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A B S T R A C T

Corrosion of offshore support structures can reduce the estimated fatigue life. Pitting corrosion, in particular, is
known to lead to local stress concentrations and thus reduce their service life. However, offshore support
structures consist of a large number of weld seams, which already have their own stress concentrations and
interact with pitting corrosion. So far, there have been no studies on how corrosion can influence the stress
concentrations on a long-term basis. In this study, butt- and fillet-welded specimens were exposed to corrosion in
a salt spray chamber for up to 12 months and their geometrical development was examined using 3D scans. In
addition, hardness and residual stress measurements were carried out. The results were compared to specimens,
which were corroded for 12 months in artificial seawater. It could be shown that corrosion causes the notches of
the butt welds to become sharper over time, while the fillet welds become narrower. It could be also shown that
despite existing scatter, the residual stresses do not change significantly over time. The hardness measurements
revealed that although there are no significant changes in the hardness values, the location of the sharpest notch
shifted repeatedly within the weld metal, heat affected zone, and base material, which had different hardness
values.

1. Introduction

Offshore support structures are exposed to harsh environmental
conditions and fatigue loads. In such conditions, the corrosion protec-
tion system has a limited service life. In case the protection system is
deteriorated or damaged, free corrosion may occur. Pitting corrosion, in
particular, act as geometrical notches, which may lead to strong local
stress concentrations and reduce the fatigue strength of the support
structures and thus the (remaining) service life.

The influence of pitting corrosion on the stress concentrations of
steel plates has already been investigated in many studies, such as [1–3]
with main focus on single pit and [4–6] on multiple pit geometry. In
reality, however, steel structures consist of a large number of welded
joints that already include stress concentrations from the weld seam
geometry. The relationship between the weld seam geometry in the
uncorroded state and their fatigue strength has already been demon-
strated and proven in many studies [7–11].

Regarding the geometrical influence of weld seams on the fatigue
properties, the weld geometry can be characterized by two important

parameters: the weld toe radius r and the flank angle θ as per ISO 5817
standards [12]. The stress concentration factor (SCF), also notch factor
Kt, can be derived from these geometrical parameters based on analyt-
ical formulations of different authors such as Lawrence et al. [13],
Anthes et al. [14] or Kiyak et al. [15].

However, the investigations on weld geometry are limited to the
uncorroded state. Only a few reports, such as those by Matsushita et al.
[16] and Yuasa and Watanabe [17], which were summarized by Jaku-
bowski [18], deal with the geometrical change of weld seams under
corrosive influence. Matsushita et al. [16] evaluated pre-corroded fillet-
welded joints of different exposure duration, which were taken from a
former tanker and found, that more material was removed in the area of
the weld toe, which corresponds with the heat affected zone (HAZ), than
in other areas of fillet-welded joints. The local removal led to a groove in
the area and is referred to as grooving corrosion. Yuasa and Watanabe
[17] exposed fillet- and butt-welded specimens to corrosion for three
and six months and could observe similar behaviour of grooving
development at the weld toe for mild steel. Subsequent fatigue tests on
the pre-corroded specimens showed that the fatigue strength of the butt-
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welded joints decreased, while it remained the same for the fillet-welded
joints. It was argued that the already very sharp notches of the fillet
welds could not be further intensified by corrosion, while the butt welds
had more potential of being sharpened due to the low initial notch
sharpness. However, there was no comprehensive examination of the
change in the weld geometry due to the corrosive effect at that time.

The corrosion test in the investigation of Yuasa and Watanabe [17]
included repeated wet and dry periods of 6 h in the laboratory. Other
corrosion test methods in the laboratory are immersion test in artificial
seawater (ASW) according to ASTM D1141 [19] or the salt spray
chamber (SSC) test according to ISO 9277 [20]. Corrosion in ASW pre-
dominantly causes uniform corrosion and cannot replicate the irregular
surface typically observed at the splash zone, while the SSC test leads to
more irregular corrosion. This observation was confirmed by Gkatzo-
giannis et al. [21] in which the correlation of laboratory and real marine
corrosion behavior was investigated. Additionally, it was shown that the
roughness correlated with fatigue strength and that the mean roughness
after one year in real corrosion environment (here: splash zone of
offshore support structures) corresponded to that of corroded specimens
exposed to corrosion for 20 days in the SSC. This results in an acceler-
ation ratio of approx. 18, while the same study only gives an accelera-
tion ratio of 3.5 for thickness loss. Although the SSC method cannot
reproduce the development of corrosion to the full extent, the SSC
method is a preferred test method due to its ability to replicate irregular
surfaces of the splash zone.

The first quantitative study on the influence of corrosion on the
geometrical parameters of weld seams based on 2D scans was presented
byWeinert et al. [22] for 10-day SSC and 30-day ASW exposures. In [23]
the authors of this paper investigated specimens using 3D-scans, which
were stored in SSC for a period of one month. Compared to the total
lifetime of offshore support structures of at least 20 years, these exposure
durations can be considered as short-term. In order to quantify the long-
term behavior, however, longer exposure durations need to be
investigated.

In addition to the weld seam geometry, other parameters such as the
local material properties or residual stresses [24–29] play a major role in
fatigue. High local material strengths, which correlate with high hard-
ness values, lead to lower plastic strains and therefore to less damage
under fatigue loading. At the same time, high residual tensile stresses
may lead to early crack initiation and a shorter overall fatigue life. It has
been shown that consideration of these parameters can achieve a
reduction in the scatter of fatigue tests [30–33] and thus contribute to
greater reliability of fatigue assessment. Analogous to the geometrical
parameters, there is also a knowledge gap in local material behaviour
and residual stresses with regard to long-term corrosive effects.

In order to close this gap, butt- and fillet-welded specimens are
stored in a SSC for a total of 12 months for accelerated corrosion
exposure and specimens are taken successively every three months.
These specimens are examined and statistically analysed for geometrical
changes in the weld seams using 3D-scans before and after the corrosion
process. In addition, residual stress measurements and hardness mea-
surements are carried out on the specimens in order to analyse the
development over time. Finally, the results were qualitatively compared
with specimens corroded for 12 months in ASW.

