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ARTICLE INFO ABSTRACT

Keywords: Corrosion-fatigue is known to be the dominant failure mechanism in offshore structures, such as offshore wind
Corros?on-fat%gue model turbines, due to the constant exertion of cyclic loads in highly corrosive environments. In the present study, the
Corrosion-fatigue parameter existing corrosion-fatigue crack growth (CFCG) theories and models have been firstly reviewed and discussed,
1;:3:;2?’ and subsequently a new approach has been proposed to accurately describe the corrosion-fatigue behaviour

under various loading conditions and frequencies. To examine the validity of the proposed approach, fatigue
crack growth experiments were conducted on S355G10+M medium strength steel compact tension, C(T),
specimens at different load levels and frequencies. The experimental data were initially analysed using the
traditional fracture mechanics parameter AK which was shown to have limitations at elucidating the effects of
frequency on CFCG rates in the range of 0.2-0.5 Hz. Therefore, a new fracture mechanics parameter was
developed that allows these effects to be seen and accounted for more clearly. Furthermore, a new CFCG model
was developed, using the introduced fracture mechanics parameter, for predicting the crack growth rates in
seawater from the short-term test data in air. The proposed model has been found to correlate well with
experimental data from corrosion-fatigue experiments on S355G10+M from this study and S355J2+N structural
steel data available in the literature.

Offshore structures

environments. An improved knowledge of corrosion-fatigue will enable
design optimisation for future generation of offshore wind turbine
structures, helps to minimise the number of frequent inspections and
also enhances the life prediction for thousands of operational offshore
wind turbines around the world which is particularly critical in the
context of offshore wind turbines where accessing the structures is a

1. Introduction

The importance of global warming and the essential need for rapid
emissions reduction has been widely discussed at international com-
munities in recent years (The Intergovernmental Panel on Climate
Change, 2021). One of the major actions which has been taken by highly expensive process due to their remote locations.

various nations around the world is to use different sources of renewable Fatigue is a degradation mechanism in which the structures or

energy for electricity production. Among the existing renewable energy components are damaged by receiving repeated loac?ing cycles.
industries, the offshore wind sector has grown significantly in the past Although' ea'ch of Fhe 193‘15 may be well Pelow the level required FO cause
two decades with over 7000 offshore wind turbines installed in fully damage in isolation (i.e. below the yield stress of the material), the

commissioned offshore wind farms in 2020, as compared with less than cumulative effect of the cyclic loading leads to the formation and

100 in the year 2000 (4coffshore, 2021). The Levelised Cost of Energy propagation of cracks. Corrosion-fatigue is the process of fatigue
for offshore wind has also fallen significantly, from 190 $/MWh in 2009 degradation under cyclic loading conditions occurring in a corrosive
to 78 $/MWh in 2019 (BloombergNEF, 2020). Offshore wind is there- environment, which can significantly accelerate the damage process.
fore likely to play a significant role in the future of global green energy. Offshore wind turbines are subjected to cyclic loading conditions due to
An important issue which needs to be better understood in the design constant exertion of the wind, wave and currents forces on the structure.
Particularly at the foundations, which are subjected to higher load levels
due to the application of horizontal forces on a bottom-fixed vertical
structure, the seawater couples with this cyclic loading condition

and life assessment of offshore wind turbine foundations, which are
dominantly made of structural steels, is the formation of
corrosion-fatigue damage and crack growth in hostile offshore
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Nomenclature

a Crack length

ap Initial crack length

as Final crack length

(49 «  Crack growth per cycle in air under cyclic loading
condition

(37%) I Crack growth per cycle in an inert environment under
cyclic loading condition

(4),  Crack growth per cycle in a corrosive environment under
cyclic loading condition

(g—l‘j,) o Cycle-dependent term that accounts for the environmental
contribution below Kjscc

da Rate of change of crack length with respect to time in a
corrosive environment under static loading

(‘%) c Average environmental crack growth rate over one loading
cycle

B Specimen thickness

BFS Back face strain measurement technique

Cc Paris Law coefficient

CFCG Corrosion-fatigue crack growth

C(D) Compact tension specimen

CTOD  Crack Tip Opening Displacement

E Elastic Young’s modulus

f Frequency

Sair Frequency in an air test

fer Frequency in a corrosion-fatigue test

J Elastic-plastic fracture mechanics parameter

Jel Elastic portion of the J parameter

Jp Plastic portion of the J parameter

J Derivative of J with respect to time

K Stress intensity factor

Kinax Maximum stress intensity factor

Kinin Minimum stress intensity factor

K; Stress concentration factor

AK The difference between Ko, and K .

AK Derivative of AK with respect to time

Kisce Threshold value of AK in a corrosive environment
m Paris Law exponent

N Number of cycles

Ny Total number of cycles to failure

N; Number of cycles needed for a pit to grow to a critical size
N, Number of cycles needed to propagate the crack to failure
P Applied load

Prax Maximum applied load

Prin Minimum applied load

Payerage  Mean applied load

P Plastic collapse load

R Load ratio

R? Coefficient of determination in regression analysis
Tp Plastic zone size

w Specimen width

Y Shape function in stress intensity factor calculation
o Stress

002 0.2% proof stress

oy Yield stress

Oref Reference stress

€ Strain

Eref Reference strain

resulting in corrosion-fatigue damage evolution and crack propagation
which is known to be an important failure mechanism in offshore
structures (Jaske et al., 1981). Therefore, the corrosion-fatigue behav-
iour must be accurately characterised and predicted for repair or
decommission of offshore wind turbine foundations before any cata-
strophic failure occurs in these large-scale structures.

The aim of the present study is to comprehensively review and
evaluate the limitations of existing methods for predicting CFCG
behaviour in offshore steel structures and consequently develop a new
approach to overcome the shortfalls of the existing models. Considering
that fatigue is a cycle-dependent mechanism whereas corrosion is time-
dependent, the accuracy of CFCG predictions by correlating the crack
growth rate with the classic linear elastic fracture mechanics parameter,
AK, which is independent of time has been critically analysed and a new
time-dependent fracture mechanics parameter has been proposed for
more accurate characterisation of CFCG behaviour in steel structures.
Furthermore, this time-dependent fracture mechanics apparoach has
been implemented in a new model to accurately predict the corrosion-
fatigue cracking behaviour of structural steels under various opera-
tional frequencies. The proposed model has been validated using
corrosion-fatigue test data primarily on S355G10+M steel, carried out
as a part of this study, in addition to S355J2+N data taken from the
literature. Both of these sub-grades of medium strength S355 structural
steel are widely used in fabrication of offshore structures, particularly
offshore wind turbine foundations. The results from this study demon-
strate that the life prediction of offshore steel structures can be enhanced
by employing the proposed approach in life assessment procedures.

2. Corrosion-fatigue mechanism and existing prediction models
2.1. Corrosion-fatigue process

The complex process of corrosion-fatigue interaction in offshore steel
structures is typically divided into four stages: surface film breakdown,
pit growth, pit to crack transition and finally cracking, which includes
small and then long crack growth. The first stage results in a separation
of anodic and cathodic locations causing pit nucleation. Mechanical,
chemical and physical factors affect this initial stage and it has been
shown that a greater number of corrosion pits will form on a steel ma-
terial under higher cyclic stress amplitudes (Larrosa et al., 2018). The
second stage of the process, pit growth, is influenced by mechanical and
chemical factors (Larrosa et al., 2018). The transition from pit evolution
to crack initiation and growth is a particularly complex stage of the
process. It has been shown that the point of transition is affected by the
chemistry of the corrosive environment, corrosion time and stress level
(Hu, 1997). The final stage of the process, which is usually referred to as
corrosion-fatigue crack growth or CFCG, is the main focus of this study.
Cracks resulting from the process of corrosion-fatigue are almost always
transgranular, and often begin at points of raised stress, particularly
corrosion pits (Larrosa et al., 2018) (Anderson, 2017). Even if an
intergranular crack begins to form it will generally transform into a
transgranular crack as the crack advances (Larrosa et al., 2018).

