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Abstract: Welded joints are widely used in many sectors and represent the main joining technique
also in the marine industry. The welded joints are sites of high stress concentrations and are subject
to severe conditions for the marine environment. The design of marine welded joints has to consider
the effects from wave loads, ship motions and loading/unloading operations and corrosion effects.
The aim of this scientific work is to discuss about the state of the art of the standards and the ap-
proaches for predicting the fatigue life of welded joints used for the marine industry. Several ap-
proaches are examined in order to provide an overview and highlight the advantages and limita-
tions of each method. Furthermore, recent advances in welding of dissimilar metals and autono-
mous welding are considered.
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1. Introduction

Fatigue is one of the most significant failure modes for ship and offshore structures
[1]. The ship structures are exposed to harsh environmental cyclic loading from wave
pressure, ship motions and loading/unloading procedures that cause fatigue failure [1,2]
The fractures in ship structures are frequently due to fatigue (Figure 1).

Figure 1. Fatigue cracks in ship structures.

Ship structures are mainly made of longitudinal and transverse details connected by
welded joints. Figure 2 illustrates some typical applications of weld types in shipbuilding
and the related welding processes. The welding processes, which are most commonly
used in shipbuilding, are flux-cored arc welding (FCAWSs), submerged arc welding
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(SAW), Gas Metal Arc Welding (GMAW), Electrogas arc welding (EGW), Hybrid laser-
arc welding (HLAW), double sided and one sided, automatic, portable welder, line
welder, semiautomatic, and robotic.

No.  Component Weld type Process Remarks
1 Panel plate to panel plate  Horizontal Butt ~ One-sided  Automatic
(Seam) SAW
2 Longitudinal member to  Fillet FCAW, Automatic
panel HLAW
3 Double bottom inside Fillet FCAW Semi
automatic
4 Side shell Transverse FCAW Semi
Butt (Butt) EGW automatic
Longitudinal member to  Transverse Onesided  Semi
Longi member Butt (Butt) FCAW automatic
6 Tank top plate to Hopper Fillet FCAW Semi
tank plate and bulkhead automatic
7 Tank top plate to tank top ~ Horizontal Butt ~ One-sided  Automatic
plate (Seam) SAW
Onesided  Automatic
GMAW GMAW

Figure 2. Typical weld types and processes in shipbuilding. Reprinted with permission from ref.
[1]. Copyright 2021 Elsevier.

The welds are generally a weak point of the structure, due to the presence of possible
crack-like defects along with high stress concentration effects and tensile residual stresses
caused by the thermal welding process itself, so a fatigue design is required (Figure 3) for
the fatigue life prediction of ship welded details [2-4].
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Figure 3. Fatigue design of ship welded structures.

The offshore infrastructure has extended its application from the oil and gas industry
to the emerging offshore wind industry. The offshore structures [1,5-7] and oil and gas
pipelines [8] are subjected to fatigue loadings, and fatigue cracks can be detected. Figure
4 shows the crack at the weld seam of an offshore platform [9].

Figure 4. Crack at weld seam of offshore platform [9].
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The offshore structures are mainly composed of steel tubular members with circular
hollow sections, which are interconnected by welded joints. This connection is referred to
as the tubular joint. If the tubular joint consists of two pipes with different diameters, the
larger diameter pipe is called the chord, and the smaller one is known as the brace. Figure
5 shows tubular joints, which are most commonly used in offshore structures.
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Figure 5. Types of tubular joints along with their nomenclature [10].

A review of corrosion fatigue in offshore structures is reported in [11], and its results
show that the corrosion fatigue crack growth behavior of steel welded joints in marine
environments depends on several parameters (material, environment, loading conditions,
microstructure, welding procedure and residual stresses).

Static and fatigue tests were recently performed on a large-scale detail of hybrid tub-
ular joints (Figure 6) for an offshore wind turbine in [12]. The tests demonstrated that these
kinds of hybrid joints, made by combining adhesives together with welding, can be suc-
cessfully used in offshore structures, as the fatigue strength is improved.

: machine load
bracing

bending beam
leg
stiffening beam

bearing coupling

sleeve

rigid floor

Figure 6. Large-scale detail of hybrid tubular joints for offshore wind turbine investigated in [12].
Reprinted with permission from ref. [12]. Copyright 2022 Elsevier.
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The fatigue strength and durability of welded structures are strongly related to sev-
eral parameters: the local geometrical discontinuity (weld toe radius, flank angle and weld
size), the service loadings, the environmental conditions, the thickness plate, the manu-
facturing process, the residual stresses initiated during the welding process, the defects,
and the material properties. Thus, this produces a great scatter in the fatigue life of the
welded joints.

The local mechanical properties are expected to change from the weld metal (WM)
to the heat-affected zone (HAZ), and generally they will be different from the base mate-
rial (BM). In a previous study of the authors [13], they developed a new procedure, which
is based on the following steps: the hardness measurements using the UCI (ultrasonic
contact impedance) method for the identification of the different zones (BM, HAZ, and
WM), the assessment of their cyclic stress—strain curves depending on the hardness val-
ues, and the realization of a nonlinear FEA, considering the different material properties.
Figure 7 shows the different material zones derived from the UCI method.
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Figure 7. Hardness measurement results and identification of the three zones (WM, HAZ, BM)
[13].

Nowadays, the shipbuilding industry is engaged in the construction of ships with
structures significantly thinner than those of the traditional ships. Thus, the influence of
the plate thickness on the fatigue response of the welded joint is an important parameter.
It is well known that there is a reduction in the fatigue strength when the size of the struc-
tural element increases. This is due mainly to the presence of higher tensile residual
stresses in the way of welds and to higher notch stresses caused by the through-thickness
stress gradient that arise at geometrical discontinuities. The thickness effect is mainly ex-
plained by the geometrical size effect, shown in Figure 8: when a crack with the same
length is considered for two welded joints with different thicknesses and subjected to the
same nominal stress, the local stress at the tip turns out to be lower in the thinner joint as
a consequence of its steeper stress gradient [14].
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Figure 8. Through-thickness stress gradient in the welded joint [15].
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Moreover, the thickness effect is also due to the increment of the probability of de-

fects when the size of the structural element increases.

Ship hull and offshore structures, generally, consist of steel components connected

by welded joints and, unfortunately, the formation of defects is inherent to the welding
technology. These defects can grow into propagating fatigue cracks under repeated appli-
cation of the dynamic loads during the service life.

lack

The weld imperfections can be classified into three categories: planar flaws (cracks,
of fusion or penetration, undercut and overlap), non-planar flaws (cavities and solid

inclusions), and geometrical imperfections (axial misalignment, angular misalignment,
imperfect weld profile, and shape imperfection). A defect is an unacceptable flaw. Figure
9 illustrates the types of common weld defects.
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Lack of Penetration

Figure 9. Common weld defects [3]. Reprinted with permission from ref. [3]. Copyright 2021 Else-

vier.

The fatigue strength of the welded joints is, generally, lower than that of the notched

components and base material as shown in Figure 10a. The size and location of the weld
defects significantly affect the fatigue life of the welded joints, as supported by the Kita-
gawa diagram in Figure 10b.
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Figure 10. (a) Schematic illustration of fatigue strength in base material and notched and welded
components. (b) Kitagawa diagram, fatigue strength versus defect size, with indicated weld posi-
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[16].



