 5.
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4.2 Experimental Results

4.2.1 Results of Material Characterization

4.2.1.1 Microhardness Measurements and Tensile Properties of Parent and Weld Materials

Properties associated with laser beam welds are the very narrow fusion zone, see Section 3.3.2, and
the high level of strength mismatch, Section 2.2.3, as a result of martensite formation in the fusion
zone of ferritic (C-Mn) steels due to rapid cooling during and after welding. Micro-hardness mea-
surements can be used to get important information on the level of mechanical property heterogeneity
(mismatch) of weldments.

In Figure 4.1 and Figure 4.2 the hardness distributions of the butt-welds of the steels S420M and
S690QL are presented. The hardness values were obtained from top (1. Line), middle (2. Line) and
root (3. Line) regions of the joints. All three regions showed similar results by identifying the slight
hardening of the weld zone in S420M steel while S690QL showed highly hardened weld zone due to
higher C-content of the S690QL steel compared to the S420M steel, Figure 4.2. The other observation
made during the hardness measurements of S690QL weldments was the Heat-Affected Zone (HAZ)
softening, where the hardness of the HAZ was lower than the hardness of the parent material as well.
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Figure 4.1: Hardness profile of the S420M steel butt joint
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Figure 4.2: Hardness profile of the S690QL steel butt joint

Tensile properties of the two parent materials (S420M and S690QL) in both longitudinal and trans-
verse directions were obtained using standard tensile specimens with 60mm gauge length and a cross
section of 25 mm x 6 mm. The test results of S420M steel can be found in Figure 4.3 and of S690QL
steel in Figure 4.4.

The results were represented as engineering stress vs. engineering strain diagrams, which should be
converted into true stress - true strain diagrams for structural integrity assessments, but also tables
exhibiting the yield strength, the ultimate tensile strength and the elongation were added in order to
ease comparison with the values in material certificates, see Table 3.2 in Section 3.2 and Tables 4.1
and 4.2 in this section. The characteristic tensile properties of the S420M steel and the S690QL steel
did not deviate from the properties given in the material certificates significantly. The tensile proper-
ties of these materials obtained by testing specimens in different orientations, namely transverse and
longitudinal, do not differ as well.

The test results of the butt joints of the two materials can be found in Figure 4.5 and the tensile
properties obtained from these tests in Table 4.3. Cross-weld tensile specimens contain a butt weld in
the middle. The geometry of these specimens were identical to the geometry of the parent material
spcimens. From the curves in Figure 4.5 and the tensile properties listed in Table 4.3 and also from
the necking/fracture locations observed during the experiments, it can be concluded that the welds of
S420M and S690QL steels exhibit “over-matching” character. This conclusion is also in agreement
with the hardness measurements. By comparing the tensile properties in Table 4.3 with the ones in
Tables 4.1 and 4.2, it can also be deduced that the overall ductility (elongation) of the cross-weld
specimens are lower than the respective values of parent materials. This is attributed to the presence
of a hardened weld zone at the mid part of the gauge length, where these regions do not participate in
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the deformation performance of the specimens as a whole and hence, the parent material part of the
gauge length has to be exposed to major deformation.

0
0

5 10 15 20 25 30 35 40 45 50

Engineering strain, %

E
ng

in
ee

ri
ng

st
re

ss
, M

Pa

100

200

300

400

500

600

700

800

900

S420M Steel L1
S420M Steel L2
S420M Steel L3
S420M Steel T1
S420M Steel T2
S420M Steel T3

S420M Offshore steel
Flat Tensile Specimens

Gauge length: 60mm

Figure 4.3: Stress-strain curves of S420M steel in longitudinal and transverse directions
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Figure 4.4: Stress-strain curves of S690QL steel in longitudinal and transverse directions
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Table 4.1: Tensile properties of S420M parent material obtained from standard tensile tests

Specimen ID Orientation Rp0.2, MPa Rm, MPa A, %
# 1 Longitudinal 442.9 524.2 32.3
# 2 Longitudinal 439.4 523.3 34.1
# 3 Longitudinal 441.7 524.8 32.7
# 4 Transverse 448.5 516.9 35.0
# 5 Transverse 442.9 514.7 35.9
# 6 Transverse 424.7 504.9 35.7

Table 4.2: Tensile properties of S690QL parent material obtained from standard tensile tests

Specimen ID Orientation Rp0.2, MPa Rm, MPa A, %
# 1 Longitudinal 819.5 849.4 18.0
# 2 Longitudinal 812.7 845.5 17.4
# 3 Longitudinal 821.0 851.3 18.0
# 4 Transverse 818.4 846.6 16.4
# 5 Transverse 819.5 848.2 16.6
# 6 Transverse 818.8 849.1 16.2
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Figure 4.5: Stress-strain curves of butt welds obtained from cross-weld tensile tests
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Table 4.3: Tensile properties of butt welds obtained from cross-weld tensile tests

Steel Rp0.2, MPa Rm, MPa A, % Steel Rp0.2, MPa Rm, MPa A, %
S420M 442.6 537.7 24.1 S690QL 816.0 851.7 13.2
S420M 433.2 530.0 23.8 S690QL 815.0 850.7 13.4
S420M 438.6 538.1 24.3 S690QL 819.2 854.1 13.8

With the help of the micro-flat tensile specimens, local tensile properties were determined using the
technique, set-up and the specimen geometry described in Section 3.3.3. Full engineering stress vs.
engineering strain curves of the weld zone and the heat affected zone were obtained in addition to
the curves of the parent material. Stress - strain curves of the S420M and the S690QL butt joint con-
stituents are given in Figure 4.6 and Figure 4.7 respectively.

If Figure 4.6 is examined, it is clearly seen that the yield strength of the weld material is much higher
than the yield strength of the parent material, whereas the properties of the HAZ region lie in between.
The other observation, which can be made according to these stress-strain curves is that the weld zone
yields continuously as opposed to the discontinuous yielding behaviour, both the parent material and
the HAZ region of the weld exhibit.

Figure 4.7 includes the weld zone, HAZ and parent material curves, which indicate that the HAZ ten-
sile properties are considerably lower than the tensile properties of both the parent material’s and the
weld zone’s. This is also in line with the hardness measurements made on this weld and presented in
Figure 4.2. The weld zone and the HAZ of the S690QL welds exhibit continuous yielding behaviour,
whereas the yielding behaviour of the parent material is discontinuous.
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Figure 4.6: Stress-strain curves of S420M butt welded steels obtained from micro flat tensile speci-
mens
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Figure 4.7: Stress-strain curves of S690QL butt welded steels obtained from micro flat tensile speci-
mens

4.2.1.2 Fracture Toughness of Parent Material and Weld Joint

Assessment of the fracture toughness of parent materials (S420M and S690QL) and the weld zone of
the butt joints was conducted at room temperature (RT) in accordance with the British Standards BS
7448 Part 1 [249], Part 2 [250] and Part 4 [251] as described in Section 3.3.3. No fracture toughness
test was conducted on laser beam T-joint welds due to their geometry.

Fracture toughness of the parent materials is represented in terms of CTOD R-curves using multiple
specimen technique in Figures 4.8 and 4.9, and minimum of three (MOTE) of the single point fracture
toughness values obtained at the maximum force, Fmax, for the butt joints are given in Table 4.4.

As expected, the direction of the crack with respect to the rolling direction of the S420M steel plates
showed an effect on the fracture resistance by exhibiting the lower R-curve in the T-L direction than
the L-T direction, Figure 4.8. The CTOD R-curves of the S690QL steel are given in Figure 4.9 and
similarly T-L direction exhibited a lower R-curve due to banded nature of the steel plate as a result of
rolling. After the CTOD values at different crack extensions were obtained, exponential curves in the
form of

CTOD = A(Δa)B (4.1)

were fitted to these data. The CTOD R-curve equations for S420M steel in T-L and L-T directions
were found to be

CTOD = 0.47(Δa)0.55

CTOD = 0.79(Δa)0.69 (4.2)
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respectively. The CTOD R-curve equations for S690QL steel in T-L and L-T directions are

CTOD = 0.11(Δa)1.18

CTOD = 0.35(Δa)0.93 (4.3)

respectively. In Section 3.3.3, it was assumed that the fracture toughness obtained from the Bx2B
SEN(B) type fracture toughness specimens is plane stress fracture toughness. After calculating the
fracture toughness of the material Kmat from the measured CTOD fracture toughness and checking
the thickness requirement satisfying plane strain conditions, it was proved that this initial assumption
was correct.

The minimum specimen thickness required for obtaining plane strain fracture toughness is given by

B ≥ 2.5

(
KIc

Rp0.2

)2

(4.4)

where B is the thickness of the specimen, KIc is the plane strain fracture toughness and Rp0.2 is the
yield strength of the material. Bearing in mind that the thickness of the specimens was 12 mm, speci-
fied minimum yield strength of S420M and S690QL steels were 420 MPa and 690 MPa respectively,
and the CTOD fracture toughness obtained at maximum load and from S420M and S690QL steel
specimens oriented transverse to the rolling direction were 0.45 mm and 0.2 mm respectively, it can
be seen that the eligibility criteria was not met for these tests to be considered as plane strain fracture
toughness tests.
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Table 4.4: CTOD fracture toughness of butt welds of S420M and S690QL steels obtained at maximum
load, Fmax

S420M S690QL
CTOD1, mm 0.290 0.075
CTOD2, mm 0.340 0.065
CTOD3, mm 0.345 0.080
CTODmin, mm 0.290 0.065

4.2.2 Results of Wide Plate Tests

In Section 3.3.4, the wide plate testing programme of this study including the specimen dimensions,
the cyclic loading conditions and how the propagation of fatigue crack growth was monitored were
explained in detail. In this section, the results of fatigue crack propagation tests carried out with ref-
erence and crenellated wide plates with and without welds (butt and fillet) will be presented.

All the tests were conducted at room temperature, under constant amplitude, load controlled condi-
tions (where the maximum stress was set to 88.2 MPa) with an R ratio of 0.1. Both the reference
plates (the thickness of which is 6mm) and the crenellated specimens (the thickness of which varies
between 3mm and 8mm) were tested under the same conditions. All specimens contained a 40mm
long central through-thickness notch at the beginning of tests.
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Beginning with the results of parent material specimens, the results of butt and fillet welded spec-
imens will be introduced subsequently. During each test, the amount of extension of the right and
left cracks under cyclic loading was monitored visually and measured as “half crack length”, a, at
small steps and their corresponding number of cycles, N , were noted. These data sets were further
processed to obtain fatigue propagation rate, da/dN , vs. half crack length, a, diagrams.

In Figures 4.10 and 4.11, a vs. N curves of the parent material specimens of S420M and S690QL
steels can be seen. During the tests of both S420M and S690QL steel plates, a significant amount of
retardation of fatigue crack propagation was observed, when the crack initiating in the thinner section
propagated towards the thicker section. When the tests were repeated with a second crenellated spec-
imen, the same observation was made. In Figure 4.12, the general retardation trend of all the tested
parent material plates can be seen. a vs. N diagrams are followed by the da/dN vs. a diagrams.

In Figures 4.13 and 4.14, the significance of crenellations on the fatigue performance is illustrated
more clearly. Especially, the transition from the thinner section to the thicker section should be ex-
amined more closely. Due to the relaxation of stresses at the crack tip, as a result of the change in
constraint conditions, the crack propagation slows down. Once the crack is in the thicker section,
the fatigue crack accelerates and until it reaches the transition region from the thicker section to the
thinner section, it continues to speed up. During the other transition, from the thicker section to the
thinner section, propagation of fatigue crack slows down again, but this time due the plasticity intro-
duced at the crack tip, as the local stresses increase and the remaining ligament ahead of the crack is
smaller. When the a/W ratio of 0.6 was reached, the tests were stopped. In the last figure of parent
material tests, Figure 4.15, the general propagation trend in the presence of discontinuities in the form
of crenellations can be seen.

