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A B S T R A C T

The primary focus of this work is to investigate the sensitivity of cyclic waveform, frequency (f), load level and
microstructure on the corrosion-fatigue crack growth rate (CFCGR) in modern normalised-rolled (NR) and
thermomechanical control process (TMCP) ferrite-pearlite steels in the Paris Region of the da/dN vs. ΔK log-log
plot. Constant amplitude sinewave (si) and trapezoid waveform (generally referred to here as hold-time (h-t))
were used under frequencies of 0.2 Hz, 0.3 Hz and 0.5 Hz and stress ratio of 0.1. Comparison is also made
between the crack path in the S355 TMCP steel under si and h-t in seawater (SW). The role of microstructure in
retarding or accelerating fatigue crack growth in SW is also discussed. Experimental results showed that the
CFCGR corresponding to the si is higher than that of the h-t for all the load levels and frequencies examined. It
was observed that reduction in the f and fatigue load level increased the CFCGR for the h-t but had little effect on
the si. Generally, f in the range 0.2–0.5 Hz had little effect; and for a given f an increase in load led to a reduction
in the CFCGR, in the Paris Region (PR) for both si and h-t in SW. Under both si and h-t, the CFCGR in the TMCP
steels (e.g. S355G8 + M, S355G10 + M) is lower than that of the normalised steels (e.g. S355J2 + N).
Metallurgical analyses on the fractured surface of corrosion-fatigue specimens show that the main active crack
tip blunting process is the primary factor controlling the CFCGR of steel at high stress intensity factor range
(SIFR) and low f in SW. The results obtained from this study have been discussed in terms of the potential impact
on the structural design and integrity of offshore wind turbine foundations.

1. Introduction

Steel structures in a dynamic service environment degrade with time
due to fatigue. Offshore engineering structures, such as wind turbines (WTs)
are subjected to cyclic loading conditions due to constant exertion of wind,
wave and currency forces. The initiation and propagation of cracks in these
structures could lead to catastrophic failure at loads far less than the yield
stress of the material. The fatigue crack initiation and fatigue crack growth
(FCG) are accelerated by the seawater (SW) environment, i. e., the combi-
nation of a corrosive environment and fatigue phenomenon is found to be
more detrimental than each of them acting separately. This simultaneous
action of cyclic load and chemical attack is commonly referred to as cor-
rosion-fatigue (CF) and it is found to be an important failure mechanism in
offshore structures [1,2]. The structural integrity design for such structures
aims to ensure that they carry the applied loads during operation without
any macro-scale failure throughout the lifespan. For this reason, it has be-
come a common research subject to experimentally measure the FCG under
a given stress condition.

Corrosion is both time- and temperature-dependent [3,4]. Two factors
that are known to control the extent of corrosion damage contribution to
the FCG behaviour of steel are the rate at which the corrosion is occurring,
and the time available for the corrosion damage to occur per cycle. In a CF
study [5], these two factors have been used to explain the acceleration of
crack propagation rates with decreasing test frequency (f) under constant
temperature. Although experimental investigations have been previously
conducted by researchers to characterise the corrosion-fatigue crack growth
(CFCG) behaviour of various materials used in offshore structures [5–14],
the CFCG behaviour in modern steels used in the design of offshore wind
turbine (OWT) foundation structures under various waveforms and fre-
quencies is largely scarce. The sensitivity of the corrosion-fatigue crack
growth rate (CFCGR) to f, load level and waveforms is pertinent in pre-
dicting correctly the lifespan of these support structures under forcing
conditions. Hence, accurate characterisation of CFCGR in these structures in
direct contact with the SW (i.e. in the absence of corrosion protection) could
enable more efficient inspection, maintenance and a potential life extension.
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1.1. Fatigue loading and the operational frequency range of offshore wind
turbine support structures

For OWTs the external environmental effects such as wind and wave
forces result in the development of stresses in the support structures,
which are dominantly made of monopile structures [15]. The magni-
tude of these cyclic stresses directly determines the functionality and
lifespan of the OWT. The assessment of the first natural f of the OWT
and f distribution (or the eigenfrequencies – i.e. range of frequencies
within which the WT can vibrate) is a very important part of WT design.
The natural f of a WT is the f with which the system oscillates during
normal operating condition. Fig. 1(a) shows that forces acting on a
typical WT support structure are axial loads, lateral loads and bending
moments. Torsional loading is sometimes considered too [16].

The bending moments vary cyclically due to operational rotation of
the blades and the magnitude increases with the rotor diameter [20].
Among these forces, dead loads, the meteorological and oceanographic
(MetOcean) conditions are considered to be the most significant loads
acting on the structure [21]. Dead loads are self-weight of: the pile, the
transition piece - if used, the tower and the turbine (rotor – hub and
blade, and nacelle). MetOcean loads are wind, waves and current.
Fig. 1(b) shows the wind shear and wind induced wave profile along the
support structure of an OWT. The wind speed changes with time and
also with changes in the turbine height above the sea level or ground
surface as shown [18]. The variation in wind speed is obviously a
random or stochastic process and the stochastic nature of fatigue
loading on WT structures is not easily defined [16]. Stochastic loads
cannot be predicted to occur with a certain magnitude at a given time.
This makes it difficult to simulate such conditions in the laboratory.
This perhaps has been the reason for the common use of the constant
amplitude stress range in fatigue experiments. As a very simplified
approach, we can assume that the wind loading on a WT occurs in three
stages – the rising stage, ‘dynamically steady’ stage and relaxation
stage. A simplistic view of this idea is shown in Fig. 2(a) with associated

gust loading and turbulence. This waveform is adapted from a typical
wind loading spectrum acting on aircraft wings [22]. In reality, these
three stages will vary continuously and randomly to build up the wind
spectrum without a well-defined reference line. Under our assumption
and for experimental purposes, we may approximate the wave spectrum
of Fig. 2(a) to a hold-time waveform (h-t) as shown in Fig. 2(b). Varying
the maximum load (Pmax) or maximum stress intensity (Kmax) in la-
boratory experiments may provide a simple way of measuring the da-
maging contributions of different turbulence peak ranges.

The thrust force, P1 in Fig. 1(c) is the lateral wind force acting on the
rotor (often taken to act at the hub) of the turbine from the rotating
blades [23]. Also shown is the wind load on the tower P2, wave and
current loads P3 on the substructure as illustrated by [18]. Wind force
or moment due to wind loading on the tower structure is small com-
pared with the magnitude of the thrust forces acting on the rotor during
operation. Hence, the predominant external fatigue problem on OWTs
comes from wind loads that has longer moment lever arms (Fig. 1(c)),
acting on the hub and impacting the greatest bending moment (M= P1*
Y1) on the support structure during normal operation [20].

The frequencies of the loads that are commonly taken into con-
siderations are those of the wind and wave spectra, and operational
intervals of the rotor. The primary excitation f due to the rotational
speed of the rotor is commonly called the 1P. For modern OWTs, it is
reported that the rotor speed under normal operation is typically about
7–12 revolutions per minute (rpm), which corresponds to 1P f of
0.12–0.20 Hz [24]. The second excitation f of OWT occurs due to the
creation of wind shade by the WT tower. Any time a single blade of the
rotor passes across the wind shade of the vertical tower there is re-
duction of the wind loading on the tower causing additional cyclic load
on the support structure at the f equal to 1P times the number of blades.
Thus, 3P is the blade passing f for a 3-bladed WT (see Fig. 1(b)). This
implies that if the rotor completes 6 rpm, the 1P f is 0.1 Hz while the 3P
is 0.3 Hz. Regarding wave loading (which is often produced by wind),
the common frequencies in the North Sea are in the range 0.04–0.10 Hz

Nomenclature

BFS Back face strain
CF Corrosion-fatigue
CFCGR Corrosion-fatigue crack growth rate, (da/dN)
CFCG Corrosion-fatigue crack growth
FCG Fatigue crack growth
DSM Ductile striation mechanism
FCGR Fatigue crack growth rate

PS Present study
SIF Stress intensity factor
SIFR Stress intensity factor range (ΔK)
TMCP Thermomechanical control process
NR Normalised-rolled
OWT Offshore wind turbine
SEM Scanning electron microscopy
EDX Energy-dispersive X-ray Spectroscopy

Fig. 1. Fatigue loads on WT (a) Nature of loads on a monopile supported WT [17] (b) wind shear and wind induced wave profile - the main external dynamic and
cyclic loads acting on a typical OWT [18,19] (c) position of the thrust force P1 on the hub of the rotor.
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[17]. Many of the studies on CFCGR in marine environment used a f of
0.1 Hz and temperature range of about 4–10 °C. The goal of these
studies has been to simulate offshore conditions and obtain fatigue data
for application in offshore Oil & Gas production and exploration plat-
forms. This would then enable extrapolation of the laboratory data to
field structures. For the gust wind, using the Davenport f spectrum
model, the dominant f of a gusty wind is reported to be about 0.02 Hz
[25], lower than that of the waves of about 0.1 Hz.

