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Offshore structures

Offshore wind turbines are subjected to cyclic loading conditions during their operational lifespan which is
typically between 20 and 25 years. An important issue in fatigue design and integrity assessment of offshore wind
turbine foundations is the examination of the long-term fatigue and corrosion-fatigue behaviour of steel struc-
tures in the high cycle region. High cycle fatigue tests, particularly at low frequencies in a seawater environment,
are time-consuming and costly. Therefore, there is an essential need to perform accelerated tests to predict the
long-term behaviour of the structures under realistic operational loading conditions. In this work, the existing
fatigue acceleration mechanisms have been reviewed and a novel methodology has been proposed for acceler-
ated testing and analysis of fatigue data in different environments (i.e. air, salt-spray and seawater) at higher
temperatures. Two distinct equations have been developed and proposed for the calibration and prediction of S-N
fatigue life and crack growth behaviour of steels in different environments. The proposed methodology has been
validated through comparison with the existing data in the literature and predictions have been made at oper-
ational temperatures using high temperature data. The proposed approach is relatively simple to calibrate for a
material of interest and enables accelerating S-N fatigue and crack growth testing of the examined materials by a
factor of two and three, respectively. The proposed methodology and the obtained results have been discussed in
terms of the need for accelerated testing for fatigue design and integrity assessment of offshore wind monopiles,
especially those which are close to the end of initial design life and need a comprehensive engineering analysis
for life extension or decommissioning.

1. Introduction

In 2019, the global offshore wind installed capacity reached a new
record of 30,000 MW [1], which is about twice the installed capacity in
2016. Knowing that several projects for large offshore wind farms have
been launched and new farms are under construction, such as the
expansion of the Hornsea project in the UK, the exponential growth in
offshore wind capacity is expected to continue in the coming years. The
majority of the installed offshore wind turbines (i.e. over 80%) are
supported by monopile foundations while the remaining minority are
supported using other types of foundations including jackets [2]. The
offshore wind farms are typically designed for 20 to 25 years of opera-
tion under extreme loading conditions due to the constant exertion of
wind, wave and current loads which induce fatigue damage in the
installed structures [3]. As the first generation of offshore wind farms
which were installed in the late 1990s and early 2000s are quickly
approaching their end of initial design life, questions are being raised
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regarding the realistic estimate of the remaining life of the installed
offshore wind turbines by considering the over-conservative assump-
tions employed during the design process. This means that the offshore
wind monopile foundations could presumably operate for a longer
period, hence studies are being conducted on the possibility of life
extension for existing wind farms rather than decommissioning the
offshore wind infrastructure upon reaching the end of initial design life.

In this context, it is important to understand the behaviour of ma-
terials employed in fabrication of monopiles under fatigue loading
conditions in air and seawater environments [4]. The fatigue tests must
replicate the operational loading conditions, meaning the wind and
wave spectra as well as the rotational intervals of the rotor must be
considered in the test design. The SLIC (Structural Lifecycle Industry
Collaboration) joint industry project was recently formed with the
overall aim of achieving a better understanding of fatigue and fracture
behaviour of offshore wind monopiles, particularly in air [5]. While
performing fatigue tests in air are relatively simple, corrosion-fatigue
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tests are often conducted in artificial sea water prepared in accordance
with ASTM D1141 “Standard Practice for the Preparation of Substitute
Ocean Water” recommendations [6]. Corrosion-fatigue tests for offshore
wind applications are typically performed at 0.1-0.3 Hz to account for
wave excitation frequency [7]. The low frequency range in corrosion-
fatigue tests results in a low number of cycles per unit of time. This
means that a longer period of time is required in order to achieve a
certain number of cycles in corrosion-fatigue tests, hence these tests take
much longer to complete compared to higher frequency tests in air.

It is known that for a given material, loading condition and surface
finish (in the case of welded joints), the fatigue damage in air is
dependent on the number of cycles. Therefore, an effective approach to
shorten fatigue experiments in air is to increase the test frequency.
Although cyclic testing at higher frequencies can effectively reduce the
amount of time needed to conduct fatigue tests in air, this approach
cannot be applied to corrosion-fatigue tests due to the low test fre-
quencies required for such tests in seawater. In other words, corrosion-
fatigue damage is dependent on the number of cycles (which drives the
fatigue damage) as well as time (which drives the corrosion damage).
Therefore, increasing the frequency in corrosion-fatigue tests would
discard the contribution of corrosion damage to the overall failure, and
consequently the results from corrosion-fatigue tests at high frequencies
would be very similar to those results obtained from the fatigue tests in
air.

While the increase in frequency cannot be used as an acceleration
mechanism in corrosion-fatigue tests, the experimental data available in
the literature indicate that an increase in seawater temperature, would
reduce the fatigue life and increase the crack growth rate [8]. Therefore,
the main aim of this study is to explore the influence of temperature on
the fatigue performance of engineering material and subsequently
develop an accelerated test method for performing corrosion-fatigue
tests in much shorter time scales. In order to achieve this goal, the fa-
tigue test data at different temperatures on various materials have been
collated and analysed in this study and new models have been proposed
to quantify the extent of acceleration in uniaxial S-N fatigue and fracture
mechanics-based fatigue crack growth tests in seawater by changing the
test temperature. The results have been discussed with a view to pro-
posing a novel corrosion-fatigue acceleration mechanism by increasing
the temperature in seawater corrosion-fatigue tests and suggest a prac-
tical approach to enhance the corrosion-fatigue life predictions for
offshore wind turbine monopile foundations.

