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Abstract: The study aims to investigate the impact of uniform, grooving and non-uniform corrosion
degradation on the hot-spot stresses of a T-shaped tubular joint using the finite element method. The
through-thickness linearization method is employed to estimate the hot-spot stresses, allowing a
more reasonable consideration of the effect of grooving corrosion and non-unform corrosion. The
grooving corrosion degradation is modelled assuming that the corrosion rate of the weld metal
is 1.4 times that of the base metal. The non-uniform corrosion is modelled by moving the nodes
around the weld by a random distance along the direction perpendicular to the surface. The random
distances are generated based on the surface roughness parameter Ra. The results indicate that the
stress concentration factor (SCF) increases with the uniform corrosion depth. The grooving corroded
tubular joint results in a higher SCF than those of the corresponding uniformly corroded tubular
joint. The non-uniform corrosion can lead to SCF deviations from the SCF of the uniformly corroded
tubular joint. The SCF deviation at the critical region follows the normal distribution, and its standard
deviation increases with Ra.

Keywords: fatigue; grooving corrosion; non-uniform corrosion; hot-spot stress; tubular joint

1. Introduction

Ships and offshore structures are subjected to aggressive environments and cyclic loads,
leading to fatigue and corrosion degradation and a reduction in structural safety [1]. It has
been shown that the process of structural degradation caused by corrosion degradation
and fatigue damage is complex. When corrosion protection measures fail, different types
of corrosion degradation such as general, pitting, grooving and edge corrosion degradation
may occur [2]. Corrosion degradation can lead to fatigue crack initiation because it increases
local stress [3]. The increase in the local stress and the change in the fatigue crack growth
characteristics also reduce the fatigue crack growth life [4–6]. External stress may also
accelerate the corrosion rate, resulting in uneven corrosion degradation in high-stress areas
around the welded joint, thus reducing the fatigue life of the structure [7].

The design standards consider the effect of corrosion degradation and fatigue in a
straightforward way. When evaluating the local stress for the fatigue strength assessment,
the component thickness is uniformly reduced by a certain amount. In addition, the S-N
curve for the corrosion environment is recommended, which is obtained by reducing the
in-air S-N curve with an environmental reduction factor [8].

Some studies have been performed to investigate the effects of corrosion on local
stresses. Garbatov et al. [9] examined the influence of uniform corrosion wastage on the
stress concentration factors (SCFs) of typical ship structural details and compared the
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fatigue damage for different corrosion models. Yang et al. [7] investigated the accelerated
corrosion degradation of highly stressed steel, and the time-dependent SCF as a function
of corrosion deterioration was analysed considering the non-uniform corrosion of welded
joints. Moan and Ayala-Uraga [4] established a reliability-based model for the assessment
of deteriorating ships subjected to multiple environmental conditions. The model was
based on a fracture mechanics formulation, and the corrosion-induced increased crack
growth rate was considered in two aspects: (1) the increased stress range produced by the
plate thinning (wastage) effect and (2) corrosion fatigue itself. Following the same strategy,
Dong et al. [5] performed the fatigue reliability assessment of welded multi-planar tubular
joints of the support structure of a fixed jacket offshore wind turbine considering the effect
of corrosion and inspection.

Tubular joints are widely used in offshore structures and are prone to fatigue due to
the high stress concentration. The stress concentration is quantified by the SCF defined
as the ratio of the hot-spot stress of a point of the weld toe to the nominal stress, which
depends on the joint type, geometric dimensions, and the loading type. Extensive studies
have been performed to develop parametric equations for the calculation of SCFs of tubular
joints. The Efthymiou equations are widely adopted in practice and incorporated into
design codes [8]. Reviews on the SCFs of tubular joints can be found in [10–12].

The coating life is not considered, and the well-developed corrosion degradation
phase is dealt with in the present study. In addition to the well-known uniform corrosion,
the grooving and non-uniform corrosion are investigated. The grooving corrosion is
referred to as preferential weld line corrosion degradation, with a localized line of material
deterioration normally adjacent to welded joints long abutting stiffeners and at stiffener or
plate butts or seams [2]. Incidents probably caused by grooving corrosion in a bulk carrier
were reported [13]. Some studies have been performed to evaluate the effect of grooving
corrosion on the ultimate strength of stiffened plate structures [14,15]. The effect of grooving
corrosion on the load-bearing capacity of welded hollow spherical joints was investigated
using the finite element method [16,17]. The grooving corrosion may also happen around
the brace-to-chord weld of tubular joints, which can affect the SCFs. However, there are no
detailed studies on the modelling of the grooving corrosion in the SCF analyses and on the
effect of grooving corrosion on the SCFs of tubular joints.