Generally, during the design of commercial OWTs, f of the support
structure between 1P and 3P is assumed [26]. This f condition of the
WT is referred to as soft-stiff design [18]. Fig. 3 shows a typical design f
range for commercial and reference WTs. The f range is between about
0.2–0.35 Hz for the Soft-Stiff region. Table 1 shows the 1P and 3P fre-
quencies for some theoretical and commercial WTs. This implies that
fatigue experiments of practical significance for many of the commer-
cial WTs in the soft-stiff condition should be carried out in the range of,
say, 0.16–0.54 Hz [26]. This informed the frequencies used in this re-
search. It is pertinent to note that there is no study in the literature that
examines the f effects on CFCGR behaviour of modern structural steels
employed in the fabrication of these monopiles.

1.2. Previous studies on frequency and waveform effects on corrosion-
fatigue

Corrosion is a time-dependent material degradation mechanism. In

the CF process, the loading f and the waveform of the load cycle are
expected to have some potential effects on the crack growth behaviour
of steel in a corrosive environment. Many studies have shown that the
fatigue crack growth rate (FCGR) is sensitive to the waveforms in a SW
environment but not in air. It has been shown in previous studies found
in the literature that for the stress ratio (R) in the range of 0.1–0.85 and
f in the range 0.005–50 Hz , waveforms have little or no effect on the
FCGR in the ferrite-pearlite steels in air [27–31,27,32,33]. However,
these studies have reported that the CFCGR in SW is sensitive to the
loading waveform due to the difference in the deformation mode at the
crack tip (crack tip geometrical difference). These studies have shown
that under anodic dissolution, the amount of material dissolved at the
vicinity of the crack tip within one cycle of loading was the same for
sinusoidal (si), positive sawtooth (p-s), negative sawtooth (n-s) and
square (sq) waveforms.

A continuous loading pattern was reported to give accelerated
CFCGR. According to these studies, the CFCGR of the p-s was found to
be higher than that of the si waveform and the rates for the two wa-
veforms were higher than that of n-s and sq waveforms in free corrosion
test conditions. It was also established that for the case of the sq wa-
veform, holding for 0.1 s and 0.9 s at maximum load had little influence
on the CFCGR. Consequently, the waveform crack growth rate differ-
ence was attributed to the continuous deformation of the crack tip
material.

Atkinson and Lindley [29] studied FCGR in Fe-C-Si-Mn structural

Fig. 2. Experimental waveforms and loading parameters: (a) A simplistic illustration of wind loading stages on a WT, (b) & (c) hold-time and sine waveforms used in
the present study, (d) & (e) programme waveforms.

Fig. 3. The 1P and 3P frequency range for 3 bladed NREL standard 5 MW WT [27].
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steel designated BSI501-213-32A [29,38] under triangular waveform
(tr) in air, distilled water and natural lake water at temperatures be-
tween 25 and 30 °C and pH 6.0. The range of frequencies used for the tr
tests was 0.005–1 Hz. They found that FCGR in both distilled water and
lake water were similar at a very slow loading rise-time of about 100 s.
The increase in the FCGR by the water environment was found to de-
pend on the rise-times. A rise-time less than 1 s had a negligible effect.
They also carried out the experiment in room-temperature lake water
using sq, p-s and n-s at a f of 0.01 Hz. The FCGRs of the p-s and tr were
found to be the same at the same rise-time. The environment was found
to have no effect on the FCGRs for the fast-rising sq and n-s at the same
0.01 Hz. Hence, they suggested that rise-time rather than total cycle
time controlled the FCGR for the steel in water. They reported that n-s
and sq, which have very rapid rise-times (i.e. period of increasing
tensile load) of the fatigue cycle, did not increase the CFCGR at fre-
quencies as low as 0.01 Hz. Also reported was that holding at maximum
load in the SW for up to 10 min did not affect the FCGR at room
temperature and at high cyclic frequencies the FCGR in the SW was
similar to that in air.

Austen [39] studied CFCGR of EN24 steel [39–41] in distilled water
under tr, p-s, n-s and sq, at R = 0.25 and f = 5 Hz. From the plot of da/
dN vs. ΔK presented in his work, the CFCGRs under p-s and tr were
generally the same and were slightly above those of n-s and sq in the ΔK
range of about 15–28 MPa√m within the Paris Region. Above the
28 MPa√m, the CFCGRs of all the waveforms became generally the
same; though, the CFCGR of the n-s was somewhat the lowest. They also
studied CFCGR in a high strength martensitic steel designated 300 M
[42] using a R = 0.5 and f = 0.45 Hz. The waveforms employed were
si, tr and sq and the environment was distilled water. His result shows
that the CFCGR in the 300 M steel increased thus; si > tr > sq. For the
sq, f above 1 Hz and holding at the Pmax in the range 0.01–0.5 s, had a
negligible effect on the CFCGRs in the Paris Region. This implies that
the si is the most damaging waveform, while the CFCGR by the wave-
form that allows substantial time for corrosion process to occur at the
crack tip (e.g. sq) or the waveform with very short rise-time (e.g. sq, n-s)
was the least. Generally short rise time and increase in the f of the
waveform decreased the CFCGR towards the air value in his study.

Nakasa and Takei [10] studied CFCGR in JIS SNCM439 steel
[10,43] quenched and tempered at 200 °C and 500 °C. They reported
that CFCGR was higher in the sq load waveform than p-s for steel with
high sensitivity to delayed failure. The sample tempered at 500 °C ex-
hibited delayed failure under static stress and higher CFCGR under p-s
compared with the case of sq waveform. They suggested that stress rise
time and hydrogen concentration control the crack growth in corrosion-
fatigue. This implies that the interaction between the crack tip and
hydrogen atoms controlled the crack growth mechanism.

Bhuyan et al. [44] studied the effect of waveform on CFCGR in a
steel manufactured to CSA G40.21 M 350 wt [45] in air and SW under
constant amplitude loading. The pH of the SW was in the range
7.25–7.55 while the temperature was in the range 0–21 °C in seawater
and −15 to 4 °C for the tests in air. The tests were carried out using si
and sawtooth waveforms. They reported that CFCGR in seawater was
on average 2.7 times higher than that in air for R = 0.1, f = 0.05 Hz
and in temperature range of 0–4 °C. They proposed that CFCGR

decreased and tended towards air value as the f was increased from
0.05 Hz to 0.5 Hz at R = 0.1 and increased by a factor of 2.3 as the f
was decreased from 0.5 to 0.05 Hz. For the air test, the FCGR was al-
most unaffected in the temperature range of −15 to 4 °C and was
generally not influenced by the load ratio variation in the range of
0.05–0.3.

In a study conducted by Thorpe et al. [5], the R and f were found to
have no effect on FCGR in air. Similar results were obtained from the
test with tr, p-s and si waveforms. They also showed that the CFCGR
increased as test f is decreased, and R increased. Appleton [46] studied
the CFCGR in BS4360 grade 50D [26,47] steel in 3% NaCl at room
temperature and found that there was no difference in the CFCGR for
the tests done at 0.05 Hz, 0.17 Hz and 1 Hz up to about a SIFR of
18 MPa√m. However, above this value, the CFGCR test at 0.17 Hz in-
creased steadily above that of 1 Hz. A large decrease in the CFCGR was
seen at the test performed at 5 Hz. In general, the effect of seawater
started decreasing steadily from 1 Hz upwards towards that of air test
values. Moreover, the results showed that for the 0.17 Hz tests, there
was no significant change in the CFCGR curve in the R range of 0.1–0.7.
Appleton [46] also performed tests at other waveforms. The additional
waveforms were tr and sq shape at 0.17 Hz. No difference in CFCGR was
observed between si and tr waveforms.

Barsom and Rolfe [27] studied waveform effect on the FCGR in a
12NI-5Cr-3Mo maraging steel [48] and the test was performed in air
and 3%NaCl and they compared the effect of si, tr, and sq waveforms
loadings. The effect was investigated for frequencies in the range of
0.1–10 Hz. The results showed that similar FCGR results were obtained
in air for the three waveforms. In other words, waveform has no effect
on crack growth in the air. In the 3%NaCl, the CFCGRs of the sq wa-
veform and n-s were the same and slightly higher than the air data, by a
factor of 1.1. For the si, tr and p-s waveforms the CFCGRs were similar
to each other and significantly higher than the FCGR in air by a factor of
3. Barsom [49] also showed that there was no significant difference in
FCGR for tests under random-sequence and ordered-sequence load
fluctuations.

