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INTRODUCTION

connection points that directly influence the structural integrity and reliability of assemblies [1]. These joints are
often the origin of structural failures, particularly under fatigue loading conditions. For these reasons, their
assessment remains a major research priority in the academic world, aimed at improving the safety and durability of welded
structures. Although significant progress has been made in the scientific field to enhance computational methods and fatigue
analysis techniques [2], their effective application at the industrial level, particularly to large and highly complex welded
structures, continues to present considerable challenges [3].0n the other hand, the established techniques from the past,

‘ ): T elded joints play a crucial role in mechanical industrial engineering, as they frequently represent critical
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which are still used today in welding design within the industrial sector, prove inadequate for current needs, necessitating
the development and implementation of new methodologies.

The academic literature proposes different approaches for the fatigue analysis of welded joints that typically fall into two
categories: the global design methods and the local approaches.

Global methods, such as the nominal stress approaches [4], are widely used, also in the industrial sector, due to their
simplicity and the facility with which they can be applied to standard welded joints. However, these methods fail to account
for local stress concentrations or defects in the joint, which can significantly influence fatigue behavior.

On the other hand, local methods, such as the Strain Energy Density (SED) approach [5-8], the Notch Stress Intensity
Factor (NSIF) method [9], The Theory of Critical Distance [10,11], the Peak Stress Method [12,13] or The Critical Plane
approach [14] offer more prospective by focusing on local quantities such as stress and strain. For most of these, their
validity in terms of the results obtained is now widely recognized, as confirmed by numerous experimental and numerical
comparison studies conducted over time by researchers [15-19]. However, these methods often require significant
computational resources and specialized expertise. It thus becomes evident that their application is frequently limited to
small-scale problems or simplified models, primarily due to the considerable computational time demanded during the pre-
processing, solving, and post-processing stages. This limitation becomes particularly pronounced when addressing the
practical challenges faced in the industrial sector.

The inherent complexity of real-world welded structures, characterized by different geometries, loading conditions, and
defects, further complicates the application of these methods. The standard methodologies most commonly employed in
the industrial field are, without doubt, the Nominal Stress Method, as referenced in Eurocode 3 and widely adopted across
the European industrial applications, and the Hot-Spot Method illustrated in the British standard 7608. In addition to the
methodologies above, the International Institute of Welding also reports the possibility of using the Notch Stress Approach
(NSA) [20,21] and the Notch Stress Intensity Factor [22]. Among the approaches used in industry, we also find the Element
Nodal LOad (ENLO) approach [23] and the Structural Stress Method [24]. The latter evolved into the Volvo Method,
originally proposed by Volvo Car Corporation and Chalmers University of Technology and developed in cooperation with
nCode software, particulatly for automotive components welded. However, this structural stress-based approach is used
with more general applicability on the ASME Boiler & Pressure Vessel Code VIII.

Although some of these methods have proven to be easy to implement (very often these methods are directly inserted as
post-processing tools in finite element calculation codes) and computationally efficient, features that continue to make them
attractive for industrial applications, they are increasingly considered obsolete from a scientific point of view. The academic
research community has, as extensively discussed eatlier, developed more advanced and accurate methodologies in recent
years. Nonetheless, the industry's reluctance to abandon these consolidated approaches is largely due to the proven
procedural simplicity in their application compared to the more sophisticated techniques proposed in scientific literature.
From this overview, it becomes clear that there is a pressing need to bridge the gap between these two worlds. The goal
should be the development of a simplified yet robust methodology capable of combining the accuracy and reliability of
academic models with the practicality and efficiency required in industrial contexts, thus empowering designers to adopt
more effective fatigue assessment strategies in real-world welding applications.

To reach it, this paper introduces a novel technique: the ENLO-SED [25], which integrates the Strain Energy Density (SED)
methodology with the use of structural stresses derived from the Element Nodal LOads (ENLO). The goal is to preserve
the accuracy of the SED approach while reducing computational effort, making the method more suitable for large-scale
industrial applications. The efficacy of ENLO-SED will be demonstrated through its application to a real welded joint case
study and by comparing its performance with traditional SED methods in terms of accuracy, efficiency, and scalability. The
method we propose can be effectively applied in industrial settings to quickly and reliably estimate the static and fatigue
strength of complex joints in large-scale structures. It also helps pinpoint the most critical areas of a structure, where more
detailed analyses, such as sub-modeling, or targeted physical testing can be carried out to ensure compliance with relevant
standatds.