Non-uniform corrosion refers to the phenomenon of uneven corrosion rates on sur-
faces of structural components. This may be due to the metal surface being affected by
different environmental conditions, or due to the inhomogeneity of the metal material itself.
Non-uniform corrosion may lead to more severe corrosion in the local area of metal compo-
nents, reducing the strength and reliability of the components. It has been shown that the
influence of non-uniform corrosion on the ultimate strength of tubular members cannot be
ignored [18–20]. Shojai et al. [3,21] illustrated that the fatigue cracks were generally initiated
from the region of the most significant stress concentration caused by pits and compared
different modelling techniques to simulate the local stress concentration characteristics
of pit corroded steel plate. The fatigue strength of tubular joints can be influenced by
non-uniform corrosion. The local stress concentration can be accurately estimated using
fine mesh finite element (FE) models, while the hot-spot stress was evaluated based on
a coarse mesh. It is of interest to consider the effect of non-uniform corrosion using the
hot-spot stress approach since it is used in practice.

In the present study, the effect of various forms of corrosion on the SCF of a T-shaped
tubular joint is investigated using the FE method. The through-thickness linearization
method instead of the surface extrapolation method is used to determine the hot-spot stress.
The grooving corrosion is modelled assuming different corrosion rates between the weld
metal and the base metal. The non-uniform corrosion is modelled based on the roughness
of the structure surface. The SCFs for different corrosion conditions are evaluated.
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2. Finite Element Model to Determine SCF

The FE model of a T-shaped tubular joint to determine the SCF is presented. The main
feature of the model is that the geometry of the weld is included, so it can lead to more
realistic results [12]. The modelling of the uniform, grooving and non-uniform corrosion is
presented in the next section.

The geometry of the T-shaped tubular joint is illustrated in Figure 1. The values of ge-
ometrical parameters are in the range of application of Efthymiou equations recommended
by DNV [8].
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Figure 1. Geometry of T−shaped tubular joint.

Accurate modelling of the weld geometry is important for the determination of the
SCF [22]. In the present study, the weld geometry along the intersection between the
chord and brace is assumed based on the specifications of the AWS [23]. The dihedral
angle ψ is defined as the angle between the chord and brace surface, which varies along
the intersection curve. For the T-shaped tubular joint, ψ varies from 90◦ at the crown
to π − cos−1(β) ≈ 143

◦
at the saddle [10]. The weld geometry specified by the AWS is

closely related to ψ. Prequalified joint dimensions and groove angle for the tubular T joint
are shown in Table 1. The joint details are shown in Figure 2. According to the require-
ments shown in Table 1, the following joint dimensions are assumed: ω = 45◦, R = 2 mm,
c = 0 mm, F = t/2, and tw = t. The joint included angle is the difference between ψ and
ω, which satisfies the requirement. The weld leg size can be less than t/2 for ψ > 90◦. A
conservative assumption that F has a constant value equal to t/2 along the intersection
curve is adopted to simplify the modelling.
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Table 1. Prequalified joint dimensions and groove angle for the T-shaped tubular joint with
90◦ ≤ ψ ≤ 143◦.

Parameter Range

End preparation angle,ω From 10◦ (or 45◦ for ψ > 105◦) to 90◦

Root opening, R From 2 mm to 6 mm
Root face, c From 0 to 2 mm

Joint included angle, φ From 37.5◦ to 60◦ for ψ ≤ 105◦

Not less than 37.5◦ for ψ > 105◦

Weld leg size, F From 0 to t/2 as ψ varies from 135◦ to 90◦

Weld thickness, tw Not less than t

2.1. Finite Element Model

The FE analyses are performed using ANSYS Mechanical APDL 2020 R2 [24]. The
element type SOLID186 is used. The mesh condition is shown in Figure 3. The FE model
is divided into several zones. Coarse mesh is used in the zone away from the weld, and
in the zone including the weld, dense mesh is employed. A mesh convergent study is
conducted to justify the mesh condition. The number of elements for the thickness of
the chord and brace is 6, where 648 elements are used along the intersection curve of the
weld toe. The approximate mesh size around the weld toe is 2 mm. Young’s modulus and
Poisson’s ratio are 206 GPa and 0.3, respectively. Both chord ends are fixed, and the three
load cases acting on the brace are considered, namely axial loading, in-plane bending and
out-of-plane bending.
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2.2. Hot-Spot Stress