In Figure 4.16, the fatigue crack propagation test data of butt welded, reference and crenellated S420M
steel plates can be found. The crenellated, wide plate tests were continued for weeks but what was
observed was crack arrest, after the half crack reached approximately 40mm length, which is the on-
set of transition from the thinner section to the thicker section. From the parent material tests, it was
known that the machined crenellation geometry would retard the crack. However, crack arrest was an
unexpected experimental result. The same trend was observed in the fatigue crack propagation tests
of butt welded, S690QL steel wide plates, Figure 4.17. Two reference and two crenellated wide plates
were tested in an identical manner. During the test of the first crenellated plate, the crack deviated
into the parent material in the vicinity of the transition region and propagated in the parent material.
However, when the crack stayed in the butt weld of the second wide plate, it was arrested as well.
Results of all the butt welded plates can be seen in Figure 4.18.

The crack arrest can be illustrated much better in da/dN vs a diagrams. In Figure 4.19, the prop-
agation rate of two reference and two crenellated butt welded S420M steel plates can be found. As
the cracks in the crenellated plates propagated towards the first transition from the thinner section to
the thicker section, first the propagation rate decreased and then the cracks were arrested. In a similar
manner, the propagation rate of cracks in the butt welded crenellated S690QL steel plates also first
decreased, when the cracks approached the thicker section. Then they were arrested, apart from the
cracks which deviated into the parent material, Figure 4.20. The cracks which deviated into the parent
material showed the behaviour of the crenellated parent material specimens. The results of all fatigue
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propagation tests conducted on the butt welded steel plates can be seen in Figure 4.21.

It should be noted once again that crack arrest was an unexpected result observed during the fatigue
crack propagation tests of butt welded plates. The reason of crack arrest could lie either in the resid-
ual stress fields or in the microstructure. It was easy to eliminate the microstructure, because when
the butt welded reference plates were tested, the cracks propagated in the welds, in the very same
microstructure. The only difference between the reference and crenellated specimens was that the
crenellated specimens had been machined by milling. Certainly milling cannot introduce a new mi-
crostructure, which will increase the threshold stress intensity to a very high value, leading to crack
arrest.

Residual stress fields, specifically compressive residual stress fields, could be the only explanation for
the occurrence of crack arrest. Within this study, residual stress measurements were also conducted
on both reference and crenellated wide plates. The results of these measurements are presented in
Section 4.2.3 but the plates, which were measured, did not contain cracks. However, considering that
the cyclic load applied during the tests of both reference and crenellated specimens was the same,
there should have been a mechanical factor responsible from decreasing ΔK. The quantification of
the redistribution and relaxation of residual stresses in the presence of crenellations and at different
crack lengths could possibly be the answer. Efforts were made to simulate residual stress distribution
on these crenellated plates containing an identical through-thickness crack. However, partially due
to the lack of exact process parameters and thermal history -as the laser welds were manufactured
in another laboratory-, and partially due to the complex machining history of plates, the simulations
were not successful.

In the future, the welding of new butt welded plates should be monitored from the beginning of the
welding process and residual stress measurements should be conducted at various intermediate stages,
ie after the fatigue crack is introduced and at different stages of fatigue crack propagation. This pro-
posed work package will be detailed in Chapter 7.

In addition to the parent material and butt welded specimens, fillet welded reference and crenellated
specimens were also prepared and tested. The results of fillet welded specimens of S420M steel can
be seen in Figure 4.22. In these wide plates, the crack started from the parent material and propagated
first towards the thicker section of the crenellation, then towards the stringer. The first retardation was
observed during the transition of crack tip from the thinner section to the thicker section as a result of
stress relaxation, the second retardation during the transition from the thicker section to the thinner
section as a result of the formation of a plastic zone and the third retardation as the crack approaches
the reinforcement element, which also serves to change the stress state at the crack tip, due to which
the constraint conditions change. The similar behaviour was also observed in the tested fillet welded
S690QL steel plates, Figure 4.23. The beneficial effect of crenellations is observed in the S690QL
plates as well, however, the scatter in experimental data of crenellated wide plate tests is larger. The
a vs. N diagrams of all the tested fillet welded specimens can be seen in Figure 4.24.

Fatigue crack propagation rate, da/dN , versus half crack length, a, diagrams of fillet welded speci-
mens illustrate both the retardation and acceleration better than the a vs. N diagrams. In Figures 4.25
and 4.26, a significant retardation (drop of crack growth rate in the vicinity of 40 mm) of growing
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fatigue cracks, in the vicinity of the transition from the thinner section to the thicker section is evident.
As was the case in parent material specimens, the crack propagation accelerates in the thicker section
and slows down again when the crack approaches the thinner section under the influence of plastic
deformation. The propagation slows down again, as the crack approaches the thicker section and the
reinforcement element. The da/dN vs. a diagrams of all the tested fillet welded specimens can be
seen in Figure 4.27, where the wide plates of both S420M and S690QL steels show identical fatigue
crack propagation trends.

Finally, in the last stage of fatigue crack propagation analysis, stresses acting on the ligament contain-
ing the crack should also be examined. Calculation of the stress intensity factor or the stress intensity
factor range, which is a function of stress or stress range, is a straight forward task for plain, reference
plates. However, this is not the case for a crenellated plate, which exhibits a more complex geometry.
With the help of finite element analysis, see Sections 3.4 and 4.3, all the test data were re-analysed
for plotting the crack propagation rate, da/dN , versus stress intensity factor range, ΔK, diagrams of
crenellated wide plates. These diagrams are presented and discussed in Chapter 5.

Bearing in mind that localised ductile tearing was observed at the onset and in the vicinity of the
transition from the thicker section to the thinner section during the fatigue crack propagation tests
mentioned above, it is worth mentioning the methods, which can be employed for modelling and as-
sessing ductile tearing, and also the nature of the problem studied in this thesis, which prevented use
of these.

In principle, there are three methods, which can be used for simulating crack growth in non-linear
regime. These are:

• the crack tip opening angle (CTOA) approach, where the crack is assumed to propagate when
the CTOA reaches a critical value [266] - [270].

• cohesive zone models (CZM), based on the explicit expression of the traction separation law
across the crack [271] - [273].

• continuum damage mechanics (CDM), which uses constitutive equations for void containing
materials [274] - [275].

However, considering the complex evolution of crack fronts and the local nature of ductile tearing
in crenellated specimens, and the general difficulty in calibrating these models, it was not attempted
to model the localised tearing, which occurred during fatigue crack propagation tests of crenellated
specimens.

But the interaction of ductile tearing and fatigue crack propagation can be analytically assessed using
the methodology described in e.g. R6 [221]. However, the application of the analytical methodology
described in R6 is not very straightforward and requires effort to be turned into a procedure, which is
applicable to crenellated specimens exhibiting high level of asymmetry and reacting the cyclic load-
ing phenomena by showing linear elastic and elastic plastic behaviour at different stages of fatigue
crack propagation.
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The other mechanism observed during fatigue crack propagation tests of crenellated specimens was
the arrest of fatigue crack. The philosophy behind crack arrest is that if a crack initiates in a region
of high stress or local embrittlement, it will be arrested in the surrounding material to prevent failure
of the entire structure. The basic, simple idea for ensuring crack arrest is that the materials must have
sufficient crack arrest toughness to ensure that fast propagating cracks, initiated in regions of low
toughness and/or high stress, are arrested when they emerge from the critical zone. Obviously, during
the design stage of pipelines and some specific pressure vessels, analysis of crack arrest is of vital
importance.

Although the type of crack arrest observed in the butt welded, crenellated specimens of this pro-
gramme is the arrest of a crack subject to cyclic loading in linear regime, it is worth mentioning
briefly the developments in the field of arrest of fast propagating cracks in the non-linear regime as
well.

Today, it is widely accepted that crack arrest properties can be generated with the help of the following
experimental methods [276]:

• small scale tests which can be correlated empirically with crack arrest properties,

• fracture mechanics based crack arrest toughness tests and

• large-scale tests representative of the structure.

Among the small scale tests, one of the most widely adopted test type is the Pellini drop weight test
[277]. With the Pellini test, it is aimed to determine the Crack Arrest Temperature (CAT) from the
nil-ductility transition temperature (NNDT), which is the maximum temperature at which a brittle
crack in a small specimen does not arrest when subject to yield magnitude loads.

Conventional Charpy tests can also be used for the determination of CAT. However, the main disad-
vantage of this method is that the correlations developed to estimate CAT from Charpy test results
exhibit considerable scatter for modern steels and their weldments [278]. There are also various
correlations developed to correlate the results of instrumented Charpy tests with the crack arrest tem-
perature but there is not sufficient experimental evidence to judge the suitability of these correlations
[279]. For the determination of a quasi-static arrest stress intensity factor, KIa, compact crack arrest
tests have been standardised in ASTM E1221-10 to determine plane strain crack arrest toughness of
the material [280]. KIa characterises the crack arrest capability. If the applied stress intensity fac-
tor is below this value, the crack will arrest. However, in general, it is quite difficult to satisfy the
validity limits of the procedure to produce valid test data to find the arrest toughness. For testing
and analysing brittle crack arrest conditions, in the last sixty years, various other methods and testing
techniques have been tried and these can be found in comprehensive literature surveys such as [276],
[281].

For ductile materials dominating in engineering applications today, full-scale burst tests have been
being used for the verification of applicability of fracture arrest prediction models developed [283].
However, these tests are quite expensive and some of the correlations developed for determining
crack arrest behaviour [282] are highly dependent on the material (e.g. EPRG Guidelines [284] -
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[285], Battelle Simplified Equation [286], Batelle Two-Curve Method, HLP Method developed by
High Strength Line Pipe Committee in the Iron and Steel Institute of Japan and lately Sumitomo
Method which is a modified HLP version for X100 grade steels [287], [288]). These correlations are
all based upon semi-empirical correlations with Charpy-V or DWTT absorbed energy fracture tough-
ness tests.

While closing this section, it should be noted that the reason of the crack arrest observed in this
experimental programme was investigated thoroughly and as discussed in the next section (see Sec-
tion 4.2.3), it was attributed to the existence of compressive residual stress fields introduced during
machining of geometrical patterns. The incorporation of residual stresses into the fatigue crack prop-
agation assessments through the Paris law or the NASGRO equation was discussed in Section 2.4.2.
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Figure 4.10: a vs. N diagrams of reference and crenellated S420M steel parent material plates
(R = 0.1)
NOTE: No data was measured at dotted areas.
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Figure 4.11: a vs. N diagrams of reference and crenellated S690QL steel parent material plates
(R = 0.1)
NOTE: No data was measured at dotted areas.
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Figure 4.12: a vs. N diagrams of reference and crenellated plates of parent materials (R = 0.1)
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Figure 4.13: da/dN vs. a diagrams of reference and crenellated S420M steel plates (R = 0.1)
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Figure 4.14: da/dN vs. a diagrams of reference and crenellated S690QL steel plates (R = 0.1)
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Figure 4.15: da/dN vs. a diagrams of reference and crenellated steel plates of parent materials
(R = 0.1)
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Figure 4.16: a vs. N diagrams of reference and crenellated S420M steel butt welded plates
NOTE: No data was measured at dotted areas.
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Figure 4.17: a vs. N diagrams of reference and crenellated S420M steel butt welded plates
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Figure 4.18: a vs. N diagrams of reference and crenellated, butt welded plates
NOTE: No data was measured at dotted areas.



