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ABSTRACT

Fatigue is the weakening of materials by repeatedly applied loads which is the prime reason for a
great percentage of crack formulation and fractural failure of structural members. Different weld
defects work as stress riser causing local stress concentration in that member. Under repeated
loading and unloading condition these stress risers may initiate crack formulation leading to
structural failure. With a view to investigating the effect of undercut and crack length on fatigue life,
welded joints of different plate thickness are studied in this research, considering semicircular
undercut at the weld toe. This study also aims to investigate the effect of undercut on fatigue
strength. Two types of welded joints, butt and fillet with a small undercut at the weld toe have been
considered. In order to calculate the stress intensity factor, finite element analysis has been carried
by using software ANSYS based on 2D finite element method. From this study, reduction of fatigue
life of the specimens and increase in stress on the stress due to undercut is observed.
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1.0 INTRODUCTION

Numerous marine structures are today operating at sea, all consisting of numerous structural
components. Since all components of marine structures are subjected to stress, being exposed to any
form of failure can have serious consequences. As the consequences can be severe for failure in
marine structures, it is very much important to reduce the probability of failure to a minimum. By
reducing the probability of structural failure, the sustainability of floating and offshore marine
structures can be increased, as well as the safety of personnel and resources. Fatigue is one of the
primary reasons for failure of structural components, and especially for welded components.
Welding of metals was introduced more than a century ago to replace joints with bolts. The fatigue
life of a welded component can be considerably lower than for un-welded component made of the
same metal. Fatigue failure occurs in an area where the stress concentration is higher than that of the
average stress in the surrounding regions. This means that for welds not fully penetrating the
material, such as a fillet weld, cracks may grow from the weld root in addition to the weld toe.
Results from non-destructive tests of the weld root are less reliable than for the weld toe, and for this
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reason, fillet welds are not recommended for components where failure consequences are large.
However, due to fabrication reasons, fillet welds are used in a wide range of structures today.

Fatigue occurs when a material is subjected to repeated loading and unloading. If the loads are
above a certain threshold, microscopic cracks will begin to form at the stress concentrators such as
the surface, persistent slip bands, interfaces of constituents in the case of composites, and grain
interfaces in the case of metals [1]. Eventually a crack will reach a critical size, the crack will
propagate suddenly, and the structure will fail. The shape of the structure significantly affects the
fatigue life; square holes or sharp corners will lead to elevated local stresses where fatigue cracks
can initiate. Round holes and smooth transitions or fillets will therefore increase the fatigue strength
of the structure. Researchers have used any of three methods to determine the fatigue life of
material: the stress-life method, the strain-life method & the linear elastic fracture mechanics
method [2].

There are three well known methodologies when using S-N curves (stress-life method) for
calculating the fatigue life of weld joints; nominal stress, structural hot spot stress (SHSS) and
effective notch stress. The first two methods are well covered in different standards and practiced
due to their relatively quick applications. These methods only cover the weld toe, meaning the other
method (effective notch stress) has to be applied for weld root calculation which is more complex,
time consuming and requires more detailed modelling than the other two, but is capable to find
effective stresses in weld root as well as weld toe.

The effect of undercut on fatigue life and fatigue strength is also subjected to much investigations
and researches. Undercuts are geometrical discontinuities that affects fatigue strength of welded
joints, since they constitute a notch at the weld toe. Detrimental effect of these flaws are governed
by stress concentration, which is characterized by notch depth and root radius. Variety of undercut
shapes and extensions demand accurate prediction of fatigue life time for each particular case. The
reduction of fatigue life and fatigue strength, in comparison to flush-ground welded plate, caused by
an introduction of weld toe undercut is twice that that due to welded joint without undercut [3].
Shen and Clayton [4] stated that all the cracks of fillet weld are found to be initiated at the weld end
toe, the maximum stress concentration site. Park and Lee [5] investigated the effects of specimen
thickness on crack tip deformation and fatigue growth rate. In this analysis, the elastic plastic
fracture mechanics (EPFM) parameter known as the cyclic J-integral was adopted to observe the
local plasticity at the crack tip and compared with the linear elastic fracture mechanics (LEFM)
parameter known as the stress intensity factor range. Costa et. al. [6] investigated the fatigue
behavior of butt weld joints in high strength steel and found that stress concentration at weld toe and
internal defects near and weld root are the main factors responsible for fatigue strength decrease.

2.0 EFFECT OF SEMI-CIRCULAR UNDERCUT ON FATIGUELIFE

2.1 Specimen Modelling
Figure 1 schematically illustrates the plate with semi-circular undercut of depth, d=1.0mm and
radius of curvature, ρ =1.0 mm. Cracks of length, a emanate symmetrically from these notch roots.
2l and 2w are the length and width of the plate. For simplicity length of specimens are considered
100 mm. The plate is subjected to uniform tensile stress, σo=100 MPa at both ends. The initial crack
length is assumed, a = 0.001 mm.