The novelties of this study can be summarized as follows:

• Investigation of weld geometry changes due to corrosion based on
digital scans

• Probabilistic evaluation of stress concentrations based on weld
geometry

• Change in hardness and residual stress due to corrosion
• Variations in the above parameters over time

These parameters are essential in order to predict the (remaining)
service life of corroded steel structures with sufficient accuracy and to
make fundamental decisions about possible repair or replacement

measures.

2. Experiments

2.1. Specimen preparation and corrosion exposure

2.1.1. Specimen preparation
In the framework of this study, welded specimens made of low-alloy

structural steel S355 ML were investigated. For the welded specimens,
double V-shaped butt welds (S) and fillet welds (K) were examined.
Specimens with fillet welds included non-load carrying transverse
stiffeners, which were welded on a continuous plate with a throat
thickness of 4 mm. Fillet welds were produced using the gas metal arc
welding (GMAW) process, with filler material EN ISO 17632-A: T46 6 M
M 1 H5, and the butt welds using the submerged arc welding (SAW)
process, with filler material EN ISO 14171-A: S3Si. In both cases, the
limits for irregularities were in line with the evaluation group B ac-
cording to ISO 5817 [12]. The specimen geometries are shown in Fig. 1.
After welding, the specimens were cut by water jet. Then, the specimens
were clean blasted analogues to real offshore support structures. For the
investigated specimens, cleanliness grades of Sa 2 ½ to 3 according to
ISO 8501–1 [34] and DNV RP-0416 [35] were achieved.

2.1.2. Corrosion exposure
After preparation, the specimens were stored in the standardized

neutral SSC test with a 5 % natrium-chloride solution according to ISO
9227 [20] in order to accelerate the corrosion process. Therefore, the
steel specimens were placed at an angle between 15◦ and 20◦ from the
vertical so that the surfaces were fully exposed to the salt spray. For
more details on the SSC test it is referred to [23]. The specimens were
stored in the SSC for up to 12 months. Specimens were successively
taken from the SSC after 3, 6 and 9 months of storage. To compare the
accelerated corrosion in the SSC with more realistic conditions, speci-
mens were also stored in ASW in accordance with ASTM D1141 [19] for
12 months. A total of 19 specimens, which are summarized in a test
matrix in Table 1, were examined with regard to their corrosion
behaviour. In the matrix shown, a distinction is made between the
specimen geometry and the type and duration of corrosion exposure.
The first digit of the specimen’s notation refers to the corrosion exposure
time, the second to the geometry, and the third to the specimen’s
number, while with (S) the exposure in ASW is denoted.

The rust on the specimens was removed according ISO 8407–1 [36]
including mechanical treatment with a wire brush and a subsequent

Fig. 1. Specimen geometries and corroded surface after rust removal for fillet-
and butt-welded specimens.
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hydrochloric acid bath for around 5–20 min, which was prepared in the
ratio of 1000ml hydrochloric acid (HCl), 20 g antimony trioxide (Sb2O3)
and 50 g tin(II)chloride (SnCl2). In Fig. 1, the specimen geometries after
9 months corrosion exposure in SSC are illustrated after rust removal.

2.2. 3D-scans

The scans were performed using the GOM ATOS Core 300 optical 3D
scanner with a resolution of 0.12 mm. The scanner was placed at a
distance of 50 cm from the specimen on a rotatable plate in order to
capture images from different angles, see Fig. 2 (a). The scans were

automatically merged using the GOM Suite software, requiring suffi-
cient reference points in each scan. Therefore, multiple reference points
were placed on the rotatable plate. Four scans per side were found to be
adequate for comprehensive coverage of the specimen. Additional
reference points were positioned on the sides of the specimen to merge
both sides of the specimen into one model, as shown in Fig. 2 (c) and (d).
The reference points resulted in holes in the model, which were filled
with the GOM Suite software during post-processing, as illustrated in
Fig. 2 (b).

This scanning process was carried out for all specimens listed in
Table 1. The specimens were scanned directly after welding in the as-
welded (AW) condition, after the subsequent clean blasting (CB) and
after corrosion exposure, denoted as e.g. 3 M or 9 M, where the number
corresponds to the exposure duration in months. The result of the
scanning process was a STL file, representing a closed surface generated
from a point cloud via triangulation. The subsequent digital comparison
of the models was conducted within the GOM Suite software. Both
models were imported into a single project and aligned manually. After
alignment, the scans were overlaid using the best-fit command of the
software, which is based on the least square approximation method. To
achieve accurate comparisons, it was crucial for the specimens to share
as many surface areas as possible. This was ensured by the area of
corrosion protection, which remained the same after corrosion
exposure.

However, it should be noted that because of the low resolution of
ATOS Core 300 scanner, the scans were only used for a qualitative
comparison before and after corrosion. For the following quantitative
analysis of the weld geometry parameters, the specimens were addi-
tionally scanned with the Keyence VR 3000 profilometer, with a reso-
lution of approx. 0.02 mm.

2.3. Geometrical weld parameters and stress concentration factors

The weld geometry of steel components plays a crucial role in fatigue
analysis, as it directly influences the fatigue defining stress concentra-

Table 1
Test matrix including different surface conditions and weld types.

Geometry Corrosion exposure

Specimen
No.

Butt
weld

Fillet
welds

Corroded in neutral
salt spray chamber
(SSC)

Corroded in
artificial seawater
(ASW)

3-S-6 x ​ 3 months ​
3-S-7 x ​ 3 months ​
6-S-8 x ​ 6 months ​
9-S-9 x ​ 9 months ​
12-S-11 x ​ 12 months ​
12-S-1 (S) x ​ ​ 12 months
3-K-1 ​ x 3 months ​
3-K-2 ​ x 3 months ​
3-K-3 ​ x 3 months ​
6-K-4 ​ x 6 months ​
6-K-5 ​ x 6 months ​
6-K-6 ​ x 6 months ​
9-K-7 ​ x 9 months ​
9-K-8 ​ x 9 months ​
9-K-9 ​ x 9 months ​
12-K-5 ​ x 12 months ​
12-K-6 ​ x 12 months ​
12-K-8 ​ x 12 months ​
12-K-1 (S) ​ x ​ 12 months

Fig. 2. Digital 3D-scans using ATOS Core 300: (a) test setup, (b) scan post-processing (c) scan of butt-welded specimen and (d) scan of fillet-welded specimen.
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tions. The weld geometry can be characterized mainly by weld toe
radius r and the flank angle θ, see Fig. 3 (a). There are different
analytical formulations, as stated in the introduction, in order to
calculate the stress concentration factor (SCF), also referred to as notch
factor Kt. Alternatively, it is possible to include the real geometrical
parameter in numerical analysis in combination of one of many theories
for micro-support consideration such as the theory of critical distance
[37]. Since the focus of this work was more on the development of the
geometrical parameter over time, the equation (1) proposed by Anthes
et al. [14] was used to analyse the SCF for the sake of simplicity.

