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Abstract

This work presents a new fatigue crack growth prediction model for non-load-carrying fillet welded steel joints. For
this joint configuration the fatigue cracks will emanate from the weld toe region. Due to the presence of a V-notch in
this region the crack initiation point becomes a point of singularity for the stress field. This may in many cases make
it difficult to determine the Stress Intensity Factor Range (SIFR) for small cracks by conventional methods based on
Linear Elastic Fracture Mechanics (LEFM). The present approach solves this problem by using the Energy Release
Rate (ERR) to determine the SIFR in the small crack growth regime. The model is fitted to crack growth curves
from tests with cruciform steel welded joint subjected to constant stress ranges in both axial and bending loading
mode. The Paris crack propagation law is adopted and the calculation of SIFR for larger cracks outside the material
volume influenced by the V-notch singularity is carried out by the conventional approach. The model gives results
in agreement with experimental facts and has also the potential of being extended to variable amplitude loading. The
model is also well suited for taking into account the crack initiation phase that is significant for high quality welded
joints
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I- Introduction and Development:

Modeling the evolution of the fatigue damage in welded steel joints is an important issue for the design of
dynamically loaded structures. In fillet welded joints cracks often emanate from the weld toe and subsequently grow
through the plate thickness. Common approaches to model the damage process are an application of rules based on
S-N curves for life predictions and a facture mechanic model to describe the associated crack growth in more detail.
The latter approach has the disadvantage that the modeling of small crack growth in high quality welded joints often
is outside the validity range of Liner Elastic Fracture Mechanics (LEFM) theory. The initial crack size is generally
unknown. Furthermore, the necessary calculation of the Stress Intensity Factor Range (SIFR) at these small crack
depths may be difficult. The limitations are due to the fact that the singular behavior at the point defined by the weld
to transition to the plate surface has a great influence on the SIFR calculations. Also the theoretical significance of
the SIFR is to be under question. In the present paper, we study the fatigue behavior of fillet welded joint in which
the principal significant parameter to calculate the stress intensity factor is the weld toe angle.

In many standards, as the Eurocode 3, the approach to design fatigue life of the welded joints is based on hot spot
stresses that takes into account the global stress concentration. But, many studies show that this approach is not
precise and overestimates the fatigue life of the joint. The fatigue life of a cracked V-notch structure can be divided
into three parts (Recho, 2010): the crack initiation part, the crack propagation part until the singularity of the V-
notch has no influence on the crack growth and finally the crack propagation part with no V-notch influence.

On this background the present study proposes a new two-phase model for the fatigue damage evolution in fillet
welded joints (Lassen, Recho 2009). The first phase models the two first parts described above. The micro crack
behavior is based on the calculation of the Energy Release Rate in the V-notch region at the weld toe to obtain an
equivalent SIFR (Cheng, Recho et al. 2011). This gives substantial different results compared to classical fracture
mechanics.

When the material volume beneath weld toe that is influenced by the singular V-notch behavior is passed the present
approach will give results very close to the classical fracture mechanics model. This constitutes the second phase of
the damage process. Both phases are adopting the Paris exponential law for the crack growth rate. The empirical
parameters are fitted to experimental fatigue tests of cruciform steel welded joints subjected to axial loading mode
under constant amplitude loading. When the measured crack growth rate is plotted against the equivalent SIFR, two
slopes appear on the curve. The first slope corresponds to the short crack growth regime in phase 1 whereas the
second slope characterizes the stable crack propagation in phase 2.

The aim of this paper is twofold. The first one consists in how determining the variation of the Energy Release Rate
(E.R.R.) at the V-notch constituted by the weld toe at which a short-crack tip is close to the weld toe. This will be a
major parameter allowing determining an equivalent stress intensity factor which will be used in the crack
propagation during the first phase. The second objective is to determine the characteristic crack depth at which no
influence of the V-notch is considered. That will be done on the basis of experimental results of crack depth as
function of the number of cycles. A change of crack growth rate is observed at low values of crack depth. In order to
evaluate the influence of this approach on the fatigue life, two specimen configurations are considered:

1. A V-notch specimen submitted to bending fatigue loading (Figure 1) the so-called three
points bending beam;
2. A cruciform welded joint submitted to axial and bending fatigue loading (Figure 2).
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Figure 2 - Definition of specimen and toe geometry for a fillet welded joint