2. Corrosion and fatigue mechanisms
2.1. Corrosion of offshore materials

The material used in the fabrication of offshore wind monopile
foundations is mainly S355 structural carbon steel [4]. Although
corrosion protection mechanisms by means of surface coating and
cathodic protection are considered in the design of offshore wind turbine
foundations, which are the parts of the structure in direct contact with
seawater, such corrosion protections normally break down after a
certain duration of operation and subsequently corrosion damage occurs
in the offshore wind turbine foundations before the corrosion pro-
tections are repaired. The corrosion mechanism is the result of an
electrochemical reaction to a transfer of one or several electrons taking
place in two stages; the anodic and cathodic half-reaction. During the
process, electrons transit from the anode to the cathode [9]. Two half-
equations (anodic and cathodic) which describe the chemical re-
actions during the corrosion process in steels employed in offshore wind
turbine foundations are given below:

Fe - Fe’t +2¢” (€8]
0, 4+2H0+4e —»40H" 2

Thus, the resulting reactions from the combination of those two half-
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reactions, which leads to creation of the rusts, are:
2 Fe + O, 4+ 2 H,0 — 2 Fe + 4 OH™ = 2 Fe(OH), )
4 Fe(OH),; + 2 H,0 + O3 — 4 Fe(OH); = 2 Fe;03(H,0) + 4 H,O 4)

Therefore, the resumed chemical reaction which occurs during the
corrosion of steel is:

Fe + 3 Oy + 2 H,0 = 2 Fe;03(H,0) 5)

As it can be seen above, the presence of oxygen within the seawater is
necessary for the corrosion damage to happen. Nonetheless, in the case
of a fully immersed steel-made structure, a corrosion mechanism will
still occur in the absence of dissolved oxygen but at a slower rate. In fully
immersed offshore wind turbine foundations, the cathodic reaction
would be replaced by a hydrogen reduction by:

2H" +2e¢ > H, (6)

Corrosion damage is known to be very sensitive to the temperature.
The temperature dependency in the corrosion process is due to the fact
that the dissolution of the metal (anodic reaction) is activated by
increasing the temperature, whilst the reduction of oxygen (cathodic
reaction) is slowed down. Therefore, increasing the temperature reduces
the solubility of oxygen in water, and therefore prevents the cathodic
reaction from taking place [10].

2.2. The principles of fatigue

Offshore structures are subjected to cyclic service loading conditions
which would introduce a progressive failure mechanism known as fa-
tigue. During the operational lifespan of offshore wind turbines, fatigue
damage occurs in these structures which would lead to the initiation of
cracks at the outer surface of the structures followed by crack growth
and eventual failure. The fatigue damage mechanism can be divided into
three mains stages: i) initiation of surface cracks which can be originated
from micro defects introduced during the fabrication processes such as
welding, ii) growth of the existing cracks, and iii) global failure.

The major time-consuming stage in fatigue life is the crack initiation
stage and once the crack is initiated the growth process is relatively
rapid compared to the overall lifetime of the structure. Therefore, the
life expectancy of engineering components and structures, including
offshore wind monopiles, is designed using S-N curves which are in fact
empirical curves which correlate the applied stress range, S, with the
number of cycles to failure, N. The relationship between the stress range
and the number of cycles to failure can be described using a power-law
equation:

S'N =Gy @)

where n and Cy are the power-law constants which depend on the ma-
terial, surface finish and the test environment. The S-N curve power-law
constants for design purposes can be found in international standards
such as the DNVGL RP-C203 [11] and BS 7608 [12].

The crack growth behaviour of materials subjected to fatigue loading
conditions can be characterised by correlating the fatigue crack growth
per cycle da/dN with the linear elastic fracture mechanics parameter
AK, where a is the crack length, N is the cycle number and AK is the
stress intensity factor range. A schematic illustration of the fatigue crack
growth behaviour in engineering material is shown in Fig. 1. As seen in
this figure, the fatigue crack starts to propagate when the stress intensity
factor range is above the threshold value, AKy,, below which the crack
growth would not take place. Subsequently, the crack propagates in a
relatively steady manner which can be described using a power-law
relationship between da/dN and AK which appears as a straight line
in log-log axes. The fatigue crack growth in the secondary region, which
is also known as the Paris region, continues until an exponential and
unsteady crack growth starts to occur in the tertiary region which would
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Fig. 1. Different stages of fatigue crack growth.

eventually lead to failure when the stress intensity factor reaches a
critical value, K.

The power-law relationship in the Paris region, which is often
referred to as the Paris law, can be described as:
da
— = AAK" 8
N (8)
where A and m are material constants which are determined empirically.
The Paris law constants for various materials, operational conditions
and environments can be found in international standards such as BS
7910 [13].

2.3. Corrosion-fatigue interaction

Corrosion-fatigue is an interactive failure mechanism which occurs
due to combined cycle-dependent fatigue damage and time-dependent
corrosion damage. In fact, under corrosion-fatigue loading conditions
the higher fatigue crack growth rate, compared to the air condition,
results from the superposition of a local plastic deformation ahead of the
crack tip and the electrochemical reaction due to corrosion damage.
There are several models available in the literature which describe the
corrosion-fatigue phenomenon in steels due to the anodic dissolution
and the hydrogen embrittlement.

The anodic dissolution, which is also known as the film rupture
model, is a mechanism during which the protected film created by
corrosion at the crack-tip is cyclically fissured by the applied stresses
from fatigue loads. Once the film is ruptured, the bare metal is in contact
with the corrosive solution, leading to an increase in the crack length
rate. This process repeatedly occurs during the corrosion-fatigue phe-
nomenon [9]. As for the hydrogen embrittlement, it is described by the
absorption of a hydrogen atom by the metal near the crack-tip zone,
leading to fragilization and making the fracture easier for the fatigue
mechanism. In the corrosion-fatigue phenomenon, both corrosion and
fatigue damage mechanisms occur simultaneously; however, depending
on the applied load level, test duration and applied frequency, one of the
two models may play a more dominant role during the corrosion-fatigue
process.

Corrosion-fatigue tests are less commonly performed, compared to
fatigue tests in air, due to the fact that they are costly and time-
consuming, though according to the recommendations available for S-
N fatigue design curves in international standards such as DNVGL RP-
C203 [11] and BS 7608 [12] a factor of three reduction in fatigue life,
compared to the air environment, is applied for the free-corrosion
environment. Having said that, there is insufficient experimental evi-
dence in the literature to confirm how conservative this fatigue life
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reduction penalty is, particularly for the large number of cycles corre-
sponding to 20-25 years of operation in offshore wind turbines.

2.4. Acceleration mechanisms for corrosion-fatigue testing

As mentioned earlier, fatigue tests in air can be accelerated simply by
increasing the test frequency; however, the frequency in corrosion-
fatigue tests must be kept at a relatively low value, hence such tests
are rather time-consuming. Therefore, it is quite essential to find an
alternative mechanism for shortening the duration of corrosion-fatigue
experiments. It is known that corrosion-fatigue test duration is sensi-
tive to electrochemical and physical factors such as electrolyte compo-
sition, pH, oxygen concentration, external polarization and temperature
[14]. The influence of each of these factors on corrosion-fatigue has been
briefly explained below with a view to identifying an effective approach
for accelerating corrosion-fatigue tests.