THEORETICAL BACKGROUND

the Strain Energy Density (SED) approach and the Element Nodal LOad (ENLO) method. Subsequently, the
theoretical principles underlying the proposed combined methodology, developed by integrating key aspects of both
approaches, are introduced.

T his section first presents the theoretical foundations and classical formulations of the two reference methodologies:
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Structural stresses from Element Nodal 1.Oads method (ENI.O)

This method is developed to assess stresses at critical locations of a welded structure, such as the weld toe or root, utilizing
finite element analysis (FEA) results. In particular, the procedure uses the element nodal loads (forces and moments) of the
mesh elements, here called ENLOs, to derive a mesh-insensitive stress value at the weld toe and root [24]. This value can
subsequently be used for standard fatigue assessments.

WELD TOE LIN

Figure 1: Illustrates a typical T weld joint modeled by shell elements, where the method was applied.

The element nodal loads “ F ” (three forces and three moments for a shell) are directly obtained for each element “ ; ” at

« -9
z

each node for all the mesh elements representing the weld path.
There are several implementations of this approach; in the proposed one, a distributed load “ J /7 is calculated at the mid-

side of each mesh element “ ;”, as evidenced by Eqn. 1, and transformed into an element-specific coordinate system, as
illustrated in Fig. 2.

Figure 2: Detail of the derived load “f” on the element “j” and local coordinate system.

The stresses are then determined through straightforward considerations involving the element’s cross-section, utilizing the
associated Area and Moment of Inertia per unit length. The resulting so-called “structural stress” is finally expressed as a
combination of the normal (membrane stress) and bending components, as expressed in Eqn. 2 and Eqn. 3 for the top and
bottom surfaces.
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Similarly, it is possible to calculate the shear stress along the weld toe through Eqn. 4 and Eqn. 5:
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where “t” represents the plate thickness at the weld toe (weld toe mesh elements). This approach is referenced in [35].
These stresses can then be used to evaluate the joint’s proof of strength through any static and fatigue stress-based
calculation methods.

This technique presents significant advantages for large-scale industrial applications. Notably, its reliance on shell elements
enables seamless implementation of complex geometries and assemblies, even those involving an extensive number of joints.
Another key benefit is that the structural stress evaluation is purely a post-processing task, making it applicable to feeding
the output of a prior static FEA. Additionally, this methodology does not require refining the mesh at the weld toe or root,
so it involves a relatively small number of mesh elements and nodes, resulting in very low computational demand. For all
these reasons, the approach has been incorporated into several commercial software tools, such as nCode DesignLife and
Dassault Simulia FeSafe (even if using different formulations).

However, the method’s simplifications result in a lower level of accuracy compared to more advanced techniques, and its
use is limited to situations where no other methods are suitable. The main reason is that it relies on the stress on a notch,
which is a quantity somehow difficult to perfectly correlate with the measured fatigue strength. The stress used in this
method, for mode I fracture, is expressed in Eqn. 6 and represents the worst combination between the normal and bending
stress (shell top layer).

fﬂ '”71/
SENLO = jT"" 6 /12 ©6)

The Strain Energy Density method (SED)
This approach employs a local method based on the strain energy density (SED) evaluated within a small volume centered
on the geometrical notch [5]. For welded joints, this corresponds to a circular region centered at the weld toe with a radius

R, , as shown in Fig. 3:

Figure 3: Details of the critical volume to retrieve the SED.

The case examined in this paper (90° welded joint) is the typical application of SED method, where the nominal geometry
is characterized by a 45° weld bead so consequently the angle between the plates and the weld is & =135°. The toe line,
for the reference 3D model, is created with no smoothing radius [5, 15] This is one of the benefits of this method. The
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characteristic critical radius Ro is determined solely by the material properties; for structural steel, the most widely used value
is Ry, =0.28mm [5,15].
The strain energy density Wy, , generated by a specific load condition, evaluated within this critical volume can be accurately

calculated through finite element simulations of solid structures.
This value can be compared to the critical threshold SED value, W, which represents the fatigue limit for the strain energy

density. It can be asserted that if W, remains below AIV,, there are no time-limitations on the application of the
considered load as expressed in Eqn. 7.