Metals 2022, 12, 1010

6 of 33

Since defects are common in welds, the current international standard and Classifi-
cation Societies should take into account the weld quality, which is defined, as reported
in [16], as “the weld quality quantifies the welded joints’ ability to perform the functional
requirements of the weld during the service life of the structure”, so the required level of
weld quality depends on the application according to the concept of “design for purpose”
[16]. The “IIW guidelines on weld quality in relationship to fatigue strength” [17] was
recently published by the Institute of Welding (IIW). The weld quality should be assured
at a shipyard through appropriate non-destructive testing (NDT) methods. NDT methods,
used in shipbuilding, can be classified into surface testing (visual testing (VT), magnetic
particle testing (MPT), and dye penetrant testing (DPT)] and volumetric testing (ultrasonic
testing (UT), and radiography testing (RT)). UT is more efficient in detecting planar de-
fects, which are more dangerous for fatigue. For thickness below 8 mm, UT cannot be
used, so RT, able to detect nonplanar defects, should be used in conjunction with MPT or
DPT. The weld defect length data, mainly collected by RT from the inspection of two ships,
were investigated and analyzed in [3]. An overview of weld quality control and assurance
of welded structures subjected to fatigue loading was provided by Stenberg et al. [16]

The ships can contain hundreds of kilometers of weld lines, so only a limited number
of welded joints can be inspected, and the Classification Societies specify a number of
checkpoints for the inspection. Thus, a risk-based inspection approach could be applied
[18]. Figure 11 shows a typical NDT inspection plan of a ship with the checkpoints high-
lighted in green.
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Figure 11. A typical NDT inspection plan [18].

Some fatigue cracks have been detected in the ship structures within a few years of
their service life. The occurrence of one or more welds, which are spots of high stress con-
centrations, together with fatigue loads, induce local cyclic stresses that can go over the
yielding stress. The fatigue cracks, which result from the presence of high stress concen-
trations, are related to low cycle fatigue (LCF), but existing design codes do not properly
consider LCF problems. A review of experimental studies for a LCF test of a welded joint
specimen was presented by Madi et al. [19]. Thus, besides high-cycle fatigue (HCF), ma-
rine structures suffer also from LCF loadings caused by the operational and the environ-
mental conditions.

Marine structures are exposed to severe seas and long-term wave loads. Wave in-
duced stresses are one of the main sources of fatigue damage, thus it is important to con-
sider and simulate the wave-induced loadings and stresses. Wave-produced fluctuating
stresses are stochastic in the short term and regularly spread in the long term. A procedure
of creating the fatigue loading spectrum for complex marine structures centered on a de-
sign wave approach was proposed in [20]. The generated random sea states effect, accord-
ing to the Pierson-Moskowitz model, on the fatigue of explosive welded Al/Fe transition
joints, made with four layers of aluminum alloy A5083, A1050, Titanium Grade 1 and steel
Grade D, was investigated in [21]. The fatigue life was estimated by means of the
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frequency domain method, and the probability density functions were assessed applying
traditional formula. The predicted results were compared with the standard test results,
confirming that the predicted values did not overestimate the fatigue life.

The stochastic characteristics of the hull vibration superimposed stress waveform ex-
perienced by 6500 TEU container ship’s deck longitudinal were analyzed in [22]. The au-
thors developed an electric exciter-driven plate bending vibration fatigue testing machine,
which is able to carry out the whipping superimposed fatigue tests of welded joints, and
it was found that rainflow counting produces conservative estimates of the fatigue lives.

The marine aggressive environment on ship and offshore structures accelerates fa-
tigue damage through corrosion, which causes a deterioration of the mechanical proper-
ties [23] and lowers the fatigue strength of marine welded structures. Garbatov et al. [24]
considered the fatigue strength of corroded specimens of a transverse stiffened welded
plate, showing the results of lower fatigue strength than expected.

The recent increase in Arctic shipping and operations requires a specific knowledge
of the ship and offshore welded structures subjected to ice-induced fatigue loading at sea-
sonal sub-zero temperatures. The assessment of the fatigue loads produced by the inter-
action of the ice with ship and offshore structures is quite complex, and, if these structures
are made of ferritic structural steels, they may undergo a ductile-to-brittle transition (DBT)
at the low temperatures in Arctic waters. To this day, the current standards and guidelines
do not address the effect of the low temperature on the fatigue strength of steel-welded
structures. An interesting review regarding the fatigue assessment approaches at sub-zero
temperature was recently proposed in [25].

Thus, clear recommendations are required to guarantee that fatigue failures are pre-
vented in welded structures. The design of welded structures is commonly carried out by
means of rules which impose conservative values of the allowable stress or consider par-
tial corrective factors to take into account possible defects, residual stresses, corrosion and
so on. The recommendations of the current codes, such as International Institute of Weld-
ing [26,27] and Eurocode [28,29] and recognized by some of the most important Classifi-
cation Societies of ships and offshore structures, are conservative as was demonstrated by
Crupi et al. [30] and Fricke et al. [31]. Experimental fatigue tests were carried out to assess
the S-N curve of butt-welded joints, made of AH36 steel, which is used in shipbuilding
[30]. Figure 12 shows the comparison between the design S-N curves (survival probability
Ps = 97.7%), obtained by the traditional procedure [30] and reported in the IIW Code
[26,27], demonstrating the conservativeness of the standard.
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Figure 12. Experimental and design S-N curves [30]. Reprinted with permission from ref. [30].
Copyright 2021 Elsevier.
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Fricke et al. [31] applied the fatigue assessment recommendations used by the Clas-
sification Societies for the fatigue assessment of a pad detail on the coaming of a Panamax
containership, showing that numerous procedures, comprising the direct load design,
produce very conservative results and the high scatter is due to different assumptions
concerning load effects and local stress analyses and S-N curves.

The fatigue of welded joints is widely studied, and numerous approaches have been
developed (Figure 13). An interesting review on fatigue of welded joints was given by
Fricke [32].

The most common approaches include the following:

- The nominal stress approach [26,27];
- The structural approaches (structural stress approach [33], and the structural strain

approach [34-36]);

- The local approaches (the notch stress intensity factor (N-SIF) approach [37,38], the

notch strain approach [39,40], and the peak stress methods [41,42]);

- The fracture mechanics approaches (the crack propagation approach [43,44]);
- The energy approaches (the equivalent strain energy density (ESED) approach, and

the averaged strain energy density (SED) approach [45,46];

- The critical distance methods (CDMs) [47-50];
- The thermal methods [50-55].

Some of them were improved when the evaluation becomes more complex and a
multiaxial stress state occurs [43,56-61].

Cross Structural El. notch Notch str. | |El-pl.notch Short Long
section discontin. effect intensity effect crack crack
Cyclic Cyclic Cyclic Cyclic Cyclic Cyclic Cyclic
nominal }e| structural je{ notch |=| SEDor }e| notch | J-integral j=| stress
stress stress stress N-SIF strain intensity
{ { ' ' { t '
c o X X
i %g\g\ s\gxsﬁ\g
N N N N N a AK

Figure 13. Global and local approaches for fatigue assessment of welded joints [26].

Recently, the abovementioned approaches were further assessed with several contri-
butions, i.e., the cyclic structural stress was further developed by Dong [62,63] and ex-
tended in terms of structural strain of the LCF assessment [64,65], the elastic notch effect
was reviewed in [66], the notch stress intensity approaches were deeply discussed in [66—-
68] and the peak-stress method was validated for many kinds of joints and was related to
the SED and NSIF approaches [67,69]. In addition, Garbatov proposed a modified method
[70] of the notch—strain approach.

However, there are not many other dedicated review studies to marine applications.

The present paper has the aim of giving a summary of the recent advances of the
most used fatigue life prediction approaches and their applications in offshore and ship
structures. The approaches were compared, considering that each approach has ad-
vantages and disadvantages. The comparison was based on a criterion which takes into
account the applications. New insights, obtained by this comparison, were proposed, aim-
ing to extend the service life of ship and offshore welded structures subjected to fatigue
loadings. As reported above, the fatigue analysis of ship and offshore welded structures
is a complex task, so the choice of the fatigue assessment approach depends on the specific
application.
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In addition, the future research direction regarding welding of dissimilar metals and
autonomous welding methods are presented.