2.2. Corrosion-fatigue mechanisms
Depending on the material type and operational/environmental

loading condition, there are a number of mechanisms which can influ-
ence fatigue initiation and propagation. Some of the important examples
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of such mechanisms include: the slip bands due to plasticity accumu-
lating at the surface, injection of vacancies due to corrosion, dynamic
strain ageing, hydrogen embrittlement, hydrogen enhanced local plas-
ticity, cold work due to fatigue cycling, low temperature creep, and
intergranular attack due to stress corrosion cracking.

One mechanism proposed for driving corrosion-fatigue in offshore
steel structures is that of film rupture. Based on this theory, the plastic
strain induced by cyclic loading breaks the protective film (usually an
oxide layer) at the crack tip, which allows for anodic dissolution of the
exposed metal and hence leads to this area being corroded preferen-
tially. There are different versions of this theory; for example, some
assume that the protective film does not reform at the crack tip and
hence the crack growth due to corrosion is continuous. Others assume
there is reformation of the film, in which case the discontinuous nature
of the crack growth may be visible via crack arrest marks on the fracture
surface (Anderson, 2017). This mechanism is often referred to as anodic
dissolution (Seifert et al., 2012).

Hydrogen embrittlement is another corrosion-fatigue mechanism
that occurs in certain material-environment combinations. Hydrogen
atoms are small, so can fit within the structure of a metallic crystal and
also within grain boundaries. It is thought that the presence of hydrogen
can reduce the bond strength between metal atoms, making fracture
more likely (Anderson, 2017). During the oxidation of iron in the
corrosion process, hydrogen is produced. The hydrogen molecules can
build up and form a film on the surface of the metal, which actually
inhibits the reactions and slows down corrosion (also known as polar-
isation) (Venzlaff et al., 2013). However, if oxygen is present, it can
react with the hydrogen in the film and produce water, in a process
called oxygen depolarisation (Li et al., 1984). This reduces the protec-
tion of the metal and accelerates the corrosion process.

High strength steels have been found to be particularly vulnerable to
hydrogen embrittlement, and the influence of the environment during
corrosion-fatigue is primarily due to this mechanism in such steels (Li
et al., 1993) (Weng et al., 2013). It has been shown that medium
strength steels in an NaCl solution experience all three of these corrosion
fatigue mechanisms; anodic dissolution, hydrogen embrittlement and
oxygen depolarisation (Li et al., 1993) (Chatterjee and Singh Raman,
2011).

(a) Type A

log(da/dN)

log(da/dN)

(b) Type B
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2.3. Corrosion-fatigue crack growth behaviour types

The corrosion-fatigue crack growth behaviour in various engineering
materials can be divided into three general types which are schemati-
cally shown in Fig. 1 (McEvily and Wei, 1972). As shown in Fig. 1(a), in
Type A the CFCG process starts at lower values of stress intensity factor,
K, that in the inert (i.e. air) case, and for a given value of K higher crack
growth rates are expected in the primary and secondary (also known as
the Paris region) crack growth regions compared to the inert environ-
ment. In Type B CFCG behaviour (see Fig. 1(b)), the crack growth rate is
aligned with the inert case up until some threshold, denoted Kjscc, and
beyond this a substantial increase in crack growth rate occurs. The final
CFCG behaviour, Type C, is a combination of Type A and Type B be-
haviours where higher crack growth rates, compared to the inert envi-
ronment, are expected throughout the entire range of K values with a
further increase taking place for values equal to or higher than Kjscc
(McEvily and Wei, 1972).

High strength steels often exhibit substantial stress corrosion
cracking under sustained static loading in a corrosive environment due
to hydrogen embrittlement (Chatterjee and Singh Raman, 2011). Me-
dium strength steels can also exhibit some degree of stress corrosion
cracking in an NaCl solution typically due to a combination of hydrogen
embrittlement and anodic dissolution (Chatterjee and Singh Raman,
2011). Therefore, as some degree of environmentally assisted sustained
load crack growth would be expected, medium strength steels in
seawater are likely to exhibit Type B or C behaviour.

2.4. Existing corrosion-fatigue crack growth models

2.4.1. Original linear superposition model

The first model for describing the crack growth rate of metals in a
corrosive environment under cyclic loading condition was developed by
Wei and Landes (1969). In this CFCG approach, which is commonly
referred to as the ‘linear superposition model’, it is assumed that the
total crack growth rate in a corrosive environment is the sum of a me-
chanically dependent ‘fatigue’ term and an environment dependent
‘corrosion’ term:

da da da
(@), (@), [ G wa W

(c) Type C

log(da/dN)

log(I(nmx )

108,‘ (]\inmc )

log(Kmax)

Aggressive
Inert

Fig. 1. Different types of corrosion-fatigue cracking behaviour: (a) Type A, (b) Type B, (c) Type C.
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where (44) . is the CFCG rate, (42), is the crack growth rate in an inert

environment under cyclic loading and % is the crack growth rate in a
corrosive environment under static loading which is a function of the
stress intensity factor, K.

The integral term in Equation (1) describes the crack growth over
one cycle due to sustained load crack growth in a corrosive environment.
McEvily and Wei suggested that the linear superposition model is well
suited to describe Type B corrosion-fatigue behaviour, as it can account
of the Kjscc threshold for a corrosive environment (McEvily and Wei,
1972).

2.4.2. Variants of superposition model
Wei further developed the superposition model by including an
additional term to the original linear superposition model (Wei, 1978):

da da da da
(), = (@), * (@) o [ wa @

where (g—l’\‘, is a cycle-dependent term that accounts for the environ-

) of
mental contribution below Kjscc. The addition of this term extended the
applicability of the model to some Type C material-environment sys-
tems. Wei and Simmonds suggested later that this additional term arises
from the reaction of the corrosive medium with new cracks on the sur-
face and depends on the degree of reaction during a single cycle (Wei
and Simmons, 1981). They also noted that in many practical engineering
situations, materials would be selected that had minimal vulnerability to
da

crack growth under static or sustained loading. Hence the ¢ term would

be negligible in many of such cases, whilst the new (37(\11) o term would be
more significant.
Another variant of the superposition model was built by Wei and Gao

(1983) in which the CFCG rate is defined as:

da da da\" da
(@), (@) 0=+ (&) o+ (@), ©

%

where (gl—‘f,)cf_s is the pure corrosion-fatigue rate, () . is the contri-

sce
bution to crack growth per cycle from sustained-load crack growth in a
corrosive environment, and ¢ is the fractional area of crack that is un-
dergoing pure corrosion-fatigue.

