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A commonly used material in offshore structures is S355 structural steel. For example, during the monopile fab-
rication process, the material is pre-strained to different levels at different depths through the thickness. There-
fore, the influence of pre-straining on fatigue life and crack growth behaviour of the material needs to be
examined and considered for design and life assessment procedures. In the present study, uniaxial fatigue and
fatigue crack growth tests have been conducted on materials with different pre-strain levels and the results
are compared with the un-strained material state. From the test data, it has been seen that the S-N fatigue life
will reduce with increasing pre-straining level, while the fatigue crack propagation rate remains largely un-
changed in pre-strained material. The results from this study are compared with the recommended S-N fatigue
and fatigue crack growth trends available in standards and are discussed in terms of the applicability and level
of conservatism in the recommended curves to account for the material pre-straining effects on the fatigue life
assessment of offshore structures.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

There is a push for offshore wind which has resulted in the offshore
wind industry developing newer technologies and install more wind
farms with turbines of higher capacities in deeper waters [1]. Among
different components of offshore wind turbines, foundation structures
hold a significant importance in the future development of offshore
wind project due to the significant costs involved in fabrication and
maintenance of these assets [2,3,4,5]. Over the last decade, monopile
foundation structures have been extensively utilised by offshore wind
developers due to their simplistic design, production, and unit cost
[6,7]. Monopiles currently account for over 80% of installed offshore
wind turbines [6,7]. Therefore, the focus of this study is on the effect
of manufacturing processes on the structural integrity of monopile
structures. Separate studies must be conducted in the future to investi-
gate the manufacturing defects on the design and integrity assessment
of alternative types of offshore wind foundations including jackets.

Monopiles are fabricated via the three roll bending process, a contin-
uous manufacturing process involving cold rolling of previously hot
rolled structural steel plates into cylindrical cans, prior to being longitu-
dinally welded. These cans are then welded together circumferentially
to achieve the length of monopile required. In order to cold roll
ehmanparast).
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structural steel plates into curved shapes, they must be plastically de-
formed. From previous works it has been seen that the monopile fabri-
cation processmay result in plastic strains ranging from compressive on
the inner surface of the steel plates to tensile on the outer surface, and
the exact values vary through the thickness [8,9]. Studies have shown
that introducing plasticity into metals during fabrication processes can
affect the mechanical characteristics of the material [10,11]. Thus, in
the case of monopile structures this is an important area that needs to
be investigated to ensure accurate lifetimes are predicted using appro-
priate structural integrity assessment procedures.

Structural steels are widely employed in the fabrication of offshore
structures due to their good strength characteristics, as well as good
welding properties and ductility. While previous research works have
extensively investigated the mechanical and fatigue behaviour of vari-
ous grades of structural steels [12,13,14] the material pre-straining ef-
fects induced during the fabrication processes have not been
examined yet. Work has been previously done to investigate the effect
of hardening behaviour on the strength of S355. In the work by de
Jesus et al. [15], monotonic stress-strain curves were obtained on S355
structural steel to evaluate the initial strain hardening behaviour of
the parent material. It was observed from these results that S355 had
a tensile strength between 470 and 630 MPa, for specimen thicknesses
below 16 mm, with a yield plateau followed by significant strain hard-
ening [15]. In the work by Forni et al. it was shown that S355 steel re-
tains its strain hardening capacity with increasing strain rate, and at
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

a Crack length
a0 Initial crack length
af Final crack length
B C(T) specimen thickness
Bn Net thickness between the side grooves
d C(T) specimen hole diameter
D Fatigue damage
E Elastic Young's modulus
f Frequency
H C(T) specimen height
Kmax Stress intensity factor at maximum load
Kmin Stress intensity factor at minimum load
ΔK Stress intensity factor range
N Number of fatigue cycles
Nf Number of cycles to failure in uniaxial fatigue tests
Pmax Maximum Load
Pmin Minimum Load
R Load ratio in fatigue tests (Pmax/Pmin)
W C(T) specimen width
Y Shape function
Δσ Stress range
σUTS Ultimate tensile stress
σmax Maximum stress
σmin Minimum stress
σy Yield stress
εf Tensile strain at failure
εp Plastic strain
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higher strain rates, an instability (such as lower and upper yield
strengths) can be present due to the dislocation density, velocity, and
loading rate [16, 17].