124 CHAPTER 4. RESULTS

0 20 40 60 80 100 120 140 160 180 200

half crack length a, mm

Fa
tig

ue
cr

ac
k

pr
op

ag
at

io
n

ra
te
d
a
/d

N
, m

m
/c

yc
le

1.0E-06

1.0E-05

1.0E-04

1.0E-03

1.0E-02

Figure 4.19: da/dN vs. a diagrams of reference and crenellated, butt welded S420M steel plates
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Figure 4.20: da/dN vs. a diagrams of reference and crenellated, butt welded S690QL steel plates
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Figure 4.21: da/dN vs. a diagrams of reference and crenellated, butt welded plates
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Figure 4.22: a vs. N diagrams of reference and crenellated, fillet welded S420M steel plates
NOTE: No data was measured at dotted areas.
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Figure 4.23: a vs. N diagrams of reference and crenellated, fillet welded S690QL steel plates
NOTE: No data was measured at dotted areas.
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Figure 4.24: a vs. N diagrams of reference and crenellated, fillet welded steel plates
NOTE: No data was measured at dotted areas.
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Figure 4.25: da/dN vs. a diagram of reference and crenellated S420M steel plates with fillet welds
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Figure 4.26: da/dN vs. a diagram of reference and crenellated S690QL steel plates with fillet welds
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Figure 4.27: da/dN vs. a diagram of reference and crenellated steel ps with fillet welds
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4.2.3 Results of Residual Stress Measurements

As introduced in Section 3.3.5, a benchmark study was conducted within this study to identify the pos-
sible role of residual stresses on the fatigue crack propagation behaviour of crenellated and welded
plates. For this purpose, it was essential to make direct comparison of the residual stresses of crenel-
lated and plain, reference specimens. In Section 3.3.5, the theory of residual stress measurement
using the neutron and synchrotron x-ray diffraction techniques and the measurement set-up were in-
troduced. The results of these measurements on C(T)100 specimens and wide plates, Figure 4.28, are
presented in this section.

a) crenellated C(T)100 specimen b) crenellated wide plate

Figure 4.28: C(T)100 specimen and the wide plate on which the residual stresses were measured

The residual stresses in longitudinal and transverse directions were plotted as a function of distance
from the weld centre. The stresses in the normal direction could not be measured when the syn-
chrotron x-ray technique was employed, and since the plates were very thin, a through-thickness
mapping could also not be made, when neutron diffraction measurements were conducted.

It should be reminded that the parent material of the C(T)100 specimen measured by neutron diffrac-
tion and containing a weld in the middle exhibits a yield strength of 450 MPa. However, this specimen
was cut from a larger welded plate, machined by milling and finally drilled. Hence, a considerable
portion of residual stresses was relaxed. The reference and crenellated plates were treated in the
workshop in a similar manner but material was removed from the crenellated specimen via milling to
produce the crenellated geometry.

When Figures 4.29 and 4.30 are examined, the peak value of longitudinal residual stresses can be
read as approximately 250 MPa and of transverse residual stresses as approximately 100 MPa. Turn-
ing back to the aim of these measurements, when the residual stresses on the reference specimen are
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compared with the residual stresses on the crenellated specimen, it can be seen that material removal
has not led to a significant relaxation on the small, C(T)100 specimens.

The next set of measurements was conducted on the wide plates using the neutron diffraction tech-
nique, Figures 4.31 and 4.32. The specified minimum yield strength of the parent material, S690QL,
of this plate is around 690 MPa but the peak value of residual stress in the longitudinal direction is
slightly lower than this value as a result of cutting to reduce the length of the sample so that it can
fit the residual stress measurement instrument. When the residual stress profiles of the reference and
crenellated specimens are observed, the following observations can be made:

• there is a slight difference in the residual stress distribution of the reference and crenellated
plates in the longitudinal direction but it should be noted that the longitudinal residual stresses
in the mid weld area were measured as tensile and approximately 400 MPa on the reference
plate, while this location shows only about 100 MPa tensile residual stresses on the crenellated
plate, Figure 4.31,

• the difference in the transverse direction is more evident and additionally compressive residual
stresses are present on the crenellated plate, Figure 4.32.

The residual stress profiles in the transverse direction are of significant importance for fatigue crack
propagation on the plates tested, as this stress profile acts perpendicular to the crack plane and con-
tributes to the effective stress intensity factor, which is a function of both mechanical stresses applied
on the specimen externally and the residual stress. Obviously, the residual stresses on the crenellated
plates are either lower in the weld area or they are compressive. When interpreted together with the
fatigue crack propagation test results in Section 4.2.2, these results might help explain the crack arrest
observed during the tests of butt welded specimens.

The last set of measurements to be presented in this section were conducted using the synchrotron x-
ray technique. However, these measurement results should be considered with precaution. It should
be noted again that the synchrotron x-ray technique is more suitable for thin-walled, welded alu-
minium structures and this experiment with a relatively thick, high-strength steel plate was a trial
itself. The results obtained from these measurements may not represent the actual stress distribution.
When the measurements were conducted on the uncut reference and crenellated wide plates using the
synchrotron x-ray technique, it was observed that the residual stresses on the crenellated plates in the
longitudinal direction were slightly lower than the residual stresses on the reference plate in the same
direction, Figure 4.33. The residual stresses on the crenellated plate in the transverse direction were,
however, measured as tensile and nearly the same as the ones on reference plate, Figure 4.34.

Another way of representing the residual stress measurement results is to normalize these stresses
by dividing them by the specified minimum yield strength of the parent material, σres/R

PM
p0.2 . This

exercise certainly makes it possible to make a comparison between the test results obtained from
different materials. In Figures 4.35, 4.36 and 4.37, the normalized longitudinal residual stress profiles
across the distance from the weld centre can be found. From these figures only, it can be estimated,
which of the samples were cut. The effect of relaxation due to cutting or material removal can be
better seen in these normalized figures.
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Figure 4.29: Distribution of longitudinal residual stresses on reference and crenellated C(T)100 spec-
imens obtained from neutron diffraction measurements

Distance from weld centre, mm

T
ra

ns
ve

rs
e

re
si

du
al

st
re

ss
, M

Pa

10 20 30 40 50

0

0-10-20-30-40-50

-100

-200

-300

100

200

300

400

500

600

700

Figure 4.30: Distribution of transverse residual stresses on reference and crenellated C(T)100 speci-
mens obtained from neutron diffraction measurements
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Figure 4.31: Distribution of longitudinal residual stresses on reference and crenellated wide plates
obtained from neutron diffraction measurements
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Figure 4.32: Distribution of transverse residual stresses on reference and crenellated wide plates
obtained from neutron diffraction measurements
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Figure 4.33: Distribution of longitudinal residual stresses on reference and crenellated wide plates
obtained from synchrotron x-ray diffraction measurements
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Figure 4.34: Distribution of transverse residual stresses on reference and crenellated wide plates
obtained from synchrotron x-ray diffraction measurements
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Figure 4.35: Normalized distribution of longitudinal residual stresses on reference and crenellated
C(T)100 specimens obtained from neutron diffraction measurements
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Figure 4.36: Normalized distribution of longitudinal residual stresses on reference and crenellated
wide plates obtained from neutron diffraction measurements
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Figure 4.37: Normalized distribution of longitudinal residual stresses on reference and crenellated
wide plates obtained from synchrotron x-ray diffraction measurements

4.3 Results of Numerical Analysis

The two main reasons for conducting numerical analyses were to:

• determine the crenellation geometry to be machined on the wide plates, which were to be tested
under cyclic loading conditions (the results of these tests were presented in Section 4.2.2), and

• understand the mechanism of the crack growth in the presence of geometrical discontinuities in
the form of crenellations, which alter the distribution of the stress intensity factor.

To this end, as described in Section 3.4, first M(T)200 specimens containing two crenellation pat-
terns were analysed. One quarter of these specimens, which contained one crenellation pattern, was
modelled. The J integral obtained from elastic analysis was converted into another elastic fracture
mechanics parameter, the stress intensity factor, K. From the stress intensity factor, the shape factor,
Y , was evaluated as explained in Section 3.4.1. Since the shape factor of the reference, flat plate is
independent of thickness, equation (3.17), it is possible to draw one shape factor curve as a function
of crack length to represent the linear elastic crack growth behaviour of the reference plate. This
shape factor curve is directly comparable with the shape factor obtained from the elastic finite ele-
ment analysis of the crenellated plate, where the thickness changes and the shape factor is a function
of thickness.

Shape factor, Y , versus half crack length, a, curves are indirect representations of maximum stress
intensity factor, Kmax, versus half crack length, a, diagrams. Hence, the trend observed in these dia-
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grams can be regarded as the fatigue crack propagation trend.

At the very beginning, the width ratio, CW1/CW2 in Figure 3.10, which is the ratio of the width
of the thin section to the width of the thick section, was kept constant. The only variable changed
systematically was the thickness ratio, CH1/CH2. Beginning with plates, the minimum thickness of
which is 1mm, plates with 2, 3 and 4mm thin sections were analysed. The maximum thickness ratio,
CH1/CH2, considered was limited to 3 because if this limit is exceeded:

- out of plane displacement, Mode III type of deformation, would be very significant, which
could reverse the beneficial effect of crenellations and

- in practice, machining out ie 80 % of a 12mm thick plate would not be the most cost effective
and optimum production route.

But, first, for the purpose of theoretical analysis, the crenellated plate geometries considered, Table
4.5, contained:

- 1mm and 2mm thick sections, each 50mm long and

- 1mm and 3mm thick sections, also each 50mm long.

The results of elastic analysis of these plates in the form of shape factor, Y , versus half crack length,
a, diagrams can be seen in Figure 4.38. It should be noted that:

- the crenellated plate containing 1mm and 2mm thick sections was compared with a reference
plate, the thickness of which is 1.5mm and

- the crenellated plate containing 1mm and 3mm thick sections was compared with a reference
plate, the thickness of which is 2mm.

Hence, at the initial stages of fatigue crack propagation, the stress intensity factor and the shape factor
of the crenellated plate is higher, as the same load, 100 MPa stress, acts on the gross section of the
crenellated and the reference plates but the crack tip is in a thinner cross section in the crenellated
plates. As the crack in the crenellated plates approaches the transition region -the thickness of which
is higher than the reference plate-, the shape of the crack tip changes slightly, the stresses are relaxed
and the stress intensity factor is decreased. At the onset of transition, the stress intensity factor of the
crenellated plate containing 1mm and 3mm thick sections drops to half the stress intensity factor of
the reference plate, and the stress intensity of the crenellated plate containing 1mm and 2mm thick
sections drops to 2/3 of the stress intensity factor of the reference plate.

This analysis was repeated for crenellated plates, the minimum thickness of which was 2mm, Table
4.5, and the crenellated plate geometries considered contained:

- 2mm and 3mm thick sections, each 50mm long,

- 2mm and 4mm thick sections, each 50mm long,

- 2mm and 5mm thick sections, each 50mm long and

- 2mm and 6mm thick sections, also each 50mm long.
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In Figure 4.39, the results of the elastic analysis of these plates can be found. When

- the crenellated plate containing 2mm and 3mm thick sections is compared with a reference
plate, the thickness of which is 2.5mm,

- the crenellated plate containing 2mm and 4mm thick sections is compared with a reference
plate, the thickness of which is 3mm,

- the crenellated plate containing 2mm and 5mm thick sections is compared with a reference
plate, the thickness of which is 3.5mm and

- the crenellated plate containing 2mm and 6mm thick sections is compared with a reference
plate, the thickness of which is 4mm,

a similar trend can be observed in the stress intensity factor of the crenellated plates. The higher the
thickness ratio is, the greater will be the decrease in the stress intensity factor. However, at this stage,
the following observation can be made:

1. the stress intensity factor of the crenellated plate will drop to half the stress intensity factor of
the reference plate at the onset of the transition from the thinner section to the thicker section,
if the crenellation pattern consists of 1mm and 3mm thick sections OR 2mm and 6mm thick
sections and

2. the stress intensity factor of the crenellated plate will drop to 2/3 of the stress intensity factor of
the reference plate at the onset of the transition from the thinner section to the thicker section,
if the crenellation pattern consists of 1mm and 2mm thick sections OR 2mm and 4mm thick
sections

These observations indicate that as a result of the same thickness ratios, CH1/CH2, the same relative
amount of fatigue crack propagation can be expected on the crenellated plates, Figure 4.42.

The third set of analyses were conducted on the crenellated plates, the minimum thickness of which
was 3mm, Table 4.5. The crenellated plate geometries considered were:

- 3mm and 4mm thick sections, each 50mm long,

- 3mm and 5mm thick sections, each 50mm long,

- 3mm and 6mm thick sections, each 50mm long,

- 3mm and 7mm thick sections, each 50mm long,

- 3mm and 8mm thick sections, each 50mm long and

- 3mm and 9mm thick sections, each 50mm long.

The fourth and the last set of analyses were conducted on the crenellated plates, the minimum thick-
ness of which was 4mm, Table 4.5. The crenellated plate geometries considered were:

- 4mm and 5mm thick sections, each 50mm long,
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- 4mm and 6mm thick sections, each 50mm long,

- 4mm and 7mm thick sections, each 50mm long,

- 4mm and 8mm thick sections, each 50mm long,

- 4mm and 9mm thick sections, each 50mm long,

- 4mm and 10mm thick sections, each 50mm long,

- 4mm and 11mm thick sections, each 50mm long and

- 4mm and 12mm thick sections, each 50mm long.