Based on the superposition approach, there are three equations
proposed in by Anderson (2017) to describe the CFCG behaviour for
Types A, B and C material-environment combinations which are shown
in Equations (4)-(6), respectively.

da da

(@) ﬁ”(m), @
da da 1 /da

(W) o (m)ﬁf(z)c ®)
da da 1 /da

(W)Cf‘ﬂ%),*f(a)c ©

where (%)C is the average environmental crack growth rate over one
loading cycle and f is the loading frequency. In the Type C model (see
Equation (6)), at low frequencies the corrosion term will be dominant,
whereas at high frequencies the corrosion per cycle will be negligible. It
has been stated in (Anderson, 2017) that Type A material-environment
combinations are time-independent, unlike Type B and C. However, this
is not always the case and a time dependency can be present in Type A.

It has been shown in the literature that the calculation of the frac-
tional area ¢ is not straightforward (Li et al., 1984) (Wei and Simmons,
1981). Also, as Kim et al. noted in their review of quantitative CFCG
models, to employ the superposition model the crack growth rate da/ dt
under sustained loading in a corrosive environment must be known as a
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function of the stress intensity factor (Kim et al., 1998). For the vast
majority of material-environment systems this relationship is not typi-
cally known and is difficult to identify (Kim et al., 1998). Therefore, it is
generally hard to calibrate the original and variants of the superposition
model to predict CFCG rate for engineering materials.

2.4.3. Process competition model

Another fundamentally different model to that of the superposition
was developed by Austen and Walker, which is commonly referred to as
the ‘process competition model’ (Austen and Walker, 1977). The idea
behind this model is that the processes of fatigue and corrosion are
competitive, and that the crack growth rate will be equal to the fastest
available rate. The updated version of this model, which was presented
in (Austen and Mcintyre, 1979), allowed for the accounting of waveform
affects; however, it was found out that the competition model could
result in significant errors when predicting the CFCG behaviour of some
types of steels.

2.4.4. Cycle-dependent models

Another approach to predict the total number of cycles to failure in a
corrosion-fatigue system is using the damage accumulation corrosion-
fatigue models. An example of such models is that of developed by
Wang et al. where it is assumed that a stable crack will initiate from a
corrosion pit once it reaches a critical size at a given load level (Wang
etal., 2001). The model is based on estimating the total number of cycles
to failure, Ny, by the following sum:

Ny=N; +N, @)

where N; is the number of cycles needed for a pit to grow to a critical size
and N, is the number of cycles needed to propagate the crack to failure.
In this approach, it is often assumed that the corrosion pit is a semi-
circular geometry with the pit size, a,, defined as a function of the
cube root of time, as shows by Kondo (1989). Using this approach, the
critical pit size at which the crack starts to propagate can be predicted.

Once N; is predicted in Equation (7), the number of cycles for the
crack to propagate to failure, N, is then simply calculated via the Paris
Law:
da m
Ty=C(aK) (8)
where AK is the stress intensity factor range (i.e. the difference between
Kinax and Knpin), and C and m are the Paris Law constants.

By assuming that N, can be divided into two terms which represent
the number of cycles to propagate a short crack to a long crack and the
number of cycles to propagate a long crack to the final crack length ar
which is the point of failure, the number of cycles to propagate a crack
from length a; to a, can be described as:

N:/az C(AK)'”:/zc(/iK,Am/ﬁ)m ©)

a
ai

where Ao is the stress range, a is the crack length, K; is the stress con-
centration factor, f = 2.2/z for a semi-circular flaw and =1 for a
through crack. Using this approach, it is assumed that the same Paris
Law constants C and m are applicable for both the short and long crack
regimes.

There are a number of issues with the assumptions underpinning the
cycle-dependent life prediction approach. It is unclear whether the use
of the fracture mechanics parameter is appropriate for several reasons.
As noted by Fatoba in 2016, fracture mechanics parameters are obtained
from pre-cracked specimens, whereas some pits initiate on smooth
surfaces and pitting may induce local plasticity hence drawing further
questions about the applicability of a linear-elastic fracture mechanics
parameter (Fatoba, 2016). Additionally, the pit size is assumed to be a
function of corrosion-related parameters only and yet it is recognised
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that the rate of pit growth also depends on mechanical factors such as
the degree of plasticity (Larrosa et al., 2018). The model also treats the
pit as a semi-circular flaw and therefore implicitly assumes that the
crack will initiate from the base of the pit. However, Fatoba found that in
many cases cracks in fact initiate from the mouth of pits (Fatoba, 2016).
Finally, the approach taken to calculate N, is entirely based on fatigue
theory and assumes no contribution from the corrosive environment
while many material-environment combinations exhibit accelerated
crack growth rate in the latter stages of the corrosion-fatigue process.
Therefore, there are some significant inaccuracies involved in prediction
of corrosion-fatigue using the modelling approaches which are based on
the cycle-dependent damage analysis (e.g. (Sriraman and Pidaparti,
2009) (Li and Akid, 2013) (Kalnaus et al., 2011) (Menan and Henaff,
2009)).

2.4.5. Other models available in the literature

In addition to the well-established corrosion-fatigue life prediction
models mentioned above, a number of other novel approaches for
corrosion-fatigue modelling have been developed by various researchers
in recent years. Some notable examples of such recent methods which
have been developed for a range of different industrial applications are:
the use of short crack growth models for corrosion-fatigue life estimation
proposed by Chapetti and implemented by Larrosa (Larrosa et al., 2016),
a new life assessment approach based on a microstructural short crack
growth model by Balbin (Balbin et al., 2021), the use of cohesive zone
models proposed by R. Fernandez-Sousa (Fernandez-Sousa et al., 2022),
and a Cellular Automaton Finite Element (CAFE) model for pit devel-
opment under corrosion-fatigue conditions developed by Fatoba et al.
(2018).

2.5. Frequency effects on corrosion-fatigue behaviour

A review of the corrosion-fatigue models presented above shows that
this process is often broadly split into two stages, with the first including
surface breakdown and pit formation and growth, and the second con-
sisting of crack propagation. Researchers often consider the former of
these stages to be corrosion dominated, and the latter mechanically
dominated, as explained by Larrosa et al. in their review of corrosion-
fatigue models (Larrosa et al.,, 2018). Although this broad catego-
risation may be valid, the question remains about how to interpret this
appropriately into corrosion-fatigue modelling. It is clear that the
non-dominant process often still plays an important role, for example,
higher stress values can lead to a greater number of corrosion pits
forming in the earlier stages (Larrosa et al., 2018). One result of this
assumption is that some researchers have implemented
corrosion-fatigue models that consider the latter stage of the process to
be entirely mechanically dominated, with no influence from the corro-
sive environment (e.g. (Wang et al., 2001) (Sriraman and Pidaparti,
2009) (Li and Akid, 2013)). However, experimental investigations of the
effect of frequency on crack growth rate in corrosion-fatigue experi-
ments have demonstrated clear limitations to this approach.

It is well known that in an inert environment, frequency has little to
no effect on the crack growth rate (Anderson, 2017). However, the
introduction of a corrosive environment introduces a frequency de-
pendency in many material-environment combinations. This is partic-
ularly important by considering that the realistic impact of corrosive
environments on the fatigue crack growth behaviour of materials will be
only revealed when the CFCG tests are performed at relatively low fre-
quencies where the time-dependent corrosion mechanism will have
sufficient time to interact with fatigue mechanism. It is worth consid-
ering that depending on the test frequency in CFCG experiments, the
cracking behaviour of the material can be dominated by fatigue,
corrosion or combined corrosion-fatigue interaction. While the corro-
sion process will become more pronounced at lower frequencies, if the
CFCG tests are performed at sufficiently high frequencies the fatigue
crack growth results are expected to fall upon the inert (i.e. air) data as
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the time-dependent corrosion process will not play a substantial role in
the cracking behaviour of the material and the advancement of the crack
will be dominantly caused by fatigue.

