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Abstract. This paper presents a study on the application of the finite element methods to predict the
influence of a defect on the residual stress distribution in a T-welded structure. A defect is
introduced in a numerical model firstly without residual stress to see its impact (size and position)
on the stress distribution. Secondly the most critical defect (determined previously) is simulated
with a residual stress gradient. The obtained results are useful for computation stress concentration
factor due to weld residual stresses.

Introduction

The T-welded constructions are widely used in various domains (transport, civil
engineering, offshore ...). The risk of failure by fracture of such assemblies can be linked to several
causes (weather conditions) or cyclic loading (fatigue). High strength low-alloy steels are among
the nuances used for these applications due to their good weldability, high yield strength, and
toughness [1].

Stresses in a welded structure are a combination of applied stress due to external load and
residual stress due to welding processes (0 = Oyppiica +0resiaua)- The presence of a high tensile weld
residual stress may have significant effects on the final performance and can accelerate or delay
many failure processes by causing fatigue and fracture [2]. Also, the failure of these structures is
mainly due to pre-existing defect generally located in the toe of the weld [3, 4]. Types of defect
include porosity, inclusions, cracks, surface pores, etc.

Several studies have treated the harmfulness of crack defect on the behavior of welded
structure [4, 6]. However, understanding the effect of porosity defect during the presence of residual
stress within the weld is still insufficient.

Welding residual stresses have important contribution on the performance of the structure.
Taking them into account helps to improve the design and the selection of manufacturing process
and materials [7,8] but also to improve computation code for a better prediction of results (which is
the purpose of this study).

For this, in the context of safe design, the stress concentration factor will be calculated for a
particular defect size and a particular load applied.

Finite elements method

In this part of the paper, the FEM is used to determine the stress distribution into the weld
considering 4 configurations:

e T-welded structure without defect and before introducing residual stresses.

e T-welded structure without defect and after introducing residual stresses.

e T-welded structure with defect and before introducing residual stresses.

e T-welded structure with defect and after introducing residual stresses.

Geometric model and meshing.
The implicit finite element calculation was performed using ABAQUS standard. All calculations
are elastic and linear. The geometrical model of the T-welded structure is shown in Fig.1 with
w=10mm, /;=100 mm and /,=210 mm. The distance between the plate-1 and the plate-2 is 0.1 mm.
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The thickness of the structure is 40 mm. The material is a HSLA S500MC steel with a Poisson’s
ratio v of 0.3, a Young’s modulus E of 210 GPa and yield strength oy of 520 MPa. For the T-welded
structure, a plane strain condition was chosen to represent the 2D modeling. The finite element
models was created using 6-node quadratic triangular element CPE6. 2550 elements were used to
mesh partition-1 and partition-2 with an element size of approximately 0.2 mm. The rest of the
structure was coarsely meshed as shown in Fig. 2.

Hypothesis.
In the case of engineering consulting firm, to obtain a safe design of this structure, the reliability
approach adopted is based on the method of "Stress-Resistance". The safe design is observed when

G is strictly positive. The performance function G is given by [9]:
O

G= k—: — 011 (1)
where o044 is the stress according the X, direction. The applied load P is chosen so that the safety
factor of the yield strength kg is equal to 1,5. In this study, all configurations are under pressure of

44 MPa. A pressure is applied on the top of structure according the Y, direction.
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Fig. 1 The geometrical model of T-weld Fig. 2 FE mesh of the model

Introdution residual stresses into FE models.

It is necessary to introduce realistic stress conditions in the FEM to have a better prediction. We
need a field that represents the residual stresses caused by a TIG weld and measured using the
contour method. Due to the lack of data for the SSOOMC steel, the residual stress distribution shown
in Fig.4 has been chosen approximately for this preliminary study. The stress gradient was
simplified such that the residual stress distribution was introduced to the numerical model with
discrete values over every 1 mm distance as shown in the example (Fig. 3). Thanks to ABAQUS,
these initial stresses can be equilibrated in the first analysis step [10, 11].
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Fig. 3 Weld residual stress distributions Fig. 4 Input residual stress
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Finite elements analysis

Influence of residual stresses.
In order to determine the influence of the residual stresses on the reliability of a T-welded structure,
two configurations are simulated before and after introducing residual stress in the FEM as shown
in Fig. 5-a and Fig. 5-b respectively. We compare 6,, which is the stress according the X, direction.
Fig. 5-a shows that the maximum stresses of ,,, for the structure without residual stresses, is equal
to 225.9 MPa and it is located on the weld root zone.
According to FE results given after introducing residual stress in the weld as outlined by Fig. 3, the
maximum stresses is equal to 345.4 MPa and it is located on the weld toes zones (Fig. 5-b).
We can see the important role of the residual stress on the behaviour of the T-welded structure.
There is a change in the intensity and in the localisation of the stress concentration.
Results given by numerical simulation shows that tensile residual stress shifts the dangerous zone
from the weld root zone to the weld toes zones and increases the stress intensity.