2.4.1. Salt-spray method

One way of performing accelerated corrosion-fatigue tests is by
exposing the sample to salt-spray prior to testing and then performing
the fatigue test in air. This process is known as an “uncoupled” test
method where corrosion and fatigue damage do not take place concur-
rently [15]. The salt-spray pre-corrosion test is relatively quick and low
cost, but it does not represent the realistic environmental conditions
where corrosion-fatigue takes place in an industrial application. On the
other hand, salt-spray can also be used “coupled” with fatigue loads
[16], but it requires a salt-spray chamber to be installed around the test
specimen on the fatigue machine. The salt-spray test method is in fact an
accelerated corrosion mechanism where the corrosive attack is
enhanced compared to seawater and the crack initiation and growth
accelerates due to the higher chloride ion concentration [17]. This
method is particularly used for coated metals following the procedures
outlined in ASTM B117 [18], as it enables establishing a rapid com-
parison between the corrosion resistance of the coating of interest and
the uncoated metal.

2.4.2. Applied potential method

The applied potential method is occasionally used to control and
monitor a corrosion-fatigue experiment, but it has been proven to in-
fluence the corrosion-fatigue behaviour of the material [19]. The
application of a small current through the specimen during a corrosion-
fatigue test will influence the test duration and it might increase or
decrease the crack growth rate depending on the material and test
conditions. Using this test method, the polarisation of the specimen is
achieved by a montage between a potentiostat, the specimen (i.e. the
working electrode), a reference electrode (to measure the potential) and
a sacrificial electrode.

Guo et al carried out corrosion-fatigue tests on HRB400 high
strength steel, at the frequency of 10 Hz, in different environments
including air, distilled water, 3.5% NaCl and accelerated corrosive
environment using the applied potential method [20]. The accelerated
test set-up in their experiments consisted of the specimen (anode) which
was immersed in 3.5% NaCl solution, a stainless-steel plate (cathode)
and a direct current of 0.5 A between the two, while cyclic loads were
applied on the test specimen. The results showed that by increasing the
aggressiveness of the environment, the fatigue crack growth rate was
also increased, especially near the threshold region. The aggressiveness
of the environment also has an influence on the threshold value itself
and it was reported that AKy, was decreased when the applied potential
acceleration mechanism was implemented in the experiments [20].

2.4.3. Oxygen concentration

Oxygen is a major component in the corrosion reaction of steels
through the anodic dissolution mechanism, therefore the oxygen con-
centration influences the corrosion rate in metals. As the dissolved ox-
ygen concentration is reduced, the crack growth rate also decreases in
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the absence of oxygen at the crack tip [21]. At room temperature, the
normal oxygen concentration is about 7-8 ppm. Although a small
change in the oxygen content of the electrolyte does not affect the crack
growth rate, a large reduction in oxygen dissolved concentration down
to a concentration of 3-1 ppm would drastically alter the corrosion-
fatigue crack growth rate.

2.4.4. Temperature

Although the influence of temperature on the corrosion-fatigue
behaviour of materials has been investigated in a number of previous
studies, none of the existing works available in the literature were aimed
at using temperature as an acceleration mechanism for corrosion fatigue
testing. Vosikosky et al. [22] investigated the effect of seawater tem-
perature on corrosion-fatigue crack growth for BS4360 : 50D structural
steel. Their tests were performed in artificial seawater (3.5% NacCl), at
0 °C and 25 °C with 0.1 Hz frequency. Their results showed that while at
both temperatures the crack growth rate was about four times higher in
a seawater environment compared to air, the increase in temperature
increased the crack growth rate by a factor of around two both in air and
seawater [22].

2.5. Research motivation for the present study

Conducting corrosion-fatigue experiments at a low frequency is
costly and time-consuming particularly for developing S-N curves where
multiple tests at various stress levels are required, unlike crack growth
tests where the monitored data from a single test can be analysed while
the test is running. Therefore, finding an effective way to accelerate
corrosion-fatigue experiments especially to study S-N curves in seawater
would be extremely beneficial and could be used to optimise the design
of future generations of offshore wind monopiles by reducing the level of
excess conservatism in the design process. Following the review of the
existing corrosion-fatigue acceleration mechanisms given above, the
focus of this study is to quantitatively analyse and predict the extent of
corrosion-fatigue acceleration by means of increased temperature,
which has shown a great potential to shorten the test duration but has
not yet been employed in any studies as an acceleration mechanism.
Therefore, the existing corrosion-fatigue S-N and crack growth data for a
range of steels tested at various temperatures are collated and presented
below with a view to designing future experiments by increasing the
seawater temperature as an acceleration mechanism.

3. Materials and methodology

Three main datasets were selected from previous studies regarding
fatigue life (i.e. S-N curves) in order to develop a robust methodology to
quantitatively analyse the temperature effects on the fatigue behaviour
of steel in different environments such as air, seawater and salt-spray.
The selection of three independent datasets was to examine the reli-
ability of the proposed methodology to predict the fatigue acceleration
due to temperature effects on a range of steels. For each selected data-
base, the proposed methodology has been applied to calibrate the model
and derive the corresponding material model constants for a given test
environment. Similar to S-N fatigue analysis, two datasets from previous
studies were selected to investigate the dependency of fatigue crack
growth on the test temperature in air and seawater environments. The
proposed methodology for examination of the temperature effects on S-
N fatigue life and fatigue crack growth is explained below.