Table 4.5: Crenellation geometries analysed using linear elastic finite element analysis by keeping the
width of each section constant as 50mm

ID CH1 CH2 CH1/CH2

thickness of thickness of thickness
thick section,mm thin section, mm ratio

First group of simulations
#1 2 1 2
#2 3 1 3
Second group of simulations
#3 3 2 1.5
#4 4 2 2
#5 5 2 2.5
#6 6 2 3
Third group of simulations
#7 4 3 4/3
#8 5 3 5/3
#9 6 3 2
#10 7 3 7/3
#11 8 3 8/3
#12 9 3 3
Fourth group of simulations
#13 5 4 5/4
#14 6 4 6/4
#15 7 4 7/4
#16 8 4 2
#17 9 4 9/4
#18 10 4 10/4
#19 11 4 11/4
#20 12 4 3
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In Figures 4.40 and 4.41, the results of the analyses of the crenellated plates, the minimum thickness
of which is 3mm and 4mm can be seen. The observations which can be made on these analyses
will strengthen the main conclusion mentioned above, which was that “as a result of the same thick-
ness ratios, CH1/CH2, the same relative amount of fatigue crack propagation can be expected on the
crenellated plates”. Eg the stress intensity factor of the crenellated plates containing 3mm and 6mm
thick sections OR 4mm and 8mm thick sections, will drop to the same relative amount, two third of
the stress intensity factor of the reference plate. This was illustrated in Figure 4.42.

From these four sets of simulations, it was evident that effort should have been made to manufacture
plates containing crenellations, the thickness ratio, CH1/CH2, of which would be between 2 and 3.
The thickness of the steel plates available for this programme was 8mm. This was the only constraint
to be taken into account while deciding the crenellation pattern and this was also dictated by the ma-
chine capacity available.

The next step would be to decide the width of crenellation patterns to be machined on the plates.
Keeping the thickness ratio constant, this time the width ratio, CW1/CW2, was changed, Table 4.6.
The first set of simulations were conducted on plates, where the thickness changes from 4mm to 6mm,
or in other words where the thickness ratio was set to 6/4 = 1.5. On these plates, the following width
ratios were examined:

- 10mm long 4mm thick and 90mm long 6mm thick, CW1/CW2 = 90/10,

- 20mm long 4mm thick and 80mm long 6mm thick, CW1/CW2 = 80/20,

- 30mm long 4mm thick and 70mm long 6mm thick, CW1/CW2 = 70/30,

- 40mm long 4mm thick and 60mm long 6mm thick, CW1/CW2 = 60/40,

- 50mm long 4mm thick and 50mm long 6mm thick, CW1/CW2 = 50/50,

- 60mm long 4mm thick and 40mm long 6mm thick, CW1/CW2 = 40/60,

- 70mm long 4mm thick and 30mm long 6mm thick, CW1/CW2 = 30/70,

- 80mm long 4mm thick and 20mm long 6mm thick, CW1/CW2 = 20/80 and

- 90mm long 4mm thick and 10mm long 6mm thick, CW1/CW2 = 10/90.

The results of these simulations can be seen in Figure 4.43, where the results are presented in terms of
normalized shape factors Ycre/Yref versus half crack length, a, plots . In order to ease the comparison
with the different reference plates, this representation method was preferred.

The three key conclusions to be drawn from this figure are that:

1. the stress intensity factor will drop significantly at different stages of fatigue crack propagation,
ie if the fourth pattern mentioned above, where the length of the 4mm thick section is 40mm
and the length of the 6mm thick section is 60mm, is chosen, the stress intensity factor of the
crenellated plate will drop to below 80 % of the reference plate in the vicinity of the transition
region, which is at 40mm. But this decrease will be seen at 60mm crack length, if the sixth
pattern is chosen to be machined.
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2. the stress intensity factor of the crenellated plate containing a crenellation pattern, the thick-
ness of which changes from 4mm to 6mm at the onset of the transition, will be approximately
between 82 and 77 % of the reference plate. However, the most beneficial effect, the highest
degree of retardation is expected for the following three patterns where:

- the length of the 4mm thick section is 40mm and the length of the 6mm thick section is
60mm

- the length of the 4mm thick section is 50mm and the length of the 6mm thick section is
50mm as well and

- the length of the 4mm thick section is 60mm and the length of the 6mm thick section is
40mm.

3. however, the other aspect of the fatigue crack propagation problem in the crenellated plates is
that the stress intensity factor starts to increase once the crack starts to propagate in the thick
section, ie the stress intensity factor increases to a value between 87 and 80 % for the three
above listed patterns.

The second width ratio, CW1/CW2, examined was 2, where the thickness of the thin section was set
to 4mm and the thickness of the thick section was set to 8mm. The third and the last width ratio to be
examined was chosen as 8/3, where the thickness of the thin section was 3mm and the thickness of
the thick section was 8mm, Table 4.6.

Table 4.6: Crenellation geometries analysed using linear elastic finite element analysis by keeping the
thickness ratio as 6/4, 8/4 and 8/3

CW1 CW2 CW1/CW2

width of width of width
thick section,mm thin section, mm ratio

10 90 10/90
20 80 20/80
30 70 30/70
40 60 40/60
50 50 50/50
60 40 60/40
70 30 70/30
80 20 80/20
90 10 90/10

In Figures 4.44 and 4.45, the results of these analyses can be found, where the thickness ratios were
set to 8/4 and 8/3 respectively. On these two figures, the following observations were made:

1. the 8/4 thickness ratio is more beneficial for the retardation of fatigue crack growth, if compared
with the 6/4 thickness ratio, as the stress intensity factor decreases to nearly 65 % of the stress
intensity factor of the reference plate.
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2. the 8/3 thickness ratio is more beneficial for the retardation of fatigue crack growth, if compared
with the 8/4 thickness ratio. The stress intensity factor drops to 53 % of the stress intensity factor
of the respective reference plate.

3. the three crenellation width combinations described above seem to be exhibiting the lowest
stress intensity factor at the onset of transition from the thinner section to the thicker section.

In the light of these results, a decision had to be made on the crenellation geometry to be machined
on the specimens to be tested. In terms of thickness ratio, it was easier to conclude that the 8/3 would
be the optimum choice. It should be reminded again that the thickness of the available plates were
8mm, from which the crenellated specimens would be manufactured.

However, making a decision on the width ratio was not that easy. What is required for the optimum
performance is that the stress intensity factor should drop to the lowest possible value at the earli-
est possible stage of fatigue crack propagation and at the later stages of fatigue crack propagation,
it should increase to the lowest possible maximum value. The pattern where the length of the 3mm
thick section is 40mm and the length of the 8mm thick section is 60mm seems to be satisfying these
conditions but this should have been backed up by the Paris law as well. If the Paris law is applied on
a crenellated plate and its reference plate made of the same material, the number of cycles necessary
for this crack to reach eg 80mm length can be calculated incrementally. Certainly, the pattern deliv-
ering the maximum number of cycles can be regarded as the optimum crenellation geometry. The
pattern chosen for the experimental programme of this thesis is certainly not the absolute optimum
geometry. There are various theoretically possible, intermediate geometrical variations which need
to be analysed. However, considering the numerous restrictions like milling tolerances introduced by
the workshop, it was decided to machine the pattern which includes a 40mm long 3mm thick section
and a 60mm long 8mm thick section. Under these circumstances, the thickness of the reference plate
to be tested should have been 6mm. By choosing a 6mm thick reference plate, the weight of the
crenellated and the reference plate would be the same.

This crenellation pattern was then machined on the wide plates and these plates were tested as de-
scribed in Section 3.3.4. The results of these tests were presented in terms of half crack length, a,
vs. number of cycles, N , diagrams and crack propagation rate, da/dN , versus half crack length, a,
diagrams, Section 4.2.2.

During the tests, it was possible to monitor the propagation of the crack only on the flat surface of the
crenellated plates. However, if numerical analysis is conducted, it would be possible to examine the
crack driving force through the thickness. First, the wide plate models were created as described in
Section 3.4. A linear pressure of 88.2MPa was applied on the free surface of this model. This stress
level corresponds to the loading conditions of the actual tests. An elastic finite element analysis was
carried out in order to obtain the elastic J-integral. The J-integral values on the flat surface, on the
crenellated surface and through the thickness were obtained for the tested plate.

In Figure 4.46, these J-integral versus half crack length, a, plots can be seen. If the J-integral values
at the flat surface are examined, the following observations can be made:

1. the crack driving force decreases as the crack propagates towards the first transition from the
thinner section to the thicker section.
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2. the amount of decrease in the crack driving force is different on the flat surface and on the sur-
face where the crenellation pattern was milled -the crack driving force drops to approximately
0 N/mm on the crenellated surface, Figure 4.47.

3. however, if the average J-integral is examined, it can be seen that it is in between the mini-
mum value observed on the crenellated surface and the maximum value observed on the flat
surface, and it is certainly greater than the threshold value, below which a crack is expected to
be arrested.

4. the crack driving force continuously increases as the crack propagates in the thick section.

5. the crack driving force on the flat surface decreases in the vicinity of the transition region
from the thicker section to the thinner section and a second but less significant retardation is
expected. However, in the meantime, ductile tearing becomes the dominant mechanism on the
surface where the crenellation pattern was milled and this affects the overall behaviour of the
crack tip significantly. It should be noted that the J-integral plot of the crenellated surface
was interrupted before and after this transition, as the plasticity evolved exceeds the limits of
small-scale yielding. Plastic finite element analysis should be conducted to fully explain the
behaviour of crack tip in this transition region and during this analysis an accurate shape of
crack tip should be considered. Moreover, the plastically deformed model should be re-meshed
at every increment of highly non-linear fatigue crack growth. Such a detailed analysis, requiring
to estimate the crack shape and re-mesh the plastically deformed model, is unfortunately still
outside the remits of commercial finite element softwares, like ABAQUS. Hence, it is hoped
that this obstacle can be overcome in the future with the help of the improvements.

6. the crack driving force decreases once again as the crack approaches the transition region from
the thinner section to thicker section the second time.

7. at the onset of transition, the value of crack driving force drops to 0 N/mm on the crenellated
surface, Figure 4.48.

8. however, since the crack is quite long, and the driving force on the flat surface is consequently
much higher compared to the flat surface crack driving force at the onset of the first transition
from the thinner section to the thicker section, this third retardation is not as effective as the
first retardation observed at the initial stages of fatigue crack propagation.

After discussing the behaviour of the crenellated plate and comparing the crack driving forces at dif-
ferent thickness levels, now a general comparison of the fatigue crack propagation performance of the
crenellated plate with the reference plate can be made. The most convenient way of comparison can
be again in terms of the shape factor, which is a dimensionless quantity.

Looking at Figure 4.49, it would be appropriate to discuss first the behaviour of the half crack between
1mm and 20mm. Since the total length of the crack on the tested plates was 40mm and the half crack
length 20mm, this portion of the curves could never be experimentally examined. Considering that
if a 2mm long notch had been machined on the 460mm wide plates to be tested, it would have taken
weeks to have this crack propagate 19mm more. Hence, a sufficiently long through-thickness notch
was machined on these specimens. Bearing in mind that the crack initiating at the crenellated plate
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will grow in a 3mm thick section, whereas the crack initiating in the reference plate will grow in a
6mm thick section, it can be expected that the crack driving force acting on the crack of the crenel-
lated plate is slightly higher.

As the crack continues to propagate, the effect of crenellations is first significantly felt at the onset
of the transition from the thinner section to the thicker section, due to the relaxation of stresses as
a result of the remarkable change in the constraint conditions. This finding is also consistent with
the experimental results obtained from the testing of parent material wide plates, the results of which
were presented in the previous section of this chapter.