Another study was conducted on 430 stainless steel to explore the
influence of material pre-strain on the fatigue behaviour. The test spec-
imens were initially pre-tensioned to 5%, 8% and 12% strain and subse-
quently tested under fatigue loading conditions. From this work, it
was observed that the tensile pre-straining resulted in a decrease in
the number of cycles to failure, at the same stress range [19]. The fatigue
behaviour of pre-strained 304 L steel was investigated and compared to
the as-receivedmaterials in [20], and it was noted that pre-strained test
specimens had shorter fatigue lives due to their decreased ductility after
pre-straining. In a work by Hagiwara et al. [18], a comprehensive study
was conducted on line pipe steels to compare the fatigue crack growth
rates for various grades of steel, in the presence of pre-strains up to
20%. The results from this study showed that tensile pre-strain had no
significant effect on fatigue crack initiation and growth behaviour of
the materials tested [18].

While the fatigue design curves such as DNVGL-RP-C203 and life as-
sessment procedures are primarily focussed on engineering materials
without any pre-straining history, the results available in the literature
suggest that the pre-straining effects on the fatigue life of steels must
be carefully investigated and considered in the life assessment of off-
shore structures. In order to better understand the influence of pre-
strains introduced during fabrication of offshore structures, the present
study extensively investigates the fatigue life and crack growth behav-
iour in the presence of different levels of tensile pre-strains in S355
structural steel, which iswidely used in fabrication of offshorewind tur-
bine foundations, and the results are compared with the as-received
material. The results are discussed in terms of the significance of pre-
straining effects on design and life assessment of offshore wind turbine
monopile foundations, andprovide new insights to enhance the life pre-
diction of the offshore structures.
2

2. Material pre-conditioning and specimen preparation

The material used in this research is S355GS + 10 structural steel
due to its wide use in the manufacture of offshore structures. This
material is known to have high ductility, allowing it to undergo large
deformations [21,22]. In order to investigate the influence of material
pre-straining on the fatigue properties of S355, the material was pre-
strained to various levels of plastic strain. The three pre-straining condi-
tions which were examined in this study were (1) base metal (BM)
which is also known as the as-received (AR) material with 0% plastic
strain, (2) uniformly pre-tensioned material to 5% plastic strain, and
(3) uniformly pre-tensioned material to 10% plastic strain. The mec-
hanical response of the AR material was preliminarily examined by
performing an interrupted tensile test on an AR sample and the stress
levels corresponding to 5% and 10% plastic strain, εp, were identified
and applied in uniform pre-tensioning of the AR blocks of S355 in
order to introduce the target values of pre-strains in the test specimens.

Subsequent to pre-tensioning of large blocks of S355 steel to 5% and
10% plastic strain, dog-bone shape specimens were extracted for tensile
and uniaxial fatigue tests as well as compact tension, C(T), specimens
for fatigue crack growth tests. Similarly, dog-bone and C(T) specimens
were extracted from an AR block of S355 steel in order to prepare spec-
imens with 0% plastic strain for testing and comparison with the pre-
strained specimens. The dog-bone shape specimens for uniaxial fatigue
tests were designed following the guidelines provided in ASTM E466
[23] and had thewidth of 24mm, thickness of 11mm and gauge length
of 48 mm. The C(T) specimens for fatigue crack growth tests were de-
signed in accordance with ASTM E647 [23], and had the total width of
W = 50 mm, height of H = 60 mm, thickness of B = 15 mm, pin hole
diameter of d = 12.5 mm and initial crack length of a0 = 22.5 mm.
All C(T) specimens were side grooved by 15% of the total thickness
on each side and had the net-thickness between the side grooves of
Bn = 10.5 mm.
3. Testing methodology

Uniaxial tensile and fatigue tests on dog-bone shape specimenswere
performed on a servo-hydraulic machine with load carrying capacity of
250 kN. To compare themechanical behaviour of pre-strainedmaterials,
two tensile tests per pre-strain levels of 0%, 5% and 10%were performed
on dog-bone shape specimens. For the uniaxial fatigue tests, alignment
checksweremade during the set-up and operation of tests by attaching
strain gauges to the opposite sides of the test specimens. All uniaxial fa-
tigue tests were performed under load control mode by implementing
the maximum load, Pmax, and minimum load, Pmin, in a sinusoidal cyclic
waveform. Uniaxial fatigue tests were performed at room temperature
in air under a constant frequency of f = 4 Hz with the load ratio of
R=0.1. The uniaxial fatigue sampleswere continuously cycled,without
any interruption throughout the test, until failure. The tests were per-
formed at different values of stress range, Δσ, (described as the differ-
ence between maximum applied stress σmax and minimum applied
stress σmin) and the number of cycles to failure, Nf, was recorded at
the end of each test. In total, six AR, five 5% pre-strained and seven
10% pre-strained dog-bone shape specimenswere tested under uniaxial
fatigue loading conditions to investigate the influence of material pre-
straining on the fatigue life of S355 steel. Moreover, additional fatigue
testswere performed and interrupted before final failure, andwere sub-
sequently tested under monotonic loading to investigate the influence
of cyclic loading history on the mechanical response of S355 materials
with different pre-strain levels.

