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Abstract
Fatigue can be understood as a process of progressive localized plastic strain

that occurs in a material subject to cyclic stresses and strains at high stress con-
centration locations, whose concentration can cause cracks and culminate in the
material’s fracture. The fatigue process begins with the appearance of the crack,
later on with growth, and finally propagation. The study of this phenomenon can
be divided into the function of the material life in low and high cycle fatigue, but
some studies address problems in the ultra-low and high number of cycles. This
chapter addresses aspects of low cycle fatigue, as it is a relatively unexplored area
and for which there are few references. Therefore, the main objective of this text
is to describe the main aspects of low cycle fatigue, presenting diverse applications
and potential problems in the context of fatigue behavior of materials. For this con-
tribution, a review of the technical literature will be presented, considering relevant
publications in the last decade. The text overview considers experimental and numer-
ical aspects, fatigue damage, fracture behavior, thermomechanical fatigue, as well
as real cases describing how a low-cycle fatigue problem can be defined and the
way to approach it through the use of engineering tools found in the literature. Even
though the low-cycle fatigue approach and analysis technique covers all engineer-
ing, the purpose of this chapter will be on marine and ocean engineering. Several
cases described in the reviewed works will be addressed, where problems related to
welded structures, turbines, pipelines, risers, mooring chains, floating systems, and
wind platforms are presented, situations related to marine and offshore equipment
will also be described, showing how low cycle fatigue can present itself in the various
situations above, considering that low-cycle fatigue problems can cause structures
to fracture, which could consequently cause serious injuries to life and marine envi-
ronment. At the end of the chapter, potential applications and problems where this
phenomenon can appear will be presented.

Keywords: Low Cycle Fatigue, Review, Potential problems
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1 Introduction

In the context of mechanical engineering and the study of material fractures, the assessment of
the fatigue phenomenon becomes fundamental. Fatigue can be found in countless situations, from
traditional problems of component failures in aircraft, vessels, onshore and offshore systems, civil
structures, piping systems and various equipment. Fatigue-related problems can be approached
from an experimental or numerical point of view (Beesley et al. [2017]; Han et al. [2018]; Li
et al. [2021]), depending on the technological resources and infrastructure available for the study.
Fatigue fracture can be produced from mechanical failures, related to the type of loading or for
other reasons, such as metallographic defects, temperature effects, corrosion, among others (Shar-
ifi et al. [2016]); Hou et al. [2021]); Lee et al. [2020]; Li et al. [2021]; Jiang and Yang [2020];
Orlando et al. [2021]; Zhang et al. [2021]; Gemilang et al. [2021]).

The fatigue phenomenon can be described as a process of plastic strain, which is located in
certain regions of the material and progresses along the rupture surface, when a material is sub-
jected to localized strain and cyclic stresses, with the strain concentration it can cause cracks and
culminate in the fracture of the material, requiring the presence of three factors simultaneously:
dynamic stresses, tractive stresses and plastic strain (Jia and Ge [2019]). It is possible to affirm that
the fatigue process starts with the appearance of the crack (onset or nucleation), later on it propa-
gates (appearance of typical marks â beach lines) and finally the rupture. In general, the study of
this phenomenon can be divided as a function of material life in low and high cycle fatigue.

The main motivation for the production of this work is to be able to gather scientific contri-
butions related to low cycle fatigue in a concentrated way, material that can become a source of
research for students and researchers interested in the subject. The identification of phenomena
related to fatigue problems in naval structures, naval systems and artifacts, equipment, among oth-
ers, as well as the description of how to approach the problems and all this described in a single
text, was also an inspiration and a challenge for the authors.

The pricipal objective of the text is to carry out a literature review, describing the state of
the art in the context of studies related to low cycle fatigue, which have been published in recent
decades in high-impact scientific vehicles. Identifying applications from different areas of knowl-
edge, experimental and numerical methodologies as well as procedures are also objectives of this
chapter.

The bibliographical research is based on an exploratory search, in which works published
from the 2010s until the present time were considered, the articles have been resumed in Table 1,
which address different aspects and applications where low cycle fatigue is present. The research
sources are mostly scientific articles published in highly relevant scientific journals that address
topics related to: welded join, risers problems and wind turbines, among others. The texts were
analyzed chronologically, making a description of their contents, identifying the main aspects,
mainly methodological aspects, technical support and laboratory infrastructure (in the case of
experimental work), techniques and procedures adopted, as well as the results obtained. An item
was also structured with a description of potential problems which can be addressed through the
use of low cycle fatigue.

As a final product, a friendly text was obtained, which addresses the issues in a clear and
direct way, based on friendly writing, maintaining scientific rigor. This text can become a source
of research for students and researchers, especially those starting in this area of knowledge and
who need to find information related to the topic in a concentrated way in a single source.
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2 Research related to Low Cycle Fatigue - LCF

Research on Low Cycle Fatigue (LCF) focuses on works done from 2010 until the present. Since
the topic of fatigue encompasses a vast number of cases, the specific objective of this book is
related to the phenomenon presented only in naval structures and systems. We can distinguish
different types of research in LCF, some of the most characteristic are described below:

Ligaj and Szala [2012] proposed calculation formulas in high and low cycle ranges of differ-
ent metal alloys, those formulations consist of three methods expressed from stress, strain and a
hybrid method (Stress-strain). They performed comparative analyzes of C45 steel, using loading
programs; two-level and multi-level. The problems analyzed by the researchers finds applica-
tions on the analysis of naval structures and increases the ranges of analysis methods found in the
previous literature.