2. Approaches for Fatigue Assessment of Marine Welded Joints
2.1. Nominal Stress Approach

The nominal stress approach [26,27] assumes a total elastic behavior and that the S—
N curves of welded joints with distinct geometries have the same slope for a specific ma-
terial. In this case, a matching FAT (fatigue class), intended as the fatigue strength at 2 x
10¢ cycles, is assigned. This kind of approach, which involves evaluating the fatigue
strength by means of traditional fatigue tests, is considered in the current standards and
recognized by the main ship classification societies. It ignores the effect of local stress in-
creases due to structural discontinuities and local weld profile but includes the effects of
the macrogeometric shape of the component in the vicinity of the joint, such as large cut-
outs.

The nominal stress approach was applied in [71], where a considerable series of spec-
imens made of DH36 steel and welded by means of the friction stir process was analyzed.
The obtained S-N curve was compared to those recommended by the International Insti-
tute of Welding for fusion butt welds. In this case, a higher fatigue strength, correspond-
ing to a higher FAT class, was found for the investigated marine grade steel.

The nominal stress method is particularly applied to simplify more complex prob-
lems, i.e., in the case of multiaxiality, as was done in [72]. In this case, a selection of codes
and multiaxial fatigue methods for the marine industry were investigated, considering
(non-proportional) constant amplitude loading, using nominal stresses. The authors con-
cluded in [72] that there are large discrepancies between the applied codes (Eurocode, IW
and DNV-GL) and that the use of more local stress information could improve the results.

The nominal stress approach, even if it can provide significant dispersion and some-
times not very accurate results, is principally employed when the problems dealt with are
particularly complex and other approaches are hard to be applied. Moreover, the nominal
stresses are not always easy to be evaluated in the real welded structures with complex
geometries, such as in the laboratory specimens.

2.2. Structural Approaches

The structural stress (alternatively “hot spot” structural stress approach) has been de-
fined in various ways: the mean stress value evaluated at certain distance away from the
weld toe [32,73] or multiplying the nominal stress range by an appropriate stress concen-
tration factor.

Generally, the structural hot spot stress, which does not take into account the effect
of a notch radius, is determined through FE analyses and the procedures employed to
assess the hot spot stresses, for the various types of hot spots, by means of finite element
models, were firstly created for strain gauge use.

The structural stress approach usually uses idealized, perfectly aligned welded
joints. This means that any potential misalignment has to be taken into account by the
FEA model or by a proper stress magnification factor. Different variants of the approach
exist which consider, for example, the effect of the stress gradient in the plate thickness
direction and the plate thickness effect [33].

A method centered on the computed stress value 1 mm below the surface in the di-
rection relating to the expected crack path was developed by Xiao—Yamada [74]. The total
stress distribution along the crack path is the sum of the geometric stress produced by the
structural geometry change and the non-linear local stress generated by the weld itself.
The authors stated that, if compared to the surface extrapolation technique for structural
hot spot stress evaluation, their proposed method [74] has the additional advantage of
being able to consider the size and thickness effect observed in welded joints. Figure 14
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Figure 14. Structural stress-life curve of cruciform welded joint with various geometries [74]. Re-
printed with permission from ref. [74]. Copyright 2004 Elsevier.

A different hot-spot stress method was applied in [75], using five typical welded
joints widely used in ships, and offshore structures were analyzed employing five differ-
ent solid element types and four different mesh sizes. The procedure was applied also to
the more complicated pontoon—column connection part of a semi-submersible RIG under
a representative wave load. The traction stress was defined at 0.5 t and 1.5 t away from
the weld toe and was calculated using either a force equivalent or work equivalent ap-
proach, both of which are based on the internal nodal forces on the imaginary cut planes.

An interesting study comparing the fatigue strength assessment procedures used by
the classification societies was performed by Committee III.2, ‘Fatigue and Fracture’, of
the International Ship and Offshore Structures Congress (ISSC'2000) in Fricke et al. [31].
A pad detail on the longitudinal coaming of a Panamax container, shown in Figure 15,
was chosen because of the well-defined loading due to hull girder bending. The authors
concluded that the hot-spot that SCF derived varies considerably, and there are large dis-
crepancies in the fatigue life predictions, ranging from 1.8 to 20.7 years. The spreading of
results is attributable to assumptions regarding loads, local stress determination and the
S-N curve. The hot-spot SCF derived varies considerably.
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Figure 15. Detail of the longitudinal coaming of a Panamax container analyzed by Fricke et al. [31].
Reprinted with permission from ref. [31]. Copyright 2002 Elsevier.

The hot-spot stress was applied by Maddox in [76], who analyzed the structural de-
tails for floating production, storage and offloading (FPSO) units, where a high risk of
weld toe fatigue failure occurs. Three different ways of determining the hot-spot stress,
for different types of hot-spots, were assessed: by extrapolation from stresses 0.4 t and 1.0
t IIW) or 0.5 t and 1.5 t (Classification Societies) from the weld toe, and as the stress 0.5 t
from the weld toe. The authors concluded that the FAT 90 design of the S-N curve is
suitable in all three cases, but FAT 80 would be more proper for structural details that
exhibit high stress gradients moving toward the weld toe, especially with hot-spot stresses
calculated at 0.5 mm from the weld toe. However, the results were influenced by a high
dispersion and the unavailability of all the three definitions of hot-spot stresses of the in-
vestigated weld details.

Structural details of FPSOs units, applying the hot-spot stress, were investigated also
by Fricke et al. [77]. Five distinct details (some of them used also in shipbuilding) with
different geometry and fatigue loading, were selected, for which stress measurements and
fatigue tests are available. The authors used different FE programs, FE models and differ-
ent mesh size and element types, applying three different stress extrapolation techniques
depending on the plate thickness. The derived hot-spot stresses and the estimated fatigue
lives were matched with the existing design of S-N curves of the International Institute of
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Welding (IIW), concluding that the hot-spot stresses predicted using the three stress ex-
trapolation techniques are suitable with the current design of S-N curves.

Nevertheless, as previously observed, the nominal stress and hot-spot stress ap-
proaches have some limitations regarding the thickness effect consideration and are some-
times conservative due to the high dispersion. Furthermore, the design of the S-N curve
can be very subjective because the weld classification is based on the dominant loading
mode and the mesh size and not only on the joint geometry. Within this context, Dong
[63] proposed a new definition of structural stress which is not mesh sensitive, later ap-
plied on various ship welded joints, by considering the gradient stress distribution along
the welded plate thickness and establishing equilibrium equations from the elemental
node forces. This new structural stress definition, calculated on the potential crack path is
based also on the division of the normal stress into the membrane stress and bending
stress, resulting in the effect of the loading mode being able to be taken into account. Thus,
the new structural stress approach can consider different geometries subjected to different
loading modes, different thicknesses, and misalignment effects, and it is not mesh sensi-
tive [33,63], being more advantageous with respect to the traditional hot-spot structural
stress.

The S-N curve obtained by the equivalent structural stress proposed by Dong is com-
pared to a master S-N curve, in a narrow scatter band, as shown in Figure 16 [78].

Dong’s approach of the equivalent structural stress was successfully applied to the
orthotropic steel deck (OSD) [63,79], widely applied in shipbuilding [80]. OSDs are excep-
tionally common in the ship building industry and for hydraulic purposes such as tanks,
gates, and locks. In [62,79] it was concluded that the mesh insensitive traction-based struc-
tural stress definition is efficient for describing the relevant stress state responsible for
each of the fatigue failure modes. The same approach was successfully extended through
a formulation of an effective equivalent structural stress transfer function in order to in-
corporate multiaxial non-proportional loading conditions, for the assessment of marine
structures exposed to time-varying loads, in [81].
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Figure 16. Master S-N curve obtained from Dong’s structural stress [78].