3.1. S-N fatigue life

3.1.1. Selected materials

The first S-N fatigue dataset was taken from the experimental study
conducted by Micone et al. [15] on high-strength low-alloy (HSLA) steel
type DNV F460. These tests were performed in natural seawater from the
North Sea at a frequency of f = 10 Hz with the stress ratio of R = 0.1 in
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the temperature range of 15-45 °C. Before performing the fatigue ex-
periments, the specimens were immersed in seawater until a corrosion
layer was formed on the outer surface of the test specimens. The second
dataset was taken from the work conducted by Wu et al. [16] who car-
ried out experiments on FV520B steel in seawater and salt-spray envi-
ronments. These tests were performed using sinusoidal waveforms with
a frequency of f = 110 Hz in the temperature range of 25-150 °C. From
these experiments Wu et al. concluded that the temperature effect on S-N
fatigue data was noticeable both in seawater and salt-spray environ-
ments. Wu et al. developed a life prediction model for the salt-spray
environment, taking into consideration the influence of the tempera-
ture, which is described as [16]:

. 3
v (1 (o NN (2znFpf AKy \\ (1
"= o.(T) am \"\44K,0, A
a(l—nn/2)

f(1) ~1/0.12451
s Ca Ca
A E (5z5) ©
Ao B K w2 (my /2—1) 6.(T) 2268

where Ny is the total number of cycles to failure, o, is the stress ampli-
tude (in MPa), M is the atomic mass of the material, n is the number of
electrons released during the corrosion process, F is the Faraday con-
stant, p is the density of the metal, f is the frequency (in Hz), AKy, is the
stress intensity factor range threshold value, K is the stress concentra-
tion factor, I, is the pitting current, a. is the corrosion weight factor, Ac
is the stress range, /3, is the crack geometry factor and my, c; are material
constants. In Eq. (9), 6. (T) is the critical stress related to the temperature
and f(T) is the temperature coefficient which can be calculated by:

f(T) = 40.2977 — 0.1633T + 1.9509x10*T* (10)
0.(T) = —2525.4405 + 15.376T — 0.01847> an

where T is the temperature. Although this model showed a good cor-
relation with the experimental data in a salt-spray environment, the
proposed model by Wu et al. is complex and difficult to calibrate for
different materials and environments, hence there is need for a simpler
model to describe the fatigue life dependency of steels on temperature.

The third dataset employed in this study was taken from the work
conducted by Ghaleeh [23]. These experiments were performed on Sn-
37Pb alloy in air at a frequency range of 1-2 Hz with a stress ratio of
R = 0.15 in the temperature range of 25-75 °C. From these experiments
it was observed that the fatigue life decreases exponentially by
increasing the test temperature.

3.1.2. Proposed methodology

The correlation between the stress range, S, and the number of cycles
to failure, N, can be described by the Basquin equation shown in Eq. (7)
where n and Cy are material constants. Although the material constants
in the Basquin equation, which are the basis of S-N design curves for
engineering structures, are available in different international standards
such as [11,12], the existing values in such standards are not material-
specific (i.e. they have been provided for a wide range of materials)
and the variations in exact temperatures at which the tests were con-
ducted to derive S-N curves are unknown. This means that especially for
design purposes, the proposed S-N design curves in international stan-
dards might be overly conservative as they account for the worst case
scenario in the fatigue data which could have been obtained in a
particular material or due to temperature fluctuation. In other words,
knowing that the temperature influences the S-N fatigue data, the results
obtained at so-called “room temperature” might differ depending on the
season (e.g. summer vs. winter) and the country where the tests were
conducted. Therefore, there is an essential need to consider the tem-
perature effects on S-N fatigue behaviour of a given material of interest.

In this work, a simplified approach has been proposed to account for
the temperature effects on the S-N fatigue behaviour of engineering
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materials using a modified form of Basquin equation, which can be
described as:

T’S"N = Cr 12)

where T is the temperature in °C, and p and Cr are temperature-
dependent constants. It is worth noting that for simplicity, the pro-
posed model in this work suggests assuming that the stress exponent n is
a fixed value which can be calculated as the mean value of average stress
exponents obtained from different temperatures. The material and
temperature-dependent constants in Eq. (12) can be obtained by
applying linear regression fits to the experimental data points.

3.2. Crack growth rate curves

3.2.1. Selected materials

The first fatigue crack growth dataset was taken from the work
presented by Appleton on BS4360 : 50D steel in seawater [21]. These
tests were performed in 3% NaCl seawater under free corrosion condi-
tion at the frequency of f = 0.167 Hz with the stress ratio of R = 0.5 in
the temperature range of 7-60 °C. Appleton’s work showed that the
secondary fatigue crack growth region, which is also known as the Paris
region, was strongly dependent on the temperature and accelerated
crack growth rates were observed at higher temperatures. The second
dataset was taken from the work conducted by Zeng et al. on AZ61
Magnesium alloy in air [24]. These tests were conducted at the fre-
quency of f = 1 Hz with the stress ratio of R = 0 and maximum applied
load level of P4 = 7 kN in the temperature range of 25-120 °C. The
results also showed that the crack growth behaviour of the material is
sensitive to the test temperature.

3.2.2. Proposed methodology

Atkinson and Lindley [25] suggested a model to describe the influ-
ence of temperature on the corrosion-fatigue crack growth behaviour of
the material by assuming that the total corrosion-fatigue crack growth

rate, (3%) is the summation of the crack growth rate proportion due to
CF

cyclic loads (which is also known as Paris law) and crack growth rate
proportion due to environmental condition (i.e. seawater). Their pro-
posed model was described as:

da f da
— =AAK" += — 1
(dN) cF +2 dt 13

where AK is the stress intensity factor range, f is the frequency, and A
and m are material-dependent Paris law constants and % is described as:

da 0
e Bexp( - ﬁ) a4

where Q is the apparent enthalpy activation in J/mole, R is the universal
molar gas constant in J/mol.K, T is the temperature in Kelvin and B is a
constant.

It can be seen in Eq. (13) that the fatigue crack growth rate in a
corrosive environment is frequency-dependent. However, it is evident
from experimental data that by increasing the frequency in a corrosive
environment, the crack growth rate will be closer to the test data in air,
which is in contradiction with Eq. (13). Moreover, although the model
proposed by Atkinson and Lindley takes into consideration the fatigue
crack growth dependency on temperature, it does not accurately
describe the time-dependency (i.e. frequency effects) in corrosive
environments.

Jakubowski developed an empirical model [26], mostly based on the
work of Thomas and Wei [27], which described the combined effect of
the frequency fand the temperature T on the fatigue crack growth rate in
a corrosive environment. Based on Jakubowski’s model, the fatigue
crack growth rate in the secondary region can be described as:
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da _ (da 0.1\*/ AK \™" [(E(T—Tg)
dN (W)Air<7> <AK,,,,,,> exp( RTTy > as)

where <g—1‘\’l> is the fatigue crack growth rate in air, n, k and AKjy_jy are
Air

constants, E is the activation energy in kJ/mole, Tr and T are the room
temperature and test temperature, respectively, and R is the universal
molar gas constant.