After this transition region is passed, the crack continues to grow in the thick section. In the middle
of the thick section, the crack driving force of the crenellated plate reaches the level of crack driving
force of the reference plate at the same length. However, the crack in the crenellated plate continues
to grow towards the second transition region, where the transition is this time from the thicker section
to the thinner section. The crack driving force increases at the onset of the transition and in this par-
ticular example, the crack driving force reaches a much higher value due to ductile tearing at the onset
of transition. However, this locally, highly plastically deformed region acts like a barrier for the crack
and it retards the crack the second time. Once the crack leaves the plastic zone, the propagation rate
increases but shortly the crack faces another barrier, which is the second transition from the thinner
section to the thicker section. This last barrier also helps to reduce the crack driving force but since
the crack is now considerably long, it cannot be as effective as the first transition region from the
thinner section to the thicker section. The whole progress can also be monitored with the help of the
normalized shape factor diagrams, Figure 4.50, which can serve as an indirect comparison tool.

In Figure 4.51, effort was made to summarize the key findings of the elastic analysis. The change in
the average J-integral (through the thickness) of the tested, crenellated plate as a function of crack
length was drawn. This crenellated wide plate, contained 40mm long 3mm thick sections, 60mm
long 8mm thick sections and towards the end a 30mm long 6mm thick section machined to avoid
boundary effects. In addition to this plot, the average crack driving force in an M(T)200 wide plate
containing only one 40mm long 3mm thick section and 60mm long 8mm thick section was plotted as
well. The third plot is related with another crenellated plate and can be regarded as an M(T)400 wide
plate containing two similar crenellation patterns. These three curves are important to illustrate the
effect of boundary conditions but if the initial behaviour of the crack tip during the transition from the
thinner section to the thicker section is observed, it can be seen that it behaves the same.

The other three continuous curves on this figure represent the J-integral values at different stages of
fatigue crack propagation on 3mm, 6mm and 8mm thick plates. The curve of the 3mm plate illustrates
the behaviour of the crack, if the load applied on the tested, crenellated plate had been applied on a
plate, which is only as thick as the thinnest section of the crenellated plate. The curve of the 8mm
plate illustrates the behaviour of the crack, if the same load had been applied on a plate, which is as
thick as the thickest section of the crenellated plate. The behaviour of the 6mm plate, which is the
reference plate, was discussed previously in a very detailed manner.

These continuous curves, especially the 3mm and 8mm curves, which can be regarded as the up-
per and lower bound curves, provide a basis for a quick screening of the fatigue performance of the
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crenellated plates as well. It is relatively easy to see the possible immediate gains and losses in the
mechanical performance of the crenellated plates and these will be discussed in more detail in the next
Chapter, where the discussions will mainly be in the stress domain, where the fatigue crack propaga-
tion rate, da/dN , vs. stress intensity range, ΔK, diagrams are discussed.

Before closing this section, there is one more diagram, which deserves attention, which is Figure 4.52.
A limited number of plastic finite element analyses were conducted within this programme. The ma-
terial behaviour was assumed to be elastic perfectly plastic. For generating the results in Figure 4.52,
the specified minimum yield strength of the S420M steel was assumed to be 420MPa and it was also
assumed that this stress is reached at a strain value of 0.2%.

The reaction of the tested crenellated specimen to a remotely applied stress of 100 MPa magnitude
was presented in an equivalent plastic strain (PEEQ) versus half crack length graph. However, the
maximum value of plastic strain was not necessarily observed at the crack tip and this phenomena
was illustrated with additional contour plots of strain attained at different crack lengths, Figure 4.53
and Figure 4.54.

As the crack approaches the first transition from the thinner section to the thicker section, when the
half crack length is e.g. approximately 38mm (see Figure 4.53), plastic deformation is not evident
and the maximum strain is observed at the crack front. At the onset of transition from the thinner
section to the thicker section, where the crack length is 40.2 mm, the maximum strain is still below
0.2 % and is still seen at the crack front. However, as the crack propagates in the thicker section, an
increased value of maximum strain is observed at the onset of transtion from the thinner section to the
thicker section, e.g. when the half crack length is 56mm, the location of maximum strain is behind
the crack. After the crack passes half width of the thicker section, the location of maximum strain
changes and it can be observed again at the crack front, e.g. when the half crack length is 73mm. At
the onset of transition from the thicker section to the thinner section, the maximum plastic strain is
still observed at the crack front but as the crack approaches this transition region, plasticity spreads
significantly in the direction perpendicular to the crack propagation direction, e.g. at a half crack
length of 93mm or 99.3mm (see Figure 4.54). When the crack is in the thinner section again, it is
observed that the plasticity spreads in the propagation direction. However, the location of maximum
strain doesn’t change at the following stages of crack propagation, it stays behind the crack and at the
onset of transition from the thicker section to the thinner section.

In this section, the limitations of available commercial softwares were also discussed and it was
emphasized that further improvement is necessary in the numerical tools to be able to fully explain
the plastic deformation phenomena occurring during the transition from the thicker section to the
thinner section. However, with the help of classical, elastic fully plastic finite element analysis, it can
still be shown that the plastic deformation accumulates at the onset of the transition from the thicker
section to the thinner section and the extent of plastic deformation is quite limited in the rest of the
cross section containing the flaw. Hence, the fatigue crack propagation problem on the crenellated
plates can be regarded as a linear phenomenon in general. This discussion will also be elaborated in
the following chapter and a conservative method for the estimation of fatigue crack propagation in the
presence of crenellations will be introduced.
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Figure 4.38: Shape factor vs. half crack length diagrams of the reference and crenellated plates, where
the thickness of the thin section is 1mm
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Figure 4.39: Shape factor vs. half crack length diagrams of the reference and crenellated plates, where
the thickness of the thin section is 2mm
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Figure 4.40: Shape factor vs. half crack length diagrams of the reference and crenellated plates, where
the thickness of the thin section is 3mm
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Figure 4.41: Shape factor vs. half crack length diagrams of the reference and crenellated plates, where
the thickness of the thin section is 4mm
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Figure 4.42: Shape factor vs. half crack length diagrams of the reference and crenellated plates, where
the ratio of the thickness of the thin section to the thick sections is 2
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Figure 4.43: Normalized shape factor vs. half crack length diagrams of crenellated plates, where the
thickness ratio was kept constant as 6/4 and the width ratio was changed systematically
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Figure 4.44: Normalized shape factor vs. half crack length diagrams of crenellated plates, where the
thickness ratio was kept constant as 8/4 and the width ratio was changed systematically
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Figure 4.45: Normalized shape factor vs. half crack length diagrams of crenellated plates, where the
thickness ratio was kept constant as 8/3 and the width ratio was changed systematically
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Figure 4.46: J-integral obtained from elastic analysis of the tested plate
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Figure 4.47: J-integral obtained from elastic analysis of the tested plate - the first transition from the
thin section to the thick section
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Figure 4.48: J-integral obtained from elastic analysis of the tested plate - the second transition from
the thin section to the thick section
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Figure 4.49: Shape factor obtained from elastic analysis of the tested plate
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Figure 4.50: Normalised shape factor obtained from the elastic analysis of the tested plate
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Figure 4.51: A summary of elastic analysis comparing various simulated and tested plates
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Figure 4.53: Plasticity evolving at different crack lengths -1-
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Figure 4.54: Plasticity evolving at different crack lengths -2-



162 CHAPTER 4. RESULTS



163

Chapter 5

Discussions

The main objective of this PhD study was to adopt the novel design approach, “crenellations”, to
retard growing fatigue cracks without increasing the weight of welded and non-welded steel compo-
nents/structures.

To this end, the following comprehensive programmes were carried out:

1. an experimental programme consisting of

• testing of wide reference and crenellated S420M and S690QL steel plates with and without
welds (butt and fillet welds) to examine the effect of crenellations,

• basic material characterization to aid understanding the mechanical behaviour observed
in the wide plate tests and to provide necessary input for the subsequent numerical and
progressive failure analysis, and

• residual stress measurements conducted to identify the possible role of residual stresses
on the fatigue crack propagation behaviour of crenellated and welded plates

2. a numerical investigation programme aiming to

• gain a fundamental understanding of the crack growth mechanism in the presence of
crenellations by analyzing the change of the crack tip stress state of the structures in the
presence of discontinuities in the form of crenellations, and

• determine the crenellation pattern geometry to be machined on the wide plates to be tested
in the experimental programme of this PhD work.

In Chapter 4, the results of both experimental and numerical investigations were presented. However,
before continuing to discuss the results of these investigations, it should be noted that significant retar-
dation in the propagation of crack growth was observed during the testing of parent material and fillet
welded wide plates under cyclic loading conditions. When the wide plates containing butt welds were
tested, the results were beyond expectations and instead of retardation, crack arrest was observed in
these tests. Crack arrest was not observed only during testing of one butt welded specimen or during
testing of specimens of one specific material. It was observed during testing of all butt welded speci-
mens of both S420M and S690QL steels.
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Various possible reasons ranging from the effect of microstructure to redistribution of residual stresses
were considered while trying to understand the underlying phenomenon leading to arrest. Residual
stress measurements using the neutron diffraction technique provided the answer by proving the ex-
istence of compressive residual stresses in the transverse direction. The peak value of the residual
stresses in the longitudinal direction was also smaller on the crenellated plates.

The findings from the fatigue crack propagation experiments -both retardation and arrest of fatigue
crack growth- were quantified in the crack length, a, versus number of cycles, N , diagrams, which
were the raw data of the tests, and the fatigue crack propagation rate, da/dN , versus crack length,
a, diagrams, which are obtained by processing the test data in accordance with the ASTM Standard
E-647, presented in Chapter 4.

For the interpretation of fatigue crack propagation tests, the last step would be to plot the fatigue crack
propagation rate, da/dN , against the stress intensity factor range, ΔK, because with the help of these
diagrams it would be possible to examine the change in the stress state of wide plates tested with and
without discontinuities in the form of crenellations.

The available, closed-form stress intensity factor solutions allow plotting of da/dN versus ΔK di-
agrams of 6mm thick, reference plates. However, plotting da/dN versus ΔK diagrams was not an
easy exercise for the tested, crenellated plates. In the absence of closed-form stress intensity factor
solutions for crenellated plates, the only option would be to benefit from the numerical analyses, the
results of which were presented in Section 4.3.

In Section 5.1, the da/dN versus ΔK diagrams of reference and crenellated plates can be found.
Before starting to discuss the relation between the fatigue crack propagation and the stress state on
the crenellated plates, the results of reference plates were revisited. The Paris constants obtained from
testing reference plates were compared with the most conservative Paris constants advised for steels
in the codes and standards.

Wide plate testing or testing of component like samples is a necessary but an expensive exercise. The
analytical methods for predicting the fatigue crack propagation behaviour of reference, flat plates are
very well-established and have been standardised in the form of the Paris equation and/or the NAS-
GRO equation with appropriate closed-form stress intensity factor solutions. However, at present,
there is no recommendation or established design guideline for obtaining a conservative estimate of
the amount of fatigue crack propagation due to cyclic loading in the presence of crenellations.

To take into account the effect of crenellations in the predictions of crack extension due to cyclic load-
ing, three different approaches can be adopted in principle. The first approach requires to establish
a new stress intensity factor solution taking into account the exact location and amount of thickness
variation, and specific lengths of these relatively thin or relatively thick sections in new closed-form
formulations. This is certainly achievable and a relatively easy exercise for the analysis of plates con-
taining only one crenellation pattern, ie. only one thickness variation along the section containing the
crack, where the fatigue crack propagation in the vicinity of the transition region is expected to take
place in the linear regime. For the analysis of specimens containing multiple crenellation patterns,
finding such an equation is not a viable option due to various reasons including occurrence of local
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plasticity, as discussed in Chapters 3 and 4.

As the second option, a set of equations can be introduced for analyzing different stages of crack
propagation. For example, for the analysis of the transition region, where the crack is in the vicinity
of or propagating towards the thick region -where elastic fracture mechanics still dominates- exist-
ing equations can be modified but for the analysis of the other stage of crack propagation, where the
crack propagates towards the thinner region -where plastic deformation is expected- a new formula
containing a damage model (and the effect of material strength mismatch for the weldments) should
be introduced. This approach, requiring to use both fracture and damage mechanics, is not a very
practical approach, as the two different disciplines of mechanics require different parameters to cali-
brate, to adjust.