The SCF is calculated as the ratio between the hot-spot stress at the weld toe and
the nominal brace stress. The surface stress extrapolation method is used to determine
hot-spot stress. However, for the grooving corrosion, the surface stress of the chord near
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the weld toe is not monotonic when approaching the weld toe. There is a decrease and
subsequent increase in the stress component perpendicular to the weld toe, so the use of the
surface extrapolation method may be questionable [25]. Additionally, for the non-uniform
corrosion degradation condition, because the stress concentration is more localized, the
stress at the reference points of the surface stress extrapolation method cannot reflect the
stress at the weld toe. Therefore, in the present study, the through-thickness linearization
method is used to determine the hot-spot stress.

The stress distribution along the weld toe section can be separated into three compo-
nents, namely the membrane stress, bending stress and nonlinear stress [26]. The peak
stress σpeak at the weld toe is the summation of the three components. The hot-spot stress is
the summation of the membrane stress σm

hs and the bending stress σb
hs, as shown in Figure 4.
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The stress linearization at the weld toe section can be carried out by ANSYS. The path
along the thickness direction is defined in the section. By defining the local coordinate
system, the stress component perpendicular to the weld toe section is obtained for all the
nodes on the path. The membrane stress and bending stress are calculated automatically.

To validate the FE analysis method, the obtained SCF results are compared with the
experimental results provided by Yeoh et al. [27] and Soh [28] and the results of Efthymiou
equations [8], as shown in Figure 5. Although the experimental method is based on the
surface stress extrapolation method, the results obtained by FE analyses using the through-
thickness linearization method are consistent with the experimental results. The shape of
the SCF distribution from the experimental measurement is well captured. In the case of
axial loading and IPB, there are some differences at the crown, which is reasonable, because
the strain gauge failed to provide accurate information about the position of the weld toe
and weld geometry in the experiment, and some measurement inaccuracies have been
reported [27]. Compared with Efthymiou equations, the SCF calculated by the FE method
at the saddle is underestimated under axial loading and IPB, while the SCF of the crown is
slightly overestimated. This error may be due to the modelling of the weld geometry in the
FE method, which is not considered in the development of the Efthymiou equations.
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3. Corrosion Modelling
3.1. Uniform and Grooving Corrosion

The grooving corrosion mechanism was investigated by Kato et al. [29]. Rapid heating
and cooling of welding can produce a sulphide-enriched portion surrounding the MnS
inclusions, which dissolves anodically concerning MnS inclusions and the base metal. Cor-
rosion pits were initiated immediately on the MnS inclusions. They were then developed
into grooving corrosion with the aid of the macro-cell between the anodic weld and cathodic
base metal. In addition, the protective coating around the weld may not be as good as
that on the base metal because of the existence of weld defects, which can lead to localized
grooving corrosion [14]. The grooving corrosion can also be attributed to an unfavourable
local corrosive environment and the residual stress caused by welding, which leads to
stress corrosion degradation and a greater corrosion depth around the weld than that away
from the weld [16]. The high stress arising at the hot spot caused by external loading
can also accelerate the corrosion degradation rate and lead to non-uniform corrosion [7].
Tanaka et al. [30] conducted some continuous immersion tests in seawater and found that
the grooving corrosion occurring on welded joints is the consequence of galvanic corrosion
and stress corrosion.

