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Abstract

Corrosion-fatigue crack growth tests are known to be considerably time consuming, particularly due to low loading frequencies
which often result in several months of testing. This study focuses on development of a material and load dependent numerical
model which correlates back face strains with crack lengths for standard compact tension, C(T), specimen geometry. To validate
numerical predictions, calibration fatigue crack growth tests were conducted in air on C(T) specimens made of S355 steel, which is
widely employed in offshore wind industry. The results obtained from these tests at different load levels have been compared with
those predicted from the numerical model. Characterization of isotropic-kinematic hardening behaviour for the material adopted was
carried out using the data available in the literature. The numerical model presented in this work has proven to generate accurate
estimates of crack length in corrosion-fatigue tests. This model can be used in future experimental test program on S355 steel without
needing to obtain experimental correlations between crack length and back face strains from calibration tests performed in air.
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1. Introduction

One of the clean sources of energy which has expanded rapidly in recent years is the offshore wind energy. With
the growing interest in deployment of new offshore wind farms in Europe and worldwide, it is important to improve
the best practice in structural integrity assessment of the offshore wind turbines. Similar to other offshore structures
such as Oil & Gas pipelines, the offshore wind turbines are subjected to cyclic loading conditions during the
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operation due to wind, wave and current loads causing fatigue damage in these fleets. In addition to fatigue damage,
corrosion damage plays a significant role in material degradation, pitting and crack initiation ad propagation in
offshore wind turbine structures, particularly in the foundations which are in direct contact with seawater. Therefore,
in order to accurately estimate the lifetime of the offshore wind turbine foundations, corrosion-fatigue crack growth
tests need to be performed on fracture mechanics specimens geometries to characterize the crack propagation
behavour of the material. Corrosion-fatigue tests are known to be considerably time consuming and costly, due to
low testing frequencies which may result in several months of testing on each sample. Moreover, given that the test
must be repeated for different load levels in order to obtain an understanding of material behaviour in a wide range
of realistic loading conditions, the required time for testing increases drastically.

In order to characterize the crack propagation behavior in offshore wind turbine foundations for free-corrosion
conditions, corrosion-fatigue tests are often performed on compact tension, C(T), fracture mechanics specimens [1].
Once a C(T) specimen is manufactured, it is soaked in seawater and fatigue cyclic are applied to the specimen. An
important challenge in corrosion-fatigue testing is crack growth monitoring on specimen soaked in seawater. In this
paper, a numerical finite element analysis model has been developed to estimate the crack length in C(T) specimens
using the back face strain (BFS) measurement technique. The numerical predictions are presented in this paper and
the results are validated through comparison with experimental data.

Nomenclature

Crack length

Specimen thickness

Elastic Young’s modulus

Specimen half height

Specimen half thickness

e Maximum load level in fatigue cycle
Load ratio

Specimen width

Poisson’s ratio

BFS Back face strain measurement

TSN R

<§x

2. Development of a finite element model t predict back face strain variations
2.1. Development of experimental calibration curves

In order to estimate the instantaneous crack length, a, in corrosion-fatigue tests, calibration tests are firstly
performed in air to generate an empirical crack length vs. BFS correlation curve (see Figure 1). The basis of the BFS
technique is that as the crack propagates the bending strain at the back of the sample increases. Therefore, by
attaching a strain gauge at the back of the sample, an experimental correlation between the crack length and the BFS
can be developed for a given loading condition.
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Figure 1: Schematic demonstration of BFS measurement at the back of the sample
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These calibration curves are sensitive to the applied load level, hence with a change in the loading condition in a
corrosion-fatigue test a new calibration test needs to be performed to find a new load-specific empirical correlation
between a and BFS.