Wand et al. [50] studied the influence of waveform on CFCGR of
iron with yield stress, tensile strength and elongation of 150 MPa,
295 MPa and 42% respectively in 3.5%NaCl. The test f was 0.1 or 1 Hz
and R = 0. The waveforms si, p-s, n-s and sq waveforms were in-
vestigated. They found that the p-s and sq loading waveforms have very
little or no effect on the FCGR in air. This result tends to confirm that
waveform generally has no effect on the rate at which a fatigue crack
grows in steel in air.

Knop et al. [51] studied the effect of cycle f rise-time on CFCGR of a
high-strength steels. They also presented the effects of drop-times and
hold-times at maximum and minimum loads on the CFCGRs. They
found that FCG at the Paris Region is generally caused by plastic
blunting and that the crack length increased during the rising of the
load towards the cycle peak for each load cycle. They reported that the
difference between crack growth in inert and embrittling environments
was that less crack tip blunting occurred in the embrittling environment
due to localisation of deformation slips and this resulted in increased
crack growth rate. They suggested that CFCGR depended on the con-
centration of hydrogen adsorbed at crack tips and at tips of nanovoids

Table 1
1P and 3P frequencies for some operational and reference offshore WTs.

Name Rotor Freq. Range (1P) [Hz] Blade passing Freq. Range (3P) [Hz] Ref.

Vestas V66 2 MW turbine 0.18–0.41 0.54–1.23 [18]
Vestas V90 3 MW turbine 0.14–0.31 0.42–0.90 [18]
Siemens SWT-3.6(MW)-107 0.08–0.22 0.24–0.66 [18]
Vestas V120 4.5 MW 0.17–0.25 0.50–0.75 [34,35]
NREL 5 MW WT 0.12–0.20 0.35–0.60 [17]
DTU 10 MW RWT 0.10–0.16 0.30–0.48 [36]
3 MW Sinovel WT 0.14–0.32 0.41–0.95 [37]
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ahead of crack fronts. They concluded that crack growth is enhanced
under increasing rise-time and that longer drop-times and longer hold-
time at maximum and minimum loads are likely to have the same effect
when the rise-time is short. In their study, the rise-time period was from
1 to about 10 s and the crack growth rate within this time range de-
pended on the SIFR.

1.2.1. Research motivation for the present study
In all the studies reviewed above, there is no explicit comparison of

waveform effect under the same f and constant load ratio for subgrades
of a particular grade of steel with differing microstructures. There is
also limited evidence of the cracking micrographs and in-depth in-
vestigation of contributions of the microstructural phases under these
waveforms in the CF tests. The influence of waveforms other than si on
CFCGR for the steels used for OWT foundation design is non-existent, at
least to the extent of information available to the authors. The previous
review of the existing studies on f and waveform effects on corrosion-
fatigue has revealed that CFCGR is sensitive to waveform and f. This
sensitivity to waveform underscores the need to perform CFCGR tests
based on real operational loading conditions. It is then desirable to
perform tests under realistic loading modes in order to enable more
efficient design, inspection planning and life prediction of OWT support
structures. However, the loading condition on a commercial OWT is
highly stochastic as noted in Section 1.1. The goal of the present study
(PS) is to; (1) determine the effect of two different types of waveforms,
sinewave and trapezoid waveform with hold-time at the maximum
load, as well as various frequencies on CFCGR in SW. The choice of
hold-time has been explained in Section 1.1. And (2) to identify the
more damaging of the two waveforms, hence the most conservative
analysis that can be employed in the life assessment of OWT monopile
foundations.

In general, this paper presents new sets of experimental results on
the effect of f, waveform and load level/Kmax on the CF behaviour of
normalised-rolled (NR) and thermomechanical control process (TMCP)
ferrite-pearlite steel subgrades of S355 which are widely used in the
fabrication of modern offshore structures, including OWT monopile
foundations. The waveforms considered in this study are sinewave and
trapezoid with hold-time and the experiments were conducted under
frequencies of 0.2 Hz, 0.3 Hz, 0.5 Hz at the fixed stress ratio of R = 0.1
for comparison purposes. The experiments performed in this study are
expected to assist towards a more reliable assessment of CF in OWT
foundations in free-corrosion conditions in a marine environment.

2. Material selection and specimen preparation

Traditionally, BS4360 Grade 50D was widely used in the design of
offshore structures. The BS4360:1990 code has been withdrawn and
replaced with EN10025 S355. In recent years, European Standard
EN10025 S355 has become the main structural steel typically in use for
OWT structures [38,47,52]. Different sub-grades of S355 are selected
for use in offshore applications, including monopiles. The equivalent
grade of BS4360 Grade 50D is S355J2 + N. The EN10025 choice for
offshore application and the equivalent EN10225 and BS4360 steels are
shown in Table 2. The materials S335G8 + M, S355G10 + M and
S355J2 + N were investigated in this study. The first two are TMCP
steels, while S355J2 + N is NR. Table 3 gives the chemical and me-
chanical properties of these sub-grades of S355 steel.

For the EN10025 in Table 2, ‘S’ represents structural steel and the
sub-grades JR, J0, J2, K2 refers to the steel toughness at a specific
temperature using the Longitudinal Charpy V-notch impacts test
method. The ‘J’ denotes the notch impact test performed at; JR: room
temp, J0: 0 °C, J2: −20 °C. The simple meaning is that S355JR can
withstand an impact energy of 27 J at 20 °C, S355J0 at 0 °C, S355J2 at
−20 °C [47]. S355N has impact energy of 40 J at −20 °C while S355NL
has impact energy of 27 J at −50 °C [47]. N & NL denote normalised
and normalised rolled, weldable fine grain structural steels respectively.

For example, S355J2 + N is a structural steel with an impact resistant
testing strength of 20 J at a testing temperature of −20 °C (J2) and has
been given a normalised heat treatment (+N). For the EN10225, the ‘G’
denotes the grade that has been vacuum degassed, fully killed and hot
rolled to give a fine-grained microstructure. The M refers to the grade
that has been thermo-mechanical control rolled (or processed) (TMCR
or TMCP).

The FCG behaviour of S355G10 + M in air has been previously
characterised by the authors and the results are available in Ref. [26].
The goal of this study is to characterise the FCG behaviour of these
subgrades in a free-corroding environment and to examine the effects of
hold-time and f on the FCGRs. Compact tension C(T) specimens in ac-
cordance with ASTM E647 –15 Standard [53] were extracted from the
mid-thickness of 90 mm thick plates shown in Fig. 4(a). The specimens
were extracted from a distance reasonably away from the as-received
steel plate surfaces. Fig. 4(b) shows the 3D schematic of the experi-
mental specimen. The C(T) specimen dimensions are given in Table 4
and a total of 15 CF tests were conducted. As seen in this table, all tests
were performed on standard C(T) specimens with a width of
W = 50 mm and average thickness of B = 16 mm. The initial crack
length, a0, (i.e. after pre-fatigue cracking), final crack length, af, and
loading conditions for each test are presented in the same table. Note
that in test IDs, each sample is denoted by material type (e.g. J2N, G8
and G10), followed by the environmental/waveform condition (e.g. S
which stands for corrosion-fatigue test with sinewave and H which
stands for corrosion-fatigue test with hold-time), the maximum load
applied, Pmax, on the sample (e.g. 9, and 10 kN), and the applied f (e.g.
F of 0.2, 0.3 and 0.5 Hz). Also included in this table are the loading
conditions for each test. All tests were conducted using the same load
ratio of R = 0.1. All the fatigue tests were conducted in accordance
with ASTM E647-15 [53] and BS 7910 [55].

3. Test set-up and crack growth monitoring in seawater

3.1. Seawater test set-up

For the corrosion-fatigue tests, artificial seawater was prepared in
accordance with ASTM D1141-98 [56]. The pH of the seawater was
maintained in the range of 8.0–8.2. Before the commencement of the
corrosion-fatigue tests, pre-cracked specimens were soaked in seawater
up to 2 days. During the tests, the seawater temperature was main-
tained within the range of 7.5–8.2 °C. The CF tests were carried out in a
Perspex chamber (see Fig. 5(a)) where the SW was circulated around
the C(T) specimen by means of a pump at a continuous rate of about
4 L/min.

The volume of the seawater was such that the same chemical con-
ditions and pH range were obtained at the end of each test. The

Table 2
S355 structural steels for marine applications, (a) advanced S355 subgrades (b)
Conventional S355 structural steel grades.