The uniform corrosion and grooving corrosion are modelled as shown in Figure 6. The
outer surface of the tubular joint is uniformly removed due to uniform corrosion whose
corrosion depth is d. The modelling of grooving corrosion is mainly based on the work of
Tanaka et al. [30]. It is assumed that the weld metal and base metal are both subjected to
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uniform corrosion, but their corrosion rates are different; the corrosion rate of weld metal
is 1.4 times that of the base metal, i.e., the corrosion depth of the weld metal dg equals
1.4 d. The above assumptions are consistent with the observations in [30]. The corrosion
degradation rate of the heat-affected zone is assumed to be linearly varied from the weld
metal to the base metal, and the width of the heat-affected zone bg is assumed to be 3 mm.
It has been shown that plastic deformation is the main reason for stress corrosion [30].
Because plastic deformation is limited in practice, the contribution of stress corrosion to
grooving corrosion is ignored. The reference points for the determination of the hot-spot
stress are placed concerning the new weld toe and plate thickness due to corrosion. The FE
models of uniform and grooving corrosion are shown in Figure 7.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 8 of 17 
 

mainly based on the work of Tanaka et al. [30]. It is assumed that the weld metal and base 
metal are both subjected to uniform corrosion, but their corrosion rates are different; the 
corrosion rate of weld metal is 1.4 times that of the base metal, i.e., the corrosion depth of 
the weld metal dg equals 1.4 d. The above assumptions are consistent with the observa-
tions in [30]. The corrosion degradation rate of the heat-affected zone is assumed to be 
linearly varied from the weld metal to the base metal, and the width of the heat-affected 
zone bg is assumed to be 3 mm. It has been shown that plastic deformation is the main 
reason for stress corrosion [30]. Because plastic deformation is limited in practice, the con-
tribution of stress corrosion to grooving corrosion is ignored. The reference points for the 
determination of the hot-spot stress are placed concerning the new weld toe and plate 
thickness due to corrosion. The FE models of uniform and grooving corrosion are shown 
in Error! Reference source not found.. 

 
Figure 6. Modelling of (a) uniform corrosion and (b) grooving corrosion. 

 
Figure 7. FE model of (a) uniform corrosion and (b) grooving corrosion. 

3.2. Non-Uniform Corrosion 
It was suggested by Woloszyk and Garbatov [31] that general corrosion causes deg-

radation on two levels: the reduction in the mean thickness and local irregularities on the 
surfaces of corroded elements. The local irregularities can be further divided into global 
non-uniformity and micro non-uniformity. The former can be captured by a very dense 
measurement grid, but the latter cannot be captured because their size is smaller than the 
sizes of measuring probes. 

t

T

d

d

t

T

d

d

dg

dg

bg

bg

(a) (b)

Figure 6. Modelling of (a) uniform corrosion and (b) grooving corrosion.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 8 of 17 
 

mainly based on the work of Tanaka et al. [30]. It is assumed that the weld metal and base 
metal are both subjected to uniform corrosion, but their corrosion rates are different; the 
corrosion rate of weld metal is 1.4 times that of the base metal, i.e., the corrosion depth of 
the weld metal dg equals 1.4 d. The above assumptions are consistent with the observa-
tions in [30]. The corrosion degradation rate of the heat-affected zone is assumed to be 
linearly varied from the weld metal to the base metal, and the width of the heat-affected 
zone bg is assumed to be 3 mm. It has been shown that plastic deformation is the main 
reason for stress corrosion [30]. Because plastic deformation is limited in practice, the con-
tribution of stress corrosion to grooving corrosion is ignored. The reference points for the 
determination of the hot-spot stress are placed concerning the new weld toe and plate 
thickness due to corrosion. The FE models of uniform and grooving corrosion are shown 
in Error! Reference source not found.. 

 
Figure 6. Modelling of (a) uniform corrosion and (b) grooving corrosion. 

 
Figure 7. FE model of (a) uniform corrosion and (b) grooving corrosion. 

3.2. Non-Uniform Corrosion 
It was suggested by Woloszyk and Garbatov [31] that general corrosion causes deg-

radation on two levels: the reduction in the mean thickness and local irregularities on the 
surfaces of corroded elements. The local irregularities can be further divided into global 
non-uniformity and micro non-uniformity. The former can be captured by a very dense 
measurement grid, but the latter cannot be captured because their size is smaller than the 
sizes of measuring probes. 

t

T

d

d

t

T

d

d

dg

dg

bg

bg

(a) (b)

Figure 7. FE model of (a) uniform corrosion and (b) grooving corrosion.