Fatigue crack growth tests on C(T) specimens were performed on a
servo-hydraulic machine with loading capacity of 100 kN. The crack
growth monitoring in these tests was conducted using the unloading
compliance technique by attaching a clip gauge, with the maximum
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travel range of 4 mm, at the crack mouth of the specimens. For this
purpose, knife edges were machined on C(T) specimens to securely ac-
commodate the clip gauge during fatigue crack growth tests. In addition
to unloading compliance measurements, high resolution cameras were
located behind and in front of the machine to compare the visually
observed crack lengths at the free surfaces of C(T) specimens with
those estimated from the unloading data. All fatigue crack growth test
specimens were at room temperature in air under the frequency of
f = 2 Hz and load ratio of R = 0.1. In total, three AR, four 5% pre-
strained and four 10% pre-strained C(T) specimens were tested in this
study to investigate the influence of material pre-straining on the
fatigue crack growth behaviour of S355 steel.

Post testing, specimens were soaked in liquid nitrogen for ten mi-
nutes and then broken open under monotonic loading conditions.
High resolution macroscopic images of the fracture surfaces were
taken and analysed to measure the average fatigue crack growth in
each test specimen. The estimated crack lengths from the unloading
compliance were compared to the measured values obtained from the
fracture surface to check the accuracy of the crack length estimates. As
reported in Section4, thepercentage of error in crack length estimations
from the unloading compliance data at the end of the fatigue growth
tests, af, are below 7%, confirming that relatively accurate values of
crack length were estimated using the clip gauge data.
4. Tensile and fatigue test results

4.1. Tensile tests

Tensile tests were conducted on 0%, 5% and 10% pre-strained speci-
mens. Two specimens were tested per pre-straining level; denoted T-
0%-1 and T-0%-2, T-5%-1 and T-5%-2, and T-10%-1 and T-10%-2, for 0%,
5% and 10% pre-strain levels, respectively. The Digital Imaging Correla-
tion (DIC) technique was employed to accurately determine the strain
Fig. 1. DIC strain maps at 480 MPa for (a) 0%
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distributions during tensile tests. An example of the DIC strain maps
captured on specimens with 0%, 5% and 10% pre-strains at the given
stress level of 480 MPa is shown in Fig. 1. As seen in this figure, before
reaching the onset of plasticity the strains were uniformly distributed
across the gauge region of the test specimens. The colour scales pre-
sented represent the axial strain along the loading direction when the
specimen is held in tension at 480MPa. In Fig. 1 the high and low strain
regions are shown in red and dark blue, respectively. The strain values
shown in Fig. 1 have the unit of 1/10−3 (strain/mstrain). It is worth not-
ing that to plot the tensile curves, the average strain values were taken
from an area in the vicinity of the necking and failure region for all the
tensile tests performed in this study. As seen in Fig. 1 at a given stress
level the pre-strained specimens display a lower % strain than AR spec-
imens due to the hardening behaviour that occurs as a result ofmaterial
pre-straining.

The average values of elastic Young's modulus, E, yield stress, σy,
ultimate tensile strength, σUTS, and strain at failure, εf, from the two
tests performed on each material pre-strain level are reported in
Table 1 and the tensile curves are graphically presented in Fig. 2. From
the table it can be seen that E,σy andσUTS exhibit an increase by increas-
ing the pre-strain level, while the strain at failure continuously de-
creases. It is evident from these results that the rate of change in the
yield stress of the material, as a result of pre-straining, is greater than
that observed in σUTS.
4.2. Uniaxial fatigue tests

Uniaxial fatigue tests were performed on dog-bone specimens with
0%, 5% and 10% pre-strain (see Fig. 3). Due to relatively high ductility of
S355, initial testswere performed at stress levels of above or close to the
yield stress of the AR material and then the stress level was gradually
decreased for the following tests via the staircase method. The stress
range, Δσ, values applied in uniaxial fatigue tests were 430, 418, 406,
, (b) 5%, (c) 10% pre-strained specimens.