Wpp <W. )

This method can be implemented using finite element analysis (FEA). Results have demonstrated excellent accuracy when
validated against numerous experimental tests. It is particularly effective for complex joint configurations and, as a local
approach, it allows the evaluation of production defects such as misalignhments in the plates. However, this method
necessitates the definition of a “control volume” in the FEA model, which can be a time-intensive task for intricate
structures or large-scale applications.

The SED calculation, in its standard formulation, relies on solid (brick) mesh elements or their 2D equivalents, making it
incompatible with the shell elements representation. While the method itself is insensitive to mesh refinement, the small
size of the control volume requires a significant number of elements even for simple joints, leading to substantial
computational demands as well as notable effort to extract and process results. These factors make this technique well-
suited for detailed investigations but less practical for large-scale industrial use.

The ENLO-SED method

This method is founded on the fact that the two above-mentioned methods can be compared using the ENLO-SED
correlation [25]. It is possible to start by asserting that, as widely demonstrated in [7], the strain energy density (SED) at the
weld toe primarily depends on the loads (forces and moments) applied to the section nearest to the toe, with minimal
influence from distant loads. This implies that a full-scale finite element (FE) model can be replaced by a simplified shell
model, allowing the local loads to be directly compared to the corresponding local SED.

The correlation between these methods can be carried out by using Eqn. 8, that is comparing similar quantities. The

structural stresses (S ) derived from Eqn. 6 using the ENLOs are, through this new method, converted to an equivalent

linear-elastic strain energy: the Wiy o gpp -

2
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The f(m” ;) fepresents a “correlation parameter” that depends on the local geometry (“core ) characteristics of the welded

joint analyzed and on the thickness (“# ) of the plate as shown in Fig. 4. The procedure by which this correlating parameter
was obtained is described in greater detail in [7]. It is sufficient to remember that this parameter represents the multiplicative
factor that fine-tunes the energy obtained via the Nodal Load method to fit the function of the energy derived from the
classical SED. In this particular case, we use a simple L welding joint, illustrated in Fig. 4, as a calibration case to derive the
expression of the correlation parameter illustrated in Eqn. 9, as a function of the thickness (“# 7).

This model was loaded with a distributed unitary moment at the right edge and all 6 DOFs locked on the top edge as shown
in Fig. 4.

£, =0.632-¢") )

Fig. 5 plots the best-fit function of the correlation parameter for the analyzed welding geometry (“core”) by the plate
thickness (“# 7).
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CALIBRATION MODEL

Fixed Support

Figure 4: Calibration model, with the “core” highlighted, and the Boundary Conditions.

Fig. 5 shows that for a thickness range between 2.5 mm and 6.0 mm the normalized value of & stands between 1.0 and 2.0.
The knowledge of the 5([% ’ function enables the estimation of the Strain Energy Density (SED) from the element nodal
loads. In the following paragraphs, we will demonstrate that the same equation, derived from a calibration case, can be

extended to different geometries. Consequently, this will allow the ENLO-SED method to be applied to arbitrarily shaped
geometries for SED estimation.
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Figure 5: Correlation parameter &(t) for an “L” joint core, from the calibration model.

GLOBAL APPLICATION: THE CASE STUDY

as local SED, using only a simplified shell-based FE model. This is a leading advantage of this approach since it
permits the SED method to be applicable to industrial complex models, with a huge quantity of welded joints,
requiring a very small user intervention and a minimal computational effort.
In this paper, the ENLO-SED will be applied to a common joint consisting of a rectangular tube welded to a plate, as
illustrated in Fig. 6. This application is widely used in any industrial sectors. Some structures might have dozens and even
hundreds of these joints, with different geometrical parameters or suffering different loading conditions (static and dynamic).

ﬁ s demonstrated in the previous paragraphs, ENLO-SED correlation allows us to estimate a complex quantity such
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Figure 6: Example of a complex welded structure and detail of this analysis.

Since the ENLO-SED is a local method, it can be applied in pure post-processing to any joint independently, as evident
from the workflow represented in Fig. 7.

FE Shell FE ENLOs Structural SED Proof
Model Solution Extraction Stress Prediction [ [ of strength

Figure 7: Operative workflow to apply ENLO-SED method.