These apparent difficulties led to the consideration of a third option requiring to revisit the parameters
in the existing equations, and adjust where possible and appropriate. If the Paris equation is examined
once again but this time for analyzing the crenellated plates, it is seen that C and m are material
properties and in theory they are not a function of thickness, the third and the only parameter that
can be modified in the Paris equation is the stress intensity factor range, ΔK, to take into account the
crenellations. For each increment of crack extension, the maximum stress intensity factor should be
calculated from the finite element analysis and the appropriate stress intensity factor range should be
calculated taking into account the maximum and the minimum loads acting on the structure during
each load cycle. This method has the potential of delivering a more accurate and a less conservative
prediction than the case when the flat plate stress intensity factor solution is used but considering the
minimum thickness of the crenellation pattern.

The other equation, the parameters of which can be adjusted, is the NASGRO equation. When the
structure of the NASGRO equation is re-examined, Section 2.3.2, it can be seen that this equation is
more suitable for the accommodation of the effect of local thickness variations through the material’s
fracture toughness, Kc, in addition to the stress intensity factor range, ΔK. Although fracture tough-
ness is also a material property, it is known that it varies with thickness. Fracture toughness decreases
as the thickness of the material increases. If the prediction of fracture toughness can be made as a
function of thickness via relatively easily obtained material properties like tensile data, two param-
eters of this equation will help accommodation of the thickness variations in crenellated plates, the
second one being Kc in addition to the stress intensity factor range, ΔK. Bearing in mind the poten-
tial advantages of the NASGRO equation, GENOA analysis software -which automates the NASGRO
equation but can communicate with finite element software packages and also contains the embedded
Fracture Toughness Determination toolkit- was chosen to analyse the behaviour of crenellated plates
in the context of Progressive Failure Analysis (PFA).

In Sections 2.3.2 and 3.5, how fracture toughness determination and fatigue crack propagation anal-
ysis were incorporated into the commercial software GENOA was briefly explained. In the course
of the application of the NASGRO equation automated in the GENOA software, the critical stress
intensity factor, Kc, should have been determined for the different thicknesses machined on crenel-
lated plates under consideration. At this stage, the fracture toughness determination toolkit was used
to derive these critical stress intensities for different plate thicknesses, from the stress-strain curves,
Section 4.2.1.1. The maximum stress intensity factor and the stress intensity factor range were also
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calculated for each increment of fatigue crack propagation but instead of the J contour integral tech-
nique embedded in ABAQUS, the Virtual Crack Closure Technique (VCCT) was employed for this
purpose.

The results of both fracture toughness and fatigue crack propagation predictions are presented in
Section 5.2 and these results are compared with the experimental findings presented in Chapter 4.
The codes embedded in GENOA have been validated on various aerospace grade Aluminium and
Titanium alloys but they were tried for the first time on steels within the frame of this programme.

5.1 da/dN vs. ΔK Diagrams of Tested Wide Plates

In this Section, the results of the stress analysis of the tested, 6mm thick, reference plates are pre-
sented through the fatigue crack propagation rate, da/dN , versus stress intensity factor range, ΔK,
plots. The results obtained from testing of reference plates are compared with the results available in
the literature. For the prediction of the fatigue crack growth behaviour of the reference plates tested
in this programme, the rules in British Standard BS 7910 -Guidance on Methods for Assessing the
Acceptability of Flaws in Metallic Structures- [219] were followed and the results of BS 7910 anal-
yses were generated using the commercial software Crackwise, developed and maintained by TWI
Ltd. (Cambridge, UK), which automates BS 7910. The analysis of reference plates is followed by
the stress state analysis of crenellated plates, and the comparison of the fatigue crack propagation
performance of crenellated plates with the reference plates.

As discussed in Sections 2.3.1 and 2.6, the British Standard BS 7910 offers two options for the as-
sessment of fatigue crack propagation of steel structures. Using the Paris equation by setting m to
3 and C to 5.21 × 10−13 is the most conservative assessment option, which can be replaced by the
bi-linear approach introduced in Section 2.3.1. The reason for developing a new, bi-linear approach
was that within the last decades it was reported that the fatigue crack propagation behaviour of some
newly developed ferritic offshore steels and their weldments do not obey the Paris equation. This
observation was considered while amending BS 7910 in 1999, and appropriate conservative estimates
of fatigue crack propagation constants were incorporated, certainly after experimental validation.

Depending on the stress acting on the structure at different stages of fatigue crack propagation, the
British Standard BS 7910 recommends two different C and m constants for each part of the sta-
ble propagation regime, Figure 2.4, designated as Stage A and Stage B [219]. The stress intensity
factor range value defining the transition point of Stages A and B is 363 N/mm3/2, if the mean of
log(da/dN) versus log(ΔK) relationship for R < 0.5 is to be taken into account at the design stage.
This value reduces to 315 N/mm3/2 for the same R ratio interval, if more conservative, upper bound,
mean plus two standard deviations of log(da/dN) versus log(ΔK) relationship is to be adopted. The
stress intensity factor range applied at the very beginning of the experiments was well above this tran-
sition stress intensity factor range. Hence, in the figures presented in this section, the constants of the
Stage B type propagation regime are used for comparing the experimental data with the predictions.

In Figure 5.1, the half logarithmic da/dN versus ΔK plots of the tested, parent material wide plate
of S420M steel can be seen. The left and the right cracks were first analysed separately and then
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the average fatigue crack propagation was re-assessed by considering the average of the amount of
fatigue crack extension of the right and left cracks. The validity of the fatigue crack propagation tests
was controlled the last time with the help of this exercise in accordance with the ASTM Standard E-
647, which requires that the measurements referenced from the specimen centerline to the two cracks
should not differ by more than 0.025W , 11.5 mm for the plates tested.

After this exercise, the fatigue crack propagation behaviour of the same plate was predicted using
the simplified but the most conservative approach of BS 7910, which was plotted in blue. The be-
haviour of the same plate was re-predicted employing the bi-linear mean and mean plus two standard
deviations subsequently. In this figure, the most conservative prediction is obtained by the Paris law,
whereas the degree of conservatism reduces with the bi-linear mean plus two standard deviations re-
lationship and the degree of conservatism reduces further with the bi-linear mean of da/dN versus
ΔK relationship. The experimental data is closer to the mean curve as expected but is still below this
curve. This indicates that the least conservative BS 7910 fatigue crack propagation assessment is still
more conservative than the test results.

The next stage would be to determine the Paris law constants of the material tested for the given envi-
ronment, which was air. A power law type of curve was fit to the experimental data in the stable crack
growth regime, plotted on the full logarithmic da/dN - ΔK plane, Figure 5.2. The Paris constants
were found to be as follows: m = 2.47 and C = 3.52x10−8 for the S420M steel.

The same analysis procedure was repeated for the tested, parent material wide plate of S690QL steel.
The comparison of the da/dN versus ΔK plots of experimental data with the plots generated using
BS 7910 can be seen in Figure 5.3. The experimental data obtained from S690QL plates is closer
to the mean curve but below the mean curve as well. The determination of Paris constants for this
material is illustrated on a full logarithmic da/dN - ΔK plane, where m is found to be equal to 2.21
and C to 7x10−8, Figure 5.4.

After completing the analysis of the parent material plates of S420M steel, the changes in the stress
state of the crenellated plates were compared with the change in the stress state of the reference plates
as illustrated in Figure 5.5. These plots obtained from one reference and two crenellated plates indi-
cate a stress relaxation at the initial stages of fatigue crack propagation, when the crack propagates
towards the thicker section, and repeated occurrence of stress relaxation towards the end of the test is
evident in this plot, when the crack approaches the thicker section the second time.

At first sight, this is quite a busy diagram and does not show explicitly when and where the stresses
relax. If the da/dN versus ΔK plot of the right crack on the smooth surface of one of the tested,
crenellated plates is examined, the stress state in the vicinity of the transition from the thinner sec-
tion to the thicker section becomes more pronounced, Figure 5.6. The initial half crack length was
20mm. During the crack propagation between 20mm and 35mm, the stress intensity factor increases
as expected and this is illustrated with the blue triangles in this figure. The first transition from the
thinner section to the thicker section is at 40mm. As the crack approaches 40mm length, the stress in-
tensity factor decreases as a result of stress relaxation. Between 40mm and 45mm, the stress intensity
continues to decrease and then after a few millimeters of propagation in the thick section, it starts to
increase again as the crack starts to propagate in the thick section. The phenomenon in Figure 5.6 was
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observed repeatedly during the tests of two, identical parent material, crenellated plates, Figure 5.5.
The stress intensity factor increases at the initial stage of crack propagation, subsequently decreases
as the cracks approach the transition and increases as the cracks propagate in the thick section in a
stable manner.

When the tests were repeated with S690QL steel, parent material, crenellated plates the same obser-
vations were made, Figure 5.7. The two materials did not exhibit different fatigue crack propagation
behaviour under cyclic loading conditions in the presence of crenellations. When all the parent mate-
rial test results are plotted on the same diagram, Figure 5.8, this conclusion can be better illustrated.

The next set of S420M and S690QL steel wide plates tested contained butt joints. It was expected
that the cracks initiating in the weld material would continue to propagate in the weld material and
the fatigue crack propagation would retard, as these cracks grew towards the thicker sections of these
specimens. However, it was seen that this was not the case in Section 4.2.2, where the results of plates
containing butt joints in the middle were discussed.

In Figure 5.9, the occurrence of crack arrest is illustrated in the stress domain through the da/dN vs.
ΔK diagrams, where the stress intensity factor of the cracks propagating in the reference S420M steel
plates increase continuously and the stress intensity factor of the cracks propagating in the crenellated
S420M steel plates decreases, leading to arrest of fatigue crack propagation. The fatigue behaviour
observed in the S690QL steel crenellated, butt welded plates was not very different from the behaviour
of the S420M steel crenellated butt welded plates except one case, where the crack path deviation
into the parent material was observed in one wide plate, Figure 5.10. The general fatigue crack
propagation trend observed during testing of butt welded reference and crenellated plates can be seen
in Figure 5.11. The reason of the crack arrest could be attributed to the presence of significantly
lower tensile residual stresses in the longitudinal direction and compressive residual stresses in the
transverse direction, Section 4.2.3, which could be explained as a result of the change in constraint
conditions due to material removal.
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Figure 5.1: da/dN vs. ΔK diagram of reference S420M steel plate in half logarithmic scale
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Figure 5.2: da/dN vs. ΔK diagram of reference S420M steel plate in full logarithmic scale
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Figure 5.3: da/dN vs. ΔK diagram of reference S690QL steel plate in half logarithmic scale
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Figure 5.4: da/dN vs. ΔK diagram of reference S690QL steel plate in full logarithmic scale



5.1. da/dN VS. ΔK DIAGRAMS OF TESTED WIDE PLATES 173

0 20 40 60 80 100

Stress intensity factor range ΔK, MPa
√
m

Fa
tig

ue
cr

ac
k

pr
op

ag
at

io
n

ra
te
d
a
/d

N
, m

m
/c

yc
le

1.0E-05

1.0E-04

1.0E-03

1.0E-02

right half of

the tested plate
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Figure 5.8: da/dN vs. ΔK diagrams of reference and crenellated plates of parent material
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5.2 Progressive Failure Analysis

The NASGRO equation and the material and fitting parameters of the NASGRO equation required
for the application of this prediction approach were introduced in Section 2.3.2. Additionally, at the
beginning of this Chapter, the advantages of using the NASGRO equation for the prediction of the
fatigue crack propagation behaviour of crenellated plates were discussed.

For using the NASGRO equation, which is repeated below,

da

dN
= C

[(
1− f

1− R

)
ΔK

]n (
1− ΔKth

ΔK

)p
(
1− Kmax

Kc

)q (5.1)

various parameters need to be calibrated. For this calibration purpose, the tests conducted on the
parent material, reference wide plates were used. But before starting the calibration of fatigue crack
propagation curves, first the fracture toughness should have been predicted as a function of the thick-
ness of interest in order to increase the accuracy of the predictions. The fracture toughness determined
using the 12mm thick SEN(B) type specimens in accordance with the British Standard BS 7448, Sec-
tion 3.3.3, and presented in Section 4.2.1.2 could have been used. However, for a more accurate
prediction, the fracture toughness of the 3mm thick and 8mm thick materials should have been used.

Hence, the fracture toughness of the two materials were determined as a function of thickness, which
is intended to be used at different stages of crack propagation, when the crack is in cross-sections of
different thickness. After obtaining the fracture toughness as a function of thickness, the next step
would be to run the finite element analysis using VCCT for the determination of maximum stress
intensity factor, Kmax, and the stress intensity factor range, ΔK, to predict the a vs. N curves of
crenellated plates.