Offshore Structural Steel Plates

(a) (b)

European Typical offshore
application

European British

EN10025 Part 2:
2004

BS4360:1990EN10225

S355G7 + N Primary Structure S355 50A
S355G7 + M Primary Structure S355JR 50B
S355G8 + N Critical Joints S355JO 50C
S355G8 + M Critical Joints S355J2 50D
S355G9 + N Primary Structure S355J2 + N 50D
S355G9 + M Primary Structure S355K2 50DD
S355G10 + N Critical Joints S355K2 + N 50DD
S355G10 + M Critical Joints S355NL 50EE
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duration of each run was from 10 days to 7 weeks, depending on the
applied load level and the waveform, and it was ensured that the test
specimen was completely immersed in the seawater throughout the test
period. The seawater was replaced after every 15 days in order to
conform to the ASTM E647 Standard. More detail on the experimental
procedure can be found elsewhere [26]. Following completion of each
CF test, the crack path was investigated, and the crack length measured
on the free surfaces (see Fig. 5(b & c)). Subsequently the sample was
broken open, after soaking in liquid nitrogen, to measure the final crack
length on the fracture surface. Fig. 5(d–h) show the nature of the
fracture surface on CF test specimens (G10-H10F0.3, G10-H9F0.5G10-
S9F0.3 and G10-S9F0.2 respectively), which exhibited no tunnelling
and little or no difference in the crack lengths at front and back free
surfaces. Fig. 5(h) is the fracture surface for the air test used in estab-
lishing calibration curves having generally no tunnelling.

3.2. Crack length estimations using back-face strain measurements

To measure the crack length in seawater tests, the back-face strain
(BFS) measurement technique was employed in this study. In this
technique, a strain gauge is attached to the back face on the C(T) spe-
cimen and the instantaneous crack length is empirically correlated with
the amount of bending strain measured at the back of the sample under
a given load level. The BFS method, which is a nonvisual technique as

recommended in Ref. [53], is widely applied for crack length estima-
tions and has been found to be more efficient and cost-effective than
Alternating Current Potential Difference (ACPD), Direct Current Po-
tential Difference (DCPD) or optical measurements for seawater tests
[57]. In order to use the BFS crack length estimation technique in CF
tests performed in this study, calibration curves have been derived from
the air tests at different load levels. The process of deriving BFS cali-
bration curves has been summarised in Fig. 6. Strain gauges were fitted
at the back of the C(T) specimens and the microstrain readings were
collected during the FCG tests using a Model P3 Strain Indicator and
Recorder [58]. The optical crack lengths on the free surfaces were
measured at different numbers of cycles using digital cameras. The
calibration curves developed in air tests correlate the crack length, at a
given number of cycles (N), with the amount of microstrain (µm) pro-
duced at the back of the sample. In the CF tests, the N vs. µm data were
recorded. The calibration curves previously developed in air tests for
different load levels were employed to correlate the estimated crack
lengths from BFS measurements with the number of cycles. As shown in
Fig. 6(b) the strain gauge on the C(T) sample in the CF tests must be
isolated from the seawater by applying a suitable coating as described
in Ref. [59].

Fig. 7(a) shows the calibration curves derived in air for the Pmax

loads of 12, 10 and 9 kN for the three subgrades of the S355 steels. The
9 kN calibration curve for G8 + M was extracted from Ref. [14] while
the 10 kN calibration curve for G8 + M was generated in the present
study as well.

The equations of the line of best fits made to the data are sum-
marised in Table 5. As seen in Fig. 7(a), the 10 kN curve generated for
NR (J2 + N) has exhibited the lowest resistance to compressive strain
compared to that of G10 + M and G8 + M at the same load level. This
observation is consistent with the lower yield stress value reported for
NR (J2 + N) in Table 3. The calibration curves at similar load levels for
the three materials examined in this study appear to suggest that the
mechanical properties have an influence on the value of the microstrain
in BFS calibration curves. In other words, the calibration curve varies
for different steel grades and in extension the mechanical properties.

Fig. 7(b) demonstrates a comparison between the measured crack
lengths with the estimated values using the BFS calibration curve
equations summarised in Table 5. This figure confirms that here is an
excellent correlation between the measured and calculated fatigue
crack lengths within a range of 20–30 mm and this increased the con-
fidence in the estimated crack lengths in SW tests.

Table 3
Chemical compositions and mechanical properties of the examined materials in this study.

Steel Grade Notation C Mn Ni Si Cu Cr Mo E% YS (MPa) UTS (MPa)

S355G10 + M (TMCP) G10 + M (G10) 0.06 1.57 0.33 0.27 0.24 0.03 0.01 38 435 545
S355G8 + M (TMCP) G8 + M (G8) 0.05 1.52 0.32 0.27 0.24 0.03 0.01 35 447 549
S355J2 + N (NR) [54] J2 + N (J2N) 0.17 1.54 0.04 0.04 0.08 0.02 – 20 385 531

Fig. 4. (a) Steel plates used in this study, (b) 3D schematic of the C(T) specimen design.

Table 4
Specimen dimensions and loading conditions in seawater tests.

# Test ID. W (mm) B (mm) ao (mm) af (mm) f (Hz) Pmax (kN)

1 J2N-S10F0.2 50.00 16.00 18.32 28.02 0.2 10
2 J2N-H10F0.2 50.00 16.00 18.55 31.07 0.2 10
3 G8-H10F0.2 50.01 16.02 17.03 33.83 0.2 10
4 G10-S10F0.2 50.0 16.00 21.26 29.11 0.2 10
5 G10-H10F0.2 50.05 16.08 22.37 29.38 0.2 10
6 G10-S10F0.3 50.03 16.05 21.57 29.44 0.3 10
7 G10-H10F0.3 50.03 16.07 21.87 29.73 0.3 10
8 G10-S10F0.5 50.03 16.04 21.20 29.61 0.5 10
9 G10-H10F0.5 50.03 16.04 21.26 29.33 0.5 10
10 G10-S9F0.2 50.00 16.00 22.68 30.16 0.2 9
11 G10-H9F0.2 50.00 16.00 22.98 29.81 0.2 9
12 G10-S9F0.3 50.01 16.16 21.69 29.30 0.3 9
13 G10-H9F0.3 50.01 16.16 20.22 29.51 0.3 9
14 G10-S9F0.5 50.05 16.06 21.95 30.21 0.5 9
15 G10-H9F0.5 50.05 16.08 22.09 30.30 0.5 9
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3.3. Experimental waveforms in corrosion-fatigue tests

Two waveforms have been employed in this study; si and trapezoid
waveform with hold-time at the maximum applied load. Henceforth,
the trapezoid waveform will be referred to as hold-time waveform (h-t).
A commercial Instron software, WaveMatrix® [60] was used to pro-
gramme the two waveforms in the CF tests. The load ratio of R = 0.1
was applied in all tests and the effects of different frequencies of 0.2 Hz,
0.3 Hz and 0.5 Hz on the CFCG behaviour were examined.

The loading and unloading rates for the hold-time waveform (h-t)
were kept constant for the three frequencies and different load levels
while the hold time was varied depending on the test f. As an example,
for the 9 kN test with h-t the test started with 0.9 kN (i.e. Pmin) and then
the load was ramped up to 9 kN (i.e. Pmax) at a rate of 48.6 kN/s. Upon
completion of the predefined hold-time period the sample was un-
loaded to 0.9 kN with the same rate of 48.6 kN/s. This implies that the
rise time from the Pmin to Pmax was about 0.17 and 0.19 s in tests with
the maximum applied load of 9 and 10 kN, respectively. The fre-
quencies 0.2, 0.3 and 0.5 Hz were generated by varying the hold time at
Pmax while the loading and unloading rates were kept at 48.6 kN/s in all

the tests. Typical waveforms generated for the actual CF experiments
with different waveforms and frequencies are shown in Fig. 8 for the
case of 10 kN. As seen in this figure, while the loading and unloading
rates were kept the same in all tests with h-t, the hold-time was varied
depending on the applied f (e.g. 4.62 s and 1.62 s for the tests with
applied f = 0.2 and 0.5 Hz respectively).

4. Evaluation of tests on FCGR

The FCGR calculation was carried out in accordance with the pro-
cedure specified in ASTM E647-15 [53] and BS EN ISO 11782-2:2008
[61]. The parameters used in seawater tests evaluation are the applied
load, P, the crack length, a, the number of cycles, N and the microstrain
(BFS), µ . Using the appropriate calibration curve (Fig. 7 and Table 5),
the µε in CF tests was converted to the crack length and subsequently
the SIFR was calculated. The change in the maximum stress intensity
factor (SIF), Kmax, and minimum SIF, Kmin, in the tests was calculated
using the following equation:

Fig. 5. (a) CF experimental set-up (b) side view of the crack path in a CF test specimen, (c & d) examples of fracture surface in two CF test specimens.

