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Fatigue strength assessment of welded joints in
the marine environment - A case study on the
applications of local stress and fracture mechanics
methods for analyzing non-load-carrying fillet-
welded joints

Antti Ahola', Timo Bjérk

Summary Welding is a commonly applied joining method in many applications in arctic and
marine conditions, e.g., in ship and offshore structures, and energy production equipment. Such
applications are usually subjected to fluctuating load conditions, and during a decades-long
service, they may experience millions of load cycles. Consequently, fatigue strength design and
acceptable flaw sizes in the welded details of these structures are among the most important
design criteria. Multiple fatigue strength assessment approaches exist for assessing the fatigue
strength of a welded detail. The present study introduces a numerical and analytical fatigue
strength assessment, conducted on a non-load-carrying X-joint, which is a representative joint
type used in many steel constructions. Fatigue analyses are carried out following the DNVGL-
RP-C203 and BS7910:2013 fatigue design guidelines for offshore steel structures. The stress
intensity factors (SIFs) for linear elastic fracture mechanics (LEFM) analyses were obtained
using three different methods: the weight function approach, the analytical equations provided
in the IIW Recommendations, and by conducting numerical crack propagation analysis using
the Franc2D software. All three methods had a good agreement particularly for short crack
depths, indicating the applicability of the analytical approaches for the fatigue analyses. The
results showed that the consideration of degree of bending at the welded detail is crucial due to
the distinguishing notch stress factors of membrane and bending loading, and different stress
distributions in the through-thickness direction. In addition, it was found that the LEFM-based
fatigue life assessments are significantly more conservative than the life predictions obtained
using the structural hot-spot and effective notch stress approaches.
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Introduction

In arctic conditions, structures are exposed to low ambient temperatures, which does not
usually have a major effect — or at least has only a minor beneficial effect [1,2] — on the
fatigue performance of welded steels structures, unless the temperature goes beneath the
transition temperature. However, many applications in such arctic areas also incorporate
the marine environment. Structures in marine environment are typically subjected to
different fluctuating loads, such as wave and wind loads and, in arctic applications, ice
loads. The cyclic behavior in loads causes fluctuating stresses in the weldments of such
structures, predisposing the welded components to fatigue failures. On the other hand,
the increasing need to decrease material usage has led to the optimization of structures
and consequently, an increase in stress range levels. Hence, fatigue design and analysis
should be carried out for a finite fatigue life, instead of targeting the infinite life of
welded components.

Existing design codes [3-6] provide multiple approaches to assess the fatigue
strength of welded details, including stress-based approaches, such as the structural hot-
spot (HS) stress method and effective notch stress (ENS) concept, and fracture
mechanics-based analyses that, in fatigue assessments, are typically conducted using
linear elastic fracture mechanics (LEFM). In the present paper, fatigue analyses are
carried out for a non-load-carrying X-joint, which is it a representative joint type
existing in many steel constructions. The fatigue strength is assessed using the HS and
ENS concepts, and the LEFM analyses are conducted on the basis of the stress intensity
factors (SIFs) obtained using the analytical equations, weight function (WF) approach,
and numerical crack propagation analysis. Furthermore, the influence of the degree of
bending (DOB, equal to bending stress divided by total stress) on the fatigue strength
assessment is also evaluated. Structures in a marine environment with and without
cathodic protection are considered within this study.

Materials and methods

Geometry and materials of the studied joint

This paper investigates a non-load-carrying (NLC) cruciform joint made of mild steel
material, which is representative of many applications in arctic conditions. The
dimensions of the joint (Fig 1a) are taken from an industrial case in which the joint is
subjected to a load corresponding to an equivalent HS stress of Aohseq = 29.2 MPa (m =
3), as shown in Fig. 1b. Considering the fabrication process, K-butt welds (Fig. 1)
usually result in external fillet welds. In this study, a leg length of z = 8 mm was
assumed with the flank angle of & = 50° considering the studied K-butt joint
configuration. Furthermore, the plate misalignment effects [7] on the stress
concentrations at the weld toe were neglected.
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Figure 1. (a) Dimensions of the non-load carrying X-joint under investigation and (b) the
obtained service load histogram.

Load conditions

The DOB for the case under investigation was not specified (structural stress obtained
through the surface extrapolation method), two alternative load cases were considered in
the analyses: axial membrane loading with a uniform stress distribution over the base
plate (t = 26 mm) and pure out-of-plane bending loading (Fig. 1a) to observe the
differences in the results for two different load cases. In the case of the stress-based
approach, the fatigue strengths for the combined membrane and bending stress (DOB =
0-1.0) load cases can be derived from the DOB = 0 and DOB = 1 load cases by the
superposition principle, but in the case of the LEFM-based fatigue analysis, the fatigue
strength should be assessed using the predetermined DOB value. The fatigue analyses
are carried out using 1 MPa unit loads but the fatigue life estimations are reflective of
the given service load histogram (Fig. 1b).

