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Abstract

The structural stress method is widely applied to fatigue analysis of welded components. The
literature contains several modeling techniques capable of representing such structures. However,
these techniques can only approximate the stiffness of the structure. The scope of the present work
is to propose an optimization-based modeling technique to represent overlapped welded components
(lap joints). This technique employs optimal parameters in order to reproduce the stiffness of the real
structure without any significant errors. The design variable is defined as the thickness of the shell
finite element representing the weld fillet. Linear programming is employed to solve the optimiza-
tion problem. The objective function is defined as the residual error of the first natural frequencies
obtained by a shell finite element model compared with the ones obtained by a solid model. This
kind of modeling technique could be directly applied to large/complex problems, where global/local
analysis are performed for structural integrity verification and fatigue life simulation. Once, this
optimized modeling technique is used, global/local analysis are no longer needed and a single shell
FE model can be applied for all the structural analysis. After proposing an optimization-based mod-
eling technique, its result with respect to the structural stress are compared with the ones obtained
with other methodologies presented in the literature and the standards. Results concerning errors
when representing the structure total mass and first natural frequencies are presented.
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1 Introduction

During the early ’70s, the need of a tool capable of evaluating the fatigue life of welded components of
ships resulted in the development of the, today well known, structural stress method [1, 2]. This method
was developed only for moderate thick tubular joints. During the '80s the structural stress method
was extended to non-tubular structures such as ship hull details [3]. However, as presented by [4], this
method only gained high employability after the groundbreaking work of [5]. In which, the method
and the structural stress, o5, were formally presented employing a formulation derived from classical
mechanical theory.

After the early '90s, the automotive industry started to employ the structural stress method alongside
with the Finite Element Method, FEM, leading to the development of different methodologies for geo-
metrical representation of weld fillets. [6] presented recommendations concerning different approaches for
evaluating ops and a methodology for modeling the weld fillet using oblique shell elements was designed
as well. [7] proposed the use of rigid link elements in order to represent the weld fillet stiffness. Based on
this work, [8] presented a technique using low order shell elements (Volvo method). [9] represented the
stiffness of the weld fillet without geometrically modeling the fillet. It was accomplished by imposing an
increased thickness for the elements in the intersection of different plates, where the weld fillet would
exist in the real structure. Based on the structural stress definition presented by [5], [10] proposed two



different methodologies: one employing solid elements and the other plate/shell elements. The mesh
insensitivity claimed by the author were disproved by [11]. Moreover, it was demonstrated by [12] that
these methodologies fail when representing complex geometries where the transverse shear stress have a
greater influence.

Due to the high amount of different existing modeling techniques, a combined effort of normative
entities along with the initiative of the International Institute of Welding, ITW, resulted in a series of
recommendations concerning the use of the local approaches for fatigue design of welded components
[13]. This and other recent publications concerning fatigue analysis of welded components clarified sev-
eral problems faced when creating finite element models of such structures. Nevertheless, there is still no
consensus about the best methodology for stiffness representation of welded components. The present
work aims to propose a methodology capable of representing the stiffness of this kind of structure in the
most reliable way.

2 The Structural Stress Method

The classical formulation of the structural stress method, as presented by [5], consists of evaluating the
stress acting on weld regions using extrapolation procedures (or linearization through thickness). The
stress is evaluated at certain distances, d, and J,, from the weld toe. The obtained stresses are then
subjected to an extrapolation rule and the resulting stress is op.

2.1 Extrapolation of oy

The extrapolation procedure employed in the structural stress method aims to exclude the non-linear
stress peak, which is originated from the discontinuity region, i.e. weld toe. Therefore, the structural
stress can be expressed as proposed by [5]:

Ohs = Om + Ob, (1)

where ¢, correspond to the membrane stress and o, the bending stress, both evaluated at the plate
surface. Figure 1 illustrates a typical extrapolation of op.
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Figure 1: Structural stress extrapolation through ¢ distances.

In this illustration, the delta distances are considered as being equal to 0.4e and 1.0e, where e is
the plate thickness. Such distances are defined in accordance with the work of [14]. In which, different
delta distances and extrapolation rules are proposed for different combinations of finite element mesh
refinement and hot spot type.