Wahab et al. [2013], proposed the use of Continuum Damage Mechanics (CDM) theory for
the analysis of high and low cycle fatigue. Then they apply this theory to a simple case such
as two plates joined using resin and to a friction fatigue problem, those problems were modeled
in ANSYS with the objective of predicting the fracture initiation time. The low cycle fatigue
initiation model is based on accumulation of plastic deformation, while for high cycle it is based
on the release of energy by plastic deformation.

Benoit et al. [2014] presented an experimental system that includes the effect of temperature
at the beginning of the fatigue fracture in low cycle problems, the analysis uses stainless steel as
material containing 18% Cr and welded test bodies. The study is used image correlation analysis to
obtain the deformation gradient of the test bodies. The analysis of the results were complemented
with the use of finite element analysis tools and observation of the fractured surfaces. Finally, they
proposed an energy model of micro-fracture growth.

Sharifi et al. [2016] presented a three-dimensional analysis of a low cycle problem found in
the cylinder head of an internal combustion engine, the fracture initiatives in the accommodation
of the intake and exhaust valves. The study focuses on simulating the durability tests of the
failed component, as well as the evaluation of the fatigue of low cycle.The analyses consider
five operating speeds of the engine, 750, 1650, 2075, 2350 and 2600 rpm. The cylinder head
is exposed to multi-axial cyclic loads. Low cycle failure theories such as critical plane theory
and accumulated damage are used to predict the fatigue. Numerical models corroborated that the
problem can be analyzed as an LCF phenomenon. The analyses founded that the sector where
the valves are accommodated to the cylinder head, which are exposed to high temperatures during
engine operation, are the critical areas prompt to LCF.

Amirinia and Sungmoon Jung [2017] studied the buffeting response from three hurricane tur-
bulence models which generated LCF damage in turbine tip blade and tower, this work is described
in section four. Hamidi Ghaleh Jigh et al. [2019] studied an aluminum foam subjected to com-
pression by means of the finite element method using representative volumetric elements, together
with the above, a series of experiments were carried out applying static loads that caused localized
plastic deformation, which leads to low cycle fatigue. This made possible to develop an algorithm
that calculate the low cycle fatigue models. The material used was aluminum AA6101-T6, the
static load experiments were carried out according to the ISO 13314 standards. The numerical
results were compared with the experimental results.

Lee et al. [2020] worked on the study of LCF in offshore oil pipelines caused by external
loads. Most of the damage in pipelines occurs in the weld bands, where are presented geometric
discontinuities. Along with this, external offshore loads such as currents, swells, and platform
movements can cause significant plastic deformation and fractures in a low cycle fatigue regime.
ASME 2007 Div. 2 adopts S - N curve for joint fatigue evaluation, in this work were carried out an
extension methodology of the S - N curve to evaluate the LCF. However, there is a limitation when
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describing the behavior of materials when they leave the elastic range of the material because most
of the materials in engineering exhibit hardening or softening when subjected to cyclical loads. In
this work, they propose an optimized prediction method which was validated with real fatigue data
obtained from welds belonging to pipelines used in the industry. It should be noted that this book
presents a new problem that could generate Low cycle Fatigue in this type of structure.

Gemilang et al. [2021] studied fatigue phenomenon in anchor chains of offshore platforms,
the authors proposed that the traditional system of S - N curves does not really predict the fatigue
life behavior of these chains. In this way, they propose a fatigue criterion based on critical mul-
tiaxial planes for anchoring chains that considers the damage produced by cyclical plasticization
and medium load effects. To develop these criteria, they used finite element models of the critical
points of the chains to obtain the multiaxial critical plane. The results are correlated by the con-
ventional fatigue curves. As a case study, the simulation of the mooring chains of an FPSO was
used, which shows that the effect of medium tension load significantly reduces the fatigue life of
the mooring chains, while the effect of plasticity inducing damage is more limited. The fatigue
damage using the proposed technique is significantly higher than the traditional approach using
the S - N curves.

There are more complex systems to be analyzed in the naval area, this is the case of offshore
wind turbines, as the case analyzed by Xu et al. [2021], which studied the bearing system to
support the Nacelle of a 5MW offshore wind turbine, these systems are subjected to aerodynamic
and hydrodynamic loads at the same time. Load analysis used time domain series of velocity
values to establish the loads for which this component is subjected in an offshore wind turbine,
various algorithms (Gumbel’s algorithm, rainflow counting algorithm and S - N curves) are used to
generate fatigue life load damage. To complete the study, he compared these loads for six types of
supports: Onshore, monopile, ITI System(details about this system can be found in Jonkman and
Matha [2011]), Tension Leg Platform (TLP), Spar and Semi-submersible. The results of the study
show that the dynamics of the wind turbine is directly related to the bearing that allows the Yaw
movement of the Nacelle and also that the subcomponents must be taken into consideration for
this type of calculation since they also may present low cycle fatigue problems.Another problem
present in naval and offshore systems are probabilistic loads, represented by irregular and / or
âstrangeâ waves, for this reason a probabilistic study of low cycle fatigue becomes an interesting
problem to be studied.

In Song et al. (2021) CDM combined with the cyclic plasticity model is used to evaluate the
Low Cycle Fatigue failure of a 10CrNi3MoV steel and its undermached welding. Numerical anal-
ysis using the finite element method and supported by ABAQUS is performed. The results make
it possible to estimate the fatigue life for both the base material and the undermached welding.