Another method of explaining the temperature dependency in the
fatigue crack growth behaviour of materials was proposed by Fertig [28]
where a potential connection between the kinetic theory of fracture and
Paris Law was employed to predict the crack growth dependency on the
test frequency, R-ratio and temperature. In his model, the Paris Law
exponent was kept as a contact value regardless of the environmental
conditions.

In the present study, two experimental datasets available in the
literature were collated and analysed to propose a simplified
temperature-dependent model which describes the fatigue crack growth
behaviour of steels in the Paris region as:

da S
Iy = ArAK"T (16)
where T is the temperature in °C, and y and Ay are temperature-
dependent constants. It must be noted that for simplicity, the model
proposed in this work suggests assuming that the stress intensity factor
range exponent m is a fixed value which can be calculated as the mean
value of average stress intensity factor range exponents obtained from
different temperatures.

4. Temperature effects on fatigue life and crack growth
behaviour

4.1. S-N curves

4.1.1. Air environment

The experimental dataset taken from the work conducted by Ghaleeh
on Sn-37Pb in the air [23] was analysed and the effect of temperature on
the fatigue life was examined using the proposed model shown in Eq.
(12). These tests were performed at 25 °C (i.e room temperature), 35 °C
and 75 °C. A line of best fit was initially made to the data points and
Basquin constants n and Cy (see Eq. (7)) were identified for each tem-
perature and are summarised in Table 1. As explained earlier, the pro-
posed model in this study assumes that the stress exponent is
independent of the variation in temperature for simplicity. Therefore,
new lines of best fit were made to the data points using the average value
of individual stress exponents at different temperatures and the power-
law constants obtained using the fixed-slope stress exponent, denoted n-
fixed and Cy, nfixed> are presented in Table 1. Upon completion of the first
step of the analysis, the number of cycles to failure N was correlated with
temperature T for different values of stress ranges (i.e. taking stress
range as a constant) and the temperature-dependent power-law con-
stants in Eq. (12), p and Cr, were identified and are shown in Table 2.

Following identification of the material and temperature-dependent
power-law constants, the fatigue life prediction for Sn-37Pb alloy in air
obtained from the temperature-dependent model proposed in this work
(see Eq. (12)) can be described as:

Table 1

Basquin power-law constants for fatigue tests in air using Eq. (7).
Temperature (°C) n Log(Cop) n-fixed Log(Co, nfixed)
25 12.17 17.52 12 17.34
35 14.20 19.47 12 17.08
75 10.28 14.38 12 16.25
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Table 2
Temperature-dependent power-law constants for fatigue tests in air using Eq.
(12).
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Table 3
Basquin power-law constants for fatigue tests in a salt-spray environment using
Eq. (7).

p Cr

2.31 4.0 x 10%°

11
N =4.0x 10—

S12 7231 (17)

The experimental data from fatigue tests in air at different temper-
atures are compared with the calibrated temperature-dependent pre-
diction model (see Eq. (17)) and the results are shown in Fig. 2. The
coefficients of determination, R?, for the fatigue life prediction lines
obtained from Eq. (17) are 0.983, 0.951 and 0.993 for 25 °C, 35 °C and
75 °C, respectively, indicating that the proposed model accurately de-
scribes the fatigue life of the examined material in air at different
temperatures.

It can be seen in Fig. 2 that the influence of temperature on the fa-
tigue life of a given material tested in air is quite significant and an in-
crease in the test temperature will shift the S-N curve to the left resulting
in a substantial reduction in fatigue life for a given value of stress range.
Fig. 2 shows that the fatigue life of the examined material in air has
reduced by around an order of magnitude by increasing the test tem-
perature from 25 °C to 75 °C. This means that a slight change in the test
temperature will have a significant effect on the fatigue life expectancy
of the material. Moreover, it must be noted that the temperature de-
pendency in fatigue life varies from one material to another and the
constants in the proposed model shown in Eq. (12) needs to be calibrated
for the material of interest.

4.1.2. Salt-spray environment

The experimental dataset taken from the work performed by Wu
etal [16] on FV520B steel in a salt-spray environment was analysed and
the effect of temperature on the fatigue life was examined using the
proposed model shown in Eq. (12). These tests were performed at 25 °C,
75 °C and 150 °C. Linear regression analysis was initially performed on
the fatigue data and the Basquin constants n and Cy (see Eq. (7)) were
identified for each temperature. Following this, the power-law constants
were re-evaluated by fixing the stress exponent. The Basquin constants
from the regression analysis, before (n and Cp) and after fixing the stress
exponent (n-fixed and Cog, n.fixed), are summarised in Table 3. Subse-
quently, by taking the stress range as a constant value, the number of
cycles to failure N was correlated with the temperature T and the
temperature-dependent power-law constants in Eq. (12), p and Cr, were
identified and are shown in Table 4.

Using the identified material and temperature-dependent power-law
constants, the fatigue life prediction for FV520B steel in a salt-spray
environment can be described as:

20
\\\\ e 25°C; R2=0.983
‘\:\\ ® 35°C; R2=0.951
Seo el ® 75°C; R2=0.993
t,J \\\\ \\\ \\\\
e e ~_ .o
\.‘\\\ \‘\\; o~
T \‘\:‘u\
10 — -
1.E+02 1.E+03 1.E+04 1.E+05
N (Cycles)

Fig. 2. Comparison of the fatigue data in air on Sn-37Pb alloy with the
temperature-dependent fatigue life prediction model at 25 °C, 35 °C and 75 °C.

Temperature (°C) n Log(Cop) n-fixed Log(Co, n-fixed)
25 4.05 17.33 4 17.19
75 4.30 17.76 4 16.93
150 3.95 16.37 4 16.50
Table 4

Temperature-dependent power-law constants for fatigue tests in salt-spray
environment using Eq. (12).