3.2. Non-Uniform Corrosion

It was suggested by Woloszyk and Garbatov [31] that general corrosion causes degra-
dation on two levels: the reduction in the mean thickness and local irregularities on the
surfaces of corroded elements. The local irregularities can be further divided into global
non-uniformity and micro non-uniformity. The former can be captured by a very dense
measurement grid, but the latter cannot be captured because their size is smaller than the
sizes of measuring probes.

In the present study, the local irregularities on the mesh size level are considered. The
mesh size for hot-spot stress analyses is around 2 mm. More localized irregularities are
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ignored. The uniform corroded tubular joint is modelled at first. Then the nodes around
the weld are moved upward or downward along the direction perpendicular to the surface.
The moving distance and direction of these nodes follow a sample of a normally distributed
random variable with a mean value of zero. The standard deviation of the random variable
is derived from the roughness parameter Ra. The definition of Ra is as follows:

Ra =
1
lr

∫ lr

0
|z(x)|dx (1)

where lr is the evaluation length, and z is the vertical coordinates of the corroded surface
concerning the mean surface. Assuming z is a normally distributed random variable with a
mean value of zero, the absolute value of z follows a half-normal distribution. The mean
value of the half-normal distribution, which equals Ra, is as follows [32]:

Ra = σ
√

2/π (2)

where σ is the standard deviation of z. If the roughness of a corroded surface is known,
σ can be derived from Equation (2). A sample can be generated based on the normal
distribution of N (0, σ). The non-uniform corroded FE model is obtained by moving the
nodes around the weld. An example of the non-uniform corroded FE model is shown in
Figure 8.
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Figure 8. Non-uniform corroded FE model.

The relationship between the roughness and corrosion time is approximated using
measured data. The Ra values of steel plates for 2 years and 5 years of exposure time in a
real marine environment were measured by Gkatzogiannis et al. [33] and Xia et al. [34]. Xia
et al. [34] obtained Ra values from three samples exposed to an underwater environment
for 5 years. The average of the three Ra values and the Ra value for 2 years of exposure
time obtained by Gkatzogiannis [33] are used for the regression. The uncertainty of Ra is
not considered in the present study. A linear relationship between Ra and the corrosion
time is assumed, and a straight line is fitted based on the data as shown in Figure 9.
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4. Results
4.1. Effect of Uniform Corrosion

The effect of uniform corrosion degradation on the SCFs is shown in Figure 10. The
corrosion depth d ranges from 0 to 2.5 mm. Using a corrosion rate of 0.1 mm/year [30] and
a service life of 25 years, the maximum uniform corrosion depth is 2.5 mm. Figure 10 shows
the variation of the SCFs at the critical points as a function of the uniform corrosion depth.
The SCFs are calculated using the FE method and the Efthymiou equations, respectively.
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The FE results show that the SCFs increase with d, and the effects of d on the SCFs are
linear. The effects of uniform corrosion on the SCFs cannot be neglected. The effects of d on
the SCFs depend on the loading condition and the location. For the SCF of the saddle, the
effect of d on the SCF of the saddle is significant. Under axial loading, the SCF of the saddle
increases by 16%, and under OPB, the SCF of the saddle increases by 14%. For the SCF of
the crown, d has a small impact on the SCF of the crown, especially in the case of IPB.

Although the results of the Efthymiou equations deviate from those of the FE method,
similar trends with the corrosion depth are observed. For the case of axial loading, the
SCF of the crown slightly decreases with the increase in d, which is not consistent with
the FE results. The other SCFs are all increased with d. Compared with the FE results, the
Efthymiou equations slightly underestimate the increase in the SCFs for the saddle under
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axial loading when d becomes large. The difference in the results of FE and Efthymiou
equations may be partly attributed to the different thinning strategies of the two methods.
In the FE method, it is assumed that the corrosion degradation does not happen at the
interior region, and the material inside the brace including the part material located at the
outer surface of the chord remains unchanged. It is assumed that the thicknesses of the
chord and brace are both reduced uniformly when using the Efthymiou equations.

4.2. Effect of Grooving Corrosion

For the grooving corroded tubular joint, the results of the surface stress extrapolation
method are compared with those of the through-thickness linearization method for the axial
loading condition. The SCFs as a function of d are shown in Figure 11. The trends of SCFs
are different. The SCFs obtained by the surface stress extrapolation method decrease with
d, and the decrease is not continuous, while the SCFs obtained by the through-thickness
linearization method continuously increase with d. The difference in the SCF between the
two methods becomes significant when d varies from 0 to 2.5 mm.
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Figure 11. Thickness linearization method and surface stress extrapolation method.