The work of Jiang et al. [2022] presents a model of low cycle fatigue life (ProbLCF-VA), to
describe the dispersion of the initiation of fractures by LCF in homogeneous materials subjected
to cyclic or random loads. This model can be implemented to estimate probabilistic cumulative
damage for a given load history consisting of variable cyclical loads, or to predict the probabilistic
onset of the LCF crack, if distributional estimate of a random load spectrum are available. The
proposed model describes certain predominant effects such as the interaction of loads and the
contributions of small cycles, which are very commonly observed in fatigue tests with cyclic
loads of variable amplitude but which can hardly be described by other models with physical and
mathematical fundaments.

As well as the previous cases there are other studies that illustrate low cycle fatigue, the fol-
lowing table aims to classify the different types of approaches of the studies in LCF to date (See
Table 1).
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Table 1: Description of revised works

Author Year Research type Material Experimental Loads
involved in Study

Ligaj and Szala
[2012]

2012 Analytical C45 Steel -

Wahab et al. [2013] 2013 Analytical - FEA - -
Benoit et al. [2014] 2014 Experimental 18% Cr Steel Thermal and mechanical
Sharifi et al. [2016] 2016 Analytical - FEA - -
Beesley et al. [2017] 2017 Experimental 18% Cr Steel Thermal and mechanical
Amirinia and Sung-
moon Jung [2017]

2017 Analytical Structural
Compo-
nents(Composite
fiberglass materi-
als)

Mechanical

Cahı́s et al. [2018] 2018 Analytical - FEA - Experi-
mental

PC-r5, PC-r45
Steels

Mechanical

Hamidi Ghaleh Jigh
et al. [2019]

2019 FEA - Experimental PC-r5, PC-r45
Steels

Mechanical

Jiang and Yang
[2020]

2020 Experimental AH32 steel Mechanical

Lee et al. [2020] 2020 Analytical - Experimental API 5L X65
pipeline Steel-
Sainless Steel 304

Mechanical

Zhang et al. [2021] 2021 Experimental Steel with
JQMG50-6
welding wire

Mechanical

Xu et al. [2021] 2021 Analytical - FEA QT-800 Dynamical
Aero/Hydrodynamic

Shaohu et al. [2021] 2021 Analytical - FEA - Experi-
mental

PC-r5, PC-r45
Steels

Mechanical Internal pres-
sure and bending

Orlando et al. [2021] 2021 FEM-Experimental-Time do-
main measurement

- Dynamical, non-stationary
and stationary

Gemilang et al.
[2021]

2021 Experimental - FEA R4 steel grade for
simulation

Dynamical, hydrodynamic

Song et al. [2021] 2021 Experimental - FEA 10CrNi3MoV
steel and its
undermatched
weldments

Mechanical

Hou et al. [2021] 2021 Experimental K4750 Ni-Based
superalloy

Thermo Mechanical

Jiang et al. [2022] 2022 Analytical - Mechanical

3 Fundamental concepts and categories of fatigue

Situations involving fatigue are highly complex and require a deep understanding of the cause of
the failure, in the case of naval artefacts and offshore structures, other variables appear that make
the problem even more difficult to be addressed. One way to predict fatigue failure is to carry out
the life estimate while still designing mechanisms or components. The main methods of studying
fatigue are the stress life method (S - N) and the strain life method (ε − N). A brief description
of these methods is provided below. The stress life method is the oldest and most used, indicated
for high cycle fatigue where the deformation is predominantly elastic. It is based on the stress
curve versus the number of cycles of the component, considering the fatigue life to total failure.
In general is used the Basquin equation for description of fatigue life. (Equation 1) Cui [2002]
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σa =
E ·∆εe

2
= σ′f · (2Nf )b, (1)

where E represent Young’s modulus, ∆εe is the elastic strain, σ′f is the fatigue strength coefficient,
N is the number cycles to failure, b is the fatigue strength exponent.
J. Kohout [2001] proposed an expression to describe fatigue for low and high number of cycles,
the function has the following form (Correia et al. [2017]):

σ = σ∞

[
N + B

N + C

]b
, (2)

where a and b are Basquin paranmeters, σ∞ is the fatigue limit, B (Equation 4) is the number
of cycles corresponding to the intersection of the tangent line of the finite life region and the
horizontal asymptote of the ultimate tensile strength, and C (Equation 5) is the number of cycles
corresponding to the intersection of the tangent line of the finite life region and the horizontal
asymptote of the fatigue limit Correia et al. [2017]. An equivalent equation when considering the
ultimate tensile (σ1 strength) is:

σ = σ1

[
1 + N /B

1 + N /C

]b
, (3)

B = β ·C, (4)

C = 107 · 1− α
α− β

. (5)

The expressions for α and β are defined as:

α =

(
σc
σ∞

)1/b

, (6)

β =

(
σ1
σ∞

)1/b

, (7)

where is σc is the fatigue limit for a pre-defined number of cycles (107).
On the other hand, the strain life method is more complex, indicated for low and high cycle fatigue,
with plastic and elastic strains. It is based on the strain life curve by the number of cycles of the
component, considering the fatigue life until crack nucleation. The contributions of elastic and
plastic strains are shown in the following equations:

∆εe
2

=
σ′f
E
· (2Nf )b, (8)

∆εp
2

= ε′f · (2Nf )c. (9)

Where ∆εe is the elastic strain amplitude, ε′f is the fatigue strength coefficient, E is the elastic
modulus, Nf is the number of cycle to failure, ∆εp is the plastic strain amplitude, ε′f represents
the fatigue ductility coefficient, b is the fatigue strength exponent and c is the fatigue ductility
exponent Correia et al. [2017], Cui [2002].