Table 1
Average mechanical properties for 0%, 5% and 10% pre-strained materials.

Pre-strain level (%) E (GPa) σY (MPa) σUTS (MPa) εf (%)

0 222 417 517 50.8
5 255 468 532 49.0
10 264 516 545 46.6

Fig. 3. Uniaxial fatigue specimen undergoing fatigue testing.
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400 and 391MPa. Thenumber of cycles to failure obtained fromuniaxial
fatigue tests are correlatedwith the applied stress range in Log-Log axes
and the indicative S-N curves for different pre-strain levels are
presented in Fig. 4. It can be seen in this figure that the number of cycles
to failure seem to converge at high stress range values. The reducing
fatigue life trend, compared to the AR material, can be consistently ob-
served in 5% and 10% pre-strained data points, indicating that an in-
crease in the pre-strain level decreases the fatigue life of the material.

Also seen in Fig. 4 is that for 0% (i.e. AR) and 5%material states, a sud-
den change in the slope of the S-N curve would occur at lower stress
range values resulting in bi-linear trends, in Log-Log axes, for these
two data sets. Moreover, interestingly the change of the slope in the
S-N curves on both material data sets has been observed to happen
around Nf = 600,000 cycles. For clarity, the data points at higher and
lower stress range values with different slopes are shown in solid and
hollow symbols, respectively, in Fig. 4. It is evident from the test results
that the Δσ at which the change in the slope of the S-N curves takes
place decreases by increasing the pre-strain level. These results suggest
that if the tests on 10% material were continued at lower Δσ, the same
change in the slope would have also occurred in that material state.

In order to describe the fatigue life of examined tests specimens, the
lines of bestfit have beenmade to each data set to obtain the power-law
constants correlating the stress range with the number of cycles to fail-
ure, in the form of the Basquin relationship which is described as:

Nf ¼ A Δσð ÞB ð1Þ

The Δσ exponents at high and low stress values are referred to as B1
(with the corresponding Δσ coefficient of A1) and B2, (with the corre-
sponding Δσ coefficient of A2) respectively, and summarised in
Table 2. It can be seen in this table that the magnitude of both B1 and
B2 decreases by increasing the pre-strain level, with a higher rate of
change observed in B1 compared to B2. Also seen in Fig. 4 and Table 2
is that while the magnitude of B1 values for 5% and 10% pre-strain
data sets have been found to be lower than the 0% data set, more tests
need to be conducted in future work on 5% pre-strained material to
Fig. 2. Comparison of the tensile curves for 0%, 5% and 10% pre-strained materials.
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quantify a more accurate slope with greater number of data points
(the current B1 calculation for 5% pre-strained material is only based
on two data points). Comparing the obtained data onmaterials with dif-
ferent pre-strain levels presented in Fig. 4 and Table 2, an important
conclusion derived from this study is that for a given stress range
value, severe material pre-straining of up to 10% can reduce the fatigue
life by more than an order of magnitude, compared to the AR material
with 0% pre-strain level, and this difference in fatigue lives would in-
crease at lower stress levels; however, further work needs to be con-
ducted to confirm the fatigue behaviour at lower stresses. These
results clearly demonstrate that material pre-straining has a detrimen-
tal effect on fatigue life and this effect potentially may be more pro-
nounced at lower stresses and higher pre-strain levels.
300
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Fig. 4. Uniaxial fatigue data for 0%, 5% and 10% pre-strained materials.



Table 2
Power-law constants from bi-linear fits made to uniaxial fatigue data.

Pre-strain level (%) Nf ≤ 6 × 105 Nf > 6 × 105

logA1 B1 logA2 B2

0 45.50 −15.22 84.20 −68.35
5 22.33 −6.38 150.73 −55.87
10 29.28 −9.11 N/A N/A

Table 3
Summary of mechanical properties obtained from specimenswith different extent of pre-
existing fatigue damage, for 0% and 10% pre-strained materials.