Applied fatigue analysis methods

Linear elastic fracture mechanics

LEFM analyses were carried out using three different methods, namely analytical
equations, the weight function (WF) approach and numerical crack propagation
analysis, to compare the applicability of these methods to assess the SIFs and crack
propagation rate and to thus predict the fatigue strength of the detail. The W
Recommendations [4] provide the analytical formulae for the stress magnification
factors Mk of X-joints, following earlier works undertaken by Hobbacher [8,9], whereby
the SIF can be estimated as follows:

K=M,(@)Yora, 1)

where a is the crack size, o is the normal stress acting at the base plate perpendicular to
the crack (gross cross-section), and Y is the crack shape function. The M formulae are,
however, available only for the membrane stress loading case. The WF approach is
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applicable for both membrane and bending stress load cases, and the SIF can be
calculated using the following formula:

K= TG(X)M (x,a)dx, 2

x=0

where o(x) is the normal stress distribution in the through-thickness direction (from the
weld toe) and M(x,a) is the weight function. The standard case is limited to crack shape
aspect ratios of a/c = 0.2-1.0, and in this case, a/c = 0.2 (low depth to width ratio) was
conservatively assumed. The o(x) distributions for the WF analyses were obtained
numerically using a 2D plane strain element model. The obtained distribution for a 1
MPa membrane and bending unit loads are shown in Fig. 2.
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Figure 2. Stress distributions o(x) at the weld toe to the through-thickness direction.

Franc2D [10] crack propagation analyses were carried out to numerically obtain the SIF
ranges for the given joint and load configurations. The FE model with the initial crack,
and the crack paths obtained using maximum tangential stress criterion are shown in
Fig. 3. The SIF ranges were obtained using a J-integral approach embedded in the
Franc2D program. The resulting SIF values for all applied methods are presented in Fig.
4.
The fatigue life estimation was derived using Paris’ crack propagation law, as

follows:

B _ Ak (a)" = N, :jd—a,
dN CAK (a)"

g

(3)

where C is the crack propagation coefficient, m is the slope parameter of Paris’ law,
AK(a) is the SIF range as a function of crack depth, a; and ar are the initial and final
crack depths, respectively, and Ns is the fatigue life. In the life assessments, an initial
crack size of ai = 0.15 mm was assumed as per the IIW Recommendations [4]. The
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applied C and m values are presented in Table 1. In the shell structure under
investigation, a high applied stress ratio R can be assumed due to the high tensile
residual stresses present in large-scale structures. The recommended values are
applicable for steels (excluding austenitic and duplex stainless steels) with yield
strength up to 600 MPa.
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Figure 3. Franc2D model with (a) load and boundary conditions, (b) detailed mesh at the weld
toe, and (c) inserted crack (a = 0.05 mm) which was subsequently propagated to ai = 0.15 mm
initial crack size, and (d) estimated failure paths.
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Figure 4. SIF values for 1 MPa membrane and bending stress unit loads.

Table 1. Crack propagation coefficients in a marine environment after BS7910 [11] for an
applied stress ratio of R > 0.5 (Stage A, mean + 2 standard deviation), AK in unit MPa-mm™2.

Condition C m
Free corrosion 1.72-10°%8 3.42
Cathodic protection (-1100 mV Ag/AgCl) 2.10-10°Y7 5.10
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Structural hot-spot stress method

Structural stress comprises the membrane and bending stress components that are used
in fatigue strength assessment [12]. Although the effect of DOB on the fatigue
performance has been recognized, the stress components are not considered in the
structural HS stress approach. While crack propagation has a dominating role in terms
of the total fatigue life, i.e., considering both crack initiation and propagation, DNV-GL
[3] allows a 40% reduction in the bending stress component. In addition, British
Standards [6] provides an improvement factor for the fatigue strength capacity of joints
with an increasing share of bending stress. However, neither the IIW Recommendations
[4] nor Eurocode 3 [5] include a reduction for bending stress or an improvement factor
for fatigue strength for joints subjected to bending. Engineers usually refrain from
making unconservative fatigue strength predictions and, thus, the beneficial effect of
DOB on the fatigue strength capacity is neglected. Consequently, FAT = 100 MPa for
cathodic protection and FAT = 62.4 MPa for free corrosion are used in this study.

Effective notch stress concept

The ENS concept was employed applying the reference radius of rresf = 1.00 mm [13] on
the basis of effective stress concept with the fatigue notch factor of Ki = Ki(rrer)
assuming sharp transition from the base metal to the weld reinforcement (rwue = 0) . As
shown in [14,15], axial membrane and bending stresses induce different SCFs and result
in different fatigue strength capacities and, consequently, the FE analyses were carried
out using both load conditions. Fig. 5 shows the FE model used in the analyses. As a
reference curve for the fatigue strength predictions, FAT = 225 MPa and FAT = 156
MPa with the recommended slope parameter of m = 3 were used following the DNV-
GL guideline [3] for cathodic protection and free corrosion, respectively.