Furthermore, for fillet-welded specimens, based on typical shipbuilding practices,
the weld penetration effects on the fillet weld load carrying capacity were investigated in
[82]. It was noticed in [82] that both an effective weld throat stress-based criterion by
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combining normal and shear traction stresses and an equivalent effective stress-based cri-
terion based on the master S-N curve formulation can be applied for the evaluation of the
minimum fillet weld leg size beyond which weld toe fatigue failure dominates.

Recently, Dong and co-authors proposed an extension of the structural stress ap-
proach for the low-cycle fatigue life prediction, using a structural strain parameter capable
of correlating both LCF and HCF fatigue data of welded structures [35,65].

The structural stress and structural strain methods were particularly used in an ill-
defined weld toe [27,34,35,63,65,83]. The equivalent structural strain was applied by Dong
and coauthors to girth-welded offshore pipes, considering the cyclic nonlinear behavior
[78] which influenced the LCF behavior. However, it is worth noting that if the experi-
ments are displacement controlled, the structural strain can be calculated through a linear
elastic model [64,65]. Deeper analyses on the structural strain approach can be followed
in [35,64]. The results of the equivalent structural strain approach can be compared with
a master E-N curve representing over 1000 large scale fatigue tests [83], with the cycle to
failure ranging from 102 to 108. Actually, there are two Master S-N curves in the ASME
code, with one for steel and one for aluminum. However, as shown in ref. [65], LCF fatigue
data using the structural strain approach and fatigue data of different metals (data from
cruciform fillet-welded specimens consisting of two types of aluminum alloys used in
shipbuilding, two types of titanium alloys and ship hull steel) can be collapsed in a single
master E-N curve. Furthermore, the validation on a ship structural detail and 63 ship hull
steel specimens of the structural strain approach was reported in [65] and is shown in
Figure 17.
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Figure 17. Equivalent structural strain range versus cycle to failure: fatigue test data analyzed in
[65]. Reprinted with permission from ref. [65]. Copyright 2019 Elsevier.

A new experimental approach, based on the digital image correlation (DIC) tech-
nique, for the structural strain evaluation in LCF condition of welded joints was firstly
proposed in [84]. The DIC is an experimental technique extremely useful for detecting
very high local displacements and strains and permits a deep analysis of the mechanical
behavior of welded joints, as shown in [85]. The new approach, namely “DIC-based equiv-
alent structural strain approach”, is related to the definition given by [35,65], but it was
evaluated on the specimen surface instead of thickness. The DIC-based structural strain
approach was applied successfully for predicting the LCF life of AA 5083 welded joints,
used for shipbuilding and marine structures [84] The equivalent DIC structural strain
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results were compared to the ASME mean curve [83], representing over 1000 experimental
data, showing good agreement.

The structural stress approaches are generally more accurate than the nominal stress
approach, thus are preferable. However, a distinction of the different kinds of structural
approaches should be considered. The hot-spot method is often used and has some draw-
backs as different FAT classes based on geometry and loads; furthermore, fine meshes are
needed at weld toes. One of the most interesting stress approaches is the equivalent struc-
tural strain proposed by Dong, which overcomes the FAT classes selection and is mesh
insensitive. In addition, it can be easily applied also for low-cycle fatigue life prediction,
transforming the structural stresses into structural strains. This approach looks very use-
ful, as it could be applied for a large-scale structure since the assessment of the entire
structure and not only of the specimen will be more and more required in future ships
and offshore structures design.

2.3. Local Approaches

The notch stress approach is a suitable approach for the fatigue assessment of welded
ship structural details. Compared to the nominal and the structural hot-spot stress ap-
proaches, it offers the possibility to explicitly take into account the local weld geometry.
Thus, it can take into account the stress concentrations caused by the geometry of the de-
tail, as well as the thickness effect, and by the local weld toe or root radius. The notch
stress method contemplates a perfect elastic behavior, and one of its main advantages is
given by the possibility of representing a given type of material by means of a single S-N
curve.

Relying on the quality, which is revealed by the cutting procedure and potential post
treatment, such as grinding, FAT classes between FAT 100 and 160 are used for ship struc-
tural steel welded joints in [27,86].

A so-called effective notch stress approach (ENSN) was proposed [87] for the fatigue
assessment of the welded joints. The concept of the effective notch radius implies that the
profile of the weld toe is replaced by a rounded notch with a specific radius, then the stress
concentration factor Kt around the notch can be calculated by FE analysis.

In order to consider the microstructural support effects of the material in the rela-
tively sharp notches of the weld toe or root, Radaj’s approach [87] assumes a fictitious
radius (reference radius) of rrt = 1 mm and an actual radius of zero in order to be con-
servative. Detailed discussions can be found in [88].

The size of the effective notch radius depends on the thickness of the welded plates,
so it was proposed in [89] to adopt a specific ratio of two dimensions: the radius and a
dimension of the weld.

A coarse mesh is usually applied far from the singularity zone, while a finer mesh is
used in proximity of the local weld radii as acknowledged in the INW documents [88].
Exhaustive features of finite element modeling were analyzed by Fricke [88]. FAT 225 has
been recommended for the S-N curve design of steel structures, using the effective notch-
stress approach, analyzing ship welded joints [27,73,86].

Fricke and Kahl [90] examined four large-scale test models, in HCF conditions, which
had two bracket connections and bulb plate stiffeners. The notch stress approach results
were determined considering an enlarged toe radius, a nominal and the fictitious radius
of 1 mm (worst case approach). Furthermore, the structural hot-spot stress was estimated
according to the IIW fatigue design recommendations. The authors [90] concluded that
considering the worst case (1 mm fictitious radius) resulted in conservative calculations
in relation to the recommended IIW design S-N curve (FAT 225). The realistic weld profile
with an enlarged weld toe radius resulted in smaller notch stresses, and lower S-N curves
should be used. In addition, the notch stress approach gives better fatigue predictions
compared to the hot-spot stress approach.

The effective notch stress approach was applied for analyzing the stress distributions
and the fatigue damage of the welded joint at two hot spots of the double hull oil tanker
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structural detail, and the fatigue damage assessment, accounting for corrosion deteriora-
tion of the considered hot spots, was considered [91].

In the case of large deformations, the notch stresses could be converted in terms of
notch strain values. Thus, the notch strain approach is certainly suitable for low-cycle
analysis. Generally, the cyclic elastic—plastic material properties have to be priorly known,
and they refer to the crack initiation life obtained from experimental tests. Detailed dis-
cussion can be found in [87]. The notch strain approach was further improved by Sonsino
[33,92] with regard to the multiaxial fatigue of welded joints.

The effective notch strain (ENSN) approaches were applied for the detection of the
crack initiation by Saiprasertkit et al. [39,40] to cruciform welded joints used in steel
bridges and offshore platforms [93], who described the fatigue life as the number of cycles
when the maximum load dropped by 20% due to crack propagation.

The effective notch strain ENSN method was positively used to detect the fatigue
crack initiation of load-carrying cruciform joints [94]. Fricke et al. [95] analyzed the LCF
strength of welded joints in ship structures, proving the effectiveness of the ENSN ap-
proach.

The notch strain approach was applied on typical butt-welded joints used in ships in
[96], incorporating the effect of misalignment, secondary notch, residual stress and fatigue
limit. The authors also developed a strain-based fatigue reliability assessment using a
probabilistic distribution for the low-cycle fatigue stress range.