Etris et al. investigated the impact of a wide range of factors on CFCG
rate in AISI 4340 steel and found that for a given value of AK the crack
growth rate was substantially increased in water as compared with
Argon, and to a much greater extent at 0.5 Hz compared to 5.0 Hz (Etris
et al., 1973). Vosikovsky conducted experiments on X-65 pipeline steel
and demonstrated that the crack growth rate was 10 times faster in salt
water at 0.01 Hz than in air and a decrease in the loading frequency
substantially increased the CFCG rate (Vosikovsky, 1975). It is typically
seen for many material-environment combinations that the effect of
frequency is only present for sufficiently low frequencies. For example,
Yu et al. studied the effect of loading frequency on crack growth rate in
humid air on 7N01 aluminium alloy (Yu et al., 2020) and found an
elevated crack growth rate at 0.1 Hz, whilst that the rates at 1 Hz and 10
Hz were almost identical. Similarly, Anderson showed the impact of
frequency on Inconel 600 in a high temperature NaOH solution where
the crack growth rate decreased with increasing frequency before
levelling off at those tests conducted above 1 Hz (Anderson, 2017).

2.6. The fracture mechanics parameter AK

Another result of the assumption that corrosion-fatigue is dominated
by one process depending on the stage of development, is that the vast
majority of corrosion-fatigue models that are developed to predict the
crack propagation behaviour of materials use the fracture mechanics
paramete AK (Larrosa et al., 2018). Adedipe et al. conducted
corrosion-fatigue experiments on S355J2+N steel in seawater and
showed that, other than at low values of AK, under the same loading
condition there is generally a greater crack growth rate in the seawater
tests, conducted at various frequencies, compared with the experiments
conducted in air (Adedipe et al., 2015). The frequencies studied in the
corrosion-fatigue tests were of a small range including 0.3 Hz, 0.35 Hz
and 0.4 Hz. From the traditional correlation of the crack growth rate
with AK in (Adedipe et al., 2015) it is difficult to pull out any consistent
correlation between the cracking rate and the test frequency. However,
the question could be raised about whether this could be influenced by
the use of the fracture mechanics parameter AK. This parameter was
originally designed to characterise the elastic stress distributions near
the crack tip and later on was employed to build a correlation with the
crack growth rates under cyclic loading with no accounting for envi-
ronmental factors. The frequency (hence time-dependence) effects seen
in the crack propagation stages of corrosion-fatigue are a result of the
environmental influences. Since the extended application of AK in
characterisation of fatigue crack propagation was not designed for
considering environmental effects, it may be concluded that for small
changes in frequency, it is too blunt a tool to fully capture the impact of
these small changes on crack growth rates. Xin and Veljkovic explored
the use of other parameters for the use of tracking the behaviour of crack
growth rates under corrosion-fatigue conditions (Xin and Veljkovic,
2020). They plotted the crack growth rate against the J-integral and also
against the Crack Tip Opening Displacement (CTOD). Although the use
of the J-integral parameter introduces considerations of plasticity, both
are still fracture mechanics parameters unrelated to the process of
corrosion.

2.7. Motivation for present study

The review of the existing CFCG models shows that many existing
corrosion-fatigue models can be difficult to apply in practice as they
largely rely on the use of empirical data from the case of static loading in
a corrosive environment while such data are not typically available in
the literature (Kim et al., 1998). Moreover, there is limited exploration
of the use of alternative parameters to AK to model the later stages of the
corrosion-fatigue process. As explained before, the fracture mechanics
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parameter AK was not designed to account for environmental effects and
may not be sensitive to small changes in frequency during
corrosion-fatigue tests. Despite this, AK is still used in the vast majority
of corrosion-fatigue models that examine the crack propagation stage of
the process. This study will therefore develop a new model for predicting
corrosion-fatigue behaviour at the crack propagation stage from the
inert case, that does not require data from the case of static loading in a
corrosive environment. The model will use a new time-dependent
fracture mechanics parameter and will account for environmental ef-
fects. The present study is supported by experimental investigation of
CFCG behaviour in structural steels at a small range of frequencies to
validate the proposed prediction model.

3. Materials and methods
3.1. Material

A type of steel which is most commonly used in offshore wind
structures is EN10025 S355 (Igwemezie et al., 2019). The subgrade
studied in this research is S355G10+M, which is typically used in critical
joints, and hence is crucial to the corrosion-fatigue performance of the
structures (Igwemezie and Mehmanparast, 2020). The ‘G10’ indicates a
subgrade with particular treatment to ensure a fine grain microstruc-
ture. The ‘M’ indicates that the subgrade has been thermo-mechanical
control rolled. The chemical composition of S355G10+M steel used in
this study is shown in Table 1.

3.2. Experimental set-up

The corrosion-fatigue experiments in this study were conducted on
compact tension, C(T), specimens in accordance with ASTM E647
(ASTM International, 2015) and analysed using the guidelines in BS
7910 (British Standard, 2019). The specimens were pre-cracked in air
via the K-decreasing method as recommended by ASTM E647 (ASTM
International, 2015). Test IDs were given of the form “Px-Fy” where x =
9 or 10 kN refers to the maximal load applied during the
corrosion-fatigue tests and y = 0.2, 0.3 or 0.5 Hz refers to the test fre-
quency. All C(T) specimens had the width of W = 50 mm, thickness of B
= 16 mm and the initial crack length of approximately ayp = 22 mm after
pre-cracking and at the beginning of the CFCG tests. The cyclic loading
condition was applied using a sinusoidal wave in each experiment with a
load ratio (i.e. the ratio of minimum to maximum load in a cyclic test) of
R =0.1. Six CFCG tests were performed in free corroding conditions, half
of which under the maximum load of P4 = 9 kN whereas the other
three were tested under P,,q = 10 kN. For each set of these tests, three
different frequencies of f = 0.2, 0.3 and 0.5 Hz were applied. Addi-
tionally, two fatigue crack growth tests were performed in air under Pqy
of 9 and 10 kN using an R ratio of 0.1 at 5 Hz. The air tests were per-
formed under the same loading condition as the CFCG tests for com-
parison purposes. Moreover, the results from the air tests were used to
derive calibration curves for crack growth monitoring in CFCG experi-
ments, the details of which are explained below.

Prior to commencement of the corrosion-fatigue experiments, the
specimens were immersed in artificial seawater, prepared according to
ASTM D1141 (ASTM International, 2021) for 48 h. The specimens were
kept submerged throughout the experiment and the pH was kept be-
tween 8.0 and 8.2 while the temperature of the seawater was maintained
between 7.5°C and 8.2°C, to simulate the North Sea conditions. The
seawater was kept in motion by a pump at a rate of approximately 4
L/min. At the end of the tests the specimens were soaked in liquid

Table 1
Chemical composition of S355G10+M steel.

Element C Mn Ni Si Cu Cr Mo

Percentage 0.06 1.57 0.33 0.27 0.24 0.03 0.01
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nitrogen and fracture opened in order to measure the final crack length.