(@ (b)
LCL: K(r =1 mm) =3.47 LC2: K(r =1 mm) =245

1 MPa

Figure 5. (a) ENS model with load and boundary conditions, and (b) the SCF for the membrane
and bending stress components. The mesh size at the weld toe was 0.025 mm (r/40) in the radial
direction, and 0.05 mm (r/20) in the tangential direction.
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Results

The results of the fatigue analyses are summarized in Fig. 6 which presents the fatigue
life predictions corresponding to the equivalent loading, i.e., Aonseq = 29.2 MPa (m = 3)
as per the load histogram shown in Fig. 1b. The LEFM analyses had a good
correspondence in terms of fatigue life estimation but, however, they estimated
conservative fatigue life estimations in comparison to the HS stress and ENS
approaches.
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Figure 6. Results of the fatigue analyses for (a) DOB = 0 and (b) DOB = 1. The LEFM analysis
conducted using the analytical equations (a membrane load case) is denoted with 11W.

In arctic and marine conditions, the influencing load cycles are usually fully random in
service, i.e., the sequence of different load cycles shown in Fig. 1b is arbitrary.
Consequently, a consideration of the threshold limit of the SIF causing crack
propagation (proposed as AKn = 63 MPa-mm™/2), the equivalent stress ranges depends
on the crack depth since all load cycles are not effective at the early stage of crack
propagation. Fig. 7 demonstrates the SIF ranges for different stress ranges and the
resulting equivalent loading as a function of crack length a. In the case of axial loading
and the given load histogram, no major effect on the equivalent loading was found but
in the case of bending, due to the lower SIF values, the threshold limit was exceeded
only with the 40.2 MPa and 39.7 MPa loads when a; = 0.15 mm.
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Figure 7. Effect of consideration of threshold limit on the equivalent HS stress range for
membrane and bending stress load cases using the given load histogram.

Discussion and conclusions

In the present paper, fatigue analyses were conducted on a non-load-carrying X-joint,
which is a common joint type in many steel structures. A corrosive marine environment
was assumed, and the fatigue analyses were carried out assuming two conditions,
namely a structural detail either with or without cathodic protection to investigate the
influence on the fatigue strength capacity. A HS stress range equal to Aonseq = 30.4 MPa
(m = 3) and stress range representative of such welded details in arctic structures was
taken as a basis for the fatigue assessments. Three different approaches, namely the
structural HS stress and ENS concepts and LEFM were applied in the fatigue analyses.
In addition, the effect of DOB was investigated by conducting the analyses assuming
pure membrane (DOB = 0) and bending (DOB = 1) loads.

In the case of axial loading, the analytical equations [4], the WF approach and the
numerically obtained SIF ranges had very good agreement, particularly for small crack
sizes. Due to the pronounced effect of early crack propagation on the total fatigue life,
all applied methods resulted in similar fatigue strength estimations, see Fig. 6. If the
critical flaw sizes and SIFs, in terms of a brittle failure, are estimated, then the use of
analytical equations and the WF approach may result in unconservative assumptions,
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see Fig. 4. The analytical equations were not available for the DOB = 1 loading and,
consequently, only the WF approach and numerical analyses were employed, resulting
in similar fatigue strength estimations.

When comparing the fatigue strength assessments acquired using the LEFM and
stress-based approaches, it can be noted that the LEFM resulted in much lower fatigue
strength estimations than the stress-based approaches. In the case of LEFM, an initial
crack size of ai = 0.15 mm was assumed following the 1IW Recommendations [4]. Thus,
it can be concluded that smaller allowable initial crack sizes, or no initial cracks, should
be assumed if the stress-based approaches are used. Particularly, for the ENS approach,
no initial cracks should be present, and a certain period of crack initiation should thus be
assumed. From the fabrication point of view, this puts pressure on achieving high
welding quality, as well as managing quality assurance at least in fatigue-critical details.
It is also worth noting that the crack propagation analyses were carried out assuming
conservatively load-controlled behavior. In details such as those under investigation, the
structure may also have displacement-controlled behavior which decreases the crack
propagation rate. Based on the fatigue analyses and comparisons, the following
conclusions can be summarized:

— In the investigated 2D NLC cruciform joint type, the WF approach and
analytical equations by the 11W provide a good accuracy for the SIF values at the
small crack depths up to a/t = 0.2, compared to the SIFs numerically obtained by
the FE analyses. At the large cracks, the WF and analytical approaches are not
necessarily sufficient to estimate SIF values. However, in fatigue assessments
and life predictions, the crack growth behavior at the short crack regime has a
dominating role and the WF approach and analytical equations can be thus
recommended for such purposes.

— A consideration of DOB in the fatigue analyses is important; a higher fatigue
strength was obtained for joints subjected to bending in the investigated joint
type.

— Fatigue strength assessments assuming cathodic protection result in an
approximately three times higher fatigue life compared to the air condition.

— A use of stress-based approaches resulted in higher fatigue strength predictions
with respect to the LEFM analyses with an initial crack size of aj = 0.15 mm and,
hence, careful consideration of achievable welding quality should be noted in the
fatigue design of such details.
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