Fig. 6. (a) Schematic of a C(T) specimen with bonded strain gauge (b) strain gauge insulation during CF tests.
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= =K K K P
B W

Y a
Wmax min (1)

where P is the difference between the maximum and minimum ap-
plied loads, W is the specimen width, B is the specimen thickness. Y(a/
W) is the geometry-dependent shape function, the value of which for
the present C(T) specimen geometry and for a/W ≥ 0.4 can be calcu-
lated as follows:

= + + +Y a
W

(2 )
(1 )

(0.886 4.64 13.32 14.72 5.6 )3/2
2 3 4

(2)

where = a/W. A new shape function solution for C(T) specimens with
a/W less than 0.4 can be found elsewhere [14]. The solutions of Y(a/W)
for other conventional fracture geometries can be found in fracture
mechanics textbooks such as Ref. [35]. The ASTM standard suggests the
use of fitted crack length, ai, corresponding to Ni when calculating the
SIFR (ΔK) associated with da/dN (see Refs. [53,61]) instead of the ex-
perimentally observed crack, a to compensate for human error in crack
length measurement and material anomalies. This method tends to
produce a fine correlation between da/dN and ΔK data points along the
power law curve. The experimental Ni, which was read off from the
computer software, was directly employed in the data analysis in the
present study. Thus, the rate of crack growth, da/dN at a particular
number of cycles, Ni and crack length ai was calculated using a 7-points
incremental polynomial technique following the procedure outlined in
Refs. [53,61]. The value of the FCGR (i.e. da/dN) was then plotted
against the corresponding ΔK on a log–log axes. The Paris law constants
obtained from a straight line drawn through the linear part of the curve
were derived using the following equation:

=da
dN

C K m
(3)

where C and m are the empirical power-law constants found by fitting a
regression line to the test data in the Paris Region.

5. Corrosion-fatigue crack growth rate results and discussion

5.1. Test results on S355G10 + M

The CFCGR results obtained on S355G10 + M for freely corroding
conditions in SW for the si and h-t are shown in Fig. 9. The results from
these 12 tests (see Table 4) are shown in pairs in Fig. 9 in order to
compare the CFCGR in S355G10 + M (denoted G10 in specimen IDs)
steel subgrade for the two waveforms, under frequencies of 0.2 Hz,
0.3 Hz and 0.5 Hz. In Fig. 9(a–f) the si and h-t data points are shown
with circles and triangles, respectively. Fig. 9(a–c) show the results
from the tests performed at 10 kN under various frequencies while
Fig. 9(d–f) present the data for 9 kN maximum applied load. It can be
seen in Fig. 9(a–c) that under Pmax = 10 kN, the si results have ex-
hibited higher CFCGR in the Paris Region, compared to the h-t data, in
all tests performed at various frequencies. Also seen is that the se-
paration in the crack growth rates between si and h-t is more pro-
nounced at lower frequencies of 0.2 Hz and 0.3 Hz, with the largest
difference observed at 0.2 Hz. Moreover, the results show that as the f
increases to 0.5 Hz, this separation in the CFCGRs appears to decrease
and the data points from both waveforms fall upon each other below
about 22 MPa√m. This reduction in the growth rate in the lower ΔK
region with increase in frequency may be attributed to reduced corro-
sion activities at the plastic zone ahead of the crack tip. That is, less
time is provided for the rate increasing corrosion reaction to take place
in the plastic zone or that the size of the plastic zone is not large enough
to intensify the rate increasing corrosion process. In the range of about
22–31 MPa√m, the CFCGR of the si is clearly higher than that of the h-t;
similar to the results of Fig. 9(a & b). This result tends to suggest that
the extent of the interaction of the damaging chemical species in the SW
with the plastic zone fundamentally influences the CFCGR. As the
driving force increases, the plastic zone size increases and the corrosion
activity rises as well in the plastic zone. Because the frequency is re-
latively high, massive anodic dissolution of the plastic zone which may
lead to crack blunting may not occur. In this instance, the CFCGR will

Fig. 7. (a) BFS calibration curves at different load levels (b) correlation between the measured and estimated crack lengths.

Table 5
Equations of the BFS calibration curves for various examined materials at different load levels.

Material Pmax (kN) Calibration equations R2

G10 12 = × × × × +a µ µ µ µ1.50 10 ( ) 1.12 10 ( ) 3.24 10 ( ) 4.48 10 4.7212 4 8 3 5 2 2 0.9994
G10 10 = × × × × +a µ µ µ µ1.50 10 ( ) 1.10 10 ( ) 3.03 10 ( ) 4.05 10 7.5812 4 8 3 5 2 2 0.9995
G10 9 = × × × × +a µ µ µ µ1.50 10 ( ) 1.15 10 ( ) 3.06 10 ( ) 3.89 10 10.012 4 8 3 5 2 2 0.9994
G8 10 = × × × × +a µ µ µ µ1.23 10 ( ) 6.08 10 ( ) 1.12 10 ( ) 9.77 10 6.5211 4 8 3 4 2 2 0.9998
G8 9 = × × × × +a µ µ µ µ1.23 10 ( ) 5.02 10 ( ) 7.93 10 ( ) 6.60 10 3.9011 4 8 3 5 2 2 1.0000
J2N 10 = × + × + × + × +a µ µ µ µ6.42 10 ( ) 2.64 10 ( ) 3.45 10 ( ) 6.20 10 17.712 4 8 3 5 2 3 0.9990
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increase. But if blunting occurs, the CFCGR may decrease and it appears
that h-t is more susceptible to a rate retarding blunting process than si,
especially at low frequency.

The results in Fig. 9(d–f) for the tests performed under Pmax = 9 kN
show that the difference in the crack growth rates between the two
waveforms somewhat closed up in the Paris Region as compared to
Fig. 9(a–c). However, the rate remained slightly higher under si for all
the frequencies. Similar to the observed trend at the higher load level in
Fig. 9(a–c), the results in Fig. 9(d–f) indicate that increasing the f ap-
pears to converge the CFCGRs of the two waveforms. In general, the test
data presented in Fig. 9 show that for a given value of SIFR, the CFCGR
is higher in si compared to the h-t. The separation between the two
waveform data sets is more pronounced at the combination of lower
frequencies and higher loads. This indicates that characterising the
CFCG behaviour of S355G10 + M using si can result in more

conservative life predictions for offshore structures.
In order to examine the influence of load level on the CFCGR using

different waveforms, the results on S355G10 + M have been replotted
in Fig. 10 for direct comparison between 9 kN and 10 kN data sets
obtained using the si and h-t at various frequencies. The results in
Fig. 10(a–c) show that when CF tests on S355G10 + M are performed
using si, the change in Pmax from 10 kN to 9 kN has little or no effect on
the CFCG trends in the Paris Region for various frequencies ranging
from 0.2 Hz to 0.5 Hz. However, there is a slight increase in the CFCGR
for the 9 kN, 0.3 Hz test but, this trend is not obvious for the 0.2 Hz and
0.5 Hz tests. The results in Fig. 10(d–f) show that when the h-t is em-
ployed in CF testing noticeably higher CFCGRs are observed in 9 kN
data sets, compared to 10 kN data, across the entire range of fre-
quencies examined in this study.

As seen in Fig. 10(d–f), the influence of applied load level on the

Fig. 8. Experimental waveforms for 10 kN tests (a) hold-time of 4.62 s with 0.2 Hz, (b) hold-time of 1.62 s with 0.5 Hz, (c) sinewave of 0.2 Hz.

Fig. 9. The effect of waveforms on CFCGRs in S355G10 +M (a) Pmax = 10 kN, f= 0.2 Hz, (b) Pmax = 10 kN, f= 0.3 Hz, (c) Pmax = 10 kN, f= 0.5 Hz, (d) Pmax = 9
kN, f = 0.2 Hz, (e) Pmax = 9 kN, f = 0.3 Hz, and (f) Pmax = 9 kN, f = 0.5 Hz.
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CFCG results obtained using h-t is less pronounced at the higher f of
0.5 Hz. In this case, the data points from 9 kN and 10 kN data sets fall
upon each other at lower SIFR values. But, the curves started to diverge
at higher ΔK values of about 25 MPa√m. The interesting observation is
that generally, the CFCGRs at 9 kN are clearly higher than that of 10 kN
data sets in Fig. 10(d–f) and fairly true in Fig. 10(a–c). This again tends
to suggest that the size of the local plasticity ahead of the crack tip plays
a role in decelerating or accelerating the CFCGR in seawater – since the
plastic zone size depends on the fatigue load level. This effect is more
visible when h-t is employed in the CF testing. In general, the results in
Fig. 10 show that the loading effects on the CFCG behaviour of
S355G10 + M tend to be more pronounced at lower frequencies and in
the presence of the h-t.