The limits of the ENSN are due to the difficulty of using elastic—plastic material prop-
erties that are not always priorly known, and relative fine meshes are required, which
makes this method not very suitable for large-scale structures, unless the submodeling
technique is adopted.

The notch stress intensity approach (N-SIF) defines the stress intensification at a
notch tip and can be employed to evaluate the fatigue crack initiation life of notched ele-
ments. Lazzarin and Tovo [37] developed a notch stress intensity factor (N-SIF) approach
for welded joints achieving good quality results on various welded joints, in terms of S—
N curves. The region surrounding the weld toe is modeled as a sharp V-notch, and the
results are generally correlated to mode I N-SIF. However, considering a zero radius at
the weld toe can lead to an underestimation of the fatigue life [97]. The initiation phase is
hardly separable with respect to the initiation phase; detailed discussion on the propaga-
tion approaches can be found in [98].

Some SIF formulas for welded joints are available, and they are generally restricted
to simple basic weld joint shapes (e.g., butt joint, T-joint, and cruciform joint). Although
ship components could be considered to be made of several simple joints, still the stress
distributions in real ship details are more complex than those of simple joints because of
the load flow in the structure near the detail as well as the local stress concentration influ-
ence. As reported in [99], when complex ship components are assessed using stress inten-
sity factor formulations for simple welded joints, the global nominal membrane stresses
and global nominal bending stresses must be revised with a stress concentration factor
that considers the gross structural configuration surrounding the detail, and a stress con-
centration factor that considers the difference between the stress concentration of the de-
tail’s configuration.

In addition, when dealing with marine structures, often, NSIF calculation methods
are complemented by the influence of wave loads. The prediction of fatigue crack growth
in a ship detail under wave-induced loading was discussed in [20]. The authors applied a
FE model procedure to assess the SIF in complex ship structures by using a coarse mesh
in the FE model of the whole ship and refining the mesh within a sub-model of the most
stressed welded joint. Furthermore, a procedure of generating the fatigue loading spec-
trum based on a design wave approach was presented to face the challenge of the defini-
tion of nominal stresses [20], and the Paris law was determined.

A similar procedure was used in [100], where authors presented a complete work
from hydrodynamic analysis to fatigue life prediction of a critical joint connecting cross
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braces and pontoons of a very large floating structure (VLFS), concentrating on the SIF
calculation. The spectral method was used for the creation of a loading spectrum and was
employed for SIF calculation. The authors introduced also a fatigue crack propagation
model and concluded that this approach is more consistent than the design wave ap-
proach, and the use of sub-model techniques significantly reduced the calculation burden.

The load spectrum obtained in [86] was used for SIF calculation and crack propaga-
tion evaluations, using submodeling techniques with refined meshes. The authors com-
pared the results with some empirical formulas. In a similar way, a procedure for fatigue
life prediction based on fracture mechanics and spectral analysis was applied to predict
the crack growth of a very large floating structure in [100], where the SIF was calculated
by means of the submodeling technique by FEA and through some existing empirical for-
mulas in stochastic sea conditions.

The authors of [101] combined measured strain achieved at a monopile support struc-
ture of a 3 MW to calculate bending moments together with oceanographic data to predict
the remaining fatigue life of offshore wind turbine support structures. The SIF range was
evaluated, and the remaining fatigue life was calculated according to Miner’s rule. Since
the oceanographic data change from year to year, the authors concluded that the proposed
methodology can be applied, and the remaining life of monopile support structure of off-
shore wind turbines can be updated each year. However, as mentioned, the main limita-
tions of the SIF approach are that 1) considering a zero radius at the weld toe can lead to
an underestimation of the fatigue life [97]; 2) the initiation phase is hardly separable with
respect to the initiation phase, and detailed discussion on the propagation approaches can
be found in [98]; 3) some SIF formulas for welded joints are available, and they are gener-
ally restricted to simple basic weld joint shapes. Although ship components could be con-
sidered to be made of several simple joints, still the stress distributions in real ship details
are more complex than those of simple joints because of the load flow in the structure near
the detail as well as the local stress concentration influence

Another approach, which is the peak stress method (PSM), that permits to use coarser
meshes for the estimation of the NSIF was proposed by Meneghetti et al. [41,42]. The au-
thors found that the correlation between the NSIF and peak stress was constant if the re-
alized finite element model had a specific mesh pattern and fixed element size. Mean-
while, such a relationship should be calibrated before the assessment [41]. The calibration
of the parameters used for the NSIF evaluation was performed with several 2D and 3D
FEs and commercial FE codes [41,69,102]. Although the PSM has never been applied to
welded joints for shipbuilding and offshore structure, to the authors” knowledge, the 3D
modeling of large-scale structures, such as ships and offshore structures is increasing rap-
idly, pushing the need for more efficient and time-saving fatigue assessment approaches,
and thus the 3D PSM could be applied in shipbuilding and offshore structures, as it re-
quires relative coarse meshes.

2.4. Fracture Mechanics Approaches

Fracture mechanics approaches can be used for predicting the fatigue life of welded
joints used for marine structures.

The fracture mechanics approaches are based on the prediction of the crack propaga-
tion using the Paris law, which correlates the crack growth rate as a function of the stress
intensity range AK and permits the assessment of the fatigue crack growth resistance of a
material. The crack growth depends on several parameters: stress ratio, thickness, weld
defects, and the environment conditions. Crack growth in salt water is significantly faster.

A new model for predicting the crack initiation and crack growth lives was devel-
oped in [103] by conducting corrosion fatigue tests on steel tubular T and Y joints used for
offshore structures.

Sonsino [104] applied the crack propagation approach and other methods (structural
stress, notch stress and notch strain approaches) for predicting the fatigue life of welded
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offshore K-nodes and it resulted that all the approaches, except the notch strain approach,
showed similar predictions, achieving good agreement with the experimental results.

The welded steel structures in marine and offshore constructions are generally sub-
jected to variable amplitude (VA) fatigue loads. Their fatigue life depends on the level and
sequence of the service load cycles, which can produce crack growth retardation or accel-
eration. Some fatigue tests were carried out on welded, thick-walled specimens, made of
C Mn steel, which is used for offshore structures, and two fracture mechanics models (the
Space-state model and the generalized Willenborg model) were applied in [105].

VA fatigue tests and fracture mechanics analysis, used for the assessment of the fa-
tigue lives, were performed on full-scale offshore tubular joints in [106], demonstrating
that Miner’s rule, which is normally used in the design of steel structures under VA fa-
tigue loads, is unconservative.

The fracture mechanics approaches have advantages and drawbacks. The main ad-
vantage is that the crack propagation life may be directly evaluated. A drawback is that
the crack initiation life is ignored. Thus, fracture mechanics approaches should be used to
complement other approaches. In addition, the accuracy is deeply affected by the mesh
refinement; indeed, the mesh refinement changes the elements’ capability to describe the
singularity at the crack tip, and it needs an adjustment of the mesh at every crack growth
increase.

2.5. Energy Approach

One of the limits of the ENSN is due to the difficulty of using elastic—plastic material
properties that are not always priorly known. In this case, methods relying on elastic
stress—strain behavior at notches, such as Neuber’s rule [107] and the equivalent strain
energy density (ESED) approach [107], could be used.

Dong and Soares [108] compared various analytical approaches with elastic—plastic
FE analysis and concluded that the plane strain ESED approach works well. As reported
in [70], the ENSN range can be determined making use of the plane strain ESED approach,
which involves as inputs the nominal stress range, the material cyclic strength coefficient
and the cyclic strain hardening exponent. The cyclic strain hardening exponent are em-
ployed to describe the cyclic stress—strain curve. The procedures of estimating the ENSN
range, proposed in [108], were validated, reanalyzing some published experiments per-
formed in the LCF regime [13,70,109]. These experiments were chosen because the mate-
rial properties, such as K’ and n’, are available.