Combining Equation 8 and 9 and considering the superposition of elastic and plastic resis-
tance, an expression is obtained to estimate life in the high and low cycle ranges:

∆εT
2

= εa =
∆εe

2
+

∆εp
2

=
σ′f
E
· (2Nf )b + ε′f · (2Nf )c. (10)
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When the effects of mean stress or mean strain are included, the following equation is used:

∆ε

2
=

(σ′f−) · (2Nf )b

E
+ ε′f · (2Nf )c, (11)

where σm is the mean stress, being positive for tensile values and negative for compressive values.

3.1 Fatigue failure categories

Fatigue failure found in engineering materials is a direct function of the type of load and conditions
under which the phenomenon occurs. Sharma et al. [2020] presents a classification of the types of
fatigue failure that happens in materials used in engineering (See Figure 1).

Figure 1: Types of fatigue failure (Adapted from Sharma et al. [2020])

Considering the classification of mechanical fatigue, Neville and Sachs [2020] present three
categories, High Cycle Fatigue (HCF), Low Cycle Fatigue (LCF) and Very Low Cycle Fatigue
(VLC). A brief description of these categories is given below. The High Cycle Fatigue (HCF)
occurs when failure takes more than 104 cycles. According to the literature, constituting a sig-
nificant percentage of all fatigue failures. Components or mechanisms that suffer fatigue failures
in this category can take more than 105 cycles, in some cases reaching hundreds of millions of
cycles from the beginning of application of force to the final failure. Situations in which high cy-
cle fatigue failure occurs are common in several areas of engineering and are widely addressed in
the literature. Low Cycle Fatigue (LCF) is when the failure takes less than 104 cycles, in general,
this type of failure presents itself in a range around 25 cycles from the initial application of force
to the final failure. Failures in this category are not very common in industrial equipment, from
the point of view of stresses, it can be seen to involve situations in which loads are significantly
higher than high cycle failures. Very Low Cycle Fatigue (VLC) occurs less than 10 cycles after
charging begins. On the other hand, there are indications that the applied force was slightly less
than the force causing the failure. Very High Cycle Fatigue (VHCF) is can be found in situations
where the fatigue life is greater than 107 cycles. Industrial equipment failures in this category are
not very common, however the phenomenon is seen more often than low-cycle fatigue cases. This
category has very particular aspects, which differ from HCF and LCF, especially regarding plastic
strain levels. The term âinfinite lifeâ is usually used when a component has such a long fatigue
life that it will not fail due to this phenomenon. In carbon steels, the number of cycles considered
as infinite life must be greater than 106. On the other hand, finite life means that the component
will fail due to fatigue in a certain number of cycles. Figure 2 shows a schematic figure with the
ranges of the categories described.
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Figure 2: General ranges of fatigue stress cycles (Adapted from Neville and Sachs
[2020])

4 Description of Low Cycle Fatigue problems in offshore engineering

This section presents a description of specific jobs in the context of offshore engineering to which
low cycle fatigue is applied. The contribution made by Amirinia and Sungmoon Jung [2017] is
described, in which the problem of a wind turbine is addressed. Another work described is the
publication by Gemilang et al. [2021], where the problem of estimating the life of mooring chains
of an FPSO is investigated and finally the paper by Song et al. [2021], where the problem of
predicting the life of an undermached welding is studied.

One of the concerns in some structural analyses in LCF are the effect of climate change over
offshore structures, specially because the increment of hurricane events in places where offshore
wind turbines are installed or future develoment of OWT projects could be implemented. LCF
analysis can be evaluated to determine the structural integrity during this extreme events, the work
of Amirinia and Sungmoon Jung [2017] adress this issue, where three hurricane turbulence models
where considered to describe the energy amount which can affect the turbine during those short
periods.

Those wind turbulence spectrums are described as a superposition of eddies. Big eddies, which
represent small wave numbers or low frequencies, supply the most energy content of the turbulent
flow. In contrast, small eddies with high wave numbers in high frequencies dissipate the gained
energy. The three models are:

Kaimal model (Kaimal et al. [1972]):

nSu
σ2u

=
21.6f

(1 + 33f)5/3
. (12)

Model A:

nSu
σ2u

=
1

β
X

p1f
2 + p2f + p3

f3 + q1f2 + q2f + q3
. (13)

Where
√
β = σ/u∗is the turbulence radio, u∗ represents the friction velocity, and qiand pi are
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constants proposed by Yu et al. [2008].
Model B:

nSu
σ2u

=
16.66f

1.72 + 237.24f5/3
. (14)

Where f = nz/Uz is the normalized frequency, n is the frecuency, Suis the spectral density
of the longitudinal velocity fluctuation at height z, and σ is the standar deviation of longitudinal
velocity fluctuation.

The effect of those models where studied over the structure at the tower and blade of the wind
turbine.Buffeting response over the cited components is the main studied effect in this work.

The Buffetting load can be defined as the dynamic amplification of the structural response
of the turbulent component of the wind and the impulsive action of periodic gusts (A. Pipinato
[2022]).