To further investigate the effect of f and applied load level in the
presence of different waveforms, the results obtained from all tests
performed on S355G10 + M using si and h-t are collectively presented
in Fig. 11(a) and Fig. 11(b) respectively. Fig. 11(a) shows that in all the
CF tests performed using the si, within the Paris Region, there is no
obvious difference in the CFCG trends for the results of the tests per-
formed at different load levels (i.e. Pmax of 9 kN and 10 kN) and fre-
quencies (i.e. f of 0.2 Hz and 0.5 Hz). However, there is a slight increase
in the CFCGR for the 9 kN, 0.3 Hz test. In other words, the sensitivity of
CFCG to the f under si is small within the Paris Region, in the range of
0.2–0.5 Hz, and maximum applied load level in the range of 9–10 kN. A
line of best fit has been made to the entire set of data points in
Fig. 11(a) and the Paris law constants for the si tests are identified for
20.19 ≤ ΔK ≤ 35 MPa√m and summarized in for the G10 + M steel.

Fig. 11(b) shows that for the CF tests performed with the h-t there is
generally no obvious trend observed in the CFCGR below a SIFR of
24 MPa√m. However, in the region with SIFR of greater than 24 MPa√m
the CFCGR for 9 kN tests (with the frequencies of 0.2 Hz, 0.3 Hz and
0.5 Hz) are found to be higher than those of the 10 kN tests (with the
frequencies of 0.2 Hz, 0.3 Hz and 0.5 Hz) and the results in the high
SIFR region are becoming sensitive to the loading condition. This can be
associated with larger plastic zones ahead of the crack tip in the higher

SIFR region in the tests performed with the higher load, which has led
to some level of reduction in CFCGRs. Due to the clear separation of the
CFCG trends in the high SIFR region, two separate lines of best fit have
been made to the 9 kN and 10 kN data points and the inferred Paris law
constants are included in Fig. 11(b).

Fig. 11(c) is the comparison of the waveform tests under 9 kN. As
seen previously, the CFCGR under si is higher under 9 kN and the rate
decreased with increasing ΔK. The mean curves for the si and h-t are
included. At about 28.50 MPa√m, the CFCGR of the h-t appears to
overtake that of si. This tends to suggest that at very high ΔK, the
CFCGR of the h-t will be higher. This trend can also be seen from the
Paris law constants of the curves shown in the figure and listed in
Tables 6 and 7. The h-t exponent is very high which gives the steep
nature of the curve.

A similar comparison of the waveform tests under 10 kN is shown in
Fig. 11(d). Under this increased load, the CFCGR of the si is clearly and
consistently higher than that of the h-t in the Paris Region, though the
factor of difference tends to gradually decrease with increasing ΔK. The
exponential values of the Paris law, as listed in Tables 6 and 7 show also
that the difference in the growth rates is gradually decreasing.
Fig. 11(e) is the combination of the mean Paris curves of Fig. 11(a) and
(b). Below the SIFR of about 28 MPa√m, the CFCGR under si is clearly
higher than that of the h-t tests. Above this value, the CFCGR of the si
continues to be higher than that of the 10 kN h-t test by an average,
almost constant, factor of 1.55, but lower than that of the 9 kN h-t tests.
The factor of difference increases with SIFR. Generally, this indicates
that within the f range of 0.2–0.5 Hz, the life assessment of offshore
wind turbine monopiles made of S355G10 + M will be more con-
servative when the Paris law constants from si CF tests are employed in
the analysis.

Another important observation in Fig. 11(e) is that below about
22 MPa√m, the CFCGR of the 9 kN h-t is, as may be expected, lower
than that of the 10 kN h-t test. Nevertheless, above this 22 MPa√m and
at a crack growth rate of about 3.60 × 10−8 m/cycle, the 9 kN CFCGR
became higher than that of the 10 kN test. Moreover, above 28 MPa√m

Fig. 10. The effect of load level on the CFCGR using different waveforms in S355G10 + M (a) si with f = 0.2 Hz, (b) si with f = 0.3 Hz, (c) si with f = 0.5 Hz, (d) h-t
with f = 0.2 Hz, (e) h-t with f = 0.3 Hz, and (f) h-t with f = 0.5 Hz.
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and at a crack growth rate of about 1.42 × 10−7 m/cycle, the CFCGR of
the 9 kN became even higher than even that of the si. This phenomenon
of transitions can be explained on the basis of the plastic zone geometry
(or size) interaction with the corrosion process. For the h-t test, below
22 MPa√m, the plastic zone size in the 10 kN is considerably smaller so
that its corrosion does not lead to a rate retarding blunting process. In
this domain, the higher driving force provided by the 10 kN naturally
increases the CFCGR more than that of the lower driving force of 9 kN.

Fig. 11. The effect of waveform, frequency and load level on CFCGR in S355G10 +M under (a) si (b) h-t (c) 9 kN (d) 10 kN (e) combination of mean curves of (a) and
(b).

Table 6
Paris law constants for CFCG tests performed on S355G10 + M using si and h-t.

Waveform type Load level (kN) C m R2

si 9 & 10 7.55 × 10−14 4.45 0.859

h-t 9 4.11 × 10−18 7.42 0.960
10 1.09 × 10−14 4.87 0.965
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As the SIFR increases, the plastic zone size gradually becomes larger
and the rate retarding blunting process becomes significant. In this
domain, the blunting of the main active crack tip due to an increase in
the plastic zone size becomes the CFCGR controlling factor rather than
the load level for the h-t. The same can be said of the si, but the effect of
the plastic zone size blunting process appears to be less severe up to
about SIFR of 28 MPa√m than that of the h-t. At high SIFR, the blunting
process in the si became significant to the point that its CFCGR became
lower than that of the 9 kN h-t test. This transition at 28 MPa√m, ap-
pears to support the assertion that the main crack tip blunting process is
the primary factor controlling the CFCGR of steel at high SIFR and low f
in seawater. This study also found that varying the f in the range
0.2–0.5 Hz has little or no effect on the CFGCR process.

5.2. Test results on S355G8 + M and S355J2 + N

To verify the trends observed in Figs. 9, 10 and 11 for the
S355G10 + M steel, one additional test on S355G8 + M (denoted G8-
H10F0.2 in Table 4) and two additional tests on S355J2 + N (denoted
J2N-S10F0.2 and J2N-H10F0.2 in Table 4) were conducted under
Pmax = 10 kN, f= 0.2 Hz and R= 0.1. The results from these tests are
presented in Fig. 12(a) and (b) for S355G8 + M and S355J2 + N re-
spectively, along with the CFCGR test data from previous studies on the
same batches of material conducted using si by Mehmanparast [14]

(denoted G8-S9F0.3A3, G8-S9F0.3A4, G8-S10F0.3B3 and G8-
S10F0.3B4) and Adedipe [62] (denoted J2N-S9F0.4, J2N-S9F0.3 and
J2N-S12F0.3). It can be seen in Fig. 12(a) that the CFCGR in the test
with the h-t is generally lower than those obtained from si tests, This
observation confirms that similar to S355G10 + M steel, the CFCG
behaviour of S355G8 +M is sensitive to the cyclic waveform and lower
trends are obtained when the tests are performed with h-t. It is also
becoming evident from Fig. 12(a) that similarly to S355G10 + M, the
tests with si on S355G8 + M exhibited no sensitivity to the maximum
applied load level, in the range of 9–10 kN and within the Paris Region.

The results in Fig. 12(b) show similar results to the case of
S355G10 + M and S355G8 + M. The h-t reduced CFCGRs for
S355J2 + N compared to the results obtained from si tests. It can be
seen in this figure that for test under Pmax = 10 kN and f = 0.2 Hz, a
lower CFCG trend is obtained from the h-t test compared to the si, and
the separation between the two data sets increased for higher SIFR. As
seen in Fig. 12(b), under the same loading condition the CFCGR in the
h-t test for S355J2 + N can be up to three times lower than the si test.
Also seen in Fig. 12(b) is that for the si tests, increasing the load level
has some accelerating effect on the CFCG behaviour of S355J2 + N in
the high SIFR region. Another important observation is that increasing
the load level and decreasing the f (e.g. for say J2N-S10F0.2, PS) had a
crack growth retarding effect in SW – as compared for example with the
J2N-S9F0.3, PS curve. This is probably because the larger plastic zone
created by the high driving force and more time allowed for the cor-
rosion process to attack the plastically deformed region by frequency
reduction may have resulted in severe crack tip blunting. Finally, it can
be seen in this figure that Pmax (in the range of 9–10 kN) is found to
have a more profound influence on CFCGR than the cyclic f (in the
range of 0.2–0.4 Hz).