4 Cr

0.84 2.5 x 108

11
_ 18
N=25x 10" 50

18)

The comparison of the experimental data from fatigue tests in a salt-
spray environment with the temperature-dependent fatigue life predic-
tion model are shown in Fig. 3. The coefficients of determination, R?, for
the fatigue life prediction lines obtained from Eq. (18) are 0.873, 0.974
and 0.959 for 25 °C, 75 °C and 150 °C, respectively. These R? values of
close to unity indicate that the fatigue life of the examined material in a
salt-spray environment can be accurately described using the proposed
model which has been shown in the general form in Eq. (12).

It can be seen in Eq. (18) and Fig. 3 that for the salt-spray environ-
ment, an increase in the test temperature results in a substantial
reduction in fatigue life for a given value of stress range. Fig. 3 shows
that for the examined material in a salt-spray environment, by
increasing the test temperature from 25 °C to 75 °C and 150 °C the fa-
tigue life reduces by a factor of around two and five, respectively. This
shows that similar to S-N fatigue tests in air, the fatigue life in a salt-
spray environment is very sensitive to the test temperature and the
reduction in the number of cycles to failure can be accurately predicted
using the proposed model shown in Eq. (12).

4.1.3. Seawater environment

The experimental data taken from Micone et al. [15] on DNV F460
steel tested in seawater were analysed to investigate the effect of tem-
perature on corrosion-fatigue life of steels. These tests were performed at
15°Cand 45 °C. A line of best fit was firstly made to the data available at
each temperature and the Basquin constants n and Cp were quantified for
each temperature and subsequently re-evaluated by fixing the slope of
the S-N curves using the average value of individual stress exponents
obtained from the initial analysis. The Basquin constants from the initial
regression analysis (n and Cp) and after fixing the stress exponent (n-

10000
e 25°C;R%=0.873
e 75°C;R%=0.974
e 150 °C; R?=0.959
g
= 1000
[%)
100
1E+04 1.E+05 1.E+06 1.E+07

N (Cycles)

Fig. 3. Comparison of the fatigue data in salt-spray environment on FV520B
steel with the temperature-dependent fatigue life prediction model at 25 °C,
75 °C and 150 °C.
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Table 5
Basquin power-law constants for fatigue tests in seawater environment using Eq.
.

Temperature (°C) n Log(Co) n-fixed Log(Co, nfixed)
15 4.66 17.94 5 18.84
45 5.92 21.14 5 18.72

fixed and C, n.fixed), are summarised in Table 5. Subsequently, similar to
the procedure described in Section 4.1.1 the number of cycles to failure
N was correlated with the temperature T and the temperature-
dependent power-law constants in Eq. (12), p and Cr, were identified
and are shown in Table 6.

Using the identified material and temperature-dependent power-law
constants, the fatigue life prediction for DNV F460 steel in a seawater
environment can be described as:

wl 1
N =14 x 10" o 19)

The comparison of the experimental data from fatigue tests in a
seawater environment with the prediction lines are shown in Fig. 4. The
coefficients of determination, RZ, obtained for the prediction lines using
Eq. (19) are 0.987 and 0.951 for 15 °C and at 45 °C, respectively,
implying that the model developed for the seawater environment, which
is shown in the general form in Eq. (12), presents an excellent correla-
tion with the experimental data. It can be clearly seen in Eq. (19) and
Fig. 4 that the temperature has a considerable influence on the fatigue
life of DNV F460 steel in seawater and the number of cycles to failure
decrease by increasing the temperature of the seawater. Furthermore,
the results in Fig. 4 show that for a given stress range, an increase in the
seawater temperature from 15 °C to 45 °C results in a reduction in fa-
tigue life by around 25%.

4.2. Fatigue crack growth

4.2.1. Air environment

The fatigue crack growth experimental data taken from the work
conducted by Zeng et al. on AZ61 Magnesium alloy in air [24] was
analysed to investigate the temperature effect on the fatigue crack
growth behaviour of the material. These tests were performed at 25 °C,
60 °C and 120 °C. Following the procedure explained in Section 3.2.2,
the Paris law constants m and A were initially obtained using regression
analysis on the data points available at different temperatures.
Following this, the power-law constants were re-evaluated by taking the
average of stress intensity factor range exponents from different tem-
peratures as the fixed exponent in the analysis. The power-law constants
from the secondary fatigue crack growth data before (m and A) and after
fixing the power-law exponent (m-fixed and Ap.fixed) are summarised in
Table 7. Subsequently, the fatigue crack growth rate da/dN was corre-
lated with temperature T and the temperature-dependent power-law
constants in Eq. (16), y and Ar, were identified and are shown in Table 8.

Using the material and temperature-dependent power-law constants
summarised in Table 7 and Table 8, the fatigue crack growth rate for
AZ61 Magnesium alloy in air can be described as:
da

=29 106 AK ' T04 (20)

The plot of the prediction model and the experimental fatigue crack

Table 6

Temperature-dependent power-law con-
stants for fatigue tests in a seawater envi-
ronment using Eq. (12).

p Cr
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Fig. 4. Comparison of the fatigue data in seawater environment on DNV F460
steel with the temperature-dependent fatigue life prediction model at 15 °C
and 45 °C.

Table 7
Paris law constants for fatigue crack growth tests in air.
Temperature (°C) m Log(A) m-fixed Log(Am.fixed)
25 1.13 —4.765 1.2 —4.836
60 1.15 —4.782 1.2 —4.824
120 1.26 —4.611 1.2 —4.505
Table 8

Temperature-dependent power-law constants for fatigue crack growth tests in
air using Eq. (16).
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Fig. 5. Comparison of the fatigue crack growth data in air on AZ61 Magnesium
alloy with the temperature-dependent prediction model at 25 °C, 60 °C
and 120 °C.

growth data in air can be seen in Fig. 5. It can be seen in this figure that
the fatigue crack growth prediction lines are in good agreement with the
experimental data. Moreover, it can be observed in this figure that the
fatigue crack growth behaviour of the material is very sensitive to the
temperature and greater crack growth rates are observed at higher
temperatures. Fig. 5 and Eq. (20) show that increasing the test tem-
perature from 25 °C to 120 °C results in an increase in the fatigue crack
growth rate by a factor of around two. The observed results indicate that
a variation in temperature during fatigue crack growth tests may have a
noticeable impact on the obtained test results.