SCF = Kt = 1+ 0.728(sin(180◦

− θ))0.932
(t
r

)0.382
(1)

Here, the SCF depends on the weld toe radius (r), the flank angle (θ),
which can also be interpreted as an opening angle, and the component
thickness (t). It tends to increase with larger flank angles, greater notch
radii, and smaller thicknesses. Understanding the impact of corrosion on
fatigue necessitates an analysis of these geometrical parameters and
their changes due to corrosion exposure.

The weld seam geometry can be evaluated automatically based on
algorithms proposed Renken et al. [38], Schubnell [39], Dänekas et al.
[40,41], and Heide et al. [42]. In this study, the weld geometry was
quantified using a MATLAB tool presented in Shojai et al. [23], which
was developed especially for corroded weld seams. For the evaluation,
the scans were exported in ASCII file format and were therefore avail-
able as a point cloud. No points were skipped during export; hence the
distance between each point was approx. 0.02 mm, according to the
resolution. The weld geometry parameters were evaluated based on
cross sections in the longitudinal direction, see Fig. 3 (b), which was
performed by the MATLAB tool. The distance between each cross-
section line was 0.02 mm, consistent to the resolution. For each cross-
section line, the first and second derivatives were calculated in the
first step. The first derivative was used to find the point minimum slope
in the section line, which corresponds with the notch toe at point B
according to Fig. 3 (c) and the second derivative was used to derive the
maximum slope in the section line, which corresponds to point A in in
Fig. 3 (c). Point B was used to create two balance lines: from point B in
the direction of the base material, and from point B to point A. The angle
between those two balance lines corresponds to the flank angle. The
intersection of these two lines serves as the starting point for the circle,
which is placed in the notch toe as an approximation for the weld toe
radius. The radius of the circle was determined by fitting the circle into
the real data of the cross-section line based on the minimum sum of
squared deviations.

The weld parameters were determined for the butt and fillet weld
samples in all three surface condition (AW, CB and corroded). The butt-
welded specimens contained four weld toes per specimen, for the fillet-
welded specimens only two welds were considered.

It should be noted that the presented tool uses the local minimum
and the highest slope corresponding to point A and B, in order to derive
the weld geometry. In the process of corrosion development, large pits

are sometimes formed that are located outside the weld seam but match
the criteria for points A and B mentioned above. In order to avoid
incorrect results arising from this, the tool examines the locations at
which the parameters were determined and checks whether these are
consistent with the locations on the other cross-section lines. If they do
not match, the results are not taken into account. This led to a different
number of examined cross-sections for the specimens with the same
width.

2.4. Hardness and residual stress measurements

2.4.1. Hardness measurement
For hardness assessment, cross-sections of the welded joints were

examined using a QNess Q10A + device. This facilitated automated
hardness mapping by integrating both the indenter and the measuring
microscope. Vickers hardness was measured in accordance with ISO
6507–1 standards [43]. Given that the effects of corrosion are most
pronounced near the surface, hardness measurements were performed
with a testing load according to HV 0.1, in order to enable near surface
measurements. Using HV 0.1, hardness could be determined up to a
distance of 75 μm from the surface, with a spacing of 100 μm between
indentations.

2.4.2. Residual stress measurements
Residual stress was assessed on the surface of the specimens using X-

ray diffraction (XRD) employing the sin2ψ technique with copper ra-
diation. Diffraction patterns were obtained at 11 angles between Ψ =

159◦ and 161◦, utilizing a collimator diameter of 2 mm. This setup
yielded a measurement spot of approximately 2.0–2.5 mm in diameter,
with diffraction information averaged over the spot. The depth of the
diffraction information was approximately 5 µm. Measurements were
conducted along a measuring path perpendicular to the weld seam,
commencing at the weld toe. To accurately represent the anticipated
stress gradients, the distances between individual measuring points
were kept smaller than the spot diameter. At each measuring point,
stress components in both longitudinal and transverse direction in
relation to the weld path were measured, with transverse stress com-
ponents aligned with the specimen’s loading direction.

3. Experimental results and discussion

3.1. 3D-scan results

3.1.1. Salt spray chamber specimens
The intention of the digital surface comparison is to make qualitative

statements about the corrosion development over time. For this purpose,
the relatively low resolution of the ATOS Core System of 0.12 mm is
assumed to be sufficient.

The results of the digital surface comparisons are shown in Fig. 4 and
Fig. 5 for increasing corrosion exposure duration from three months
shown in subplots (a) to 12 months on the right (d). In subplots (a1) to

Fig. 3. (a) Geometrical weld parameters according ISO 5817 [12], (b) longitudinal cross sections through weld seam, and (c) evaluation of geometrical parameters in
the MATLAB tool.
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(d1) the scans of the CB condition and in (a2) to (d2) the scans of the
corroded condition are illustrated. Subplots (a3) to (d3) depict the de-
viation between the scans before and after corrosion exposure. Subplots
(a4) to (d4) show specific values of the material removal at some
selected points with deviation flags in [mm].