First, the fracture toughness of the two materials were determined as a function of thickness based
on the theoretical background explained briefly in Sections 2.3.2 and 3.5 and in [91]. The results of
fracture toughness assessment for the S420M and S690QL steels can be seen in Figure 5.12 together
with the test results. The plane stress fracture toughness determined experimentally and converted
from the CTOD fracture toughness test result for the S420M steel was 257MPa

√
m, whereas the

plane stress fracture toughness was predicted as approximately 257.92MPa
√
m using the stress-

strain curve of this material. Then the plane strain fracture toughness was predicted as approximately
148MPa

√
m. The plane stress fracture toughness of the S690QL steel determined experimentally

was 172MPa
√
m, whereas this quantity was predicted as 160.35MPa

√
m using the fracture tough-

ness determination method, the input of which was the stress-strain curve of the S690QL steel. The
plane strain fracture toughness of S690QL was then predicted as 86MPa

√
m.

The next step would be to revisit the fatigue crack propagation tests carried out with reference, flat
plates and discussed in Section 4.2.2 to calibrate the constants of the NASGRO equation, such as C
and n. The calibration results for the two parent materials can be seen in Figures 5.13 and 5.14 in the
form of da/dN vs. ΔK curves together with the test results and the BS 7910 predictions. For both
materials, the threshold stress intensity factor range was assumed to be 4 MPa

√
m. In both figures,

it is seen that the linear part of the sigmoidal NASGRO curve coincides with the test results and the
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BS 7910 predictions where the mean values were used. The C and n constants for the S420M and
S690QL steels can be found in Table 5.1 below.

Table 5.1: The NASGRO constants of S420M and S690QL steels

S420M S690QL
C 0.1825 x 10−8 0.8073 x 10−8

n 2.428 2.155

If equation (5.1) is integrated using the constants in Table 5.1 and taking into account the fracture
toughness toughness value for the 6mm thick plates of S420M and S690QL, the a vs. N curves in
Figures 5.15 and 5.16 are obtained. In both Figures, it can be seen that the NASGRO predictions
are slightly more conservative than the test data. The conservative estimate of the threshold stress
intensity factor also plays a role in these results, which was assumed to be 4 MPa

√
m.

In the following two Figures 5.17 and 5.18, the results of the predictions for the crenellated plates of
S420M and S690QL steels can be seen respectively. Although the results of predictions, where the
postulated fracture toughness of 3mm and 8mm thick plates were used and the elastic stress intensity
factor values were obtained using the VCCT technique, are more conservative than the test data, it
should be noted that the effect of crenellations were captured successfully. As the crack propagates
towards the thick section, the retardation is seen clearly and the second retardation was also captured,
as the crack propagates towards the thick section again, in the vicinity of the second crenellation pat-
tern.

It should also be borne in mind that the predictions based on the NASGRO equation are very sen-
sitive to the fitting parameters and the assumptions made on the material properties. To illustrate
only the effect of threshold stress stress factor range on the general fatigue crack propagation, the
example cases presented in Figures 5.19 and 5.20 were studied on reference and crenellated speci-
mens of S420M steel. If the threshold stress intensity factor is assumed as 20 MPa

√
m and the C

and m constants are changed slightly, the prediction in Figure 5.19 can be made on the behaviour of
the reference panel, which delivers a closer curve to the experimentally obtained one. However, the
implication of these new parameters on the crenellated plate will be to reduce the conservatism after
the first thick section. But this was a comparison exercise to illustrate the effect of parameters chosen
for the NASGRO equation, where two extreme cases were examined by choosing a considerably low
and a considerably high threshold stress intensity factor range.

It should also be borne in mind that although the NASGRO predictions discussed in this section were
labeled as conservative, when compared with the test data obtained from the specimen where the
crack propagated faster, more tests should be carried out on the same material and on the same geom-
etry for taking into account the scatter band of the fatigue tests.

Looking at these results, it can be concluded that a careful calibration of the NASGRO equation -with
the help of a reference, flat plate and the stress strain curve of the material- can lead to conservative
estimates of the behaviour of non-standard plates containing discontinuities in the form of crenella-
tions under cyclic loading conditions.
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In Section 3.2, the earlier research activities on crenellated aluminium structures were discussed. The
findings of Fossati et al. [244] were pessimistic when the last stage of examinations, the predic-
tion of the fatigue crack propagation behaviour of crenellated panels was discussed. However, in
this Section, it was proved that it is possible to predict the global fatigue crack propagation behaviour
of crenellated plates by combining the linear finite element analysis and the limited test data available.

It is certainly possible to refine these analyses numerically and there is also need for further research
for the prediction of the fatigue crack propagation of butt welded, crenellated specimens, where the
crack was arrested, where the relaxation of residual stresses plays an important role in this retarda-
tion/arrest mechanism. In Chapter 7, the recommendations for further work in this field are addressed,
after the unique findings of this study are summarized in Chapter 6.
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Figure 5.12: Determination of the fracture toughness of S420M and S690QL steels and the test results
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Figure 5.13: da/dN vs. ΔK plots of reference parent material plate of S420M steel
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Figure 5.14: da/dN vs. ΔK plots of reference parent material plate of S690QL steel
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Figure 5.18: a vs. N curves obtained from the simulation of S690QL steel - crenellated plates
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Figure 5.19: Effect of different ΔKths on the FCP behaviour of S420M reference plates
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Figure 5.20: Effect of different ΔKths on the FCP behaviour of S420M crenellated plates
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Chapter 6

Conclusions

The overall objective of this study was to improve damage tolerance of welded and non-welded steel
structures via retarding growing fatigue cracks. This objective was achieved by modifying the dis-
tribution of the stress intensity factor (SIF) via thickness variations or ribs, called as “crenellations”,
machined on one side and surface of the welded or non-welded components.

In Chapter 3, the evolution of this novel technique within aerospace research activities and early stud-
ies on Aluminium structures were discussed. Within the framework of this thesis, this technique was
adapted and devised to contribute to the life improvement of steel structures. The beneficial effect
of crenellations was validated experimentally using two different steels (S420M and S690QL) from
which a series of parent material and welded, reference and crenellated wide plates were machined
and tested.

In addition to the comprehensive testing programme, an extensive finite element analysis study was
conducted as well in order to determine the crenellation pattern geometry to be machined on the wide
plates to be tested and to gain a fundamental understanding of the crack growth mechanism in the
presence of discontinuities in the form of crenellations. The finite element analysis was taken one
step further by Progressive Failure Analysis for predicting the fatigue crack propagation behaviour
of crenellated wide plates more accurately but in a sufficiently conservative manner. To this end, the
available analytical methods were modified and used in conjunction with finite element analysis and
it was also attempted to predict the material properties required for this analysis.

Specific conclusions drawn from this study are detailed below. First the conclusions drawn from the
material characterization, wide plate tests and residual stress measurements will be listed. This will
be followed by the conclusions drawn from the finite element analysis and progressive failure analysis.

Basic materials characterization

1. The hardness distributions were obtained from top, middle and root regions of the butt joints.
All three regions showed similar results by identifying the slight hardening of the weld zone
in S420M steel while S690QL showed a highly hardened weld zone due to a higher C-content
of the S690QL steel compared to the S420M steel. The other observation made during the
hardness measurements of S690QL weldments was the Heat-Affected Zone (HAZ) softening,
where the hardness of the HAZ was lower than the hardness of the parent material as well.
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2. The characteristic tensile properties of the S420M steel and the S690QL steel obtained from
standard tensile tests did not deviate from the properties given in the material certificates sig-
nificantly. The tensile properties of these materials obtained by testing specimens in different
orientations, namely transverse and longitudinal, do not differ as well.

3. Cross-weld tensile specimens containing a butt weld in the middle were tested as well. It was
observed that the welds of S420M and S690QL steels exhibit “over-matching” character, which
can be confirmed by the rupture locations of specimens. This conclusion is also in agreement
with the hardness measurements. This is attributed to the presence of a hardened weld zone
at the mid part of the gauge length, where these regions do not participate in the deformation
performance of the specimens as a whole and hence, the parent material part of the gauge length
has to be exposed to major deformation.

4. For the determination of the local tensile properties, micro tensile specimens were prepared
sampling only the region of interest, such as weld zone, heat affected zone and parent material
only. During these tests, it was found that:

• the yield strength of the S420M weld material is much higher than the yield strength of
the S420M parent material, whereas the properties of the HAZ region lie in between.

• the fusion zone of the S420M weldment yields continuously as opposed to the discontin-
uous yielding behaviour of both the parent material and the HAZ region of the weld.

• the HAZ tensile properties of S690QL are considerably lower than the tensile properties
of both the parent material’s and the weld zone’s. This is also in line with the hardness
measurements made on this weld.

• the weld zone and the HAZ of the S690QL welds exhibit continuous yielding behaviour,
whereas the yielding behaviour of the parent material is discontinuous.

5. The fracture toughness tests on the parent materials proved that the direction of the crack with
respect to the rolling direction of the S420M and S690QL steel plates showed an effect on the
fracture resistance by exhibiting the lower R-curve in the T-L direction than the L-T direction
due to the banded nature of the steel plate as a result of rolling.

6. When the plane stress fracture toughness of the weld materials of S420M and S690QL steels
obtained at the maximum load were compared with the plane stress fracture toughness values of
the respective parent materials obtained at the maximum load, it was seen that weld material’s
fracture toughness was lower.

7. In general, the fracture toughness obtained from testing of the higher strength steel, S690QL,
parent and weld material specimens is lower than the fracture toughness of the mild steel,
S420M, parent and weld material specimens.

Wide plate tests and residual stress measurements

1. During the tests of both S420M and S690QL steel crenellated, parent material plates, a signifi-
cant amount of retardation of fatigue crack propagation was observed, when the crack initiating
in the thinner section propagated towards the thicker section. When the tests were repeated with
a second crenellated specimen, the same observation was made.



195

2. The reason of this significant retardation was attributed to the relaxation of stresses at the crack
tip, as a result of the change in constraint conditions, and the crack propagation slows down at
the first transition. Once the crack is in the thicker section, the fatigue crack accelerates and until
it reaches the transition from the thicker section to the thinner section, it continues to speed up.
During the other transition, from the thicker section to the thinner section, propagation of the
fatigue crack slows down again, but this time slightly and due to the plasticity introduced at the
crack tip, as the local stresses increase and the remaining ligament ahead of the crack is smaller.
During the third transition (from the thinner section to the thicker section), the third retardation
was observed but depending on the load level this third retardation can be attributed to the
relaxation of stresses again or to the evolution of plasticity at the crack tip, as the remaining
ligament is much smaller at this stage.

3. When the tests were repeated with the butt welded specimens, crack arrest was observed during
the tests. The crenellated, butt welded, wide plate tests were continued for weeks but what was
observed was crack arrest repeatedly, after the half crack reached approximately 40mm length,
which is the onset of the transition from the thinner section to the thicker section.

4. The reason of crack arrest in butt welded, crenellated plates could lie in the residual stress
fields. Residual stress fields, specifically compressive residual stress fields, could be the only
explanation for the occurrence of crack arrest. The residual stress measurements conducted on
the crenellated, wide plates using the neuron diffraction technique delivered the final answer
to the reason of crack arrest by proving the existence of compressive residual stresses in the
transverse direction and much lower magnitudes of tensile residual stresses in the longitudinal
direction.

5. The fatigue crack propagation and retardation trends observed in the fillet welded S420M and
S690QL steels were the same as the trend observed in parent materials. A significant retardation
of growing fatigue cracks was evident in the vicinity of the transition from the thinner section
to the thicker section. As was the case in parent material specimens, the crack propagation
accelerates in the thicker section and slows down again when the crack approaches the thinner
section under the influence of plastic deformation. The propagation slows down the third time,
as the crack approaches the thicker section and the reinforcement element. The stresses relax
but not only due to the presence of crenellations but also due to the presence of reinforcement
elements, the stringers.