Wind load on the wing turbine tower is given by:

Fwind(z,t) =

 ~fD(z)
~fL(z)
~Ma(z)

+

fD(z, t)

fL(z, t)

Ma(z, t)

 = ~f +Bfv + Cacṙ +Kaer. (15)

Where ~f = [fD(z, t), fL(z, t),Ma(z, t)]
T are quasi-static forcesBfv are Buffeting forces,Cacṙ

and Kaer are self exited forces, u and w are longitudinal and and lateral fluctuating parts of the
wind, r and rẤare structural position and velocity vectors.

v(z, t) = [u/Uw/U ]T . (16)

and
~f = [~fD(z), ~fL(z), ~Mα(z)]T . (17)

The therm Bfv in the Equation 15 denotes the buffeting force and can be expressed as:

Bf (z)v(z, t) =
ρU2D

2
[2XDu

~CDu(t) + (CD − ~CL)XDwW (τ)]. (18)

Due to wind fluctuations the therms u and w can be expressed as the convolution integrals:

Bf (z)v(z, t) =
ρU2D

2

∫ t

−∞
IDu(t− τ)u(τ) + IDw(t− τ)w(τ)dτ. (19)

Where IDu and IDw are the aerodynamic impulse functions in along wind and across wind direc-
tions respectively. The effects over the tower and blade tip of the three models for different wind
speeds can be described in figure 3 A and B, which describes the moments at those sections.

Those moments generated displacements as can seen in figure 4 A and B. With the above
information the low cycle fatigue analyses can be adressed, indicating very large loads in a short
period.The fatigue load over the structure can be represented as Miners Rule:

DI =

j∑
i=1

ni
Ni
. (20)

εa = εa,e + εa,p =
σf
E

(2Nf )b + εf (2Nf )c. (21)

Here the equation represents the LCF in the wind turbine steel tower. The LCF can affect the
fiberglass material of the blade structure, conventional test-load method and simplified load stress
method are the most common fatigue models for blades, the Coffin Mason ε-N curve describes the
LCF fatigue load during hurrican at 5 A and B for fiberglass.
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Figure 3: Mean of maximum (a) tower buffeting fore-aft base moments and (b) blade
root edge-wise buffeting moment for different wind speeds at 10 m height (Amirinia
and Sungmoon Jung [2017])

Figure 4: Mean of maximum (a) tower tip buffeting displacements and (b) blade
tip displacements for different wind speeds at 10 m height(Amirinia and Sungmoon
Jung [2017])

Figure 5: (a) Coffin-Manson ε-N curve and (b) fiberglass σ-N curve (Amirinia and
Sungmoon Jung [2017])

Since the mean wind speeds and turbulence intensities of various models were identical, the
mean load and accordingly the mean damage index caused by fatigue were almost the same; how-
ever, different turbulence spectrums resulted in different damage indices in buffeting responses.
Authors considered 2 h of hurricane load on the wind farm location, and presented tower base
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buffeting damage indices, where the spectrums Model A and Model B have average 53% smaller
and 12% larger damage indices compared to Kaimal (Kaimal et al. [1972]) models.Also, the au-
thors shows the blade root damage indices for different wind speeds and hurricane categories
where spectrum Model A and Model B resulted in 96% smaller and 24% larger damage indices
compared to Kaimal (Kaimal et al. [1972]) model.

Finally the authors stated that further Research is needed to address lateral fluctuation compo-
nents of Model B and investigate the responses such as tower side to side moment, blade flap-wise
moments, and damage indices correlated with lateral components.

In Gemilang et al. [2021]) low cycle fatigue is addressed, applied to an offshore mooring
chain. In the study, a multiaxial fatigue approach was carried out, since the effects of the stress-
strain state are neglected in a traditional approach, as is the case with the (S - N) method. The
chain geometry was defined in accordance with the requirements stipulated by the International
Association of Classification Societies (IACS), using R4 steel grade material for its manufacture.
The numerical solution, using the Finite Element Method (FEM), was carried out with the aid
of the commercial software ABAQUS, being modeled the problem in a simplified way, taking
advantage of the symmetry presented by the geometry of the chain. The model called Mono-
Rampi, based on bilinear isotropic hardening to derive the mechanical properties of the material,
is developed. From the model, it is possible to establish a prediction of the elastoplastic behavior
of the material, through a stress-strain curve, as shown in the Figure 6.

Figure 6: Stress strain curve for bilinear monotonic material model under mono-
tonic loading (Gemilang et al. [2021])

To evaluate the cyclic behavior of the material, the Chaboche constitutive model in linear is
used, based on combined isotropic-kinematic hardening, which allows to obtain the behavior of
the material for low cycle fatigue. The material response is shown in Figure 7.

To achieve the objectives of the study, the fatigue model based on the critical plane, proposed
by Smith-Watson-Topper (SWT) was used. In this method, the fatigue damage is assessed directly
in terms of local strains and stresses under progressive loading cycles. The SWT model can be
written as follows:

SWT = σn,max
∆εn

2
, (22)

where SWT is the damage parameter, σn,max is the maximum normal stress and ∆εn is the normal
strain range perpendicular to the critical plane during one cycle.

From Equation 23, a relationship is established which allows estimating the life until failure
of the material. The formula based on the SWT model has the following form:
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Figure 7: Evolution of the stresses with the number of cycles for Chaboche cyclic
material model under cyclic loading (Gemilang et al. [2021])

SWT = A1N
a1
f +A2N

a2
f , (23)

where Nf represent the number of cycles to failure, the constants A1, A2, a1, a2 are material
characteristic, determined by calibration tests from experimental data.

Figure 8: Fatigue life of mooring chains for the SWT (Gemilang et al. [2021])

Gemilang et al. [2021] perform simulations to estimate loads of the mooring line of an FPSO,
in a given configuration, for different sea conditions. They make a prediction of low cycle fatigue
life, considering the critical plane, the effects of cyclic plasticity and the mean load.