As a general trend, it can be observed that material removal increases
with increasing corrosion duration. This can be noticed by the increase
of red areas. On the base material, a combination of uniform and
localized pitting corrosion can be seen. For example, extensive uniform
corrosion can be seen on the base material of the fillet-welded specimens
on Fig. 4 (b3), (c3) and (d3) as well as on the butt-welded specimen in
Fig. 5 (b3), (c3) and (d) after six, nine and 12 months of corrosion
exposure. On the other hand, pitting corrosion on the base material can
be seen in every plot of Fig. 4 and Fig. 5. In contrast to the total material
removal, which increases over the corrosion duration, no steady in-
crease can be observed in the pitting depths. While the increase in
pitting depths between three and six months of exposure is significant,
compare e.g. attached stiffener in Fig. 4 (a3) and (b3), the increase be-
tween six and nine months is very low. After 12 months, the pit depths
are partially lower (see attached stiffener in Fig. 4 (d3)) than after nine
months, which can be attributed to the merging of individual pits. This is
consistent with the observations of Melchers [44], in which individual
pits initially grow in plate thickness and then spread in lateral direction
by merging and forming a new plateau. The initial pitting corrosion

tends to become uniform corrosion over time, whereby the process can
be repeated on the new plateau and can therefore be described as a
cyclic behaviour of corrosion development.

Furthermore, it can be observed that pitting corrosion develops
directly on the weld toe, which already has strong stress concentrations
due to the weld seam geometry, see Fig. 4 (b3) and (c3) and Fig. 5 (b3),
(c3) and (d3). Moreover, it can be observed that, in addition to indi-
vidual pronounced pits, a groove forms on the weld toe over the entire
length of the weld seam, see e.g. Fig. 4 (b3) or Fig. 5 (b3). This can be
observed especially from an exposure duration of six months and is
referred to in the literature as grooving corrosion [16,18]. Accordingly,
the main reason for this is the electrochemical potential, as the material
at the weld toe, which lies entirely in the heat affected zone (HAZ), is
less noble than the base material due to different phase composition and
lattice imperfections. Moreover, the finer grain structures, inclusions,
and phase boundaries in the HAZ, act as preferred sites for pit initiation.
These differences are not due to composition but arise from localized
microstructural characteristics [45,46].

Increased material removal due to unequal water deposition in the
corrosion test can be ruled out due to the inclined storage of the speci-
mens in the test.

The comparison between fillet-welded and butt-welded joints, e.g.
Fig. 4 (b3) or Fig. 5 (b3), also shows that grooving corrosion is more
pronounced on fillet welds than on butt welds, while pitting corrosion is

Fig. 4. Results of surface scans for fillet welds, (a1-d1) scans in uncorroded condition, (a2-d2) scan after corrosion exposure, (a3-d3) deviation plot of the scans, (a4-
d4) deviation plot with deviation banners.
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more pronounced on butt welds than on fillet welds. For the fillet-
welded specimens, it can be observed that after six months of expo-
sure the grooving corrosion is pronounced over a broad width, while on
butt-welded specimen it is more localized directly in the weld toe.
Despite the partially different characteristics of grooving corrosion be-
tween fillet and butt welds, a cyclical behaviour can also be assumed.
The pit formation on the weld toe in Fig. 5 (b3) suggests that individual
pits also initially form along the weld seam line during grooving
corrosion and then collapse to form a groove. In addition, the compar-
ison of butt-welded specimens after six and nine months of exposure,
Fig. 5 (b3) and (c3), shows that the corroded surface is subject to a large
scatter due to its stochastic character and that a clear correlation with
the exposure duration is not possible in every case. To address this, a
probabilistic investigation of the geometry parameters of the weld seams
is required.

3.1.2. Artificial seawater specimens
In order to compare the accelerated corrosion in the SSC to the

behaviour under seawater conditions, some specimens were stored in
ASW for 12 months. Representative results for the fillet-welded speci-
mens are shown in Fig. 6 and for butt-welded specimens in Fig. 7.
Similar to the samples in the SSC, deviation and cross-section plots were

created.
The fillet welds in Fig. 6 (a3) and (b1) show that the material

removal took place both in the HAZ area and in the base material.
Compared to the specimens in the SSC, however, the material removal is
more uniform and of lower magnitude. This also becomes apparent from
the cross-sections lines in Fig. 6 (b2), where the material removal re-
mains almost the same over a length of approx. 10 mm (black line).
Despite the differences, however, an increase of the notch radius at the
weld toe can be observed due to corrosion, analogous to the specimens
in the SSC.

For the butt welds, the removal characteristics are inconsistent. In
Fig. 7 (b4) material removal can be observed directly at the weld toe
analogous to the SSC specimens, while in Fig. 7 (a4) the area of the weld
toe is not affected by material removal at all. This can also be confirmed
by the corresponding cross-sections lines in Fig. 7 (c1) and (c2). How-
ever, if there is material removal at the weld toe, as shown in Fig. 7 (c2)
it leads to grooving corrosion and thus to a sharpening of the notch.

Despite the differences compared to the SSC specimens, the basic
behaviour of the weld geometry under corrosive conditions is compa-
rable to that in the SSC. For the fillet welds, the notch is blunted by
corrosion, while for the butt welds the notch is sharpened by material
removal at the weld toe.

Fig. 5. Results of surface scans for butt welds, (a1-d1) scans in uncorroded condition, (a2-d2) scan after corrosion exposure, (a3-d3) deviation plot of the scans, (a4-
d4) deviation plot with deviation banners.
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3.2. Geometrical weld parameter results

The weld seam parameters were determined using the MATLAB
script presented in chapter 2.3. For the fillet welds, three specimens with

two notch toes each, resulting in six weld toes, were examined for each
corrosion duration (3, 6, 9 and 12 months, see chapter 2.1). For the butt
welds, only one specimen but including four notch toes were examined
for each corrosion duration. Two fillet-welded specimens (3-K-3 and 9-

Fig. 6. Representative results of a corroded fillet-welded specimen under corrosive exposure for 12 months in ASW, (a1) scan in uncorroded condition, (a2) scan
after corrosion exposure, (a3) deviation plot of the scans, (b1) deviation plot with deviation banners, and (b2) cross section extracted from the scan for the
uncorroded and corroded conditions.