2.2. Finite element modelling of back face strain variation

A 3D finite element model was developed in ABAQUS to predict the BFS variation in a C(T) specimen
geometry with the width of # = 50 mm and the thickness of B = 16 mm. As seen in Figure 2, an appropriate
petitioning strategy was adopted to assign fine elements along the crack path and also at the back of the sample
where the BFS values are predicted. There were approximately 800,000 elements in the model with the smallest
element size of 100 um located along the crack path and at the back face of the C(T) geometry. It’s worth noting that
100 um was found as the optimum element size in the model after performing a mesh sensitivity analysis.
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Figure 2: (a) Partitioned C(T) geometry in ABAQUS (b) the mesh structure of the C(T) specimen
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2.3. Combined isotropic-kinetic hardening model

The material of interest in this study is S355 structural steel which is widely used in offshore applications. As
shown in [2] the elastic properties of S355 are £ = 190 GPa and Poisson’s ratio of v = 0.3. In order to capture the
Bauschinger effect in the hardening behavior of the material, cyclic tests need to be performed across different strain
ranges. In the cyclic tests, if the yield stress in repeat cycles increases the material is subject to hardening and if it
decreases the material shows a softening behavior. Several studies have been conducted to investigate the hardening
behaviour of S355 steel and they revealed an interesting behaviour in this material. It was observed by Mrozinski
and Piotrowski [3] that at high strain levels the material shows a hardening behavior whereas at low strain cycles of
less than 0.5% the material exhibits a softening behavior. This has also been confirmed from the experiments
completed by Jesus et al [2], which were conducted for a comparison between S355 and S690 cyclic behaviour. To
accurately describe the hardening behaviour of the material, the combined isotropic-kinematic model was used,
which is also recommended from ABAQUS documentation as the most accurate model for materials subjected to
cyclic loading [4]. The general equation that describes the hardening law is:

. 1 =pl =pl
ay = Ck;(ff —a)E —VraE (1)

where the overall backstress is calculated as:

@ = Y=g U (@)
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and o? is the yield surface size, N is the number of back stresses, Cy and yy are material parameters that need to be
calibrated using cyclic test data. Cy is defined as the initial kinematic hardening modulus, while yy determines the
rate at which this modulus decreases/increases as plastic strain increases.

The isotropic hardening component defines the evolution of the yield surface size, 6°, as a function of equivalent
plastic strain, &, using an exponential equation:

00 = 0y + Qur (1 — e7&"H) 3)

where 0| is the yield stress at zero plastc strain, and Q., and b are material constants that define the maximum
change in the size of the yield surface and the rate at which the size of the yield surface changes as plastic strain
increases, respectively [5].

In this work o], is taken as the yield stress of the material which is 400 MPa accordingly to ref [2]. C and y
values are identified using the stabilized hysteresis loops which correspond to different strain amplitudes of 0.3%,
0.5%, 0.8%, 1% and 1.2% taken from ref [3]. The values for these two parameters were found as C = 387 MPa and
y=1.8 by doing iteration in Matlab. Alternatively, the isotropic hardening parameters were found as Q. =340 MPa
and b = 45.