Moreover, it is necessary to find a numerical method to compute the Energy Release Rate (ERR) at the weld toe
geometrical discontinuity modeling it like a V-notch angle in the continuum of the structure. Going from this
computation, the fatigue life of the welded structure is determined by the use of a specific crack propagation law as
described in the next section of this paper. A classical approach is considered in order to be compared with the
present approach. It’s based on the work given by Gurney (Gurney and Maddox 1973). In this classical approach,
the initial depth is determined on the basis of experimental results given by Lassen (Lassen 1990) in order to obtain
the same fatigue life duration. The present approach introduce the initial crack depth in a new calculation procedure
(Cheng, Recho et al. 2011) allowing to determine the Energy Release Rate (G) for short crack emanating from V-
notch. Finally, the results from the present approach are compared with results from the classical one. For the two
approaches, the determination of the initial crack depth is associated to large uncertainties. Nevertheless, most of the
fatigue life depends on this crack depth. Many investigations show that the influence of the initial crack depth on the
fatigue life of the structure is important (Nykénen, Marquis et al. 2007, Goyal and Glinka 2013, Carpinteri and
Paggi 2014). On the basis of 42 test specimens submitted to constant amplitude loading Lassen (1990) shows that
the statistical initial crack distribution is dominated by small cracks with a mean value as small as 0.043 mm. This
initial crack depth is determined by forcing the crack growth life to coincide with the S-N curve based life for a
category 71 in the Eurocode. See Ttablel below:

Table 1 — Crack growth model data for joints in air

Variable Mean value Standard Distribution
deviation type

ap [mm] 0.043 0.043 Exponential

M 3.0 fixed -

LogC [MPa, m] | -11.24 0.11 Normal
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In fact, approximately 30% of the fatigue life is spent before a crack depth of 0.1 mm is reached for a stress range of
150 MPa. Hence, the initiation phase plays an important role even at a high applied stress range.

II- Evaluation of the Stress Intensity Factor taking into account a V-notch tip

For a V-notched structure with an opening angle 2/ and a polar coordinate (see Figure 3), the displacement and
stress fields can be given by the following expressions (Seweryn,1998):
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Figure 3 — First two singularity degrees of a V-notched structure

Where 4, are the amplitude coefficients, 1"“ ﬁ and 5ijk (9) angle functions and N the number of the truncated

eigenvalues.

The first singularity degree has no significant difference until 24 is equal to 60°since it respects the singularity of the
crack (4 =-0.5). That means the computation of K, for a V-notched structure is the same than the cracked specimen.
For opening angle higher than 80°, it can be noted the first singularity degree is greater than -0.5 and moves closer
to zero (which corresponds to the case of a detail without any crack present). So the calculation of the SIF is affected
by the effect of the V-notch especially by the opening angle and by the depth of the V-notch.

Numerical model
The two specimens simulated are shown in Figure 4 and Figure 5. The fatigue stress range Acis150MPa, the
specimen width is 40mm and the specimen length is 200mm. 2/ and / represent respectively the opening angle and
the depth of the V-notch. In Figure 5, the crack depth (a) corresponds to the sum of the initiated crack /, and the V-
notch depth (/) of the Figure 4.
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Figure 5 — Cracked specimen with 24 = 0°
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Figure 6 — (a) V-notch structure (b) enlargement of the initiated crack from the notch tip in V-notch

Figure 6 shows the configuration of the “notch box” used in the numerical simulations of the specimen performed
using the Abaqus software. Figure 6-b is an enlargement of the Figure 6-a showing the detail of the “notch box”
which allows the mesh to be more regular. Moreover, 6 paths at the crack tip are used to verify the stability of the
computation of the J integral given by Abaqus. In fact, it is demonstrated that the computation of the J integral
provided by Abaqus is of good accuracy (Lebaillif 2006).

It’s to be noted that the calculation of J values between 0.1 and 3mm crack depth are determined on the basis of the
work done by (Cheng, Recho et al. 2011). In this work, a B.E.M. (Boundary Element Method) is developed. It
allows, in elastic 2D plane strain state, to determine an equivalent Stress Intensity Factor for short cracks existing in
the vicinity of the V-notch root. Also, for short crack depth close to the V-notch vicinity, the influence of V-notch is
taking into account to determine the equivalent AK.
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Numerical results
In this section, the study deals with the influence of two parameters concerning the V-notch: the opening angle and
the depth of the V-notch. The stress intensity factor is calculated with the J integral as in the plane strain state:

JE

Influence of the opening angle 2§ of the V-notch
Figure 7 shows the SIF as function of different crack depths (0.1mm, 0.2mm and 0.5mm). For various opening
angles, it can be stated that a large scatter exists when the crack depth is small. Consequently, a great change in
fatigue life is expected.
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Figure 7 — SIF of cracks initiated at the V-notch tip with different crack depth /, varying between 4mm and 8mm

Moreover, larger is the initiated crack depth, larger is a scatter between SIF’s values. For an unchanged notch depth,
each plot tends to prove that there is a crack depth at which the V-notch has no more influence on the calculation of
the SIF. It is called the characteristic crack depth a..