Fig. 7. Representative results of a corroded fillet-welded specimen under corrosive exposure for 12 months in ASW, (a1 and b1) scans in uncorroded condition, (a2
and b2) scans after corrosion exposure, (a3 and b3) deviation plot of the scans, (a4 and b4) deviation plot with deviation banners, and (c1 and c2) cross section
extracted from the scan for the uncorroded and corroded conditions.
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K-9) were excluded because excessive slag at the weld toe in the AW
condition, which would have influenced the scan result and the com-
parison to the corroded condition.

The scan and the geometrical evaluation results are shown in Fig. 8
and Fig. 9 for fillet and butt welds, respectively. The subplots are
organized as follows: The first three rows show the scans of the same
specimen in the AW, CB and corroded condition. For each condition, a
cross-section through the notch toe at comparable positions for all three
surface conditions is plotted in row 4.

However, it is not possible to ensure that the cross-sections in
different conditions always have the exact same position, as the entire
surface geometry is changed by the corrosion process and there is

therefore no reference point. To quantify this influence, additional cross-
sections were created at 0.1 to 0.2 mm intervals above and below the
main cross-section. The resulting differences were within the resolution
of scan of 0.02 mm and can be classified as negligible. Rows 5 and 6
show the probabilistic evaluations of the geometry parameters for the
flank angle and the weld toe radius of all cross sections using box plots.
The results in the AW, CB, and corroded condition are directly
compared. Moreover, row 7 shows SCF calculated according to Anthes’
approach comparing all conditions directly with box plots. The columns
show the results for different specimens with different corrosion expo-
sure duration, from three to 12 months in the SSC. In addition, the re-
sults for radius, flank angle and the SCF with the corresponding mean

Fig. 8. Results of geometrical change due to corrosion over time for fillet welds, (a1-d1) surface scan in the as-welded condition, (a2-d2) surface scan after clean
blasting, (a3-d3) surface scan after corrosion exposure for different time duration, (a4-d4) cross section extracted from the scan for different conditions corrosion
durations, (a5-d5) statistical evaluation of the flank angle for different exposure durations, (a6-d6) statistical evaluation of the weld toe radius for different exposure
durations, (a7-d7) statistical evaluation of the resulting stress concentrations factor for different exposure durations.
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values, standard deviations as well as 5 % and 95 % quantile values are
presented in Appendix A Table A.1.

3.2.1. Weld geometry parameters before and after corrosion exposure of
SSC specimens

Results fillet welds (Fig. 8): Firstly, it can be concluded from sub-
plots (a4) to (d4) that the profile does not change significantly as a result
of clean-blasting. It can be seen that for 3 M and 6 M corroded speci-
mens, there is significant material removal on a length of 5 mm, see
subplot (a4) and (b4), near the weld toe in the HAZ. The material
removal is part of the grooving corrosion described in chapter 3.1 and is
consistent with the results from the digital surface comparisons. This

leads the sharp notch at the weld toe to become smoother as the weld toe
radius increases and the flank angle decreases. For the 9 M corroded
specimen, the base material shows increased uniform corrosion near the
weld toe area due to lateral corrosion growth and therefore no groove
can be seen. The corroded profile follows the initial AW and CB profile
almost parallel, which is at this point the new plateau. As a result, the
weld toe radius remains almost the same compared to the initial state. In
the 12 M corroded specimens, again grooving corrosion can be seen in
an area of 5 mm before the notch toe, but now starting from a new
plateau.

The trends of the individual cross-section lines can be confirmedwith
probabilistic evaluation of the weld parameters shown in subplot (a5) to

Fig. 9. Results of geometrical change due to corrosion over time for butt welds, (a1-d1) surface scan in the as-welded condition, (a2-d2) surface scan after clean
blasting, (a3-d3) surface scan after corrosion exposure for different time duration, (a4-d4) cross section extracted from the scan for different conditions corrosion
durations, (a5-d5) statistical evaluation of the flank angle for different exposure durations, (a6-d6) statistical evaluation of the weld toe radius for different exposure
durations, (a7-d7) statistical evaluation of the resulting stress concentrations factor for different exposure durations.
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(d5) and (a6) to (d6). The geometrical parameters hardly change as a
result of clean blasting. The mean value of the flank angle increases in
some of the cases (3 M, 6 M, 12 M) and the scattering of the weld toe
radius decreases (3 M, 9 M, 12 M), while the mean radius remains un-
changed. However, these changes are negligible compared to the
changes caused by subsequent corrosion exposure. For the fillet welds,
corrosion exposure leads to more significant increase of radius and a
decrease in flank angle as well as to a high scattering in both parameters
especially for the 6 M and 12 M specimens. However, the 9 M specimens
have a change in the scatter of the radius, while the flank angle remains
unchanged due to lateral corrosion development.

The stress concentrations in subplots (a7) to (d7) show a higher
scattering due to corrosion exposure for all exposure durations. For the
6 M and 12 M specimens the results indicate a significant decrease of the
stress concentration, while the 3 M and 9 M specimens show only minor
decrease. The extent of the reduction depends on the exposure duration,
the cyclical behaviour of the corrosion and on the initial state of the weld
geometry. The latter can be observed, for example, in the 9 M specimen,
where the stress concentration was initially lower than in the other
specimens. This suggests an equalization effect due to corrosion.

Results butt welds (Fig. 9): In contrast to the fillet welds, butt welds
show already changes in the weld radius as a result of clean-blasting,
while the flank angle does not change, see subplots (a4), (a5) and
(a6). Subsequent corrosion exposure leads to a uniform material loss on
the weld material and very localized pit/groove formation directly on
the weld toe for all exposure duration, see (a4) to (d4). On the one hand,
this leads to a greater median flank angle for all exposure durations, see
subplot (a5) to (d5), accompanied by a greater scattering. On the other
hand, it leads to smaller radii and thus to sharper notches than in the
uncorroded state. This can be particularly observed for the 3 M and 6 M
specimens in subplots (a6) and (b6), where the median radius decreases
from approx. r = 1.7 mm to r = 1.2 mm, accompanied by a decrease in
scattering. For the 9 M and 12 M specimens, the radii also decrease, but
the scattering increases compared to the initial state. This can be
attributed to the observation that, regardless of the initial state, the
scattering of the radii is equalized by the corrosion process. In total, both
weld geometry parameters lead to an increase of the stress concentra-
tions and their scatter compared to the uncorroded state for all exposure
durations, see sub-plot (a7) to (d7). The reason for the contrary
behaviour between butt and fillet welds is assumed to lie in different
electrochemical potentials, but require further investigation.