4.2.2. Seawater environment
The corrosion-fatigue crack growth data on BS4360:50D steel in
seawater taken from [21] were analysed to explore the influence of
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temperature on the corrosion-fatigue crack growth behaviour of the
material. These tests were performed at 7 °C, 23 °C, 40 °C and 60 °C.
Similar to the analysis on the air data, the Paris Law constants were
initially worked out using the line of best fit made to the data and
subsequently regression analysis was conducted by assuming a constant
power-law exponent obtained from the average value of stress intensity
factor range exponents at different temperatures. The secondary region
fatigue crack growth power-law constants before (m and A) and after
fixing the exponent (m-fixed and Ap.fieq) are summarised in Table 9.
Following completion of the first step of the analysis, the fatigue crack
growth rate da/dN was correlated with the temperature T and the
temperature-dependent power-law constants (y and Arin Eq. (16)) were
identified and are shown in Table 10.

Using the power-law constants summarised in Table 9 and Table 10,
the fatigue crack growth rate for AZ61 Magnesium alloy in seawater can
be described as:
da_ | | 1070 AK> T (1)
dN

The corrosion-fatigue crack growth rates predicted from the model
are compared with the experimental data points at various temperatures
in Fig. 6. As seen in Eq. (21) and Fig. 6, the corrosion-fatigue crack
growth rate in seawater is very sensitive to the change in the tempera-
ture and for the examined material da/dN increases by a factor of around
three as a result of an increase in temperature from 7 °C to 60 °C. Also
seen in Fig. 6 is that while the test data at 7 °C have appeared to be much
lower than the rest of the data at higher temperatures, the fatigue crack
growth rates at 23 °C, 40 °C and 60 °C have fallen close to each other,
particularly in the lower stress intensity factor range region. Having said
that, it is evident from the experimental data that the fatigue crack
growth rate in seawater continuously increases with an increase in
temperature.

5. Discussion

It is evident from the results shown in Section 4 that the proposed
methodology provides an accurate prediction of fatigue life in steel
structures at different temperatures in air and corrosive environments.
Knowing that the proposed model presented in Eq. (12) for S-N fatigue
life and (16) for fatigue crack growth are material and temperature-
dependent, it is essential to calibrate the model using the experi-
mental data obtained from the material of interest. It is worth noting
that based on the results presented in this study, although the fatigue
behaviour in all of the examined materials has been found to be sensitive
to the temperature, this effect has been found to be more pronounced in
some of the materials and test environments compared to others.
Therefore, for the material of interest preliminary tests must be con-
ducted to examine the extent of change in fatigue life in different en-
vironments (i.e. air, salt-spray and seawater).

There are a number of advantages to using this proposed technique
for the fatigue life assessment of engineering structures. The first
advantage of the proposed methodology is that it is fairly simple and
easy to follow by other researchers and practitioners. The second
advantage is that the models presented in Egs. (12) and (16) take into
account the temperature dependency of fatigue life and crack growth
behaviour in different environments, and are not limited to only one
environment. The third advantage is that relatively limited experimental

Table 9
Paris law constants for fatigue crack growth tests in seawater.
Temperature (°C) m Log(A) m-fixed Log(Am.fixed)
7 1.99 —6.875 2.5 —7.549
23 1.92 —6.465 2.5 —7.213
40 2.84 —7.538 2.5 —7.061
60 4.21 —9.437 2.5 —7.093
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Table 10

Temperature-dependent power-law  con-
stants for fatigue crack growth tests in
seawater using Eq. (16).
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Fig. 6. Comparison of the corrosion-fatigue crack growth data in seawater on
BS4360 50D steel with the temperature-dependent prediction model at 7 °C,
23 °C, 40 °C, 60 °C.

data on at least two temperatures would be sufficient to quantify the
temperature-dependent constants in Egs. (12) and (16). Of course by
feeding more experimental data in a wider range of temperatures the
level of accuracy will be improved and less error will be observed be-
tween the prediction lines and the actual data points. Last but yet
importantly, the most practical application of the proposed methodol-
ogy is to predict the S-N fatigue life and crack growth behaviour of steel
structures at the operational temperature by performing accelerated
tests at higher temperatures. While there are alternative ways for
accelerating fatigue tests in air, for instance by increasing the test fre-
quency, the approach proposed in this study delivers significant bene-
ficial impact for corrosion-fatigue testing which must be conducted at
low frequencies to allow time-dependent corrosion damage to interact
with cycle-dependent fatigue damage. Accelerated corrosion-fatigue
testing will be cost-effective and saves the time needed to characterise
the fatigue life of structures at lower temperatures.

In order to highlight the significance of the proposed accelerated
fatigue testing approach, the S-N corrosion-fatigue prediction lines for
the material examined in Section 4.1.3 are presented for a wide range of
temperatures in Fig. 7. In this figure, the predicted S-N curves at 15 °C
and 45 °C for which the experimental data were available (see Fig. 4) are
shown in dashed lines whereas the predicted S-N curves at other tem-
peratures are presented in dotted lines. As seen in this figure, for a given
value of stress range the fatigue life of the material continuously reduces

400

S (MPa)

200
1.E+06

N (Cycles)

Fig. 7. Prediction of fatigue life in seawater environment for DNV F460 steel in
a wide range of temperatures.
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by increasing the seawater temperature. The S-N curves presented in
Fig. 7 indicate that the fatigue life of offshore structures made of this
type of steel in a seawater environment with an operational temperature
of 10 °C (which is typical of North Sea conditions [5,29]) can be pre-
dicted around twice faster by performing accelerated tests at 90 °C
(which is sufficiently high, yet below the boiling temperature of
seawater). It is worth noting that the seawater tests in the work by
Micone et al. [15] were performed at the relatively high frequency of f =
10 Hz, therefore it is expected that the acceleration factor from the tests
performed at higher temperatures would have been much greater if the
tests were performed at low frequencies. The time saving benefit from
accelerated tests is particularly important for performing S-N fatigue
tests in the high cycle region, N > 10° cycles, where an individual test
takes much longer to complete compared to high stress tests and yet a
number of tests are required to derive the S-N curve for design and
integrity assessment purposes. Similar to the S-N fatigue acceleration in
seawater, the tests in air and salt-spray environments can also be
accelerated by increasing the test temperature using the proposed
methodology presented in this work.