2.1.1 Hot Spot Type

The hot spot type can be defined depending on the geometrical location of its occurrence. As presented
by [15], the three most common types are: (a), (b) or (¢). Types (a) and (c) are employed when the hot
spot appears at the connection of the weld toe with the plate surface. Type (b) represents a situation
where the hot spot occurs at plate edges. Figure 2 presents different hot spot types in a cruciform welded
joint:

Figure 2: Hot spot types, according to [15].

2.1.2 Employed Extrapolation Rule
The present work employs FE analysis with refined mesh (element length equal to 0.4e) and considers

hot spot of type (¢). Such scenario implies in a linear extrapolation rule, presented as [14]:

Ohs = 1.670’1‘06 — 0.6700‘467 (2)

where 01 9. and o 4. are the stress evaluated at d1 0. and &g 4 respectively.

3 Problem Formulation

An overlapped welded joint is considered as the component of study. The present work aims to achieve an
optimization-based methodology for representing this sort of structure using shell FE. This representa-
tion must reproduce the stiffness of the solid model without any significant error. In order to achieve this
condition, an optimization problem is formulated and solved using Sequential Linear Programming, SLP.

3.1 Optimization Problem

The optimization problem considers the thickness of the shell element representing the weld fillet, ¢, as
the single design variable. The objective function consists of the minimization of the error function:

Error(fu(t), fa(0)) = \/(f1 = 70)? + (f — Jo)?. (3)

where f; and f; correspond to the i-th frequency of the shell FE model and comparison model (solid),
respectively. The optimization problem can be written as:

minitmize Error(fi(t), f2(t))

subject to  tiar < 10 - ¢, (4)
timin > 0.001.



where t,,4, is the upper constraint with respect to the design variable and t,,;, is the lower constraint.
Geometries with different scales where tested in order to evaluate the influence of parameters as the
structure depth, d, and the plate thickness e.

3.2

Geometry

Figure 3 presents the geometry of study alongside with its shell FE representation. The shell represen-
tation of the overlapped joint is based on the recommendations proposed by the International Institute
of Welding [13]. High order shell FE are employed for modeling weld fillet and the structure (plates).
Table 1 presents the geometry configuration of the 16 analyzed cases.
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Figure 3: Overlapped joint: solid and shell FE representation.

Table 1: Geometrical parameters of the structure.

Plate thickness: ~ Width: Depth:
elmm] e [inch] w [mm] d [mm]
3.175 1/8 2w =508
635  1/4 o5y A-w=1016
12.7 1/2 6w = 1524
19.05  3/4 10 - w = 2540

Parametric Optimization

The parametric optimization performed for each structure configuration consisted of the following steps:

1.

- W

Estimate initial value for parameter ¢;

Build and solve FE model;

Evaluate Error and store ¢t and f;;

Check if the current solution satisfies the convergence criterion;

If the convergence criterion is satisfied, go to step 10;

Employ linear programming to solve the optimization problem and update the design variable t;

Use forward finite differences to evaluate the sensitivity;



8. Update the moving limits (step length) using past iterations results;

9. Return to step 2;

10. Store t, f; and Error

The parametric optimization problem was solved employing a commercial mathematical software
[16] and the FE problem was solved using a commercial FE software [17]. Initial estimation for ¢ was
randomly generated. A step length modifier, based on the derivative sign of past iterations, was applied
in the actualization of the design variable for each new iteration. The employed stopping criterion can

be written as:

Error < tol,

where tol is the tolerance, which was considered equal to 1-107%.

4 Results

The optimization results allowed the construction of curves for the optimal values of ¢ considering dif-
ferent geometric configurations (e and d), which led to the design of a ruling curve for ¢t. The shell
FE model employing this ruling curve was then implemented and compared with other methodologies

present in the literature and standards.