Development over time:
In Fig. 10 the geometrical parameters and corresponding stress

concentrations for all fillet-welded specimens examined are illustrated
over time. The initial conditions (AW and CB) were summarized in a box
for all specimens. In addition to the box-plots and the median values, the
mean values and the 5 % and 95% quantile values are presented. For the
fillet welds in Fig. 10 a decrease in flank angles and an increase in radii

can be observed over time. While the scatter of the flank angles remains
the same, the scatter of the radii increases significantly. Overall, this
leads to a decreasing stress concentration and a slight increase in scatter
over time.

In contrast to the fillet welds, the butt welds in Fig. 11 show an in-
crease of the flank angles and a decrease of the radii over time. While the
scatter in the flank angles also remains the same here, the scatter in the
radii becomes smaller in contrast to the fillet welds. The resulting stress
concentrations grow over time, while the scattering remains approxi-
mately the same.

It is evident here that the behaviour of the geometry parameters
between fillet and butt welds over time is exactly the opposite. This can
be observed, for example, in the 9 M specimens, where the radius of the
fillet weld is smaller than the general trend, while the radius of the butt
weld is greater than the general trend. It is therefore assumed that the
corrosion process results in an equalization effect that causes sharp
notches to become smoother, while blunt notches become sharper.

3.2.2. Weld geometry parameters before and after exposure of ASW
specimens

In Fig. 12 and Fig. 13 the weld geometry parameters for the speci-
mens exposed to ASW are illustrated before and after 12 months cor-
rosive exposure. The fillet welds in Fig. 12 indicate a reduction of the
flank angle and an increase of the weld toe radius, which is in line with
the results of SSC. The butt welds do not show any clear results due to
the inconsistent material removal at the weld toe already described. The
flank angle has increased analogously to the SSC. Contrary to expecta-
tions, the mean value of the weld toe radius has also increased, while the
median value decreased in accordance with the SSC. In total, however,
both values lead to a slight increase in the stress concentration, which
again corresponds to the behavior under SSC. The quantitative com-
parison of the mean value before corrosion shows that the stress con-
centration for this specimen was initially lower compared to the SSC
specimens. This is attributed to the circumstance that the specimens for
ASW were scanned using the lower resolution scanner GOM ATOS Core
300. This generally leads to insufficient accuracy in reproducing the
sharp notches. The comparison between ASW and SSC is further
complicated by the fact that only a small number of specimens were
examined with the specific exposure time and geometry type. Hence, a
quantitative correlation between ASW and SSC is not possible within
this investigation.

3.3. Hardness results

The hardness measurements were carried out for fillet-welded
specimens with varying corrosion exposure durations of 3, 6, 9, and
12 months as well as in the uncorroded (CB) condition as reference.
Fig. 14 shows the macrographs and the hardness mappings for all

Fig. 10. Development of fillet weld geometry factors: (a) flank angle, (b) weld toe radius, and (c) corresponding stress concentration factors for different expo-
sure durations.
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measured specimens. The differences between the individual zones,
weld metal (WM), HAZ and base material (BM) can be seen across all
specimens. As expected, the highest hardness values are in the WM and
the lowest in the BM. In the HAZ, the values are gradually changing.
From the comparison between the uncorroded state in Fig. 14 (d1) and
the three-month corroded specimen in Fig. 14 (d2), it can be seen that
the hardness values and the distribution have remained almost the same.
However, due to the grooving corrosion that took place in the HAZ, the
location of the sharpest notch, which in the uncorroded state was on the
fusion line between of WM and the HAZ (see subplot (c1)), has shifted to
the boundary line of HAZ and BM (see (c2)). Here the overall hardness is
lower than at the fusion line between WM and HAZ. The boundary line
between HAZ and BM remains as the point of the sharpest notch for both
the 6 M and the 9 M (see (c3) and (c4)).

After 12 months, a new notch forms on the newly created plateau,

Fig. 14 (c5) and (d5). Although it is less sharp than the notch in the HAZ
due to the small opening angle, it is located completely within the BM,
where the hardness is lower. The location of the sharper notch shifts
from the boundary line of HAZ and BM to the inner part of the HAZ.
Thus, the hardness values are higher than in the 3 M to 9 M specimens.
However, it can be stated that the hardness values do not change
significantly over time due to corrosion, but that the decisive locations
of the sharp notches change due to the cyclical progression of corrosion
and thus fall into different hardness areas of the specimens.

The 12 M (S) specimens corroded in ASW have higher hardness
values in all three areas of the specimens compared to the specimens
corroded in SSC, see Fig. 14 (c6) and (d6). In contrast to SSC specimens,
the location of the sharpest notch is still at the boundary line of WM and
HAZ due to the low material removal, so that no further change in the
hardness values results from this.

Fig. 11. Development of butt weld geometry factors: (a) flank angle, (b) weld toe radius, and (c) corresponding stress concentration factors for different expo-
sure durations.

Fig. 12. Statistical evaluation of geometrical parameter before and after corrosion exposure of 12 months in ASW for fillet welds, (a) flank angle, (b) weld toe radius,
(c) stress concentrations factor.

Fig. 13. Statistical evaluation of geometrical parameter before and after corrosion exposure of 12 months in ASW for butt welds, (a) flank angle, (b) weld toe radius,
(c) stress concentrations factor.
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3.4. Residual stress results

The results of the residual stress measurements are shown in Fig. 15
(a) to (c) for the transversal direction, perpendicular to the weld seam,
and in (d) to (f) for the longitudinal direction, parallel to the weld seam.
The residual stresses were measured along the paths shown in the fig-
ures. The specimens were examined in AW, CB and in several corroded
conditions between 1 to 12 months exposure duration. For the AW, CB
and 1 M specimens, the measurements were only carried out along one
path in the centre of the specimen. For the 3M, 9M and 12M specimens,

one measurement was performed in the centre of the specimen, denoted
with (1), and one was performed 10 mm to the left, denoted with (2), see
Fig. 15 (b). The distance of the measuring points from the weld toe along
the paths is shown on the x-axis of the plots. The Y-axis shows the
magnitude of the residual stresses, with values above 0 representing
tensile residual stresses and below 0 compressive residual stresses.