5.3. Comparison of the corrosion-fatigue crack growth behaviour in NR and
TMCP steels

The results from all the CF tests, which were performed in this study
on S355G10 + M, S355G8 + M and S355J2 + N steels using h-t cycles
are collectively presented in Fig. 13 and compared to each other. As
seen in this figure, under the same loading conditions (i.e. Pmax = 10
kN and f = 0.2 Hz) the CFCG trend in S355J2 + N is generally much
higher than those obtained for S355G10 + M and S355G8 + M.
However, the trends cross over each other in the high SIFR region due
to the lower slope observed in the S355J2 + N data set. It is also ob-
vious that although similar trends have been observed in S355G10 +M
and S355G8 + M tests under similar loading conditions, the CFCGR in

Table 7
Paris law constants for CFCG tests under si and h-t for all 9 kN and 10 kN data
for the S355G10 + M in SW.

9 kN sine C m R2

Mean 2.74 × 10−14 4.79 0.866
Mean +2SD 4.67 × 10−14 4.79 –
Mean −2SD 1.61 × 10−14 4.79 –

9 kN hold
Mean 4.11 × 10−18 7.42 0.960
Mean + 2SD 5.73 × 10−18 7.42 –
Mean −2SD 2.95 × 10−18 7.42 –

10 kN sine
Mean 1.64 × 10−13 4.17 0.912
Mean + 2SD 2.46 × 10−13 4.17 –
Mean −2SD 1.10 × 10−13 4.17 –

10 kN hold
Mean 1.09 × 10−14 4.87 0.965
Mean + 2SD 1.41 × 10−14 4.87 –
Mean −2SD 8.41 × 10−15 4.87 –

Fig. 12. Comparison of new test results on (a) S355G8 + M and (b) S355J2 + N, with the literature data. (PS – present study, Ade – Adedipe).
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S355G8 + M could be up to twice higher compared to S355G10 + M.
This indicates that the generalisation of the CFCG behaviour in all the
ferritic steels is invalid and each grade of NR or TMCP steel must be
characterised separately.

Fig. 14 presents the plot of the CFCG data for all the ferritic steels
obtained under si only at different frequencies within the range 0.05 Hz
to 0.5 Hz. This figure includes all the test results obtained from si CF
tests conducted in the present study as well as the literature data on
other ferritic steels, the details of which can be found in Table 8. The

tests on S355J2 + N steel are represented with triangles and coloured
yellow and the replotted data of CFCGR of NR steels from the literature
is represented with squares and coloured turquoise. The CFCGR data for
the TMCP steels is represented with circles and coloured red. The
general observation from the comparison of such a wide range of fer-
ritic steels tested under different loading conditions suggests that the
plot, irrespective of the frequency range (0.05–0.5 Hz) and stress ratio
in the range of 0.0–0.67, the CFCGRs can be separated into two do-
mains; the upper domain for the normalised steel and the lower domain
for the TMCP steels. This separation is proposed to be a consequence of
the microstructural features, as we will see later in Section 6.

In Fig. 14, bi-linear CFCG trends can be observed for the normalised
steels (NR), which is similar to the 2-stage recommendations made in
BS7910 Standard [55]. Two-stage (A and B) lines – the solid black line
is the mean value and the dash black line the mean + 2SD curve, are
shown in Fig. 14. The mean solid line appears to denote the possible
boundary (diffused) between the data cloud for the NR and TMCP steels
in the range 13.33–50 MPa√m as all the data points of the TMCP are
below this line. The Stage A mean curve of the NR steel is described by
the Paris equation 1.24 × 10−13ΔK4.60 while that of its B is described
by 2.70 × 10−9ΔK1.64. The Stage A mean+ 2SD curve for the NR steels
is described by the Paris law 2.28 × 10−13ΔK4.60 while the Stage B is
described by 4.28 × 10−9ΔK1.67. The Paris law constants are also
presented in Table 9. It can be seen in Fig. 14 that within the wide range
of load levels and frequencies considered in these studies, the CFCGR is
generally found to be lowest in S355G10 + M TMCP steel, followed
very closely by S355G8 + M TMCP steel used in the SLIC study [14]
and lastly the NR steels.

The results presented in Fig. 14 suggest that the level of scatter in
normalised steels can be higher than TMCP steels, though more tests on
a wider range of subgrades of TMCP steels must be performed to con-
firm this observation. The Re-squared value for the Stage B curve shows
considerable scatter. This level of scatter is expected at high ΔK or when
the crack growth has entered the failure stage, where microvoid

Fig. 13. Comparison of CFCG results for S355G10 + M, S355G8 + M and
S355J2 + N steels under h-t.

Fig. 14. Comparison of the CFCG data for all the ferrite-pearlite steels considered in this study under si.
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coalescence mechanism dominates., this scatter appears to be a function
of the morphologies of the microconstituents of the steel which influ-
enced the extent of the crack bifurcation, diversion and crumb forma-
tion found during metallographic study of the crack path in the present
study (see Section 6). The green dotted line is the simplified BS7910
recommendation curve which still provides a satisfactory design esti-
mate of the FCG behaviour for these grades of steel in SW. Nonetheless,
it is over-conservative for the TMCP steels. Finally, with regard to the
whole data, this figure shows that the difference between the CFCGRs at
the lower bound and upper bound data can be up to around an order of
magnitude. This suggests that the CF behaviour of each subgrade of NR
and TMCP steels must be carefully characterized for a given loading
condition and the CFCG behaviour in the entire range of ferritic steels
cannot be defined using a single trend.

6. Metallography and fractography analyses

6.1. Analysis of untested samples

To understand the disparity in the CFCGR between the waveforms
under the test conditions discussed above, a metallographic study was
carried out. The first step was to determine the phases present in these
steel subgrades. This involved the use of optical and scanning electron
microscopy (SEM) techniques. The microstructures of the three S355
steel subgrades examined in this study are shown in Fig. 15. In
Fig. 15(a–c) the optical micrographs with magnification scale of 20 µm
are presented while Fig. 15(d–f) are the corresponding SEM micro-
graphs obtained at 50 µm. Fig. 15(g & h) were obtained at 2 µm while
Fig. 15(i) was at 10 µm. As seen in Fig. 15, the S355 steel subgrades
examined in this study have microstructures consisting essentially of a
ferrite (α) matrix with varying volume fractions of pearlite (P). The
microstructures of S355G10 + M and S355G8 + M are almost similar
to each other, but different from S355J2 + N.

Three types of ferrite were observed with the aid of Energy-dis-
persive X-ray Spectroscopy (EDX) compositional analysis, as noted in

Fig. 15(g–i). For clarity, these will be referred to as high relief ferrite
( HR) indicated by the red1 arrows, low relief ferrite ( LR) indicated by
the green arrows and high alloy ferrite ( HA) denoted by blue arrows.
Note that the difference in carbon content between the HR and LR is
relatively small, if not negligible. The pearlite (P) in Fig. 15 is indicated
by black arrows. The high alloy ferrite ( HA) phase formed from the
austenite as a thin ribbon completely covering the LR grain surfaces. It
is concluded from the EDX analysis that this thin ferrite ribbon actually
has carbon content approaching that of P with segregation of allowing
elements such as Al, Mg, Si and ‘impurities’ such as O, S and P. The
detailed analysis of the alloying constituents of this phase is ongoing.
Note that the low and high relief α phases could not be distinguished
under optical micrographs.

Moreover, sub-grains are seen in the LR ferrite phase as shown by
the smaller yellow arrows in Fig. 15(g & i). The formation of these sub-
grains may be due to heating and re-heating processes inherent in the
TMCP steel production technique [65]. With prolonged heating, carbon
and other alloying elements may have diffused further producing these
sub-grains which appear to be surrounded by the HA phase along the
sub-grain surfaces. The P colonies in the TMCP steels are somewhat
slender and elongated. In the TMCP steels, the P appears to grow in two
forms – small-blocky colonies and the thin, elongated or needle-like
morphology colony that perhaps developed from the HA phase. In the
S355J2 + N steel the P colonies are large, blocky and dense as can be
seen in Fig. 15(f & i). Clearly, the phase morphologies in the
S355J2 + N and S355G8 + M/G10 + M TMCP steels are different.
Therefore, dissimilar local microstructural properties and corrosion
process variation are expected. The presence of a hard phase (P) in a
soft matrix (α) with dissimilar stiffnesses is expected to influence local
fatigue behaviour of the steel [66] and may influence the way wave-
form affects the CFCGR.

Table 8
Paris Loading conditions for the CFCG tests conducted by other researchers.