The comparisons gave reasonable results, and two different curves for LCF and HCF
were given, as reported in Figure 18.

Ae . elastic-plastic FEM or empirical equations Fatigue life N (cycle)
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Figure 18. Results of procedures of estimating the ENSN range, proposed in [70]. (a) ESED ap-
proach vs elastic-plastic FEM or empirical equations; (b) ENSN ranges estimated by ESED ap-
proach plotted against fatigue test results. Reprinted with permission from ref. [70]. Copyright
2021 Elsevier.

To overcome the shortcomings of NSIF-based approaches, such as the need for FE
models with extremely sophisticated meshes [110], the dependence on the notch opening
angle [111], and the underestimation of the fatigue life by considering a zero radius at the
weld toe [97], averaged strain energy density (SED) based models were developed. Laz-
zarin and co-authors [45,46] proposed a new approach, centered on the mean value of the
strain energy density (SED) in a control volume of radius Rc, which is reliant on welded
material properties, near the weld toe or the weld root. Fischer et el. [66] reviewed the
design of the S-N curves of the N-SIF and SED approaches considering the misalignment
effects in welded joints used in marine structures, which should be integrated on the load
side of local approaches in order to consider them independently in different types of
welded joints used in ships. More features about the averaged strain energy density ap-
proach can be found in the works by Berto and Lazzarin [112,113].

The SED approach was applied in [114] for welded joints used in ships and offshore
structures subjected to Arctic environments. In particular, the SED method was extended
for the fatigue assessment of welded joints at sub-zero temperatures in [114], performing
also fatigue tests of welded joints, made from normal and high-strength structural steel in
the span of 20 °C to =50 °C. The obtained results were compared with results of studies on
the SED-based assessment of notched components at high temperatures. Within this con-
text a temperature modification function for SED was proposed by the authors for design
purposes.

2.6. Critical Distance Methods

The critical distance approaches describe failure conditions based on the hypothesis
that the failure of a structure occurs when the fatigue limit is surpassed within a region
bordering the notch (critical volume) and not in a local single point. The critical distance,
according to Taylor [48], can be expressed in terms of a material length parameter, L, that
is defined in terms of the plain specimen endurance limit ege@and the fatigue crack prop-
agation threshold oem More details about the theory of critical distance, TCD, can be found
in [115].

The critical distance method CDM was successfully applied in [49,50] for T weld
joints made of AA5083 aluminum alloy, extensively used in ship structures. The endur-
ance limit was evaluated by means of the TCD, from finite element analyses (FEA), ob-
taining good estimates of the fatigue strength validated by experimental data. TCD is a
relatively simple approach since it implies a perfectly elastic approach. However, like elas-
tic fracture mechanics, it is not likely to work under general plasticity conditions, or any
conditions which require a relatively small plastic zone compared to the nearby elastic
region. The brittle-to-ductile transition is generally linked with a loss of constraint (plane
strain to plane stress transition). Sometimes a loss of constraint can take place as the notch
radius increases, due to the higher applied stress before fracture. In this case, the failure
occurs after widespread yield and no longer matches the TCD predictions obtained for
the plane strain. However, the TCD prediction can also be performed for plane stress con-
ditions, thus the result of constraint loss should be integrated into the TCD.

Susmel [116] applied TCD along with the modified Wohler curve method (MWCM),
a critical plane approach, to estimate the fatigue life of steel and aluminum welded joints
subjected to multiaxial fatigue loading.


https://www.sciencedirect.com/topics/engineering/strain-energy-density
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2.7. Thermal Methods

Asreported in [117], the thermal methods [118-127], which are based on the detection
of the self-heating effect of the metallic materials subjected to fatigue loading using the
thermographic technique, can be classified into several categories.

The thermographic method (TM) [118] is based on the assumption that the fatigue
strength can be evaluated as the highest stress level that produces no temperature incre-
ment on the surface of a specimen subjected to fatigue loading. The TM and the energy
approach [119] permit a faster determination of the fatigue strength and the S-N curve of
materials and welded joints compared to traditional fatigue tests.

As reported above, the real structures are subjected to VA fatigue loads, so the quan-
titative thermographic method (QTM) [53] was developed in [117]. Then it can be applied
to marine and offshore structures, which are subjected to VA fatigue loads during their
service lives.

The thermographic methods were applied by the authors for the fatigue assessment
of the following welded joints used in ship and offshore structures: AA5083 T-welded
joints [50], butt-welded AH36 steel joints [30], butt-welded AH36 steel joints with different
thicknesses (from 5 to 20 mm) [15], butt-welded AH36 steel joints with defects [128], butt-
welded S355 steel joints [129], AL/FE explosive welded joints [130], and Ti6Al4V/Inconel
625 laser welded joints [131]

As already mentioned, the energy approach [119] allows the assessment of the S-N
curve, and it was applied to three butt-welded AH36 steel specimens in [30]. Figure 19
shows the S-N curves (survival probability Ps = 50%) predicted by the energy approach
and obtained in accordance with the traditional procedure for a comparison. It results that
a good agreement is achieved, and the scattering of the S-N curve parameters (m, log C)
predicted by the energy approach is lower than that of the traditional S-N curves [30].
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Figure 19. S-N curves obtained by traditional and energy approaches [30]. Reprinted with permis-
sion from ref. [30]. Copyright 2021 Elsevier.

The four types of butt-welded AH36 steel joints, investigated in [128], differed for the
presence of weld defects and for thickness values. The evaluation of the defects inside the
investigated butt-welded joints was performed using 3D computed tomography (CT),
which allowed the measurements of cumulative defects volume (V) and maximum defect
size (Dwmax). Figure 20 shows the CT analyses of a welded specimen.



Metals 2022, 12, 1010 20 of 33

erts
vor (v [58H]
orce a3

Posx g 77
Pos v (i) 77

pos s )| sm PRSI

sy () 28
FosZ (09 s

Defect volume (mm’} [Detect 1

s
o) | 02 Vol el [ERR)
5 : oo e
3 i o Pozk o)
580 % s s Poz ¥ o) 45
.‘ 3 - poz2 o) s
45D ‘
4@
Dojot3
2 Vol (i) S| .-~ Y
Proh 088 \ &
PooX (w9 90 o7
Eiin) Poo¥ (0 214 :
E) M Fosn o)
Fosy b)) 3%
= Posz b 3
2
jt:]
1@
z
f
vl

42.76 mm

(© (d)

Figure 20. CT results for a specimen: (a) defect evaluation; (b,c) tomograms of the cross section of
the weld bead and (d) some along X-rays of the joint. [128].

The analysis of the thermographic images allowed the assessment of both the fatigue
strength of the welded joints, applying the rapid thermographic method, and the S-N
curve by the energy approach [128].

Figures 21 and 22 show the values of the fatigue limits predicted using the energy
approach (Aceotm) versus the cumulative defects volume (V) and the maximum defect
size (DmaxnN), normalized with respect to the thickness of the welded joints.
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Figure 21. Fatigue strength (Aceotm) vs. normalized defects cumulative volume (V) [128].
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Figure 22. Fatigue strength (Aceotm) vs. normalized maximum defect size (Dmaxn) [128].

Micone and De Waele [132] developed a methodology, based on the direct current
potential drop (DCPD) technique, for a rapid assessment of the S-N curves of two high
strength offshore steels and compared the so-obtained S-N curves with the ones obtained
by the application of the thermographic technique, achieving a good correlation.