It has been observed that surface stress typically increases approaching the weld toe,
and the stress at the first reference point (0.4 T) is higher than at the second reference point
(1.0 T). However, in the case of grooving corrosion degradation, the increasing surface stress
is subjected to a decrease and subsequent increase when approaching the weld toe [25].
As a result, the stress at the first reference point is lower than that at the second reference
point for some cases. The use of the surface extrapolation method to determine hot-spot
stresses can yield lower SCFs. When employing a surface stress extrapolation, it is assumed
that the nonlinear component has effectively disappeared on the plate surface at a distance
greater than 0.4 T from the weld toe, and stress and strain increase almost linearly near
the weld toe [26]. However, the complex stress distribution and the inconsistency with
the assumption for grooving corrosion conditions pose challenges to the use of the surface
extrapolation method. The use of the through-thickness linearization method is more
reasonable for grooving corrosion degradation conditions.
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By using the through-thickness linearization method, the SCFs are obtained for various
corrosion depths, as shown in Figure 12. The SCFs of critical locations are all increased
with corrosion depth. Under axial loading and OPB, the maximum SCF always appears
at the saddle, and the minimum SCF always appears at the crown. However, under IPB,
the SCF distribution along the intersection changes with corrosion depth. The maximum
SCF appears between the saddle and crown when there is no corrosion degradation at the
tubular joint or under uniform corrosion degradation conditions. However, for grooving
corrosion conditions, as the corrosion depth d increases, the position of the maximum
hot-spot stress gradually shifts to the saddle.
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The results of the grooving corrosion cases are compared with those of the uniform
corrosion cases, as shown in Figure 13. In contrast to the linear increase in the SCF with d
for uniform corrosion cases, the SCF increases nonlinearly with d for grooving corrosion
cases. Compared with uniform corrosion degradation, grooving corrosion results in higher
SCFs. Therefore, grooving corrosion is more detrimental than uniform corrosion for the
tubular joint, and the remaining fatigue life is significantly reduced.



Appl. Sci. 2024, 14, 4812 12 of 16Appl. Sci. 2024, 14, x FOR PEER REVIEW 13 of 17 
 

 
Figure 13. SCFs between grooving corrosion and uniform corrosion. 

4.3. Effect of Non-Uniform Corrosion 
The uniform corroded tubular joint and 10 non-uniform corroded tubular joints are 

analysed under axial loading, and the SCFs are compared to illustrate the effect of non-
uniform corrosion degradation as shown in Error! Reference source not found.. The ex-
posure time of these joints is assumed to be 15 years, resulting in d = 1.5 mm (corrosion 
rate 0.1 mm/year) and Ra = 57.822 um based on the linear equation shown in Error! Ref-
erence source not found.. Non-uniform corrosion can result in significant fluctuation of 
the hot-spot stress around the uniform corrosion results. The SCF can be underestimated 
if only the uniform corrosion is considered. 

 
Figure 14. (a) SCF distributions along the intersection and (b) partial enlarged SCF distribution for 
the uniformly corroded tubular joint with d = 1.5 mm (black line) and 10 non−uniformly corroded 
tubular joints with Ra = 57.822 um (other lines) under axial loading. 

The SCF deviation caused by non-uniform corrosion is statistically analysed. The 
crown toe along the intersection is divided into four regions: two crown regions and two 
saddle regions [11], as shown in Error! Reference source not found.. The SCF deviation 
for each weld toe node in the critical region where the maximum SCF appears is obtained 
as follows: 

i nu, i u, ix SCF SCF−=  (3) 

(a) (b)

Figure 13. SCFs between grooving corrosion and uniform corrosion.