Study by Steel grade Wave form Env. f (Hz) R

Bhuyan [44] CSA G40.21 M 350 si SW 0.05 0.1
p-s SW 0.1 0.1

Scott [11] BS4360-50D p-s SW 0.2 0.5
t SW 0.1 0.5
n-s SW 0.2 0.5

Appleton [46] BS4360-50D si SW 0.17 0.5
t SW 0.17 0.5

Cheng [13] ABS grade EH36 si SW 0.1 0.1
Dhinakaran [63] C-Mn steel si NaCl 1.0 0.5
Thorpe [5] BS4360-50D si SW 0.1 0.0, 0.1
Adedipe [57] S355J2N si SW 0.3, 0.35, 0.4 0.1
Musuva [30] BS4360-50D si 3.5%NaCl 0.25 0.08

si 3.5%NaCl 0.06 0.08
Gill [64] HSLA (MF-80) si 3.5%NaCl 0.5 0.67

si 3.5%NaCl 0.5 0.1
Barsom [27] si & tr NaCl 0.1 0.1
Present Study and Mehmanparast [14] S355G8 + M si SW 0.3 0.1
Present Study S355G10 + M si SW 0.2, 0.3, 0.5 0.1
Present Study S355J2N si SW 0.2, 0.3 0.1

si = sine, tr = triangular, p-s = positive sawtooth, n-s = negative sawtooth, SW = seawater.

Table 9
Two-stage Paris law constants for NR data cloud in Fig. 14.

Material C (Stage A) m (Stage A) R2 C (Stage B) m (Stage B) R2 ΔK transition from A to B

Mean NR 1.24 × 10−13 4.60 0.8838 2.70 × 10−9 1.64 0.5987 ~29.0
Mean + 2SD - NR 2.28 × 10−13 4.60 – 4.28 × 10−9 1.64 – ~28.0

1 For interpretation of colour in Figs. 15 and 17, the reader is referred to the
web version of this article.
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Fig. 15. The optical and SEM micrographs of the S355 steel samples examined in this study (a, d, g) S355G10 + M (b, e, h) S355G8 + M (c, f, i) S355J2 + N.

Fig. 16. Fractographs of fracture surfaces of corrosion-fatigue testes specimens (a–d) for S355G10 + M, (e & f) for S355J2 + N.
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6.2. Post-mortem analysis of corrosion-fatigue tested specimens

Some examples of the post-mortem analysis on CF tested samples for
S355G10 + M and S355J2 + N are shown in Fig. 16. Post-failure ex-
amination of the fracture surface of CF specimens shows that the
striations in the samples tested in SW appeared to be washed out by the
corrosion process. This washing out process progressed with time for
the S355G10 + M steel as can be seen in Fig. 16(a)–(d). Fig. 16(e & f)
show the fracture surface of S355J2 + N samples in SW and the
characteristics are similar to that observed in the TMCP steels (i.e.
S355G10 + M). Generally, cleavage failure was not observed in sea-
water tests. The ductile striation mechanism (DSM) as seen in the
fractograph (see Fig. 16(a & e)) is typical of the failure mechanism
towards the end of the Paris Region for low carbon steel. These frac-
tographs do not give any clue as to the difference in CFCGRs observed
for the two waveforms under the test conditions discussed previously.
An alternative approach is to examine the crack path and the features
influencing crack growth in the materials.

6.3. Crack path analysis on corrosion-fatigue tests specimens

The crack path study was carried out on a G10-S10F0.5 specimen,
which was tested using si, and the results are presented in Fig. 17. This
test was performed on a S355G10 + M specimen with Pmax = 10 kN
and f= 0.5 Hz. The direction of the crack growth in this study was from
left to right and the direction of the applied fatigue force was normal to
the crack path (as shown by a yellow double-sided arrow). High angle
diversion (as noted by the red arrows), branched crack front (indicated
by black arrows) and formation of metal crumbs (indicated by white
arrows) occurred, as shown in Fig. 17. Note that there were very few
high angle crack tip diversions and branching compared to the ob-
servations made in the air tests on the same material (not presented
here). Formation of metal crumbs was less in the G10-S10F0.5 spe-
cimen than in air, in the range of approximately 18–22 MPa√m. There
was also the widening of the gap between the fatigued surfaces in
comparison with air tests, an effect attributed to corrosion. The bran-
ched crack tips maintained some sharpness. The magnified micrographs
on the right of Fig. 17 show branched crack tips with some degree of tip
blunting. This is more considerable at locations 5, 6 and 7 identifying
features, which occurred at high SIFR. Locations 2 and 5, feature severe
blunting to the extent that another crack front budded or nucleated
from its side. This suggests that increasing the fatigue load to a level

where the crack opening displacement is significant in SW can result in
some degree of crack tip blunting which may retard the crack growth.
This blunting is a consequence of anodic dissolution of the plastically
deformed region ahead of the crack tip. Increasing the fatigue load (or
SIFR) or the hold-time at the Pmax permits more damaging species to
penetrate the plastic zone which may lead to rapid dissolution reaction
and consequently crack growth retardation in a severe case.

A crack path analysis was also carried out on a G10-H10F0.2 spe-
cimen, which was tested using h-t. The results are presented in Fig. 18.
This test was performed on a S355G10 + M specimen with Pmax = 10
kN and f = 0.2 Hz. The direction of the crack growth in this study was
from left to right and the direction of the applied fatigue force was
normal to the crack path (yellow arrows). Initially, a low angle crack
diversion and branching similar to that seen in Fig. 17 was observed.
Similar features of high angle diversion (as noted by the red arrows),
branched crack front (indicated by blue arrows) and formation of metal
crumbs (indicated by white arrows) occurred on this specimen. The
basic difference between this specimen, which was tested with h-t, and
the test conducted under si is that the branched crack tips are ex-
tensively blunted as shown on the top right of Fig. 18. Locations 1–7
features clearly show the severe blunting that occurred at the lower
SIFR under 10 kN in the low f test (f= 0.2 Hz) performed with h-t. The
yellow boxes (features 8–15) show that the severe blunting process
occurred also at the high SIFR in this specimen. The point of test
stoppage is encircled (location 16) and it can be seen that the tip of the
main propagating crack front is considerably blunted as shown by the
magnified micrograph on the bottom right. As mentioned previously,
this varying amount of crack tip blunting can be associated with the
anodic dissolution of the local plasticity ahead of the crack tip. The
severity of the blunting appears to increase with an increase in the size
of the local plastic region. Note that the plastic zone size is a function of
the magnitude of the SIFR or the driving force. Large plastic zone size
could lead to faster transportation of more damaging chemical species
through the crack tip into the deformed region due to an increase in the
crack opening displacement. Blunting in the hold-time is found to be
more severe due to the longer hold-time for corrosion attack. This
possibly explains why lower CFCG trends were observed in all the
samples tested using h-t as compared to si (see Figs. 9, 11(c & d) and
12).

Fig. 17. Crack path analysis on G10-S10F0.5.
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7. Conclusions

The current study investigated the sensitivity of the CFCGR of the
S355 steel subgrades S355G8 + M, S355G10 + M and S355J2 + N to
waveform, f and load level in SW. The waveforms considered in this
study are sinewave (si) and trapezoid waveform (generally referred to
here as hold-time (h-t)) and the experiments were conducted under
frequencies of 0.2 Hz, 0.3 Hz, 0.5 Hz. The stress ratio in all tests was 0.1
and the maximum applied loads were 9 kN and 10 kN. Results re-
garding S355G10 + M have shown that the CFCGRs are higher in si
tests compared to the h-t and this effect is more pronounced at lower
frequencies (i.e. f = 0.2 Hz) and higher applied loads (i.e. Pmax = 10
kN). Moreover, it has been shown that in the tests performed using h-t,
the CFCGR in the Paris Region increases slightly with a decrease in the
load level, while little or no noticeable difference was observed during
the si tests with different load levels. The results from additional tests
on S355G8 + M and S355J2 + N have shown that these two subgrades
of S355 are also sensitive to the cyclic waveform and up to three times
lower CFCG trends can be obtained when the tests are performed with
h-t. Comparison of the experimental results on S355G8 + M,
S355G10 + M and S355J2 + N has shown that under both si and h-t,
the CFCG trend in normalised steels (e.g. S355J2 + N) is higher than
TMCP steels (e.g. S355G8 + M, S355G10 + M). Post-mortem analysis
on the fracture surface of CF specimens has shown that the CFCG me-
chanism is by striations which appeared to be washed out by the cor-
rosion process. It was also observed in the metallurgical analysis of the
crack paths that for tests under the same load level (i.e. Pmax = 10 kN),
the specimen tested with h-t has exhibited extensively blunted branched
crack tips. This explains why the CFCG trends are lower in h-t tests
compared to si. It is found that the main crack tip blunting process
appears to be the primary factor controlling the CFCGR of steel at high

SIFR and low f in seawater. Other fundamental factors controlling the
CFCGR of steel are crack angle diversion, branching of crack front and
formation of metal crumbs along the crack path. The results from this
study show that the use of si Paris law constants for structural integrity
assessment will be a conservative approach for OWT monopile foun-
dations.
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