6. In summary, based on the present tests and analyses, it is expected that an improvement in the
fatigue crack propagation life of crenellated plates can be as much as 50 - 120 % depending on
the configuration machined on the parent material and fillet welded plates, and crack arrest is
very likely to occur depending on the crenellation configuration machined on the butt welded
plates.

7. One of the objectives of this study was to examine the effect of steel grade on the retardation of
fatigue crack propagation in the presence of crenellations. When all the results obtained from
the S420M and S690QL steels were drawn on the same diagrams, it was seen that there would
not be a significant difference at least between these steel grades. Hence, a significant effect of
microstructure and strength levels was not identified.
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8. In the experimental part of this study, the roles of local microstructural properties, residual
stress profiles and K-distribution variations (due to crenellations) were discussed. The govern-
ing micro-mechanism(s) of failure of the plain and stiffened panels were identified and com-
pared. The regions -where there is a rapid thickness change- exhibit complex crack fronts which
contribute to the retardation of the crack under cyclic loading conditions. However, the overall
cracking mechanism is the same as the mechanism observed in the un-crenellated, reference
plates.

Finite Element Analysis

1. One of the objectives of finite element analysis was to determine the most dominating geo-
metrical factors on the fatigue crack propagation behaviour of crenellated specimens or on the
degree of fatigue crack retardation. The ratio of the thin section to the thick section was found
to be significantly effective on the retardation. This ratio was constraint to 8(thickness of thick
section)/3(thickness of thin section) in this work because increasing the thickness ratio would
lead to extreme thickness differences, which would create a greater amount of out of plane
displacement and a negative effect on the crack propagation consequently .

2. The other dominating parameter, which needed to be optimized was the width ratio. This
was also examined by running a number of simulations as this parameter would define where
the stress intensity factor will drop significantly at different stages of fatigue crack propaga-
tion. It was found that this ratio should also be in the neighbourhood of 40(width of thin
section)/60(width of thick section), 50/50 or 60/40.

3. After the evaluation of the simulation results, it was decided to machine the following crenella-
tion pattern on the wide plates to be tested: thickness of thin section = 3mm, thickness of thick
section = 8mm, width of thin section = 40mm, and width of thick section = 60mm.

4. During the tests, it was possible to monitor the propagation of the crack only on the flat surface
of the crenellated plates. However, the crack driving force through the thickness was examined
via numerical analysis, which allowed identification of the following phenomena:

• the crack driving forces at the flat surface and at the surface on which the crenellation
geometry was machined are different.

• in general, the crack driving force decreases as the crack propagates towards the first
transition from the thinner section to the thicker section.

• the amount of decrease in the crack driving force is different on the flat surface and on
the surface where the crenellation pattern was milled -the crack driving force drops to
approximately 0 N/mm on the crenellated surface.

• however, when the average J-integral obtained by averaging the J-integral calculated at
different depths is examined, it was found that the average J-integral is in between the
minimum value observed on the crenellated surface and the maximum value observed on
the flat surface, and it is certainly greater than the threshold value, below which a crack is
expected to be arrested.

• the crack driving force continuously increases as the crack propagates in the thick section.
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• the crack driving force on the flat surface decreases in the vicinity of the transition region
from the thicker section to the thinner section and a second but less significant retardation
is expected. However, in the meantime, ductile tearing becomes the dominant mecha-
nism on the surface where the crenellation pattern was milled and this affects the overall
behaviour of the crack tip significantly.

• plastic finite element analysis should be conducted to fully explain the behaviour of the
crack tip in this transition region and during this analysis an accurate shape of the crack
tip should be considered. Moreover, the plastically deformed model should be re-meshed
at every increment of highly non-linear fatigue crack growth. Such a detailed analysis,
requiring to estimate the crack shape and re-mesh the plastically deformed model, is un-
fortunately still outside the remits of commercial finite element softwares, like ABAQUS.

• the crack driving force decreases once again as the crack approaches the transition region
from the thinner section to thicker section the second time.

• at the onset of the transition, the value of crack driving force drops to 0 N/mm on the
crenellated surface again.

• however, since the crack is quite long, and the driving force on the flat surface is conse-
quently much higher compared to the flat surface crack driving force at the onset of the
first transition from the thinner section to the thicker section, this third retardation is not as
effective as the first retardation observed at the initial stages of fatigue crack propagation.

5. Finite element analysis helped to identify the crack tip conditions at different stages of crack
propagation through the thickness of the plates and with the help of the stress intensity factors
computed via finite element analysis, the fatigue crack growth data was correlated.

6. Lastly, the plastic analysis proved that the plastic deformation would accumulate at one location
only, which is the transition zone from the thick section to the thick section.

Progressive Failure Analysis

1. At the end of this study, it was intended to suggest a conservative method for predicting the
amount of fatigue crack propagation due to cyclic loading in the presence of crenellations.
Considering that the available codes and standards cannot be used as they are, and they are
not directly applicable to non-standard geometries, effort was made to modify existing meth-
ods. The existing analytical methods were slightly modified and coupled with finite element
analysis within this study. The NASGRO equation was chosen to be used in conjunction with
finite element analysis, which proved to be a powerful tool, if the parameters of the NASGRO
equation can be adjusted.

2. One fatigue crack propagation test result obtained from a flat plate was used to adjust the various
fitting parameters of the NASGRO equation. The fracture toughness obtained from testing
conventional SEN(B) type specimens was compared with the fracture toughness predicted from
the stress-strain curve of the material as proposed by Farahmand [91]. This approach -which
was validated on various aerospace grade Aluminium and Titanium alloys- was validated for
the first time on steels.
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3. By using the fracture toughness predicted as a function of thickness, the NASGRO fatigue crack
propagation equation was integrated to calculate the amount of crack extension but after cal-
culating the stress intensity ranges at different stages of fatigue crack propagation, at different
thicknesses using the VCCT technique. This approach led to conservative estimates of fatigue
crack propagation in the crenellated plates.

4. It is very well-known that any slight change in the coefficients of the NASGRO equation leads
to significantly different results. This was also demonstrated on one example by choosing a
higher threshold stress intensity factor range.

5. It is admitted that Progressive Failure Analysis cannot be an alternative to experimental studies.
However, it was demonstrated that it can be a powerful tool for the prediction of the fatigue
crack propagation of non-standard specimens, if the necessary input data can be generated
using relatively simple testing set-ups.

6. In general, the results of Progressive Failure Analysis were conservative. The comparisons pre-
sented were also used to identify the future trends in the development of numerical techniques
that should be developed to compliment testing. This is imminent especially for the cases,
where large components with various features need to be tested.
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Chapter 7

Future Work and Outlook

Although the work presented in this thesis has made unique contributions to the field of retardation
of fatigue crack propagation in parent material and fillet welded structures and of the arrest of fatigue
cracks in butt welded joints, there are several areas that this research has not addressed in detail. If
pursued, further work has the potential to:

• validate the effect of crenellations on various other steels and materials with different lattice
structures,

• examine the crack tip conditions in the presence of discontinuities -such as crenellations- under
variable amplitude cyclic loading conditions,

• examine the crack tip conditions in the presence of discontinuities -such as crenellations- under
static loading conditions,

• examine the residual stress state in both butt and fillet welded components in the presence of
crenellations and subject to cyclic loading both numerically and experimentally, and

• predict the behaviour of crenellated plates under static and variable amplitude cyclic loading
conditions,

which will lead to the reduction of conservatism and increase of confidence for future industrial ap-
plications.

The concept of crenellations has been validated using only two steels: S420M and S690QL. In the
literature, the beneficial effect of crenellations has also been reported for Aluminium alloys under
both constant amplitude and variable amplitude cyclic loading conditions. It is recommended that a
range of other steels and non-ferrous materials are tested and assessed following the methodologies
described in this thesis to provide confidence that this novel solution to fatigue crack propagation is
suitable for a wider range of steels and non-ferrous materials than was possible to test in this work.

One of the unique findings of this study was that the cracks on butt welded, crenellated plates were
arrested. It would certainly be ideal to model the welding procedure, evolution of residual stresses due
to laser beam welding, relaxation of residual stresses due to both material removal and crack propaga-
tion. However, since the laser welds were manufactured in a commercial laser laboratory, the welding
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procedure could not be monitored since the very beginning and the thermal history of the plates could
not be captured. Although efforts were made during this thesis to model the residual stresses, these
trials could not be successful due to lack of various input data. Hence, it is recommended that the
plates to be welded are monitored since the beginning of the welding procedure, the thermal history
is registered and this data forms the basis of welding procedure simulations. The welding procedure
should also not be limited to laser beam welding, hybrid welding procedures or possibly conventional
welding procedures could also be examined.

The welding induced residual stresses were measured on different specimens in the as-welded con-
dition and after the machining of crenellations. This was a benchmark study to identify the role of
residual stresses on the retardation of fatigue crack propagation, if there was any. As presented in
Chapter 4, it was found that machining of crenellations can lower the magnitude of tensile residual
stresses and can even lead to the introduction of compressive residual stresses. However, this study
should be elaborated by intermediate residual stress measurements at different stages of fatigue crack
propagation and incorporated into the simulations.

Turning back to the cyclic experimental techniques, it should be borne in mind that the specimens
were subject to constant amplitude cyclic loads during the experiments of this thesis. However, the
effect of load history effects should also be examined thoroughly in variable amplitude cyclic loading
tests.

Besides the need for experimental studies, there is also need for further numerical analysis to refine
the analysis of crack tip conditions. In this study, a set of elastic analyses were carried out to examine
the crack driving forces through the thickness of the plate at different stages of fatigue crack propa-
gation and a limited number of plastic analyses were conducted for the identification of the possible
areas where plastic deformation is expected. This exercise was helpful for gaining a global overview
but efforts should be made to identify the exact shape of the crack tip for more complex crenellation
patterns and a combination of elastic and plastic analyses should be run for more accurate simulation
of crack tip stress state as the crack propagates towards the thinner sections, where plastic deforma-
tion is expected depending on the load level and where high cycle fatigue turns into low cycle fatigue
or even ductile tearing.

The discussions in this thesis focused on the behaviour of crenellated plates under cyclic loading con-
ditions. In the meantime, a very limited number of fracture tests were conducted on the crenellated
panels. In these tests, it was found that the fracture performance of the structure was not significantly
different from the performance of the reference plate, when the notch tip was placed in the middle of
the thick section. However, where the crack tip is located (ie. in thin or thick section, in the middle of
or at the beginning of a thin or thick section) is expected to play a role on the fracture performance of
the structure. But the examination of fracture behaviour, both initiation and tearing, was outside the
scope of this thesis. Hence, it is also recommended to examine the fracture integrity of crenellated
structures experimentally and numerically.

To validate the procedure, only one selected, specific crenellation geometry was machined on the
specimens and the thickness of the material was limited to 8mm bearing in mind the available ma-
chine capacity. However, if the crenellations are to be machined on much thicker sections, such as 30
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or 40mm, out of plane displacement due to the more pronounced asymmetry of the geometry can be
a phenomenon, which can be come across during the experiments and this should also be examined
more closely and systematically.

Progressive Failure Analysis (or Virtual Testing in a broader sense) is certainly not the alternative
to experiments. However, this technique has the potential of delivering quite accurate fatigue crack
propagation behaviour predictions of crenellated structures with the help of the limited data on ma-
terial properties or data generated using simpler test set-ups, if the analytical and numerical methods
are combined well. Hence, it is also recommended to refine numerical crack tip analysis to be used
in conjunction with Progressive Failure Analysis for predicting the fatigue and possibly fracture be-
haviour (tearing) of crenellated plates.

In this PhD, the concept of crenellations was studied and validated on a relatively simple geometry,
the plates. But the application potential of crenellations should not be limited to plates only, as it can
be applied on more complex structures with stringers, pockets, sockets etc. Hence, the importance of
Progressive Failure Analysis should be emphasized at this point, where the testing strategy of such
complex specimens should be supported with advanced analysis techniques.

According to the open literature and information on the on-going publicly funded projects, there
existed no other investigation using both experimental and numerical methods to study the effect of
crenellations along the crack growth to achieve effective crack retardation and hence life extension of
advanced welded steels both in butt and fillet weld configurations, when this PhD study was designed.
It is hoped that the knowledge generated in this study could contribute to filling this gap and could
identify new research topics, which will increase the level of confidence for industrial applications, if
pursued.
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