The highest residual stresses occurred for the transverse stresses
directly at the weld toe at the point X = 0 and decrease with increasing
distance. For fatigue, the residual stress directly at the weld toe is
decisive as this is commonly the critical area of failure. The highest

Fig. 14. Micrographs and hardness measurements for uncorroded (a1-d1) and corroded condition for different exposure duration in SSC (a2-d6) as well as for
corroded condition after 12-month exposure in ASW (a7-d7).
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residual stress at the weld toe, with over 200 MPa, is found in the AW
specimen. The clean blasting generates compressive residual stresses at
the surface of the specimen, which leads to the residual stresses falling to
σres ≈ 0 N/mm2, see Fig. 15 (a). The subsequent corrosion in the 1 M
specimen leads to a slight increase in the residual stresses at the weld toe
and implies an influence from the corrosion.

However, the measurements in the 3 M, 9 M and 12M specimen from
Fig. 15 (b) and (c) show that the residual stresses at the point X =

0 fluctuate around σres ≈ 0 N/mm2 despite the progression of corrosion.
Fig. 16 shows all measured values of the transverse residual stresses at
the point X = 0 over the exposure durations. The values show neither a
time correlation nor a clear difference between SSC and ASW exposure.
The increase in residual stress for the 1 M specimen, which was inter-
preted as an increase due to corrosion in a previous study [23], lies
within the scatter range of all measurements, which here is between
− 60 N/mm2 < σres < 70 N/mm2.

Various reasons may explain the scatter in the measured values.
Besides the usual factors such as the measuring system or the degree of
cleaning of the surface, the redistribution of residual stresses due to local
material degradation should be mentioned here, which cannot be
quantified without further investigation. This becomes clear from the
measurements in the 9 M and 12 M specimen, where a large scatter can
be observed on the same specimens (path (1) and path (2)).

On the basis of these findings, it can be assumed that despite existing
scattering, the residual stresses do not change significantly after

corrosive exposure compared to the initial (clean-blasted) state. This
further indicates that the penetration depth of the compressive residual
stresses introduced by clean blasting may be higher than the corrosion-
induced material removal.

Fig. 15. Residual stress measurements on fillet welds for different corrosion exposure duration, (a)-(c) transversal residual stresses and (d)-(f) longitudinal resid-
ual stresses.

Fig. 16. Development of transversal residual stresses at the weld toe of fillet-
welded specimens over corrosion exposure duration.
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3.5. Discussion

The results of the geometrical investigations showed clear tendencies
despite scattering in the individual values. The notch sharpness,
expressed by the SCF, decreased over time in the fillet welds, while it
was increased in the butt welds. The reliability of the SCF is influenced
not only by the scan resolution but also by the method chosen to
determine the SCF. The influence of the scan resolution is considered
low for the SSC specimens, due to the high resolution of 0.02 mm. For
the ASW specimens, which were scanned with lower resolution of 0.12
mm, the SCF are lower and enable rather qualitative comparisons. The
influence of the analytical calculation according to Anthes’ formula [14]
was investigated by Collmann [47] and resulted in a lower SCF for sharp
notches and a higher SCF for weak notches compared to the numerical
calculation. As the SCF was used for comparative purposes in this study,
the inaccuracy of the analytical formula is tolerated. For investigations
of the fatigue strength of corroded components, it is recommended to
use a numerical calculation based on the weld geometry data provided
in Appendix A. However, the geometrical parameter results are consis-
tent with the results of Matsushita et al. [16], who observed grooving
corrosion in the HAZ for both fillet and butt welds. Furthermore, the
findings of Yuasa and Watanabe [17], who observed a greater reduction
in fatigue strength in butt welds than in fillet welds, can be explained. At
this point, it’s relevant to point out that the results are based on limited
specimens, especially for butt welded joints. Due to the stochastic nature
of corrosion, it is important to increase the number of experiments in
future studies for greater statistical significance of the findings.

Hardness measurements around the weld toe showed minor changes
due to corrosion, but the sharpest, fatigue-relevant notch shifted over
time from the fusion line (WM/HAZ boundary) to the HAZ/BM
boundary. This spatial shift implies a change in fatigue-relevant hard-
ness, as the WM has the highest hardness and the BM the lowest. This
can lead to insufficient results when attempting to predict the fatigue
strength, as it is usually assumed that the high stress concentrations at
the weld toe are also the location of the lowest material quality in fatigue
strength analysis.

Residual stress analysis revealed no clear correlation with corrosion
duration, with the initial state only marginally affected despite potential
internal redistribution from material removal. It is assumed that the
penetration depth of the compressive residual stresses introduced by
clean blasting may be higher than the corrosion-induced material
removal. This should be investigated in future studies using the hole
drilling method to determine the residual stress in the thickness direc-
tion. In addition, the number of experiments should be increased in
future studies in order to increase the significance of the results.

It should be noted that the hardness and residual stress measure-
ments were carried out on different specimen for each point in time and
therefore the development over time does not represent the actual
development of an individual specimen. For this, the specimen would
have to be further corroded again after the residual stress measurements,
which would result in multiple corrosion and rust removal processes
that does not correspond to reality because it influences the corrosion
behaviour. Nevertheless, the measurements provide initial insights into
the long-term behaviour due to the low scattering of the results.

It is important to highlight, that the specimens investigated in this
study were subjected either to corrosion under SSC or ASW, which do
not reflect the real offshore environment. A transfer to real offshore
structures is therefore not directly possible. However, in view of the fact
that corresponding fatigue tests from the literature also do not reflect the
real environmental conditions, the findings of this study can be at least
used as an explanation for the different fatigue test results of butt and
fillet welds in the literature.