Influence of the depth /, of the V-notch

For an unchanged opening angle, Figure 8 presents SIF’s values as function of the crack depth for different V-notch
depth compared to the real crack configuration. The opening angles of the V-notch chosen are 110°, 120°, 135° and
150° because they represent the opening angle for the case of the cruciform welded joints (the weld toe angle
studied in the paper is 45°).
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Figure 8 — SIF values of cracks initiated with opening angle varying between 110° and 150° compared with
one equal to zero (the crack case)

The greater the opening angle of the V-notch and the greater the V-notch depth , the greater the SIF values decrease
for small crack depth. Also, the greater the opening angle, the greater the difference between the cracked case and

the V-notch case.. This shows the major influence of the V-notch parameters on the calculation of the SIF.

Characteristic crack depth
According to the previous sections, it is possible to determine a characteristic crack depth at which the influence of

the V-notch vanishes. Figure 9 shows characteristic crack depths as function of the V-notch opening angle for

different V-notch depths.

Figure 9 — Characteristic crack depth from the V-notch tip for different V-notch depth
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II1- Application to crack growth in cruciform welded joints

The present V-notch model is applied to pursue the experimental results obtained for cruciform welded joints of the
type presented in Figure 2. As discussed the V-notch effect for this case is related to the local weld toe geometry
parameters. The parameters in the model are chosen such that the calculated crack growth gives a good fit with the
experimental curves.

Description of test specimens and test set-up

The tests are carried out with cruciform welded joints with dimensions as shown in Figure 10. The stresses are
applied on the horizontal main plate transverse to the non-lad-carrying fillet welds. The specimens were subjected to
tensile loading mode.

1

asn

Figure 10 — Test specimen with dimension [mm]

The steel is a typical steel of off-shore North Sea platforms, a low carbon and accelerated cooling one. It has an
elastic stress limit equal to 416MPa and a tensile strength of 501MPa (Lassen 1990). The measured mean fatigue
life is quite close to category 71 in the Eurocode 9.

Four welding procedures are used:
=  SAW (Submerged Arc Welding);
=  FCAW (Flux-Cored Arc Welding);
=  SMAW (Shielded Metal Arc Welding) 57 and 76.

The experimental results are particularly interesting because the early small crack growth that is subject to the
present investigation was measured by high accuracy by an Alternating Current Potential Drop (ACPD) technique
capable of revealing the formation of a crack with 0.1 mm depth. Test characteristics are given by:

= 42 specimens tested,;

= Applied stress range of 150MPa;

=  Effective stress ratio of 0.5;

»  Frequency of applied stress 8Hz;

=  Strain gauges located at distance 10mm from the weld toe;

= AC current 6kHz with associated monitoring system;

=  Tests are done at normal laboratory conditions.



Naman Recho et al. / Procedia Engineering 213 (2018) 239-254 247

Experimental measured crack growth

In Figure 11, the crack depth as function of the number of applied cycles is plotted for each of the test specimens.
Statistics concerning the crack depth and the number of cycles at failure are presented in Table 2. For the tensile
loading mode it was an important observation that the mean time to reach a crack depth of a=0.1 mm was close to
1.45(10)° cycles, i.e. 30% of the total fatigue life. This demonstrates that the initial crack depth is smaller than 0.1
mm and that early crack growth plays a significant role in the fatigue life. Further details are found in Lassen (1990).
The accuracy of the depth measurements for early crack growth is shown in Figure 12. As can be seen there are
reliable depth measurements down to 0.05 mm, but with some influence of noise from the very beginning. This is a
typical trend for all specimens. After having passed 0.1 mm the signals become much more stable. Nevertheless, the
measurements in figure 12 before a crack depth of 0.1 mm give a clear indication of the behavior of the crack at an
carly stage.

Crack depth as function of number of cycles
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Figure 11— Crack depth as function of number of cycles — tensile loading test

Table 2 - Statistical analysis of experimental results at failure

Load Statistics Crack depth at failure [mm] Number of cycles to failure
Mean 15.16 4.740 10°
Tensile Median 14.67 4.71710°
Std. deviation 2.00 9.588 10*
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Figure 12-Measured early crack growth before reaching a=0.12 mm.