() (b)

Fig. 5 The stress contour: (a) before introducing residual stress, (b) after introducing residual stress

Analysis of a defect in the weld.
A defect was introduced in the numerical model to see the impact of its parameters (Fig. 6) on the
stress distribution. The exploration of the whole area of the weld, as shown in Fig. 7, helped to
identify the most critical configurations of pre-existing defect in the structure.
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Fig. 6 The defect parameters in the weld Fig. 7 Different positions of defect centre in the weld
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A numerical study is performed in order to evaluate a stress concentration factor k; due to the
presence of porosity. For each position and size of the defect, the stress concentration factor k; will
be calculated by the following expression
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where 6,0m 1S the nominal stress of the structure without a defect and o,,.x 1s the maximal stress 6,
of the structure containing a defect. The study was realised for two defect sizes (2a= 0.3mm and
2a= 1mm) and under these conditions: a/b=0.1 and a=45°.

Results and discussions

In this part of the paper, a defect is introduced in the FE model without residual stresses and
secondly with residual stresses as initial conditions.

Non-pre-stressed structure.
The defect is introduced in the numerical model firstly without residual stresses. The defect center
position was varied in the weld as shown in Fig. 7. For each position, the stress concentration factor
was numerically calculated. Fig. 8 shows the cartography of the k; distribution in the weld for two
defect sizes.

(a) (b)

Fig. 8 Contours of the stress concentration factor k;: (a) 2a=0.3mm (b) 2a=1mm
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Defect size of 0.3 mm has low influence on the performance of the structure (k{*** = 1.7).
However, for the defect size of 1 mm (k[*** = 4.5), we can identify three zones in the weld:
- For k, < 2: Security domain. Defect has low impact on the final behavior of the structure.

- For k; = 2: Limit state. A reliability study will be interesting.

- For k; > 2: Failure domain. The presence of a defect is not acceptable.

Pre-stressed structure.
Introducing residual stresses as initial conditions into the weld shows that the two sizes of the defect
have a greater impact on the behaviour of the structure. For defect sizes of 0.3 mm and 1 mm, k[***
is equal to 4.2 and 7 respectively.
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Fig. 9 Contours of the stress concentration factor k: (a) 2a=0.3mm (b) 2a=1mm

As presented in Fig. 9, the presence of residual stresses in the weld causes a change in the location
and intensity of the stresses. Results given by FEM shows that tensile residual stress shifts the
dangerous zone from the weld root zone to the extremity of the weld (on the surface).
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According to results given by numerical simulations, we can conclude that:

k}’:gsx = k{** + 25 3)
where k}'rfs" is the maximal stress concentration factor for the structure with residual stress and
k{'%* is the maximal stress concentration factor for the structure without residual stress.

Effect of a defect position on the residual stresses.
It seems interesting to see the stress distribution for two locations of the porosity defect.
A defect was introduced in the weld root zone to observe its impact on stress distribution in a
welding structure. As shown in Fig. 10, residual stress shift the dangerous zone from the weld root
zone to the weld toe zone and the stress intensity has greatly decreased. The peak stresses decrease
from 684.4 MPa (k; = 3) to 397.3 MPa (k, = 1).
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Fig. 10 The stress contour: (a), before introducing residual stress (b), after introducing residual stress

Now, the defect is located in weld toe zone, the results given by FEM is presented in Fig. 11. We
concluded the same thing for the shifting of the dangerous zone but in this case the stress intensity
has greatly increased. The peak stresses increase from 257.95 MPa (k; = 1) to 1328 MPa (k; = 4).
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Fig. 11 The stress contour: (a), before introducing residual stress (b), after introducing residual stress

Before introducing the residual stresses on the FEM, the defect located in the weld root zone (k; = 3)
is more dangerous than defect located in the weld toe zone (k; = 1). After introducing the residual
stresses, the defect located in the weld toe zone (k; = 4) becomes more dangerous than defect
located in the weld root zone (k; = 1). We can conclude that the residual stresses 6,; are tensile into
the weld toe zone and compressive in the weld root zone. So, into the weld toe zone, tensile residual
stresses in addition to tensile load amplify the stress concentration factor. Nevertheless, into the
weld root zone, compressive residual stresses are beneficial by reducing the tensile load.
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Summary

In this study, the stress concentration characterization of a HSLA steel weld has been carried out.

According to the finite element analyzing, the following conclusions can be drawn:

e Residual stresses have important effects on the performance of the T-welded structure and may
cause fatigue failure earlier than non-pre-stressed components.

e Tensile residual stresses shift the dangerous zone from the weld root zone to the weld toes zones
and increases the stress intensity.

o Tensile residual stresses in addition to tensile load increase too much the stress concentration
factor in the weld.

e Porosity defect has a great impact on the distribution of the stress concentration on the weld.
e The most critical defect is that located on the weld toe zone.
e Compressive residual stresses are beneficial for the root defect.
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