3

Figure1: Geometry of rectangular plate with semi-circular notch
(Half body is illustrated due to symmetry)

2.2 Stress Intensity Factor
The stress intensity is the ratio between the peak stress on a stress riser (undercut) and the far field
stress (away from riser). The stress intensity factor predicts the stress intensity near the tip of a crack
caused by a remote load or stress. For fine cracks, the non-dimensional stress intensity factor and its
derivative are determined with the aid of Koiter’s [7] formula by using the stress value sσo and its
gradient gσo at the root of the undercut in an intact plate. We will employ the empirical formula
given by Yamamoto et al. [8], which is based on the analytical calculation for the shallow cracks
and combined with the finite element calculations for deeper cracks. The empirical formula of stress
intensity factor for symmetric cracks is given as follows:

(1)

Where,

]

[

2.3 Fatigue Life Calculation
Fatigue is the weakening of a material by repeatedly applied loads. Fatigue life is the maximum
number of cycle of fluctuating stress of a specified nature that a material will sustain before failure
occurs. It is a function of the fluctuating stress, geometry of the specimen and test condition. The
fatigue life of a specimen is greatly affected by the presence of any discontinuity such as an
undercut. For calculation of fatigue life of welded specimen, it is assumed that an initial crack
exists. Fatigue life can then be predicted using the fracture mechanics method to determine the
number of cycles required to grow the crack to a certain unsTable size.

To calculate the fatigue crack propagation life of welded specimens, Paris law is usually
employed, in which the fatigue crack propagation can be calculated by:

(2)
Where da/dN is the crack growth rate per cycle, C and m are material constants, K is the stress

intensity range, Kth is the threshold stress intensity range, a is the crack length and N is the number
of cycle.

The relationship between the crack length, a, and the repeated load cycle N is obtained by:
(3)

Where a0 and af are the initial and final crack lengths, respectively. The material constant,
C=2.60x10-11, m=2.75, threshold stress intensity range, Kth=2.00 MPa√m are assumed for the
calculation of fatigue life.
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Thickness Fatigue Life Cycle
(Without Undercut)

Fatigue Life Cycle
(With Undercut)

Percentage Reduction of
Fatigue Life

(Due to Undercut)
10 mm 2.02882 x106 2.38966 x105 88.22
22 mm 2.13270 x106 3.44222 x105 83.86
30 mm 2.16586 x106 3.77619 x105 82.56
40 mm 2.19335 x106 4.05243 x105 81.52
50 mm 2.21772 x106 4.24679 x105 80.85

2.4 Result and Discussion
The fatigue crack propagation lives for five different specimens (2w = 10, 22, 30, 40 & 50 mm) are
calculated by Paris law, where the initial and the final crack sizes are assumed as, ao=0.001 mm and
af ≃w, respectively. The stress σo = 100 MPa is assumed to calculate the crack propagation life.
Calculation for fatigue life was done for each specimen considering with and without the presence
of a semi-circular undercut. Comparing the fatigue life of specimens of same thickness, it can be
seen that with the presence of undercut, the fatigue life of the specimens reduces significantly. A
comparison between the fatigue life cycle between specimen with and without undercut is shown in
Table 1.

Table 1: Reduction of Fatigue Life Due to Undercut

3.0 FINITE ELEMENT ANALYSIS

3.1 Specimen Modelling
Figures 2 schematically illustrates the geometrical properties of the specimens with a small undercut
for the butt weld and fillet weld. In the butt weld, plates of thickness, t, are jointed together with
groove angle, , weld reinforcement, h1 = 4.0 mm, and breadth of the bead, b = 25.4 mm. In the fillet
weld, the attachment is perpendicular to the main plate, the height of the attachment, h = 30 mm,
width of the attachment, ta = 10 mm, leg length of the weld, l1 = l2 = 6 mm. In both the cases, the
semi-circular undercut is located at weld toe, with its depth, d = 1 mm, and the radius of curvature, ρ
= 1 mm. Plates with different thicknesses (t = 10, 22, 30, 40 & 50 mm) are considered and length of
the plates, 2l =100 mm. The initial crack is located at the root of the undercut with its length, a =
0.03 mm. Each specimen is analyzed considering cracks of different sizes. In case of without
undercut at weld toe, initial crack is located at the weld toe. The uniform tensile stress, σo = 100
MPa is applied at both ends of the specimens.

Figure 2: Geometry of butt (left) & fillet (right) welded specimen

3.2 Determination of Stress Intensity Factor
The stress intensity is the ratio between the peak stress on a stress riser (undercut) and the far field
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stress (away from riser). The stress intensity factor predicts the stress intensity near the tip of a crack
caused by a remote load or stress. It is the most important parameter in fracture mechanics which
controls the stability of crack [9].

For simple problem stress intensity factor can be calculated easily, but the problem arises while
dealing with complicated cracked structures. In order to solve this problem finite element analysis is
the most powerful means.