Modeling the measured crack growth by the present V-notch approach

Determining the geometry function and associated SIFR

In order to apply our approach, several crack depths are considered in order to compute the J-Integral (=ERR) and
subsequently determine the SIF. The value which corresponds to the J-integral is the mean value between three
contours at 1, 1.5 and 2.5mm from the crack tip. Within this zone, the J-integral value is almost stable.

Figure 13 shows the finite element mesh (half of the whole model) which is used. In fact, the symmetry condition
along the y axis is considered. The model considers a plane strain state with an edge crack of depth a. Also, an
equivalent K values has been deduced from the J-Integral. Values issued from our procedure are shown in Table 3
for tensile loading case. According to Figure 9, by extrapolation, one deduces that the characteristic crack depth is
equal to 8mm.

It’s to be noted that the calculation of J values between 0.1 and 3mm crack depth are determined by BIE (Boundary
Integral Equations) analysis on the basis of the work done by (Cheng, Recho et al. 2011). In this work, the ratio
between AKv /AKc is giving following the Figure-14. AKv is the variation of the SIF determined for a crack
emanating from a V-notch, at 2f3 is equal to 135° and AKc is the variation of the SIF determined for a crack where
2 is considered as equal to 110° (for this angle, no influence of weld toe is observed (for 2f3 see figure 2).
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Figure 13— Model used in the simulation: dimension in mm.

In order to determine the SIFR for other values of plate thickness or variation of applied stress, it’s easy to re-
determine Ao and to multiply the ratio Ac /150 MPa by the table’s values. In Figure 14 it is shown how the SIFR as

a function of crack depth is varying for various opening angles 2.

Table 3- Value of K in function of crack depth from Matlab Code (tensile load case with Ac=150MPa and angle 2p=135 degrees)

Crack depth [mm] K [MPa 1/;1]

0.1 8.053 (equivalent K, by BIE analysis)
0.2 8.910 (equivalent K, by BIE analysis)
0.5 10.451 (equivalent K, by BIE analysis)
1 12.00 (equivalent K, by BIE analysis)
2 14.22 (equivalent K, by BIE analysis)
3 19.57

5 28.77

7 40.05

10 66.28

12 80.98

15 130.44
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Figure 14- SIFR for the fillet weld as a function of crack depth for various values of the angle 23

Determining the material parameters m and C in the Paris law

The measured crack growth rate in Figure 11 was analyzed as a function of the SIFR obtained by the V-
notch model in Table 3. A fit based on two line segments was chosen as this gave a much closer fit to the
experimental facts. The results are shown in Figure 15 for very short crack depths (from a=0.05 to 0.5 mm) and in
Figure 16 for larger crack depths (from a =0.5 to 2 mm). The obtained parameters for the two cases are (median
values):

Slope m = 4.74 and an intercept C of 771 1072

Slope m=3.06 and an intercept C of 1.065 10"

It is interesting to note that for small crack growth in Figure 15 no crack retardation is observed for small values of
SIFR. The values in Figure 16 are quite close to what is found in the literature; however the C values are somewhat
lower. This is due to the fact that the early crack growth is related to crack propagation of semi-elliptical shaped
cracks that have a somewhat lower SIFR that the edge-crack in the present V-notch model. This can easily been
taken into account by adding the Newman Raju multiplication factor to the present SIFR. As can be seen the
correlation factor is found between 0.7 and 0.75. It should be noted that the scatter observed in Figure 16 is typical
inter-specimen variation caused by different weld toe angle from specimen to specimen. As can be seen the data
points are surprisingly close to a straight line for one single specimen. If for example the lower curve in figure 16
had been plotted with a more correct increased angle 2 (less steep toe angle) the curve would have been pushed
upwards towards the sample mean. Hence, the large scatter in figure 16 does not reflect the scatter in the parameter
C alone but also toe angle changes from specimen to specimen. All these aspects will be envisaged in future work.
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Figure 15 Crack growth in first stage from 0.05 mm to 0.5 mm.
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Figure 16 Crack growth from 0.5 mm to 2 mm

IV Conclusions

A V-notch approach for determining the SIFR for small crack at the weld toe has been presented. The
model has been fitted the crack growth experimental data from full scale fillet welded joints where measurements of
the very early growth of small cracks are available (see figure 12). It is in particular this crack regime with crack
depths between 0.05 mm and 0.5 mm that the present V notch approach can determine the SIFR more correctly and
with higher accuracy than the classical approaches. The SIFR associated to these small crack depths are outside the
validity rage for classical approaches. Furthermore, this important small crack growth regime constitutes an
important part of the fatigue life of a high quality welded joint. It is also an important model for explaining the very
long lives observed for welded joints near the fatigue so called fatigue limit. And it is probably the most important
crack depth regime for in-service stress spectra.
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