Specimen ID Pre-strain level (%) D E (GPa) σY (MPa) σUTS (MPa) εf (%)

IF-0%-0 0 0 222 417 518 50.8
IF-0%-0.5 0 0.5 171 466 518 49.3
IF-0%-0.8 0 0.8 176 457 528 48.2
IF-10%-0 10 0 264 516 545 46.6
IF-10%-0.5 10 0.5 197 495 517 43.6
IF-10%-0.8 10 0.8 193 499 524 42.6
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4.3. Tensile tests on fatigue damaged specimens

In order to evaluate the influence of prior fatigue damage on subse-
quent mechanical behaviour of the material, four interrupted fatigue
tests were performed on 0% and 10% pre-strained materials, with two
tests performed for each pre-strain level; denoted IF-0%-0.5 and IF-0%-
0.8, and IF-10%-0.5 and IF-10%-0.8 for 0% and 10% material pre-strain
levels, respectively, where IF stands for interrupted fatigue followed
by the percentage of pre-straining whereas the final number identifies
the level of fatigue damage (i.e. D). Similar to the tests performed in
Section 4.2, the interrupted fatigue tests were also performed at the fre-
quency of f = 4 Hz with the load ratio of R = 0.1. For comparison pur-
poses, all four interrupted fatigue tests were performed at a fixed
stress range of Δσ= 406 MPa at which a clear difference in the fatigue
life can be observed in 0% and 10% pre-strained material (see Fig. 4).
For each of the pre-strain levels, the first test was interrupted at
the fatigue damage parameter of D = 0.5 while the second test was
stopped at D = 0.8, according to Miner's rule (see the equation
below) and by considering a constant stress amplitude loading condi-
tion of Δσ = 406 MPa (i.e. hence k = 1 in Eq. (2)). It is worth noting
that in order to introduce the predefined values of fatigue damage in
these tests, the required number of test cycles were calculated based
on the total number of cycles for failure, Nf, at Δσ = 406 MPa for 0%
and 10% pre-strain material states (see Fig. 4).

D ¼ ∑
k

i¼1

ni

Nf i

ð2Þ

Tensile testswere performed on interrupted fatigue samples and the
results are presented in Fig. 5. Also included in this figure are the
average tensile curves on 0% (denoted IF-0%-0) and 10% (denoted
IF-10%-0) pre-strained materials without any pre-existing fatigue dam-
age (i.e. n=0according to Eq. (2)). Themechanical properties obtained
Fig. 5. Comparison of the tensile curves obtained from specimens with different extent of
pre-existing fatigue damage, for 0% and 10% pre-strained materials.

5

from the test on 0% and 10% pre-strainedmaterials with different extent
of fatigue damage are summarised in Table 3. As seen in Fig. 5 and
Table 3, for 0% (i.e. AR) material state, a higher yield stress can be ob-
served in interrupted fatigue tests compared to the undamaged mate-
rial. Knowing that the applied stress level of Δσ = 406 has resulted in
the maximum applied stress of σmax = 451 MPa in these tests, the
higher yield stress in the interrupted fatigue tests on the AR material
state has occurred due to the hardening behaviour which takes place
in the first fatigue cycle under a maximum stress level of greater than
yield. On the other hand, knowing that the σmax applied in interrupted
fatigue tests on 10% pre-strained material is lower than the yield stress
for this material state, there is no noticeable change observed in the
yield stress of the fatigue damaged and undamaged pre-strained
materials.

Also seen in Fig. 5 and Table 3 is that while the increase in σUTS and
decrease in εf for the fatigue damaged AR specimens, compared to un-
damaged AR material, can be associated with material hardening in
the first fatigue cycle (because σmax > σy), the slight changes in σUTS

and εf of 10% pre-strained specimens with different extent of fatigue
damage can be considered negligible within the inherent experimental
scatter. These results suggest that if uniaxial fatigue damage occurs at an
appliedmaximumstress level of below yield, therewill be nonoticeable
change in the mechanical properties of the material and the accumula-
tion of fatigue damage has an insignificant effect on the macroscopic
plastic properties of the material, including strain at failure which has
been found to drop by less than 10% after the introduction of severe
fatigue damage (D = 0.8) into the material.

4.4. Fatigue crack growth tests

Fatigue crack growth tests were performed on three AR specimens
(denoted CT-0%-1–3), four 5% pre-strained specimens (denoted CT-
5%-1–4) and four 10% pre-strained specimens (denoted CT-10%-1–4).
As shown in Fig. 6, the cycle count and crack length were continuously
monitored throughout the tests. Using this data, the fatigue crack
growth rate, da/dN, was calculated via the incremental polynomial
0
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Fig. 6. a vs. N data obtained from fatigue crack growth tests for 0%, 5% and 10% pre-strain
levels.
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Fig. 7. Fatigue crack growth curves obtained frommaterialswith 0%, 5% and 10%pre-strain
levels.