To determine the stress intensity factor finite element method is used to analyze the cracked body
to get the displacement data around the crack tip. According to the Quarter Point Displacement
Technique [10] the stress intensity factors are as follows:

(4)
Where,

, for plain stress

The quarter point displacement formula is used to find the stress intensity factor where crack size
is large, i.e. a 0.2 mm. For the evaluation of stress intensity factor for very shallow cracks (a0.2
mm) at the undercut root, the following formula is used [7]:

(5)
Where, max is the stress at the undercut root and ‘g’ is the gravitational acceleration.

3.3 Result and Discussion

3.3.1 Stress Intensity Factor
Five different plate thickness (t = 10, 22, 30, 40 & 50 mm) are analyzed. For simplicity of design
lengths of the specimens are kept constant (100 mm). For each thickness there are two models, one
without undercut and another with undercut. For shallow cracks (a0.2 mm), the Equation (05) is
used. And for deeper cracks (a 0.2 mm) the Equation (04) is used. It is seen that the stress intensity
factor of specimen with the undercut is higher than that of specimen without undercut. It shows that,
while the other parameters are unchanged, plates with undercut are subjected to higher stress
intensity compared to plates without undercut. Figure 3 shows a comparison of stress intensity
factors amongst plates of different thicknesses without undercut for butt welded joints and the
transition points which explain that for shallower cracks the stress intensity factors are higher for
thicker plates and smaller for thinner plates, but for deeper cracks the scenario is reversed. Similarly
Figure 4 shows a comparison of stress intensity factors amongst plates of different thicknesses with
undercut for butt welded joints and the corresponding transition points.
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Figure 3: Stress intensity factor of butt weld joint without undercut

Figure 4: Stress intensity factor of butt weld joint with undercut

For fillet welded joints (without and with undercut at weld toe), similar result is observed, i.e. for
shallower cracks the stress intensity factors are higher for thicker plates and smaller for thinner
plates, but for deeper cracks the scenario is reversed.

3.3.2 Stress at Crack Tip
Using the finite element method, the maximum generated stress on each specimen is obtained. Any
kind of discontinuity in the body causes localized stress concentration in that area. For the
specimens of this study, the stress risers are the welds, undercut and cracks. Using the software
ANSYS, the maximum stress is found at the crack tip. For the same crack length, maximum
generated stress in any specimen with undercut is higher than that of a specimen of same thickness
without undercut. Figure 5 shows maximum generated stress at different crack lengths for
specimens of various thicknesses without undercut and with undercut respectively for butt welded
joints and Figure 6 shows maximum generated stress at different crack lengths for specimens of
various thicknesses without undercut and with undercut respectively for fillet welded joints. These
comparisons show that at any specified crack length, maximum generated stress is higher in thinner
plates than that of thicker plates, i.e. at any specified crack length, thinner plates are subjected to
higher stresses than thicker plates. For a certain crack length (a=5.03 mm), increase in maximum
stress due to presence of undercut in different specimens of both butt weld and fillet weld is shown
in Table 2.

Transition
Point



7

Figure 5: Effect of crack length on maximum stress for butt weld joint without undercut
(left) and with undercut (right)

Figure 6: Effect of crack length on maximum stress for fillet weld joint without undercut
(left) and with undercut (right)
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Thickness Crack
Length

Butt Weld Fillet Weld

Stress % Increase in
Stress Due to
Undercut

Stress % Increase in
Stress Due to
Undercut

MPa MPa
mm mm Without

UC
With
UC

Without
UC

With
UC

t=10 5.03 5409.9 6253.9 15.60 5434.6 8109.1 49.21
t=22 5.03 4297.8 4947.9 15.13 3170.2 4946 56.02
t=30 5.03 3185.7 4316.7 35.50 3059.6 3963.7 29.55
t=40 5.03 2573.6 3973.5 54.39 2821.3 3383.9 19.94
t=50 5.03 2161.5 3035.9 40.45 2507.9 3022.3 20.51

Table 2: Increase in maximum stress due to presence of undercut in different specimens

4.0 CONCLUSIONS

Due to the presence of undercut in welded specimens, the fatigue life reduces significantly. It was
observed in this study that due to undercut, fatigue life reduced within the range of 80.85% to
88.22%. While the geometrical parameters are same, stress intensity factor of a specimen with
undercut is higher than that of a specimen without undercut. This is true for both butt and fillet
welded specimens. For any type of welding, stress intensity factors are initially higher in thicker
plates and lower in thinner plates. After the transition point, the scenario is reversed. The undercut
causes increase in maximum stress of the specimen. The maximum value of stress in a specimen
with undercut is greater than the maximum value of stress in similar size specimen without
undercut. For a certain crack length (a=5.03 mm), in butt welded specimens increase in maximum
stress due to undercut is observed 15.13% to 54.39%, and in fillet welded specimens increase in
maximum stress due to undercut is observed 19.94% to 56.02%.
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