The thermal approaches are particularly suitable and give fast prediction for the fa-
tigue life of welded structures, especially the rapid thermographic method that theoreti-
cally predicts the entire S-N curve with only one specimen. However, at least three spec-
imens should be investigated to consider dispersion and to avoid that the prediction is
made totally considering one specimen that could include defects due to the welding pro-
cess. The disadvantage is that these approaches are rather experimental than numerical.

3. Future Developments of Welded Joints in Marine Structures

Nowadays, the need for using different materials to optimize the weight and struc-
tural performance of ships and marine structures is rapidly increasing. Within this
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context, the challenge of joining different materials denotes an essential task. The preva-
lent type of dissimilar welded joints employed for shipbuilding and offshore applications
is represented by the Al/Steel type joint (Figure 23).

Al superstructure

Al - Al welding

s — Al/steel transition joint

Steel - steel welding

Steel structure

Figure 23. Example of an Al/Steel EW joint in shipbuilding.

An example of steel hull to Al superstructure connection is shown in Figure 24, where
bimetallic strips were used between the boat’s hull and upper section [133] in order to
weld the steel hull side on the to the steel side and the aluminum upper section to the al
side of the bimetallic joint.

% i =i

Assembly of the five-deck Benetti FB273: connecting the steel hull and the aluminum

superstructure of the megayachtl
Figure 24. Welding steel hull to Al superstructure [134]. Accessed date 26 February 2022.

Iron has low solubility in solid aluminum and forms a eutectic with aluminum. More-
over, aluminum is a decent deoxidizer and is employed in reduced amounts in iron-based
alloys. Thus, the traditional fusion welding of aluminum and iron-based alloys represents
a technologically and science-intensive task. Still, using laser welding or welding-brazing,
proper joints that meet the requests can be obtained. The mechanical properties of this
kind of joints can reach a level of 70% of the utilized aluminum alloy [135]. Some studies
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about the implementation of friction stir welding [136] and laser welding [137] exist. How-
ever, the joints produced by FSW [136] seem to give a nonuniform distribution of the me-
chanical properties, and the fatigue life of laser-welded joints still needs to be fully evalu-
ated [137]. The evaluation of the current literature informs that the main four tasks to be
handled in aluminum/steel welded joints are [57] reducing intermetallic compounds
(IMC) at the interface, monitoring the thickness of IMC layers to avoid the advance of
brittle phases, avoiding the formation of pores and cracks which lessen the global strength
of aluminum/steel welded joints, and the employment of advanced mechanical character-
ization methods to assess and consider the non-uniformity of mechanical properties in the
joint.

Due to the difficulty of connecting aluminum to steel by means of the traditional
welding technique, the most reliable welding technique appears to be explosion welding
(EXW), which provides a solution for the shipyard fabrication of reliable aluminum-steel
structures. The explosion welding (EXW) method is a solid-state welding technique that
employs the high energy of explosives to cold weld two dissimilar metal parts. The metals
are bonded due to plastic deformations that take place at the collision front of the metals
faces by means of a chemical explosive charge. Various experimental studies are described
in the literature [130,138-140]. The interface morphology and weld strength deeply de-
pend on impact velocity and impact angle [130], and it is very common to use an interme-
diate plate due to the difficulty of directly welding aluminum alloy and steel. Corigliano
and co-authors investigated Al/Steel explosion welded joints for shipbuilding and off-
shore structures, made of three layers [130]. The work reported experimental three-point
bending fatigue tests, confirming the good quality of the investigated joints.

Experimental analyses of S355]2+N steel and AA5083 aluminum alloy welded struc-
tural joints employing explosion welded transition joints were performed in [138], show-
ing that the strength of the welded joint resulted in being equal to 87-95% of the base
material (AA5083) strength; furthermore, rupture never occurred in the explosion welded
joint but only in correspondence of the Al/Al welded zone, confirming once again the
reliability of the EXW transition joints. However, it should be highlighted that a higher
thickness of the EXW transition joints was used for the experiments, according to the rec-
ommendations of the major classification societies and clad producers.

When other properties, such as higher fatigue and static strength [141], enhanced
corrosion resistance [142,143] and weight reduction, are needed for offshore and oil and
gas structures [141], further materials are used in marine environments [144,145]. For in-
stance, titanium alloys, stainless steel alloys and Inconel alloys might be used in the same
circumstance to minimize the weight and improve the tensile and corrosion resistant
properties [146,147].

The direct welding of Ti and Ni alloys produces various problems: the development
of fragile compounds, high residual stresses, and segregation. The characteristic of the
welded joints is greatly influenced by the development of brittle intermetallic phases,
cracks and porosities. Furthermore, due to the variation in terms of thermal expansion
coefficient between the two alloys, high residual stresses are produced during the welding
process, which can decrease the fatigue performance of the joint. Further problems arise
because of the different density and diffusivity, which imply a strong inhomogeneity of
the joint.

Due to the above-mentioned difficulties to weld these kinds of dissimilar materials,
only a few studies exist, to the authors” knowledge [131,148]; principally, Stainless steel-
Inconel 625 joints [149] and Superduplex Stainless Steel/HSLA Steel [150,151] joints are
currently applied for the offshore and oil and gas industries. A new Inconel
625/TibAl4Vlaser welded joint was investigated by Corigliano and Crupi in [131] who
evaluated the fatigue strength and applied the TM. A new solution was proposed in order
to avoid the problem of joining these two alloys and to achieve better weld quality: inter-
mediate layers of vanadium and stainless steel were used. The fatigue strength assessed
experimentally proved the good quality of the investigated joints and was in good
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agreement with the value predicted by the TM. The value of the fatigue strength obtained
is particularly promising, considering that it is even higher than the tensile strength
achieved during static tests in [148].

New oil and gas exploration areas have pushed to further hostile environments, i.e.,
very deep-water offshore reservoirs, which require the growth of new technologies to
guarantee safe and reliable operations. Within this context, the reel-lay method looks like
an efficient technique employed for the installation of subsea pipelines and risers. The
main advantage is given by the possibility of onshore welding and inspection of the pipe-
line, which permit high quality welded joints compared to traditional laying techniques.
In addition, a better solution toward the corrosion resistant behavior can be taken. In par-
ticular, the use of clad and lined C-Mn steel pipelines, including X65 and X70 grade steels,
with a thin interlayer of corrosion resistant alloy (CRA), is becoming frequently adopted
to assure the essential resistance against corrosion [152].

Dissimilar welded joints are often employed in offshore nuclear power plants, with
one or more nuclear reactors that can be positioned on a platform at sea [153]. The world’s
first floating nuclear power plant was built at the Baltiysky Zavod shipyard in Saint Pe-
tersburg. It is an independent site that can supply electricity and heat to zones with diffi-
cult access and, thanks to sea water that absorbs the movements of the sea floor, safe-
guards the plant from earthquakes and tsunamis [154]. As reported in [155], the main
building materials of light water reactors (LWR) are low alloy steels, stainless steels and
nickel-base alloys (base materials as well as weld metals). The reactor pressure vessel
(RPV) or a boiling water reactor (BWR is made of low alloy steel. The inside surface is
combined with stainless steel to avoid corrosion.

Another future perspective of the welding is related to autonomous systems for ship-
building and offshore industry, which would allow to have faster construction time.
Within this context, industrial robots are projected to replace labor efforts in actual man-
ufacturing and can be seen as the technical form of smart shipbuilding. However, most of
the conventional welding robots lack in terms of flexibility and many welding operations
in shipyards are still made by hand. Analyses of autonomous robotic welding in ship
building have been attempted [156-158]. The main drawback is that they need rollers or
guide rails that consume much time in terms of installation and time and movements.
Separating the intelligent robotic welding (RW) into a number of small tasks could lead
to a better result [159]. An alternative way could be the improvement of robots that could
recognize the seams to weld. In works by Tsai [160], and Zhang [161] positively identified
single weld seams in laboratory conditions. Still the problem could be much more difficult
to solve since workpieces in shipyards generally involve complex weld seam configura-
tions.