3. Back face strain prediction results

Simulations were performed by applying a sinusoidal cyclic loading condition on the C(T) specimen using the
load ratio of R = 0.1 and maximum load of P,. = 7, 8, 12 and 14 kN. For each load case, simulations were
performed at different crack lengths ranging from 20 mm to 30 mm which correspond to 0.4 < a/W < 0.6. The BFS
in each simulation has been analyzed by taking the average strain within the strain gauge measurement area to
replicate the BFS measurements from experiments as schematically shown in Figure 3(a). The strain gauge coverage
area at the back face of the sample is 6 mm in Y direction and 3 mm in Z direction for the tests performed in this
study. An example of the back face strain variation along Y-axis and Z-axis at different crack lengths for P, = 8
kN is shown in Figure 3(b) and Figure 3(c), respectively. Note that the strain variation in these two figures have
been presented in normalized form, with respect to the specimen half height, A, and half thickness, L. As seen in
these figures, the local strain variation strongly depends on the Y-coordinate while negligible variations are
observed along through thickness axis, Z. Therefore, for area averaged BFS analysis, only the strain values along the
Y-axis, which show a much more prominent effects on strain values, have been considered. Also seen in Figure 3(b)
and Figure 3(c) is that the BFS values are strongly sensitive to the crack length and as the normalized crack length,
a/W, increases the magnitude of BFS significantly increases along both Y and Z axes.
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Figure 3: (a) BFS measurement area in the experiment and FE simulation (b) an example of strain variation along Y-axis at different crack
lengths (c) strain variation along Z-axis at different crack lengths
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The crack length values are plotted against averaged values of back face strain predictions for different load
levels in Figure 4. Also included in this figure are the experimental a vs. BFS calibration curves for P, values of
1.5,4,6,7,8, 10 and 12 kN which have been obtained from tests on C(T) specimens with identical dimensions (i.e.
W= 50 mm and B =16 mm) [1]. As seen in this figure, the predicted results follow the same trend as the
experimental curves. However, for a given value of BFS, the crack lengths obtained from FE simulations are slightly
overestimated compared to the experimental curves which can be due to the yield stress and material properties
variation in different subgrades of S355 steel. The obtained results from FE simulations provide a very good
approximation of the crack length with 0.5-0.7 mm difference with the experimental data throughout the range of
al/W and Py, examined in this work. This corresponds to maximum 6% error in crack length estimation from the
developed finite element model. It must be noted that the experimental a vs. BES calibration curves are based on the
crack length measurements using the optical technique at the outer surface of the sample. The instantaneous crack
lengths are often monitored on both faces and averaged to generate a calibration curve. However, the outer surface
measurement does not account for possible crack tunneling throughout the specimen thickness in fatigue and
corrosion-fatigue crack growth tests. Therefore, some inaccuracies might be involved in experimental a vs. BFS
calibration curves.
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Figure 4: Comparison of a vs. BFS predictions with experimental curves

In order make the analysis easier for crack length estimation at a given BFS value based on the numerical results,
a polynomial equation has been derived to express the variation in calibration curves for different crack lengths and
load levels which is described as:
a

WZAO +A1£+A2£2 +A3£3 (4)

where € is the average BFS value, and Aj, A;, A, and A; are load dependent parametric coefficients. Note that for
different load levels examined in this work the R? value was greater than 0.98 indicating an accurate fit made to the
numerical data using the proposed equation. The values of parametric equations for different load levels are
summarized in Table 1.
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Table 1: Values of the load dependent parametric coefficients

P (KN) Ay A, A A;
7 1.60x10"! -9.96x10" -8.00x107 -2.00x101°
8 1.60x10" -8.64x10" -6.00x107 -1.80x101°
12 1.29x10"! -6.84x10" -4.00x107 -1.00x10?
14 1.54x10"! 4.94x10" 2.00x107 -4.00x10™"!

4. Conclusions

Finite element simulations have been performed on C(T) specimen geometry with the width of # = 50 mm and
thickness of B =16 mm to predict the correlation between crack length and back face strain measurements for S355
structural steel. The numerical calibration curves have been developed for a range of load levels, and the results are
compared with the experimental data. Moreover, based on the numerical results a general equation has been
proposed to describe the variation in BFS as a function of crack length for various load levels. A combined
isotropic-kinematic hardening model was used in the analysis with the hardening parameters identified using the
cyclic data available in the literature on S355 steel. The results have shown that the predicted a vs. BFS curves from
finite element simulations follow the same trend as the experimental data. Also for the range of load levels
examined and for a given values of BFS, the estimated crack length has a good agreement with the experimental
data with maximum 6% error in crack length estimations. Considering the experimental errors which might be
encountered in experimental crack growth monitoring, due to crack length measurements at the outer surface which
do not account for through thickness crack tunneling, the developed finite element model provides an acceptable
estimate of crack length calculated using the proposed equation for a given value of BFS.
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