In the work by Song et al. [2021] Continuous Damage Mechanics combined with the cyclic
plasticity model is used to evaluate the Low Cycle Fatigue failure of a 10CrNi3MoV steel and its
undermached welding. The investigation takes an experimental and numerical approach, using the
constitutive Lemaitre-Chaboche model with kinematic hardening. Hysteresis loops are obtained,
evaluating the evolution of the maximum and minimum stress, as well as the accumulative plastic
strain per cycle for different stress levels obtained. The material used in the investigation was
quenched and tempered, and the V-groove joints were fabricated using the Single Pulse Gas Metal
Arc (SPGMAW) welding process. Cylindrical specimens were used, which were subjected to
a heat treatment to eliminate potential residual stresses. Tests were carried out to estimate the
Low Cycle Fatigue (LCF) life, for which an Instro testing machine equipped with strain gauges

Morales, Leonel L. D., et al. (2022) Low Cycle Fatigue: Naval, Offshore Engineering pp. 184-208

In Jorge, Ariosto B., et al. (Eds.) Fundamental Concepts and Models for the Direct Problem, Vol. 2, UnB 196



was used. The commercial program of Finite Element Analysis (FEA) ABAQUS, was used for
the numerical analysis, being implemented a routine to describe the yield surface, considering
nonlinear isotropic and kinematic hardening. The yield surface can be represented by the following
expression:

f(σ − α) =

√
3

2
(S − αdev)) : (S − αdev), (24)

where, σ is the stress tensor, αdev is strands for the deviatoric part of the back stress tensor and S
is the deviatoric stress tensor.

Song et al. [2021], establish that the evolution of damage, under cyclic loading, can be mea-
sured through the variation of the Young’s modulus, for this a relationship between elasticity,
plasticity and damage is proposed, through the following expressions:

Di = 1− Ei
E′
, (25)

where, Di represents the ith cycle, E′ is the initial Youngâs modulus, and Ei is the apparent
Youngâs modulus of the ith cycle.

Di = 1− ∆wi
∆w0

, (26)

where ∆wi the apparent hysteresis energy density of the ith cycle, ∆w0is the hysteresis energy
density after cyclic softening.

The initiation of damage for ductile materials subjected to LCF is related to the cyclic hystere-
sis energy which can be represented as follows:

N0 = c1 ·∆wc20 , (27)

where N0 refers to the number of cycles of the damage initiation and ∆wi is the hysteresis energy
density of the stabilized cycle. The parameters c1, c2 are the material constants, which are fitted
from the experimental tests. The linearized Equation 27 can be written as:

log(N0) = c2log(∆w0) + log(c1), (28)

here, N0 stands for the numbers of the cycle before hysteresis loop stabilization according to
experimental data.

Another important aspect to be described is the damage evolution, in this study a relationship
based on the plastic hysteresis energy density is proposed, represented by the following equation:

dD

dN
=
c3∆w

c4

L
, (29)

where ∆w is the average of the plastic hysteresis energy density of the stabilized cycle. The
constants c3 and c4 represent the material properties. L is the characteristic length associated with
an integration point.

Analogously to the initiation of damage, it is possible to obtain the parameters c3 and c4,
through the following expression:

log(Ne) = log(
L

c3
∆D)− c4log(∆w). (30)

After obtaining the constants c3 and c4, by means of a curve fitting, it is possible to obtain a
final fatigue life equation

Nf = c1 ·∆wc20 +
L

c3 ·∆wc4
· 1

(1− c4)
. (31)
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The comparisons of the experimental and numerical results of the first hysteresis cyclic stressâstrain
curves of 0.6% and 0.8% are shown in Figure 9 for the metal base and Figure 10 for undermatched
welds. The stable hysteresis loop at half-life cycle from the strain range from 0.6% to 1.2% for
base metal and weldments is presented in Figure 11. The fatigue life prediction performed by
Song et al. [2021] can be seen in the Figure 12.

Figure 9: Experimental and simulation comparisons for metal base (10CrNi3MoV
steel) (Adapted from Song et al. [2021])

Figure 10: Experimental and simulation comparisons for undermatched welds
(Adapted from Song et al. [2021])

5 Identification of new potential problems in Low Cycle Fatigue

One of the main purposes of this review is search for novel problems related to LCF in Ocean
Engineering, two cases are described above, this work doesn’t intend to give a solution, the authors
are working in the analyses of those issues and pretend to give more details in future works.
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Figure 11: Experimental data and simulation results of hysteresis loops at the half-
life cycle for specimens (Adapted from Song et al. [2021])

Figure 12: Fatigue life prediction of different materials (Adapted from Song et al.
[2021])

5.1 Problem for an Offshore structure: Internal Oceanic Waves (IOW)

The potential problems associated to LCF in offshore systems are intrinsically dependent on the
characteristics of oceanic environment forcings. In this context, (IOW) represent the most ener-
getic high-frequency event in coastal oceans, as well as in ocean basins. The amplitude of typical
IOWs can reach tens of meters, acting as an important generation mechanism for currents and
turbulence (Pomar et al. [2012]). The IOWs develop in the density gradient of the permanent
thermocline, the lower limit of the oceanic mixture layer.