Table 5
Paris law constants based on mean and mean + 2SD curves for 0%, 5% and 10% material
data sets.

Pre-strain
level (%)

Mean curve Standard deviation Mean + 2SD

C m R2 C m

0 6.46 × 10−8 2.59 0.925 0.025 8.77 × 10−8 2.59
5 2.01 × 10−7 2.27 0.951 0.019 2.52 × 10−7 2.27
10 2.04 × 10−7 2.25 0.978 0.017 2.39 × 10−7 2.25
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technique and the results were correlated with the linear-elastic frac-
ture mechanic parameter ΔK (i.e. difference between Kmax and Kmin)
which can be calculated using the following equation:

ΔK ¼ YΔ σ√ πa ð3Þ

where a is the crack length, Δσ is the applied stress and Y is a dimen-
sionless shape function, the solutions of which can be found in the liter-
ature [23,24]. Moreover, the fatigue crack growth datawere analysed to
quantify the power-law constants in the secondary fatigue region (also
known as the Paris region) calculated following the equation below.

da
dN

¼ CΔKm ð4Þ

where C andm are known as the Paris law constants which can be iden-
tified using a power-law fit to the test data.
Table 4
Paris law constants for each specimen tested on 0%, 5% and 10% pre-strained materials.

Specimen ID af-unloading
compliance (mm)

af-fracture
surface (mm)

af - %
error

C (*10–8) m

CT-0%-1 35.3 35.2 0.3 2.98 2.82
CT-0%-2 35.1 34.3 2.2 4.45 2.72
CT-0%-3 35.4 35.0 1.0 6.42 2.62
CT-5%-1 35.9 35.2 1.9 4.69 3.41
CT-5%-2 35.9 34.4 4.5 6.71 2.58
CT-5%-3 36.2 35.1 3.2 4.66 2.71
CT-5%-4 35.4 34.6 2.1 8.15 2.54
CT-10%-1 36.6 35.4 3.3 4.74 2.69
CT-10%-2 36.8 34.5 6.6 6.29 2.60
CT-10%-3 36.3 35.4 2.5 6.38 2.59
CT-10%-4 36.8 35.2 4.5 6.22 2.61

(a) (b) 
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Fig. 8. Regression analysis of the fatigue crack growth data obtained from
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The correlation between the fatigue crack growth per cycle, da/dN,
with ΔK is demonstrated in Fig. 7 and the Paris law constants for each
data set are summarised in Table 4. As seen in Fig. 7 and Table 4, the ex-
perimental data sets obtained from materials with different pre-strain
levels have been found to fall upon each other, indicating that plastic
pre-straining doesn't have any noticeable impact on the fatigue crack
growth behaviour of thematerial. This observation on S355 steel is con-
sistent with the data reported on other types of steel in the litera-
ture [18,25]. This may be due to the fact that while material pre-
straining may increase the yield behaviour of the material, it also de-
creases the strain at failure (as seen in Fig. 2). These behaviours may
“cancel” each other out, resulting in similar fatigue crack growth rates
between the AR and pre-strained material. In addition, curves for the a
vs.Ndata for each pre-straining level from the fatigue crack growth test-
ing have been included for reference. Included in Table 4 are the final
crack length in the fatigue crack growth tests obtained using the
unloading compliance data and optical measurements on the fracture
surface. As seen in this table, the unloading compliance technique has
been found to provide relatively high accuracy for estimation of the in-
stantaneous crack length with the percentage of error found to be
below 7%.

In order to evaluate the level of scatter in the fatigue crack growth
data, for each material pre-straining level regression analysis has been
conducted towork out the upper bound and lower bound trends by cal-
culating and plotting themean curve±2 standard deviations (2SD). The
comparison of themean curve andmean±2SD trends for eachmaterial
data set is shown in Fig. 8(a), (b) and (c) for 0%, 5% and 10% pre-strained
material states, respectively, and the Paris law constants are
summarised in Table 5. It can be seen in Fig. 8 and Table 5 that for
each pre-straining level, there is a small SD in the test data indicating
minimal scatter and good repeatability in the fatigue crack growth test
data on AR and pre-strained specimens. Comparison of the results
shown in Fig. 8 and Table 5 also shows that the Paris law constants ob-
tained for themean curve and the upper bound trend (mean+2SD) are
very similar for different pre-strain levels and the analysed trends fall on
top of each other. This confirms that material pre-straining does not
have any significant effect on the fatigue crack growth behaviour of
the material. Finally included in Table 5 are the coefficients of determi-
nation, R2, for the mean curves fitted to the data points obtained from
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Fig. 9. Fracture surface of uniaxial fatigue samples with (a) 0%, (b) 5%, (c) 10% pre-strain.
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each material pre-strain level. As seen in this table, the R2 values for all
three data sets are close to unity, confirming that for each pre-strain
level the material's behaviour can be accurately described using the
Paris law constants presented in Table 5.
4.5. Fractography