The current progresses can give the operator the capability to control the system by
entering parameters. This means that the operator does not need particular knowledge
about robot programming. Depending on the difficulty of the products, the robots can be
automated by direct data entry or by importing 3D CAD models. The major advantage of
RW is that it can guarantee products with a uniform quality. Figure 25 shows an autono-
mous welding line robot for shipbuilding. The figure is taken from the website
https://www.kranendonk.com/branches/shipbuilding/ (accessed date 14 May 2022).
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Figure 25. Autonomous welding line robot for shipbuilding
(https://www kranendonk.com/branches/shipbuilding/, accessed date 14 May 2022.)

However, the fatigue behavior of the welded joints, fabricated using RW, was inves-
tigated in a few studies, such us [162], where the fatigue responses of SM50A carbon steel
T-shaped welded joints, fabricated from robotic and manual welding techniques, were
compared.

The fatigue strength of the welded joints depends on the weld quality. The weld
quality assurance is required especially for RW in serial production, so a new online
method, based on laser scanner technology, could be useful. Stenber et al. [16] proposed
the ONLINE system, which is a tool for a rapid evaluation of the weld quality in order to
optimize the welding process parameters.

In addition, when dealing with complex and labor-intensive products, one future
perspective of the Industry 4.0 revolution related to welding could be its substitution with
advancing autonomous technologies such as additive manufacturing (AM) methods
[163,164]. Within this context, the wire arc additive manufacturing (WAAM) technique
has shown some potential application in shipbuilding and the marine industry for the
production of large-scale metal components, particularly for complicated double-curved
parts. The use of WAAM technology for the manufacturing of ships parts such as a bulb-
ous bow, ruder and ship propeller, were analyzed and proposed in [163]. Recently, a 3D
printed ship’s propeller, manufactured with the use of the WAAM technology, known as
the “WAAMpeller”, was produced in the Netherlands by a group of companies that in-
cludes Damen Shipyards Group, RAMLAB, Promarin, Autodesk, and Bureau Veritas, as
reported in the website www.portofrotterdam.com/en/news-and-press-releases/ramlab-
develops-first-3d-printed-marine-propeller (accessed date 14 May 2022).

A functionally graded material (FGM) consisting of carbon-manganese steel and du-
plex stainless steel, fabricated by WAAM for marine risers, was investigated in [165].

Laminated metal composites (LMCs), consisting of multiple bilayers of alternating
layers of ductile and high-strength steel, processed by WAAM using a computer code
guided welding robot, were investigated in [166]. The WAAM LMCs, produced by RW,
could be applied also in the marine industry.
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4. Conclusions

There are several approaches in the fatigue design framework of steel and aluminum
alloys welded structures. They are generally classified as nominal, structural, local and
fracture mechanics approaches.

The traditional approaches, based on nominal and hot spot stresses, are conservative.
The local approaches give more accurate results but require FE models with accurate and
fine mesh. Some local approaches, proposed and applied in the technical literature, are
based on local quantities, such as stress (NSIF, PSM), strain energy (SED), critical distance
(CDM), and temperature (TM).

The fatigue analysis of ship and offshore welded structures is a complex task because
their fatigue strength and durability depend on several parameters (local geometrical dis-
continuity, service loadings, environmental conditions, thickness plate, manufacturing
process, residual stresses, defects, and materials properties), so the choice of the fatigue
assessment approach depends on the specific application. The review of the different fa-
tigue assessment approaches allows to obtain new insights in order to select the approach
that is more suitable for a specific application, aiming to extend the service life of ship and
offshore welded structures subjected to fatigue loadings.

A first distinction should be done between the fatigue analysis of the welded joints,
such as the ones reported in the current standards, and the large welded structures.

The first issue of this study is the critical analysis of the current codes on the fatigue
design of welded structures, which are accepted by some of the major Ship Classification
Societies and based on the nominal stress approach. The current codes report the S-N
curves of the different fatigue class of the welded joints; this weld classification is based
not only on the geometry of the joint but depends also on the dominant loading mode.
The codes are based on the assumption that the S-N curves of welded joints with different
geometries have about the same slope for a specific material. It was demonstrated that the
codes are very conservative, and that the TM can give reliable and fast predictions of the
fatigue life and strength of the welded joints, reported in the current codes or others. This
approach is able to take into account the weld quality and the presence of defects, unlike
the codes.

Moreover, the nominal stresses are not always easy to be evaluated in the real welded
structures with complex geometries, so other fatigue approaches are required.

An interesting approach for HCF life predictions is the PSM. Although, the PSM has
never been applied to welded joints for shipbuilding and offshore structure, to the au-
thors” knowledge, the 3D modeling of large-scale structures, such as ships and offshore
structures, is increasing rapidly, pushing the need for more efficient and time-saving fa-
tigue assessment approaches, thus the 3D PSM could be applied in shipbuilding and off-
shore structures, as it requires relative coarse meshes in FEA.

Some fatigue cracks have been detected in ship welded structures within a few years
of their service life; their fatigue life cannot be adequately predicted by the HCF ap-
proaches, but LCF approaches are required. The most suitable approaches for LCF life
predictions are the effective notch strain approach, that requires that the elastic—plastic
material curves are priorly known, and the equivalent structural strain approach, that
presents the same advantages of the equivalent structural stress method and can be ap-
plied using linear FE models if controlled displacement tests are performed. In addition,
being that the equivalent structural stress/strain approaches are mesh insensitive, could
be easily applied for large-scale structures and not only in simple welded ship details or
specimens.

If the fatigue cracks have reached a significant length, which can be measured by
NDT, the crack initiation phase can be neglected, and the fracture mechanics approaches
could be applied for predicting the crack propagation and the fatigue life of the weld.

The fatigue assessment of welded joints becomes more complex when variable am-
plitude fatigue loadings and multiaxial stress state occur, and the multiaxial fatigue life
prediction under VAL remains an open issue. Reliable predictions could be obtained for
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these loading conditions, using some fatigue approaches, such as TCD, QTM and energy
approaches.

A critical plane approach was applied along with TCD to estimate the multiaxial fa-
tigue life of steel and aluminum welded joints.

The marine and offshore welded structures are generally subjected to VA fatigue
loads during their service lives. The current codes suggest the Palmgren-Miner linear
damage summation rule for predicting their residual fatigue life, but this rule does not
consider the loading sequence effect. Thus, the QTM was developed in order to consider
the nonlinear damage accumulation under VAL and the fatigue loading sequence effect
for predicting the VAL fatigue life.

The need for using different materials to optimize weight and structural performance
of ships and marine structures is rapidly increasing. Within this context, the challenge of
joining different materials denotes an essential task, and several dissimilar welding tech-
nologies are being performed. The most used type of dissimilar welded joints is nowadays
represented by the Al/Steel type. Due to the difficulty of connecting aluminum to steel by
means of the traditional welding technique, the most reliable welding technique appears
to be explosion welding (EXW). Other properties, such as higher fatigue and static
strength enhanced corrosion resistance weight reduction, are needed for offshore and oil
and gas structures. The research is continuously progressing in this direction, and some
potential solutions to weld light- corrosion-resistant and high strength materials are start-
ing to be individuated.

At last, the use of autonomous welding robots denotes a new frontier in marine
welded structures, although important progress should still be made before they can be
implemented by most industries.

In conclusion, the welded joints should be designed with an adequate weld quality
according to the concept “weld for purpose”.
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