The crack growth monitoring in CFCG tests was conducted using the
back face strain (BFS) measurement technique. For this purpose, a strain
gauge was attached to the back face (i.e. at the mid-height and mid-
thickness) of the C(T) specimens and the bending strain was continu-
ously monitored throughout the CFCG tests. The full details of the crack
growth monitoring in CFCG tests using the BFS technique can be found
in (Mehmanparast et al., 2018). The crack lengths were then calculated
via the calibration curves obtained from the tests in air on nominally
identical samples using which the BFS values were correlated with the
crack lengths for the same loading conditions examined in CFCG tests.
The calibration curves were derived from the two fatigue experiments
conducted in air at the maximum load levels of 9 and 10 kN which are
shown in Fig. 2. In these calibration air tests a strain gauge measured the
bending strain at the back of the specimens while digital cameras were
used to measure the crack length.

3.3. Data analysis method

The crack growth rate, da/dN, was calculated via the incremental
polynomial method with a seven-point fit in accordance with BS EN ISO
11782 (British Standard, 2008). For each crack length a;, calculated
using the BFS method, a quadratic polynomial fit was made to the set of
7 points (a;—3,N;_3), ..., (@i+3 ,Ni;3). The derivative of this polynomial at
N; was taken as da;/dN;. The fatigue crack growth rates obtained from
the tests were correlated with the linear elastic fracture mechanics
parameter AK which was calculated using the following equation:

AK =

Prax = Prin v ( a ) 10)

CBUW W

w.
where P,,q is the maximum applied load, Pp, is the minimum applied
load, and Y (&) is a geometry dependent shape function the solutions of
which for various standard cracked geometries can be found in ASTM
E647 (ASTM International, 2015). The power-law correlation between
da/dN and AK in the secondary fatigue crack growth region is often
referred to as the Paris Law (see Equation (8)).

The elastic-plastic fracture mechanics parameter, J, was calculated
using the reference stress approach in the present study. The Poisson’s
ratio was taken as v = 0.3 and the elastic Young’s modulus as E = 196
GPa, as reported by Jacob et al. for S355G10+M structural steel (Jacob
et al., 2018). The plastic strain data for S355G10+M base metal was also
taken from Jacob et al. (2018). It is worth noting that the material used
in this study was from the same batch that was previously characterised
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Fig. 2. Back face strain calibration curves obtained from air tests on
$355G10+M steel C(T) specimens with the maximum load of 9 kN and 10 kN.
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by Jacob et al. (2018). The Ramberg-Osgood material model (see
Equation (11)), the constants of which are employed in J calculations
using the reference stress approach, was then fit to elastic-plastic tensile
data and a line of best fit was made using the least squares algorithm
employed in MATLAB.

o

In Equation (11), ¢ is the total strain, o is the stress, E is the elastic
Young’s modulus, and A and N are Ramberg-Osgood material model
constants which were found to be A = 2.65 x 10723 and N = 7.76 for
S$355G10+M structural steel.

The reference stress, o, was calculated using the following equa-
tion (Mehmanparast, 2012):

602P
Prc

(12)

Oy =

where P is the applied load, 6¢ > is 0.2% proof stress (which is 455 MPa
for S355G10+M structural steel), and Pj¢ is the plastic collapse load
which can be calculated for C(T) specimen geometry with plane strain
condition using the following equation (Mehmanparast, 2012):

Pre= <\/2.702(1 + 1.702(%)2) -(1+ 1.702(%))) \/ianWO'o.z

13

where B, is the specimen net thickness between side grooves which,
which in this case is equal to B since there was no side groves in the test
specimens. The normalised reference stress 6, /00 2 is commonly used to
assess the extent of plasticity in cracked geometries (Mehmanparast,
2012). If this ratio is below one it indicates limited plasticity while the
values of much greater than unity imply widespread plasticity in the
cracked geometry.

The J parameter based on the reference stress approach was then
calculated as the sum of the elastic component of J, Jg, and plastic
component of J, J,, using the following equations:

J=Ja+Jp (14)
KZ
Ju =5 (15)
O ref K 2
Jﬁ:.“”r<f'<€ref_ E ) Grey (16)

where y = (1 —v?) for plane strain condition (4 = 1 for plane stress
condition), and E is the effective Young’s modulus which is equal to E
— E/(1?) for plane strain condition (E =E for plane stress condition).
In Equation (16), the reference strain, &y, was calculated by taking the
value of strain corresponding to the reference stress value according to
the Ramberg-Osgood material model (Equation (11)).

The time derivatives of J and AK, denoted ] and AK, were calculated
using the seven-point incremental polynomial method which was pre-
viously employed to calculate da/dN as described in BS EN ISO 11782
(British Standard, 2008).

The plastic zone size, 1, was estimated using the following equation
(Mehmanparast, 2012):

1 (N—1\/K\?
e (ve1) (7) an

where 8, = 3 for plane strain conditions ($; = 1 for plane stress), N is the
power-law hardening exponent in Ramberg-Osgood material model
(taken as N = 7.76 for S355G10+M structural steel), and o, is the yield
stress of the material (taken as 455 MPa for S355G10+M structural steel
(Jacob et al., 2018)).
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4. Test results and discussion
4.1. Crack growth rate versus AK and Paris Law fits

The results of the corrosion-fatigue experiments, presented in the
form of traditional da/dN vs. AK curves in log-log axes, are shown in
Fig. 3(a) and (b) for the maximum load levels of 9 kN and 10 kN,
respectively. Also included in these figures are the results from the air
tests performed under the same loading condition. The effect of the
corrosive environment is evident in these figures as the crack growth
rate is clearly greater than the inert case, particularly in the case of the 9
kN maximum load. The effect of test frequency on the cracking behav-
iour in CFCG experiments, however, is less evident. As discussed in
Section 2.3, Type B or C behaviour would be expected for medium
strength steel in seawater. Fig. 3 shows that there is no significant in-
crease in crack growth rate above some threshold Kjscc, suggesting Type
C behaviour is present without a significant contribution from envi-
ronmentally assisted sustained load crack growth.

Fig. 4(a) and (b) show the Paris Law fits applied to the linear (i.e.
secondary region) portion of the trends in log-log axes. The Paris Law
constants, C and m values (see Equation (8)), from these one-stage
regression fits together with the coefficients of determination, R?, are
summarised in Table 2. It has been explained in BS 7910 (British Stan-
dard, 2019) that a simplified one-stage power-law fit is not always
appropriate to describe the fatigue crack growth behaviour of engi-
neering materials (British Standard, 2019). In the present study,
two-stage power-law trends have been found more appropriate for
P9-F0.5, P10-F0.2, P10-F0.3 and P10-F0.5 CFCG tests due to the slope
change in the trends at lower values of AK. The two-stage fits for these
tests are shown in Fig. 5 and the two-stage power-law constants (Stage A
for lower AK region and Stage B for higher AK region) are summarised in
Table 3.

The general observation from these graphs implies that the fre-
quency change in corrosion-fatigue tests may result in some changes in
the cracking rate, but the exact extent of this change in the crack growth
trend depends on the load level, AK range and level of scatter in the data.
The tests conducted at 0.5 Hz in particular appear to display a lower
crack growth rate than those at 0.2 and 0.3 Hz for AK of less than
25.5 MPa,/m for the 9 kN tests and 23.0 MPa+/m for the 10 kN tests. It
has been found elsewhere in the literature that the environmental
contribution is often starker at lower values of AK (Fatoba, 2016)
(Menan and Henaff, 2009). In the 10 kN tests, the trends of the 0.2 and
0.3 Hz tests appeared very similar. In the 9 kN tests, the 0.3 Hz test
appeared to have the greatest crack growth rate. However, as can be
seen from Fig. 4(a), P9-F0.3 test had the greatest scatter and also the
lowest R? value in Table 2. There were also some unusually high crack
growth rate values observed at low values of AK, which might be
associated with the corrosion damage build up ahead of the crack tip and
slow crack initiation from the existing pre-crack.