Fractographywas conducted for all uniaxial fatigue and fatigue crack
growth specimens post testing. Fig. 9(a), (b) and (c) correspond to the
fracture surfaces of uniaxial fatigue specimens which were tested at a
stress level corresponding to 86% of the ultimate tensile strength of
S355, at pre-straining levels of 0%, 5% and 10% respectively. From the
fracture surfaces, a smooth portion is visible where the fatigue crack
growth would have initiated from the edge of the specimen due to
edge effects. This was then followed by ductile tensile fracture of the
specimens. This pattern is consistent throughout all fracture specimens;
however, with increased pre-straining, the fracture surface appears to
become smoother in the ductile tensile region; this may be due to the
hardening behaviour of the material during pre-straining resulting in
a less ductile fracture surface.

Fig. 10 shows the fractography images of the C(T) testing post fa-
tigue crack growth testing. Three regions have been identified on the
fracture surface during post mortem analysis. The smooth portion of
the fracture surface shows the region of pre-fatigue cracking. This was
followed by ductile crack extension before the specimen was broken
via fast fracture. As there is uniformity in the fatigue crack region, this
shows good alignment in the test set-up. Measurements from the
fractographical assessment were taken and compared to those from
the unloading compliance for comparison purposes.
Fig. 10. Fracture surface of C(T) specimens with (a) 0%, (b) 5%, (c) 10%
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5. Discussion

In order to assess the importance of material pre-straining in fatigue
design and life assessment of offshore structures, the obtained uniaxial
fatigue data from this study have been compared with the S-N fatigue
design curves recommended for the base metal in various design
codes and the results are shown in Fig. 11(a) [26–34]. It can be seen in
this figure that the design curves across various standard bodies differ,
with ISO 131819 being the most conservative, and IIW being the least
conservative in the high stress region of the S-N curves. All design
curves, for the air environment, indicate a change in slope once a certain
number of cycles have elapsed, with most exhibiting a slope change at
107 cycles. An interesting point to note is that the fatigue curve of ISO
13819 is identical to BS 7608, up until the change in the slope at 107 cy-
cles. It is believed that these curves may be somewhat conservative for
the design of offshore structures, and thus, more optimised designs
canbemadeby taking into account the level of conservatism in thesede-
sign curves. Comparison of the uniaxial fatigue data on specimens with
different levels of pre-strainwith the S-N fatigue design curves available
in various standards shows that although pre-straining has been found
to have a significant effect on the fatigue life of the material, the level
of conservatism in all design curves is high enough to suggest signifi-
cantly lower number of cycles to failure for the pre-strained materials.
However, if the design curves are to be revised in the future for reducing
the level of excess conservatism, the influence of material pre-straining
must be accounted for in the development of the revised curves.

Comparisons of the experimental test results with themean and de-
sign curves from DNV have been presented in Fig. 11 (b). It can be seen
in this figure that the obtained experimental data are not only falling
ahead of the B1 design curve (mean – 2 standard deviation) but also
pre-strain (1 mm distance between division lines on the scale bar).
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showing longer fatigue lives compared to the B1mean curve taken from
the DNV standard. This indicates that the proposed curves in the
standards are conservative not only for the AR material but also for
pre-strained material states. Having said that, further tests must be
conducted on larger scale pre-strained specimens in future work to in-
vestigate the size effect on the fatigue behaviour of pre-strained
materials.