The main generating mechanism of these waves is the tidal current excitation over the deep
oceanâs density structure. For this reason, they are commonly called internal tides (Apel et al.
[1995]). Oceanic thermoclines occur at varying depths (usually between 20 and 600 m), with
density gradients of the order of 10−2 to 10−3 kg/m3/m, generating Brunt-Väisälä periods of the
order of 100 to 300 s. The combination of high fundamental periods with low vertical velocity
gradients means that the Richardson numbers of these environments can frequently exceed the unit
by far.

The interactions between the moving thermocline and the topographic irregularities of the
continental shelf can cause resonant effects or the eventual break of internal tides. This gives rise to
another type of oscillatory phenomenon, with frequencies close to those of Brunt-Väisälä waves,
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so-called internal solitary waves (ISWs). ISWs are characterized by being nonsinusoidal and
nonlinear and by presenting themselves in the form of isolated groups of complex shape, generated
periodically according to the internal tides. These groups generally present 3 to 12 ISWs with
decreasing amplitudes (Apel [2002]), as descripted in Figure 13. Garrett and Munk [1979] provide
an extensive review of the physical properties of internal oceanic waves.

Figure 13: Typical horizontal dimensions associated to the groups of ISWS ( Apel
[2002])

Unlike internal tides, ISWs generate short waves (wavelengths varying from 102 to 103 m)
that sharply alter the free-surface roughness, allowing their detection by Synthetic Aperture Radar
(SAR) satellite images. In Figure 14 Jackson and Apel [2004] illustrate how widely distributed
this phenomenon is, being especially relevant in regions where the existence of expressive astro-
nomical tides and extensive continental shelfs are combined.

Figure 14: Localization of observed OIW and ISW making use of SAR satellite im-
ages( Jackson and Apel [2004])

In the sense of achieving a better understanding about the formation and propagation of ISWs
packets, as well as to describe its vertical velocity structure, computational fluid dynamics technics
represent a powerful tool. Figures 15 were obtained using a set of computational models developed
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under the Delft3D platform in the works of Molinas [2020] and Molinas et al. [2020] and represent
a hypothetical situation that resembles the typical characteristics of the ISWs packets that are
formed on the Amazon continental shelf (a worldwide hotspot for this phenomenon). Figure 15
(panel A) illustrates the surface signature of two consecutive ISWs packets moving away from
their formation zone in the shelf break (propagation to the right). The panel B of the same figure
highlights the crests and troughs of the nine ISW that form the packet to the left in the panel A.

Figure 16 shows the vertical structure of the horizontal currents associated to the passage of
one these ISWs packets. In comparison with Figure 15, it is important to notice that every water
surface crest in Figure 15 corresponds to a thermocline trough in Figure 16 (black lines represent
isopicnal surfaces). Antagonistic behaviors occur above and below the pycnocline.

Figure 15: Surface signature of the passage of two consecutive ISWS packets (Moli-
nas [2020] and Molinas Molinas et al. [2020])

In the upper layer (0 to 140 m depth), water surface crests (pycnocline troughs) correspond
to regions where the horizontal currents achieve their maximum velocities (up to 40 cm/s in the
first wave of the packet), coinciding with the direction of wave propagation. Water surface troughs
(pycnocline crests), for instance, represent regions of minimum velocities, still in the direction of
wave propagation but with intensities below 10 cm/s.

In the bottom layer (140 to at least 600 m depth), water surface crests (pycnocline troughs)
correspond to regions of minimum horizontal currents, achieving values of -10 cm/s, thus in the
opposite direction of wave propagation. Water surface troughs (pycnocline crests), for instance,
represent regions of local maximum velocities, still in the direction of wave propagation but with
intensities in the order of 10 cm/s.

This complex 2DV patterns of oscillatory horizontal velocities area capable of generating
major load on structures, especially in what concerns LCF, in the case of risers, flexibles, and
mooring systems those waves can potentially produce phenomenon associated to Vortex Induced
Vibration (VIV). In general, what we expect is the generation of nearly 10 cycles per semidiurnal
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Figure 16: 2DV structure of the horizontal current velocities associated to the pas-
sage of a ISWS packet (Molinas [2020] and Molinas et al. [2020]).

tide, what would represent a basis of 7,300 cycles per year or more than 200,000 cycles if we
consider a 30-year lifetime for a structure.

5.2 Problem for an Offshore structure: fatigue damage at the touchdown

In ocean engineering, various risers are crucial in the oil and gas (O&G) production systems,
conveying the multi-phase flows from the seabed to the floating platform. As a result, the marine
risers often need to suffer from complex excitations, including the wave-frequency (WF) responses
and low-frequency (LF) drift of the vessel, vortex-induced motion (VIM), and VIV. In addition,
the seabed and internal flows could also impact the behavior of the riser. Therefore, there would be
plenty of sources for fatigue damage of risers. The fatigue damage at the touchdown zone (TDZ)
of the steel catenary riser (SCR) is critical and has recently been paid much attention.

As the O&G exploitation steps into deeper water, the application of SCR becomes wider due to
its excellent combined performances of reliability and economy. However, as illustrated in Figure
16, the touchdown point (TDP) between the riser and seabed is found to be more susceptible to
appear stress concentration which leads to fatigue damage. According to the subsea survey by
remote operating vehicles (ROV), the trench will be generated beneath the SCR with a depth of
several riser diameters due to the riser-soil interaction.