4.3. Effect of Non-Uniform Corrosion

The uniform corroded tubular joint and 10 non-uniform corroded tubular joints are
analysed under axial loading, and the SCFs are compared to illustrate the effect of non-
uniform corrosion degradation as shown in Figure 14. The exposure time of these joints
is assumed to be 15 years, resulting in d = 1.5 mm (corrosion rate 0.1 mm/year) and Ra
= 57.822 um based on the linear equation shown in Figure 9. Non-uniform corrosion can
result in significant fluctuation of the hot-spot stress around the uniform corrosion results.
The SCF can be underestimated if only the uniform corrosion is considered.
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Figure 14. (a) SCF distributions along the intersection and (b) partial enlarged SCF distribution for
the uniformly corroded tubular joint with d = 1.5 mm (black line) and 10 non-uniformly corroded
tubular joints with Ra = 57.822 um (other lines) under axial loading.

The SCF deviation caused by non-uniform corrosion is statistically analysed. The
crown toe along the intersection is divided into four regions: two crown regions and two
saddle regions [11], as shown in Figure 1. The SCF deviation for each weld toe node in the
critical region where the maximum SCF appears is obtained as follows:

xi = SCFnu,i − SCFu,i (3)

where xi is the SCF deviation of weld toe node i, SCFnu,i is the SCF of the non-uniformly
corroded tubular joint at the node, and SCFu,i is the SCF of the uniformly corroded tubular
joint at the node. Statistical analyses can be conducted based on the results for all the
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nodes in the critical region. It has been found that the SCF deviation conforms to normal
distributions. The SCF deviation at the critical region can be described by a normal
distributed random variable. Normal distributions are regressed for the exposure time of
1, 2, 5, 10 and 15 years, respectively. The regressed distributions for various conditions
are shown in Figure 15. The mean values of the SCF deviation are close to zero, and the
standard deviation of the SCF deviation increases with the exposure time.
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Figure 15. PDF of the SCF deviation between uniform and non-uniform corrosion: (a) saddle region
under axial loading; (b) crown region under axial loading; (c) crown region under IPB; (d) saddle
region under OPB.

The relationship between the standard deviation of the SCF deviation σX and Ra is
investigated. The σX for the saddle region under axial loading, crown region under IPB
and saddle region under OPB are evaluated, and the results are shown in Figure 16. It
can be seen that σX increases with Ra, and the relationship between σX and Ra is approx-
imately linear for all three loading conditions. The variation of σX to Ra depends on the
loading conditions.
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The analyses of the non-uniformly corroded tubular joint are time-consuming because
of the complex modelling procedures. To obtain a conservative maximum SCF only
accounting for non-uniform corrosion, the following equation is proposed:

SCFc = SCFu + 2σX (4)

where SCFc and SCFu are the maximum SCF accounting for the non-uniform corrosion and
the maximum SCF of the uniformly corroded tubular joint, respectively. 2σX indicates that
the exceeding probability is about 2.3%.

5. Conclusions

The effect of uniform, grooving and non-uniform random corrosion on the hot-spot
stress of a T-shaped tubular joint was investigated using the FE method. The following
conclusions can be established:

The FE model takes the weld geometry into account. The FE results are in good
agreement with the experimental results and results from empirical equations. The uniform
corrosion increases the SCFs, and the influence depends on the loading condition and the
location. The SCF variations due to uniform corrosion predicted by the FE method are
slightly different from those predicted by empirical equations.

The grooving corrosion is modelled such that the corrosion rate of the weld metal is
1.4 times that of the base metal. For the grooving corrosion conditions, the SCFs obtained
by the surface stress extrapolation method decrease with the increase in corrosion depth
due to the complex stress distribution when approaching the weld toe, making the method
questionable. For the grooving corrosion conditions, the through-thickness linearization
method is more appropriate. The SCFs of grooving corroded tubular joints are higher
than the corresponding uniform corroded tubular joints. The grooving corrosion is more
detrimental than uniform corrosion for the tubular joint.

The non-uniform corrosion is modelled based on the roughness parameter which in-
creases with exposure time. The SCF of the non-uniformly corroded tubular joint fluctuated
around the SCF of the uniformly corroded one. The SCF deviation at the critical region
can be described by a normal distributed random variable. The standard deviation of the
SCF deviation has a linear relationship with the roughness parameter. A simple method is
proposed to account for the effect of non-uniform corrosion on the maximum SCF of the
tubular joint.
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Note that the modelling of the grooving and non-uniform corrosion degradation is
an idealization of the real condition. The deviation of the results due to the idealization
should be investigated in the future.
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