As seen in Fig. 4material pre-straining has been found to have a pro-
nounced effect on the fatigue life at lower stress levels. It can be seen in
Fig. 4 that the material pre-strained to a higher percentage exhibits a
significantly lower number of cycles to failure. This indicates that the
material with higher yield stress would have a lower fatigue life com-
pared to lower yield stress materials. Knowing that the design curves
provided in standards are given for a wide range of engineering mate-
rials with different values of yield stress, the experimental data pre-
sented in the current study show that selecting a material with a
lower yield stress would result in fatigue lives which are significantly
higher than those estimated by the design curves. In other words, con-
sidering that the design curves provided in standards are sufficiently
conservative, selectingmaterials with higher yield stresswould provide
fatigue lives closer to those estimated by the design curves whereas
the lower yield stress materials will have much longer fatigue lives.
Although the present study was primarily focused on the pre-straining
effects on the fatigue behaviour of S355, the results show that the fa-
tigue life is sensitive to the yield stress of the material and material se-
lection plays a big role in the actual fatigue life of engineering
structures (e.g. monopiles and jackets) particularly at operational load
levels (low stress levels).

The results presented in this study exhibited that material pre-
straining has insignificant effects on the fatigue crack growth rate of
S355 steel, therefore the pre-straining effect does not need to be
accounted for in the life assessment of offshore structures. While a sim-
ilar behaviour has been reported in this literature for pre-tensioning ef-
fects in pipe steels, it has been noticed that pre-compression may
accelerate the fatigue crack growth rate of the material [18]. A study
on pre-compressed SUH660 steel, a steelwhich iswidely used in aircraft
engines and gas turbines, also showed that the fatigue crack growth
rates were accelerated compared to the ARmaterial state [35]. Knowing
that the extent ofmaterial pre-straining varies throughout the thickness
of offshore wind monopiles, with tensile plastic strains on the exterior
surface of the monopile and compressive strains on the interior [36],
the observations in the literature may affect the way monopile defect
assessment and inspection are conducted. However, further work may
need to be conducted on the compressive pre-straining effects on the fa-
tigue crack growth behaviour of S355.

The upper bound fatigue crack growth trends obtained from this
study on 0%, 5% and 10% pre-strained material states have been
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compared with the recommended fatigue crack growth trend for base
metal in BS 7910 [37] in Fig. 12. It can be seen in this figure that while
pre-tensioning did not exhibit any noticeable effect on the crack growth
behaviour of S355, the upper bound trends obtained from all three ma-
terial data sets fall upon or just above the recommended curve from
BS7910, using the simplified law, andwell above the2-stage law recom-
mended in this standard. Therefore, the results obtained from this study
suggest that while no consideration needs to bemade to account for the
influence ofmaterial pre-tensioning on the fatigue crack growth behav-
iour of thematerial, the fatigue crack growth rates in offshore structures
might be under-predicted by using the recommended trends in BS7910.
Further tests need to be conducted in future work to examine the fa-
tigue crack growth rates in pre-compressed S355 material with the
crack growth trends recommended in BS7910. Also more tests need to
be conducted in future work on specimens with a larger thickness in
order to investigate the size effects on the fatigue crack growth behav-
iour of pre-strained materials with a view to enhance the structural in-
tegrity assessment procedures for larger scale monopile structures.

6. Conclusions

Mechanical, uniaxial fatigue, interrupted fatigue and fatigue crack
growth tests were conducted on S355GS + 10 structural steel with 0%,
5% and 10% tensile pre-strain states. From the experimental data it was
observed that the fatigue life of S355 will significantly decrease with
an increase in material pre-straining, particularly at lower stress levels
where more than an order of magnitude reduction in fatigue life was
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found in the 10% pre-strained material. Bi-linear S-N curves, in log-log
axes, were obtained for the 0% and 5% pre-strained material, with the
slope change occurring at around 600,000 cycles. Further work needs
to be conducted to determine the secondary slope for 10% pre-strained
material at lower stress levels. The tensile tests on interrupted fatigue
specimens revealed that if the applied stress level during fatigue cycles
is less than the yield stress, fatigue damage has insignificant effects on
themechanical behaviour of the material. Finally, it was noted that ma-
terial pre-tensioning had no impact on the fatigue crack propagation be-
haviour of S355; however, further tests must be conducted in future
work to examine material pre-compression effects on the fatigue crack
growth behaviour. While the S-N fatigue design curves in international
standards provide conservative predictions of the fatigue life for the
ARandpre-strainedmaterials, the recommended trends inBS7910 stan-
dardmay under-predict the fatigue crack growth rates in the AR an pre-
strainedmaterials. Therefore, greater care is required to account forma-
terial pre-straining effects on the fatigue design and life assessment of
offshore structures with sufficient safety margins against failure.
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