As seen in Section 4.1 and Fig. 7, the S-N fatigue data available in the
literature at different temperature in seawater environment are obtained
from relatively short-term tests with the number of cycles to failure of
close to or less than 10°. Given that offshore wind turbine steel struc-
tures are designed for operational lifespans of between 20 and 25 years,
there is an essential need to obtain more data points for a larger number
of cycles (i.e. beyond 10° cycles) for design and life assessment purposes.
According to the recommendations in international standards such as
DNVGL RP-C203 [11] and BS 7608 [12], under free-corrosion condition
the fatigue life of a steel structure is reduced by a factor of three,
compared to the high stress S-N curve in the air condition, and this trend
is extrapolated to low stress regions. While a factor of three life reduc-
tion may be considered as an overconservative assumption suggested by
international standards, the proposed methodology in this study can be
employed in the examination of realistic life reduction factors in the
presence of free-corrosion condition, compared to air, and investigate
whether the life reduction penalty in the high and low stress regions of
the S-N curve would be above or below three when the structure is
subjected to free-corrosion condition.

Similar to any other accelerated testing methodologies, a number of
weaknesses might be associated with the proposed approach presented
in this study. According to international standards such as DNVGL RP-
C203 [11] and BS 7608 [12] the fatigue design life of steel structures
operating in air and also seawater with cathodic protection can be
described using bi-linear S-N curves in log-log axes, where a reduced
slope is recommended for the high cycle (i.e. low stress) region.
Although the proposed methodology is expected to provide accelerated
test results with relatively high accuracy in the low cycle (i.e. high
stress) region, where a greater slope is expected in the S-N curve, this
approach may not be able to provide a reduced slope in the high cycle (i.
e. low stress) region in air and in seawater under cathodic protection.
Moreover, as explained in DNVGL RP-C203 [11] the slope in the high
cycle region of the S-N curve in air and seawater under cathodic pro-
tection environments, heavily depends on the fatigue loading condition.
Therefore, there is a likelihood that using the proposed accelerated
testing approach, the high cycle region of the S-N curve in air and
seawater under cathodic protection environments may exhibit a
different slope compared to that observed in offshore wind turbine
structures which are subjected to variable amplitude fatigue cycles
during their lifespan. In order to examine the level of inaccuracies that
might be induced using the proposed accelerated fatigue testing meth-
odology in the high cycle region of the S-N curves in air, further tests will
be conducted in future work at various temperatures and on different
grades of steel and the results will be compared with real-life fatigue
data obtained from actual steel structures.

Another interesting note is knowing that salt-spray itself is an
approach for accelerating fatigue tests in a corrosive environment
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(which also allows performing high frequency tests for further acceler-
ation of the tests), the increase in temperature in such tests is an addi-
tional mechanism that helps to complete fatigue tests in a corrosive
environment within the quickest possible time frame. Therefore, further
tests need to be conducted in future work to predict the seawater S-N
curves from salt-spray tests which can be further accelerated by
increasing the temperature and frequency.

The results presented in this study show that the increase in tem-
perature does not only accelerate the S-N fatigue tests but also increases
the fatigue crack growth rate in fracture mechanics tests. Although fa-
tigue crack growth tests generally take a much shorter time to complete
compared to low stress S-N fatigue tests, the proposed acceleration
method proposed in this work facilitates the investigation of near
threshold fatigue crack growth behaviour in a seawater environment
which needs to be examined at low frequencies. The results presented in
Fig. 6 indicate that for the examined type of steel, the fatigue crack
growth rate da/dN at a given stress intensity factor range AK would
increase by a factor of around three as a result of increasing the seawater
temperature from 7 °C to 60 °C. This means that the fatigue crack
growth behaviour of the material can be characterised in much shorter
time scales by simply increasing the temperature to obtain accelerated
data and predicting the actual crack growth behaviour of the engi-
neering structure at lower operational temperatures from the model
proposed in this study.

The proposed accelerated testing methodology presented in this
study has been validated using the existing datasets on various types of
steel available in a range of temperatures. The analysis does not include
wind turbine steels due to the fact that such datasets are limited to a
single temperature and have not been obtained from tests at various
temperatures in previous studies [2,4,7,30-32]. Since the developed
method in this study for fatigue life prediction by means of accelerated
testing is quite novel, additional experiments must be performed on
wind turbine steels in future work to confirm the fatigue and corrosion-
fatigue trends in specialised materials used in offshore wind turbines. In
order to apply this methodology to fatigue life prediction in offshore
wind monopiles, further experiments must be conducted on structural
steels which are widely used in the fabrication of these offshore struc-
tures in an artificial seawater environment, at low frequencies and at
different selected temperatures. Monopiles are nowadays mainly made
of different subgrades of S355 steel (see [30-35]). Therefore, it is rec-
ommended to perform S-N fatigue and crack growth tests in a range of
temperatures in air and seawater primarily on S355 steel and alterna-
tively on other wind turbine steels to build a more relevant material
database for fatigue design and life assessment of offshore wind
monopiles.

6. Conclusions

Fatigue tests are essential for the accurate design and integrity
assessment of offshore structures. These tests can be time-consuming
and costly, especially when performed at low frequencies in seawater.
In order to accelerate the performance of fatigue tests, a novel meth-
odology has been proposed in this work to obtain fatigue test results in
much shorter time scales by performing tests at higher temperatures.
Two models have been proposed for S-N fatigue life and crack growth
prediction in steel structures by considering the influence of tempera-
ture on the test results. The proposed models have been validated
through comparison with the existing experimental data in the literature
at various temperatures. The results show that while an increase in
temperature accelerates both S-N and fatigue crack growth in air, salt-
spray and seawater environments, the fatigue behaviour of steel struc-
tures at operational temperatures can be predicted using the proposed
methodology by performing a selected number of tests at higher tem-
peratures. The proposed methodology is particularly valuable for the
performance of low frequency corrosion-fatigue tests in seawater which
are time-consuming. The results show that for the materials examined in
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this study, the S-N fatigue and crack growth tests in seawater for typical
operational temperature of around 10 °C can be predicted at least two
and three times faster, respectively, by performing tests at higher tem-
peratures. The proposed methodology suggests a practical approach for
characterising the long-term behaviour of offshore structures, particu-
larly offshore wind monopiles, at relatively low stress levels by per-
forming tests in reasonable time frames and predicting the actual
behaviour of the structure at lower operational temperatures.
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