Langner Langner [2003] investigated this self-trenching phenomenon of an SCR at the TDP of
soft seafloor. By comparing the fatigue damages with rigid seafloor, the curved trench was found
to reduce the fatigue risk at the TDP. The riser-soil interaction model, Randolph and Quiggin
[2009] proposed a non-linear hyperbolic function to model the seabed resistance forces due to the
penetration. With such a function, the high stiffness on reversal forces due to the small cyclic
displacements, and the asymptotic behavior with limiting penetration and uplift resistance, can be
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captured in the analysis of riser-soil interaction.
To deal with the conventional linear soil model, Hejazi and Kimiaei [2016] introduced the

âequivalent linear soil stiffnessâ instead of the complex and time-consuming nonlinear riser-soil
interaction model. The stress ranges corresponding to different SCRs were compared between the
proposed linear soil model with equivalent stiffness and the nonlinear soil model. A simplified
hyperbolic formulation of the equivalent linear stiffness was provided, which was noted insuffi-
cient in considering abundant geometrical parameters, irregular motions at different sea states, and
trench formation. To improve the efficiency, Qu [2015] proposed a simplified approach to deduce
the dynamic responses of the SCR by the dynamic amplification factors (DAFs). Meanwhile, the
performance of this approach was found dependent on the fitness of DAF evaluation. Therefore,
sensitivity studies were conducted to provide quantitative guidance in estimating DAFs and other
parameters.

In view of the limitations of linear riser-soil interaction (RSI) model, many research deter-
mined to develop the nonlinear RSI model. Wang et al. (Song et al. [2021], Wang et al. [2013])
introduced a TDZ element into the riser-soil interaction simulation to improve the accuracy of the
fatigue analysis at the TDZ.

The influences of seabed stiffness, soil suction forces, mudline shear strength and trench depth
were investigated on the fatigue damage, applying the linear hysteretic riser-soil interaction model
with TDZ element. As a result, the large seabed stiffness and mudline shear were found harm to
the fatigue life of the SCR, while the large soil suction and trench depth were found in favor of
the fatigue life. Later, Wang et al. [2013] conducted a large-scale model test of a truncated SCR,
where the two-dimensional (2D) in plane motion was imposed at the upper truncated point of the
SCR and its impacts on the fatigue damage were investigated.

In the tests, both the in-plane and out-of-plane VIV was induced by the 2D motion, while
their influences on the fatigue damage were found dependent on the amplitude and period of the
motion. Three critical locations of maximum fatigue damage were concluded by the model tests,
namely the TDP, upper sag-bend and top of the SCR.

Similarly, Yuan et al. [2021]carried out experiments to investigate the riser-soil interaction at
the TDZ, considering the VIV of the SCR. Both the length and depth of the trench was shown
to enlarge with severe heave excitation, while the heave level had less influence on the trench
location. Meantime, the VIV was exhibited to make the trench depth growing more smoothly.
To predict the fatigue damage of SCR coupling with in-line (IL) and cross-flow (CF) VIV, Wang
et al. [2014] further established a time domain approach based on the Euler-Bernoulli equation
with empirical hydrodynamic coefficients input.

The previous mentioned (Wang et al. [2015]) riser-soil interaction model was adopted in the
simulations which investigated the effects of IL and CF VIV on the fatigue damage of the SCR
along the TDZ. Regarding the impacts of trench formation on fatigue damage in the TDZ, Shiri
[2014] revealed that the final fatigue damage was independent on the order of the applied waves
and the number of the applied wave cycles, given initially created trench. Also, the peak fatigue
damage was no longer controlled by the maximum shear force once a trench was created initially.

Substantially, the fatigue of SCR is caused by the cyclic elastic-plastic-damage of the structure.
To investigate the constitutive behavior of a next-generation SCR material, i.e. X100Q, Devaney
et al. [2018] employed experimental and numerical methods, respectively, which captured the two-
stage fatigue damages, namely the early-stage microcracking damage and the secondary damage
accumulation. Integrating the low-Cycle fatigue (LCF) and high-Cycle fatigue (HCF) models, the
effects of strain range on the damage evolution was predicted successfully.

Also, the interdependency was revealed between the material degradation induced by fatigue
damage and the cyclic plasticity at the weld for a range of load cases. To clarify the influences
of trench on fatigue damage at the TDP, Shoghi and Shiri [2019] investigated the dependency of
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fatigue damage on the variable TDZ in the trench, due to the low-frequency drift of the vessel
using both analytical and numerical approaches. The peak fatigue damage was found decreased in
the far offset zone (FOZ), while increased in the near offset zone (NOZ), as illustrated in Figure
17.

Figure 17: The schematic view of the SCR considering soil-riser interaction

Also, the fatigue damage variation due to the trench effect was found dependent on the direc-
tion of the predominant fatigue sea states and the low-frequency excursion of the vessel.

6 Concluding Remarks

This chapter presents an updated compilation of works related to Low Cycle Fatigue and its ap-
plication in the context of naval and offshore engineering. A series of contributions published
in important scientific journals and relevant congress proceedings were described. The text was
structured in a friendly way and an easy-to-understand language so that it can contribute, espe-
cially for researchers who wish to start studies in the context of Low Cycle Fatigue. Furthermore,
a review of theoretical aspects was carried out, fundamentally softening numerical and experimen-
tal aspects. The identification of potential problems related to Low Cycle Fatigue, in the context of
offshore structures, were presented, in order to encourage the investigation and approach of these
and other issues related to the main theme of the text.

Fatigue failure of marine structures can cause catastrophic social,environmental, and economic
damage. Studying novel problems related to LCF in naval and offshore structures can avoid po-
tential accidents and improve safety in those systems. Future works aim to study the potential of
IOWs effects on naval and offshore structures, especially risers, umbilical, and mooring systems.
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