4.2. Crack growth analysis using alternative fracture mechanics
parameters

It may be that the fracture mechanics parameter AK is not the most
appropriate parameter to elucidate the effects of frequency within this
relatively small range of 0.2-0.5 Hz in CFCG tests. The use of other
parameters is therefore explored in this section by plotting the crack
growth rate against several other fracture mechanics parameters
including Ky, the elastic portion of the J parameter J,;, and the total J
parameter in Fig. 6, Figs. 7 and 8, respectively. As explained earlier in
Section 3.3, the reference stress method was used in this study to
calculate the J parameter.

The CFCG trends observed in Figs. 6 and 7 appear similar to those
previously explored using the traditional crack growth rate vs. AK
graphs shown in Fig. 3. In particular, the effect of frequency has not been
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Fig. 3. Crack growth rate vs. AK for the tests on S355G10+M steel samples under (a) 9 kN, and (b) 10 kN maximum load.
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Fig. 4. One-stage Paris Law fits for CFCG tests on S355G10-+M steel samples under (a) 9 kN, and (b) 10 kN maximum load.

Table 2

One-stage Paris Law parameters for CFCG tests on S355G10+M steel samples.

made any clearer by using these three fracture mechanics parameters.
The relationship between AK and K,y in Equation (18) shows that for a
fixed value of R ratio (i.e. R = 0.1 in this case) these two parameters are

PO-F0.2  P9-F0.3  P9-FO.5  P10-FO.2  P10-FO.3  P10-FO.5 linearly proportional to each other. Similarly, as shown previously in
C 7.28 x 5.80 x 4.49 x 2.98 x 1.33 x 3.71 x . . . 1 h . itv f h
10-15 10-15 10-17 1o-14 10-13 10-18 Equation (15), J is proportional to the stress intensity factor to the
m 516 5.33 6.71 4.67 4.23 7.39 second power. Therefore, it is unsurprising that Ky, and Jo do not draw
R2 0916 0.878 0.973 0.868 0.909 0.728 out the frequency effects better than AK as they are both rescaled ver-
sions of AK.
AK :Kmax - Kmin = (1 - R)Kmax (18)
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Fig. 5. One-stage or two-stage power-law fits for CFCG tests on S355G10+M steel samples under (a) 9 kN, and (b) 10 kN maximum load.
Table 3
Two-stage power-law parameters for CFCG tests on S355G10+M steel samples.
P9-F0.5 P10-F0.2 P10-F0.3 P10-F0.5
Stage A Stage B Stage A Stage B Stage A Stage B Stage A Stage B
c 7.01 x 10713 1.69 x 1077 4.21 x 107193 8.81 x 10713 3.98 x 107" 2.30 x 1073 6.52 x 10732 1.19 x 107!
m 100 7.00 72.3 3.62 83.3 4.07 17.8 2.92
R? 0.954 0.974 0.870 0.873 0.888 0.896 0.956 0.816
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Fig. 8. Crack growth rate vs. J for CFCG tests on S355G10+M steel samples under (a) 9 kN, and (b) 10 kN maximum load.

It can be seen in Figs. 7 and 8 that the graphs with J,; and J on the x-
axis both look very similar when these fracture mechanics parameters
are correlated with the crack growth rate. This suggests that there may
be limited plasticity in these experiments, hence the plastic component
of J parameter J, (see Equation (14)) is negligible. The degree of plas-
ticity is explored and discussed further in Section 4.4 in which the
appropriateness of the J parameter in characterisation of the fatigue
crack growth behaviour of the material has been discussed in more
detail. All the fracture mechanics parameters examined so far (AK, Ky,
Jg and J) only depend on the specimen dimensions, geometry, crack
length, loading conditions and material properties and none of them is
dependent on any aspect of the corrosion mechanism. Therefore, it is
unsurprising that the effects of frequency are not any clearer using the
alternative fracture mechanics parameters compared with the use of the
traditional AK parameter.

4.3. New time-dependent corrosion-fatigue parameters

As clearly established in the literature, fatigue is a cycle-dependent
phenomenon, whereas corrosion is time-dependent (Larrosa et al.,
2018). The combination of corrosion and fatigue generally retains some
degree of time dependency when the frequency is sufficiently low, as
explained in Section 2.5. The fracture mechanics parameters AK, Knax,

J and J have no corrosion related dependency, and in particular have
no time dependency. Therefore, there is need to develop new parameters
that incorporate time dependency in order to capture the frequency
effects in CFCG behaviour of materials.

The variation of AK with time in CFCG tests is demonstrated in Fig. 9
while the equivalent graphs showing J plotted against time are shown in
Fig. 10. It can be seen in these figures that AK and J increase mono-
tonically as time passes. As seen in Equations (10) and (14)-(16), the
fracture mechanics parameters AK and J are proportional to the crack
length. This means that during fatigue tests in air and seawater envi-
ronments the value of fracture mechanics parameter increases with an
increase in the crack length. However, it is important to note that the
crack growth mechanism in air is solely driven by fatigue while in
corrosion-fatigue (i.e. fatigue in seawater environment) this would be
due to the combination of corrosion (which is a function of time) and
fatigue (which is a function of number of cycles) damage mechanisms. In
experiment P10-F0.2, with Pp,q, of 10 kN and f of 0.2 Hz, the crack
propagation took longer to commence compared with the other CFCG
tests performed at 10 kN maximum load. Importantly, it is clear that the
slope of the trends become increasingly steep as time passes. Therefore,
the rates of change of AK and J are the values that increase essentially
monotonically as the experiment progresses. The rate of change of AK in
the present study is referred to as AK (i.e. dAK/dt) whereas the rate
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Fig. 9. AK vs. time for CFCG tests on S355G10+M steel samples under (a) 9 kN, and (b) 10 kN maximum load.
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change of J with respect to time is shown as J (i.e. dJ/ dt). This provides
a link to the time-dependent corrosion aspect of the corrosion-fatigue
process, which the previous fracture mechanics parameters (i.e. AK
and J) lacked, and highlights the need for using a time-dependent
fracture mechanics parameter for analysis of the corrosion-fatigue
data at different frequencies.

Figs. 11 and 12 show the crack growth rate da/dN against the new
time-dependent parameters, AK and J, respectively. The use of these
new parameters shows a clearer impact of the frequencies in the range of
0.2-0.5 Hz on the CFCG behaviour of the material. It can be seen in
Figs. 11 and 12 that under both P4, of 9 kN and 10 kN loading con-
ditions within the inherent experimental scatter the CFCG trend is
overall the highest in the lowest frequency experiments conducted at
0.2 Hz, and the lowest in the 0.5 Hz experiments, with 0.3 Hz test results
falling in between them. The reducing trend in CFCG behaviour with an
increase in the test frequency is more visible in the test data at the
maximum load of 10 kN due to less scatter in this data set. The differ-
ences in CFCG trends as a result of applying various frequencies appear
to diminish as AK and J increase, with the crack growth rates generally
appearing to converge in the latter stages of the experiments. This aligns
well with the findings in the literature where the frequency effects have
been found to be less significant towards the end of the tests when the
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crack growth rates were correlated with AK (Fatoba, 2016) (Menan and
Henaff, 2009). These results clearly show that the dependency of the
CFCG behaviour of the material on the test frequency will be only
revealed when the crack growth rates are correlated with a
time-dependent fracture mechanics parameter such as AK and J.