4. Summary and conclusion

The aim of this study has been to quantify the influence of corrosion

on the fatigue-driving parameters such as notch stress concentration,
local hardness conditions and residual stresses over time. The focus was
on the long-term development, which aimed to be achieved by accel-
erated corrosion in the salt spray chamber over a total period of 12
months. Both butt-welded and fillet-welded specimens were examined.

To determine the notch stress concentration and its change over
time, the specimens were recorded before and after corrosive exposure
and evaluated with regard to the decisive weld geometry parameters.
Subsequent hardness and residual stress measurements were carried out
on the fillet-welded joints.

The following findings can be drawn from this study.

• Digital surface comparison: It has been shown that pitting corro-
sion can occur directly on the fatigue-relevant area of the weld toe in
both butt and fillet welds. As the exposure duration progresses,
further pits develop along the weld toe line, which then form grooves
parallel to the weld seam. With corrosion progression, the material
next to the resulting grooves is also degraded, leading to a new
plateau (uniform corrosion). On the new plateau, the process
described from pitting to grooving and then to new plateau is
repeated.

• Weld geometry analysis: By investigating the geometrical param-
eters, it was possible to show that welded components behave
differently depending on the initial notch sharpness with regard to
corrosive effects. It could be quantitatively shown that the notch
radius for butt welds, has decreased over time, while an increase has
taken place for fillet welds. Similarly, the flank angle increased for
butt welds, while it decreased for fillet welds. This leads to the
conclusion that corrosive impact on butt welds, which have shallow
notches compared to fillet welds, leads to an increase in notch
sharpness, while the sharp notches of the fillet welds become shal-
lower over time. This behaviour can be described as an equalization
effect of corrosion.

• Hardness measurements: The hardness measurements, which
concentrated on the weld toe area, showed only minor changes due
to corrosion. However, it was observed that the location of the
sharpest and therefore fatigue-relevant notch varied over time.
While the sharpest notch before corrosion was located between the
fusion line of the weld metal (WM) and the heat affected zone (HAZ),
it moved over time to the boundary line between the HAZ and the
base material (BM). In consideration of the fact that the highest
hardness values are present in the WM and the lowest in the BM, a
changing fatigue-relevant hardness can be assumed due to the spatial
change of the sharpest notch.

• Residual stress analysis: The residual stress measurements have
shown that there is no clear correlation with corrosion exposure
duration and that the initial state is only marginally affected, despite
possible internal redistribution from material removal.

The presented results allow new insight into the long-term behaviour
of corrosion on the fatigue-relevant parameters. In addition, the ob-
tained results provide a basis for future investigations of the (residual)
service life of corroded load-bearing structures using local fatigue ap-
proaches such as the notch stress concept according to IIW or the 4R
method. The calculations can be carried out either deterministically
with the mean values or probabilistically using the data of the
geometrical parameters provided in this study.
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review & editing, Resources, Investigation. Elyas Ghafoori: Writing –

S. Shojai et al. Materials & Design 251 (2025) 113578 

14 



review & editing, Supervision, Project administration.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The research project “Influence of corrosive media on the fatigue

strength of offshore wind turbines (CorroFAT)”, grant number 37 LN/1,
of the Research Association for Steel Applications (FOSTA) e. V. was
funded by the German Federal Ministry of Economics and Climate Ac-
tion (BMWK) via the German Federation of Industrial Research Associ-
ations “Otto von Guericke” (AiF) e. V. as part of the program
“Leittechnologien für die Energiewende” and as part of the joint project
“Offshore Wind Energy Systems for Hydrogen Supply” to promote joint
industrial research (IGF) on the basis of a resolution of the German
Bundestag. The authors would like to express their sincere gratitude for
the experienced financial support.

Appendix A. Weld geometry data of investigated specimens in different conditions

Table A1
Probabilistic data for weld toe radius r, flank angle θ, and the resulting SCF for fillet- and butt welded specimens with different exposure duration.

Fillet welds Butt welds
Radius r [mm] Radius r [mm]
AW CB 3 M 6 M 9 M 12 M AW CB 3 M 6 M 9 M 12 M

Mean E 0.73 0.69 0.72 1.02 0.95 1.11 1.86 1.68 1.52 1.24 1.53 1.01
Std. Dev. 0.32 0.25 0.34 0.64 0.51 0.68 1.05 0.72 0.91 0.78 0.82 0.59
5 %-quantile 0.49 0.50 0.49 0.53 0.52 0.48 0.91 0.91 0.50 0.46 0.60 0.42
95 %-quantile 1.09 0.95 1.24 2.39 1.98 2.47 3.80 3.03 3.27 2.84 3.03 2.09

​ Flank angle θ [◦] Flank angle θ [◦]
​ AW CB 3 M 6 M 9 M 12 M AW CB 3 M 6 M 9 M 12 M

Mean E 57.0 57.7 60.3 56.3 51.2 52.3 20.2 19.2 18.3 23.8 23.7 28.6
Std. Dev. 4.8 5.2 4.0 6.0 3.4 4.9 4.9 4.1 4.7 5.4 5.3 5.2
5 %-quantile 18.2 48.6 53.6 46.2 44.0 43.7 12.4 12.0 10.4 16.7 15.8 20.3
95 %-quantile 63.6 65.0 68.2 64.0 56.0 60.2 27.9 25.9 25.3 33.2 32.3 37.4

​ SCF [-] SCF [-]
​ AW CB 3 M 6 M 9 M 12 M AW CB 3 M 6 M 9 M 12 M

Mean E 2.85 2.89 2.92 2.68 2.61 2.55 1.59 1.59 1.58 1.80 1.72 2.00
Std. Dev. 0.25 0.24 0.24 0.32 0.27 0.30 0.20 0.17 0.21 0.25 0.22 0.24
5 %-quantile 2.41 2.49 2.46 2.11 2.13 2.05 1.29 1.32 1.28 1.43 1.43 1.62
95 %-quantile 3.20 3.22 3.24 3.13 2.97 3.01 1.93 1.86 1.92 2.29 2.03 2.37

During the preparation of this work the authors used ChatGPT and DeepL in order to improve the language. After using these tools, the authors
reviewed and edited the content as needed and take full responsibility for the content of the publication.

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.matdes.2024.113578.
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