4.1 Optimal Thickness

The optimal ¢ obtained for each geometric configuration is presented in Fig. 4:
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Figure 4: Results obtained for the parametric optimizations, abscissa correspond to e and ordinate to t.
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Despite the small, but existing, correlation between results (Fig. 4) for different structure configura-
tion, a least-squares fitting rule was applied in order to obtain a ruling equation for ¢. The least-squares
fit and the overlapped results for optimal thickness ¢ are presented on Fig. 5.
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Figure 5: Fitting rule employed.
The linear fit resulted in the following linear rule:
t=18.25 e —10.93, (6)

with a coefficient of determination, R?, equal to 0.44. This value indicates a poor fitting quality. Notwith-
standing, the possibility of determinate ¢ using a simple linear equation (Eq. 6) is very interesting. By
this point, this poor fitting quality will be accepted and after comparing results for f; this discussion
will be continued.

4.2 Comparison of Results

The linear equation for the determination of the optimal ¢ for different values of e (Eq. 6) was tested
for an overlapped welded component (Fig. 3) with dimensions: 508 x 254 x 6.35 [mm] (d x w X e). The
results were compared with the ones obtained by the methodologies of [7] and [9]. Finite element models
employing this two modeling techniques and the one proposed in this work are presented in Fig. 6:

(a) FE model according to [7].  (b) FE model according to [9]. (c) Proposed methodology

Figure 6: Modeling techniques employed for modeling a lap joint.



4.2.1 Total Mass

The proposed methodology employs a virtual density corrector in order to reproduce the mass of the real
structure. This implies a reliable representation of the structure mass when using the proposed method.
Notwithstanding, the techniques proposed in the literature do not count with such feature, which leads
to errors. However, only small percentile differences between results were observed, as presented in
Table 2.

Table 2: Structure total mass.

Model Mass [kg] Difference to Proposed Methodology [%]
Methodology of [9] 12.89 0.18

Methodology of [7] 12.75 1.26
Proposed Methodology 12.91 -

4.2.2 First Natural Frequencies

Despite the minor difference between methodologies when comparing its results concerning structure
total mass, the results for the first natural frequencies and Error present major disagreements. As can
be seen in Table 3, the methodologies of [9] and [7] were not able to reproduce the structure stiffness in
a reliable way.

Table 3: First natural frequencies error.

Model Result [hz] Difference to Proposed Methodology
f1 1.68 0.94
Methodology of [9] fa 3.22 0.95
Error 63.53 132.65
L 141 0.95
Methodology of [7] fa 2.74 0.96
Error 64.09 133.81
i 2711 ;
Proposed Methodology fo 61.9 -
Error 048 -

These results indicate that, despite the very poor linear fitting (R? = 0.44) obtained, the proposed
methodology was still capable of reproducing the structure stiffness.

4.2.3 Structural Stress

Regardless the huge differences found when reproducing the structure stiffness, the results for o;,s showed
a good agreement among all methodologies, as presented in Table 4:



Table 4: Structural stress evaluated employing different modeling techniques.

Model ons |[MPa]  Difference to Proposed Methodology [%]
Methodology of [9] 30.94 0.03
Methodology of [7] 31.73 2.46

Proposed Methodology 30.95 -

This results denote the reliable representation of the stress state of overlapped welded joints by the
proposed methodology. Furthermore, it indicates the superiority of the latter when compared to others
presented in the literature. The reliable representation of the structure stiffness is highly desirable, spe-
cially when modeling large/complex geometries. Employing this optimization-based methodology, one
can use the same FE model for both structural integrity and fatigue analysis.

5 Final Remarks

In addition to the reliable representation of weld fillets stiffness, the optimization-based methodology
proposed in this work employs a straightforward linear rule for the determination of ¢t. This simplicity,
combined with the use of oblique shell FE for the representation of the weld fillet [13], makes the proposed
methodology easy to implement. It also should be pointed out that the costly global/local approaches
can be replaced by this kind of modeling techniques when representing complex structures composed
only by overlapped joints. Since this technique can achieve a trustworthy representation of the structure
stiffness, a shell FE model employing it can evaluate both structure integrity and o, (fatigue life).

Despite the results obtained, more tests are needed to assess the robustness of this modeling tech-
nique. As a matter of fact, the effectiveness of the proposed technique is only suitable to lap joints,
which is one of the several existing structural details for welded components.
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