The mechanisms causing the increased crack growth rate in the
corrosive environment are likely to be a combination of anodic disso-
lution, hydrogen embrittlement and oxygen depolarisation, as
S$355G10+M is a medium strength steel (Venzlaff et al., 2013) (Chat-
terjee and Singh Raman, 2011). Hydrogen embrittlement and oxygen
depolarisation, which were discussed in Section 2.2, are both affected by
the degree of hydrogen present. Hydrogen is produced by the oxidation
of the metal at the crack tip and also by hydrolysis, both of which are
dependent on time, and hence on the loading frequency (Li et al., 1984).
That’s why the time-dependent AK and J show more clearly the impact
of changes in frequency through to crack growth rate in the range
0.2-0.5 Hz than the traditional time-independent fracture mechanics
parameters.

4.4. Appropriateness of AK versus J

The degree of plasticity can affect the crack growth rate by influ-
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Fig. 11. Crack growth rate vs. AK for CFCG tests on $355G10+M steel samples under (a) 9 kN, and (b) 10 kN maximum load.
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Table 4

Assessment of degree of plasticity in S355G10-+M corrosion-fatigue

experiments.

r, (mm) Gref 602

P9-F0.2 0.45 0.31
P9-F0.3 0.37 0.27
P9-F0.5 0.48 0.33
P10-F0.2 0.37 0.25
P10-F0.3 0.53 0.34
P10-F0.5 0.51 0.33

encing the rate at which hydrogen can penetrate into the metal (Li et al.,
1984). The values of the plastic zone size r, and normlaised reference
stress orf/002 at the end of the CFCG tests, calculated under the
maximum applied load, are summarised in Table 4. From Table 4 it can
be seen that the estimated plastic zone sizes (see Equation (17)) in the
CFCG tests were much smaller than the crack lengths. Furthermore, the
normalised reference stresses are all substantially less than unity indi-
cating limited plasticity in the cracked specimens (Mehmanparast et al.,
2016). Hence, for the S355G10+M steel examined under 9 kN and 10 kN
of maximum cyclic load in this study, there is little benefit to consider J
as a time-dependent corrosion-fatigue parameter which is sensitive to
plasticity as opposed to AK. If greater plasticity is present in other
material-environment combinations, then the use of J may be preferable
to capture the plasticity effect.

5. A new time-dependent corrosion-fatigue crack growth model
5.1. Model description

A new model based on the time-dependent fracture mechanics
parameter AK has been inductively developed for predicting the CFCG
rates in S355G10+M steel in seawater. The basis of the model is similar
to the one described by Anderson where the crack growth rate in a
corrosive environment can be predicted from the data in an inert envi-
ronment (Anderson, 2017). However, the crack growth rate model
developed in the present study is described as a function of
time-dependent AK parameter, rather than AK. The structure of the new
proposed CFCG model in general form is shown in Equation (19). In this
equation, the left-hand side indicates the total CFCG rate (fi’—,‘},) cr evalu-
ated at some value of AK¢r, whereas on the right-hand side (g—f,)air in-
dicates the crack growth rate of the material in air multiplied by an
acceleration parameter ¢, evaluated at the scaled down value of

11

10~* AKg; from the air test, where A is a model parameter. According to
da

the proposed model, the correlation between (d—N) . and AKcr for the
corrosion-fatigue test can be predicted from the air test by plotting
»(%2) . against 10~* AKg;. This rescaling of the right-hand side of the
equation is required as, typically, fatigue experiments conducted in air
are undertaken at a frequency much greater (hence higher rate of
change) than those of corrosion-fatigue experiments. Generally, the ef-
fects of frequency are only seen in corrosion-fatigue tests where the
frequency is less than 1 Hz (see Section 2.5) while the frequency has
little or no effect in fatigue crack growth tests in air which are typically
performed at frequencies of greater than 1 Hz. Therefore, in order to be
able to predict corrosion-fatigue behaviour based on results from the air
environment, the AK; values from air test need to be appropriately
rescaled.

da . da .
— t AKer]l = — 1107 AK,; 19
(), fr =0 G o0 . a9
In Equation (19) 1 and ¢ parameters can be described as:
A= ypaverage (1 7&) (20)
Sair
9= 1op#(~fer) 21

where y and  are material-environment dependent parameters, Payerqge
is the average applied load in kN, fcr is the frequency in the corrosion-
fatigue experiment in Hz and fy is the frequency in the air experi-
ment in Hz. It is worth noting that y and p parameters are both “mate-
rial” and “environment” dependent, which means these values change if
the tested material is changed or for the same material if the testing
environment is changed from air to seawater. Even within the seawater
environment, if the pH or water temperature is changed the parameters
need to be recalibrated.

In order to calibrate the model for a given material and seawater
state, y and p constants must be identified through an iterative process
by minimising the error between the predicted trend and at least one
experimental data set. For this purpose, the “least squares method” is
employed to find the best fit made to the CFCG data set by effectively
shifting the air curve which is used as the baseline for CFCG prediction.
After the best fit is made to the CFCG data set, the corresponding values
of y and p are calculated using the constants obtained from the line of
best fit and the definitions provided in Equations (19)-(21). Once the
model is calibrated for a given material and environment using a single
CFCG data set, it can be used to predict the CFCG trend at different
frequencies and load levels.
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Equation (20) remains valid as long as the corrosion-fatigue fre-
quency is equal to or less than the one applied in the air test (for < fair
hence 1 > 0). The greater fg; is than fcr, the smaller the ratio fer/ fair
becomes, and so the bigger the parameter 4, and hence the more AKgir
needs to be scaled down to account for the greater difference in fre-
quencies for AKcg. The value of fcr is assumed to be always less than 1
Hz as suggested by the existing corrosion-fatigue data in the literature,
hence (1 — f¢r) in Equation (21) always takes a value between 0 and 1.
The lower the corrosion-fatigue frequency, the greater the value of ¢ will
be and hence a greater CFCG rate will be predicted using the proposed
model in Equation (19).

The maximum load was found to affect the degree of rescaling
required. This may be due to a non-linear relationship between the
maximum load and the rate of change of AK. The average load, however,
is included here in the model rather than the maximal load. This is
because the average load also depends on the R ratio and it has been
shown in the literature that the R ratio affects the crack growth rate by
the trapping of hydrogen at grain boundaries (Li et al., 1984). Therefore,
it is considered appropriate to include the average load which in-
corporates an effect from the R ratio in the proposed model.

5.2. Comparison of the modelled and measured crack growth rates for
S$355G10+M steel

The CFCG results obtained in the present study on S355G10+M steel
were analysed and modelled using the proposed approach detailed
above. The parameters y and u for this material and environment (with
the given pH and water temperature) were found via an iterative process
by employing the least squares method conducted in MATLAB. For this
purpose, the fatigue data set in air and the first CFCG data set for
S$355G10+M steel with the frequency of 0.2 Hz and the maximum load
level of 9 kN were utilised to identify and calibrate y and y parameters
(see Fig. 13(a)). Following the calibration process, the material-
environment dependent parameters y and u were found to be 0.08 and
1.15, respectively, and subsequently the CFCG trends were modelled
and predicted for the rest of the frequencies and load levels. The com-
parison of the modelled CFCG trends with the experimental results are
shown in Figs. 13, Figs. 14 and 15 for the test frequencies of 0.2, 0.3 and
0.5 Hz, respectively. In general, very good agreements have been found
between the experimental data and the predicted trends for different
frequencies. One drawback of the model is that any scatter, anomalies or
discontinuities in the air data are carried over into the CFCG predictions,
as is seen in the dip in the trends for the 10 kN maximum load case.
Having said that, the overall trends in the model predictions are clearly
well aligned with the measured data in all instances. Moreover, the
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results show that the CFCG behaviour of the material can be accurately
predicted using short-term test data in air, which can be completed in
much shorter time scales at higher frequencies, without the need to
perform long-term corrosion-fatigue tests at low frequencies.

In the case of CFCG test at Pyq = 10 kN and f = 0.2 Hz, there is
however a slight disagreement on the range of AK, with the measured
values beginning earlier than the modelled and also ending earlier.
However, as was seen in Fig. 9, this particular CFCG test was unusual in
its slow commencement of crack propagation, which has led to unusu-
ally low values of AK not seen in any of the other tests. Therefore, the
less perfect prediction of AK values by the model in this instance may in
fact be due to an anomaly in the measured data. Finally, yet importantly,
it can be seen in Figs. 13, Figs. 14 and 15 that the identified y and p
parameters for S355G10+M steel have resulted in very good predictions
of the CFCG trends for two different loading conditions confirming that
these two parameters are material-environment dependent and do not
depend on the loading conditions.

5.3. Comparison of the modelled and measured crack growth rates for
S355J2+N steel

The proposed model in this study has also been applied to another
subgrade of S355 steel found in the literature. S355J2+N steel is
generally used for the primary structures in offshore wind foundations
(Igwemezie and Mehmanparast, 2020). The ‘J2’ indicates a notch
impact test conducted at —20 °C and the +N indicates normalised
weldable fine grain structural steel (Igwemezie and Mehmanparast,
2020). In a previous work by Adedipe et al. corrosion-fatigue experi-
ments were conducted on S355J2+N steel C(T) specimens in seawater at
various frequencies (Adedipe et al., 2015). These tests were conducted
under 10 kN maximum load and R ratio of 0.1 at frequencies of 0.35 and
0.4 Hz. The experimental data presented in their study has been
re-analysed here to plot the crack growth rate against AK from these
tests. The material-environment dependent parameters y and u for
S355J2+N steel were found to be 0.15 and 0.20, respectively, via an
iterative process conducted in MATLAB, using the fatigue data set in air
and the first CFCG data set with the frequency of 0.35 Hz and maximum
load of 10 kN (see Fig. 16(a)). Subsequently, the CFCG trend for the
other frequency of 0.4 Hz (see Fig. 16(b)) was modelled and predicted.
Fig. 16 shows that very good agreement has been found between the
modelled and the measured CFCG results at both frequencies of 0.35 and
0.4 Hz. This is aided by the smoothness in the trends of the data obtained
from the experiments in air, which are translated through to a smooth
prediction for the corrosion-fatigue behaviour.
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Fig. 13. Analysis of the experimentally measured CFCG data for S355G10+M steel at 0.2 Hz frequency and comparison with (a) calibrated curve fit for 9 kN

maximum load data set, (b) modelled CFCG rates against AK for 10 kN maximum load data.
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Fig. 14. Analysis of the experimentally measured and modelled CFCG rates against AK for S355G10+M steel at 0.3 Hz frequency under (a) 9 kN and (b) 10 kN
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Fig. 15. Analysis of the experimentally measured and modelled CFCG rates against AK for $355G10+M steel at 0.5 Hz frequency under (a) 9 kN and (b) 10 kN

maximum load.
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Fig. 16. Analysis of the experimentally measured CFCG data for S355J2+N steel and comparison with (a) calibrated curve fit for 0.35 Hz frequency data set, (b)

modelled CFCG rates against AK for 0.4 Hz frequency data set.

5.4. Overall discussion and future work

The results from this study show that the proposed model can be used
to accurately predict the CFCG behaviour of various steel structures at
different frequencies using the short-term air data and by means of a
time-dependent fracture mechanics parameter. The CFCG data sets
which were considered and analysed in this study were obtained from
the tests with loading conditions that had resulted in limited plasticity in
the specimens, hence AK was successfully implemented in the model to
predict the CFCG rates at various frequencies. In the case that there is
significant level of plasticity in the cracked specimens, the suitability of
the time-dependent J parameter, instead of AK, will be examined in
future work using a similar approach described in Section 5.1.

It is difficult to apply the model directly to other existing data in the
literature as generally insufficient information is included in published
work to calculate AK, as the cycle number and frequency (or time) of
each AK value is required. However, a collaborative piece of work could
allow for the application of the model to a wide range of existing
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material-environment experiments that have already been conducted,
via the sharing of the relevant details from researchers, without the need
for an extensive set of new experiments. This would allow for the cre-
ation of a bank of data for the model parameters y and u, which would
allow for easy application of the model to a wide range of steels. This
would also allow for a deeper dive into the use of the new time-
dependent parameters more generally.

Further experiments in future work by varying the R ratio could
validate the influence that this factor may have on the model that may
not already captured by Pgyerqee parameter. The cyclic waveform shapes
have also been shown to affect CFCG rates (Igwemezie and Mehman-
parast, 2020), so the model could also be extended in future work for use
beyond the sinusoidal waveform. This may be feasible through exami-
nation of existing evidence in the literature, but additional focused ex-
periments may be required. The materials examined in this study were
made of base metal, so another future work will be to investigate the
characterisation of CFCG behaviour in welded joints with more complex
material microstructures using the approach proposed in this study.
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6. Conclusions

Corrosion-fatigue is known to be the dominant failure mechanism in
offshore structures, such as offshore wind turbine foundations, which
need to be fully understood and characterised for reliable life predictions
in engineering structures. In this study, a range of existing models for
describing corrosion-fatigue behaviour of various engineering materials
were thoroughly reviewed. It was found out that the existing models, the
majority of which are dependent on AK fracture mechanics parameter,
are insensitive to the test frequency in corrosion-fatigue tests. To fill in
this gap in the knowledge, new time-dependent fracture mechanics
parameters, AK and J, were developed and employed in the analysis of
the CFCG data. It has been shown that depending on the level of plas-
ticity in the test specimens, one of these parameters (AK for limited
plasticity and J for widespread plasticity) can be employed to describe
the CFCG rate in steel structures at various frequencies. Subsequently, a
new model was developed for predicting the CFCG rate from the crack
growth data in air using the time-dependent AK parameter. The model
predictions have been validated through comparison with the experi-
mental data on S355G10+M obtained from this study and S355J2+N
data from the literature. Good agreements were found between the
modelled and measured CFCG rates for both materials at different fre-
quencies. The proposed model suggests that in the absence of significant
plasticity the CFCG trends at different frequencies can be predicted using
the short-term air data and the time-dependent fracture mechanics
parameter AK. The prediction of CFCG rates in the presence of signifi-
cant plasticity will be conducted in future work to further examine the
suitability of J parameter for CFCG prediction.
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