In this very specific case, a Python 3 script was used to perform the calculation and the results extraction. In particular, since
Ansys was used as a solver, the dedicated Ansys-DPF Core library was used to extract and process the results information.
The workflow shows 3 main stages: Pre-processing, Analysis, and Post-Processing. In the first one, the FE model is prepared
as a common shell model, including the representation of the weld bead for the joints that are to be investigated. Then the
Loads and Boundary Conditions are applied, and the analysis is solved as usual. The strength calculation takes place in the
Post Processing phase, from the FEA results. From these results, the Element Nodal loads (forces and moments) are
retrieved for all the elements connected to the weld toe. The structural stresses are then calculated as shown in Eqn. 6.

Finally, the Structural stress (S ENLO) is converted to the equivalent elastic SED through the correlation Eqn. 8 and the
proof of strength (static or fatigue) is then executed as any SED-based by substituting the energy value obtained
(AW ny - sip) into Eqn. 7, thus, obtaining the Eqn. 10.

AWENLO—SED < AI/V[ (1 O)

The focus of this analysis is to demonstrate that the correlation parameter “€, core)” depends only on the local loads (element-
nodal loads) on the weld line path, so it is still valid if the global loads and boundary conditions change. In this application,
referencing Fig. 8, the structure is constrained at the surface marked “A” locking all 6 DOFs of the mesh nodes, while a
force of 1N is applied to the surface marked “B”.
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Figure 8: Boundary conditions. Marker A: Fixed DOFs, Matrker B: External Load.

As previously shown in Section 2.3 in the calibration model, a distributed moment was applied to the far edge. It is clear
that the boundary conditions are completely different between this application and the calibration one.

It should also be noted that, due to the formulation used for the structural stress from ENLOs, this application is valid for
the Mode-I fracture, while the extension to Mode II and III will be left for future in-depth analysis. Full penetration
weldments have been considered, so the crack initiation point is always located on the weld toe, which represents the most
common situation in many industrial applications.

It is important to note that the results presented here are valid for plate thicknesses ranging from 2.5 mm to 6.0 mm and
for a fully penetrated 45° weld bead. Future analyses will be conducted to explore a broader range of geometries.

Having clarified these fundamental aspects, the purpose of the following paragraphs is to analyze a full scale (solid) model
of a single welded joint through the classical SED approach and compare the results obtained, both the numerical terms
(Strain Energy Density quantity) and in terms of computational time, with the prediction based on ENLO-SED applicated
to is simplified shell version.

MODELLING OF THE JOINT GEOMETRY

T his section provides a detailed description of the joint geometry. To apply the two different approaches, the joint is
represented in two distinct ways: a full-scale model, derived from the SED application using a detailed solid
representation, and a sizplified model, represented as a shell, which is suitable for the ENLO-SED application.
Reference full-scale solid model

This model has been created using detailed 3D geometry. In order to guide the mesh and to make the SED applicable along
the entire weld line length, the bodies have been split into smaller chunks with shared topology (mesh continuity) as shown
in Fig. 9. This operation requires user intervention and represents a first time-consuming task that must be repeated for
each joint analyzed.

The mesh is composed of 20-nodes solid brick “high quality” elements and to grant the results convergence, the size of the
elements is smaller in the SED critical area and slowly decreased on far zones, as visible in Fig. 10.

It is finally crucial to underline that this model is bound to a specific plate thickness (#), so in order to iterate over different
values, it is necessary to change the geometry, hence re-mesh the entire model and, of course, re-launch the FE Analysis.
With these assumptions, the total number of elements (and so mesh nodes) is huge, even considering a single weld line of
a unique joint. The mesh-element size has been optimized through a sensitivity analysis to grant the required convergence
on the result values while avoiding the elements being excessively small.

As a reference, for the proposed model, with the optimized mesh quality on the red weld toe line shown in Fig. 10, the total
number of elements is between 54441 and 68561, and the nodes are between 141682 and 160527, depending on the plate's
thickness (from 3mm to 6mm ).
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WELD TOE LINE
(PATH)

Figure 9: Solid model. Weld's toe is highlighted.

RSN

Figure 10: Details of solid mesh (hex20) around the critical volume at the weld toe.

Shell model

This second model, shown in Fig. 11, is derived from the 3D geometry and requires few pre-processing operations, such as
extracting the center shell from the plates and for the weld bead. These operations are very common and almost any CAD
has specific features for this application.

WELD TOE LINE
(PATH)

Figure 1: Simplified shell model. Weld's toe is highlighted.
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The mesh, visible in Fig. 11, is realized using “linear” shell elements (4-nodes) among the weld line (3-nodes) triangles could
be used as well, while parabolic side 8-nodes shells could be used for increased quality on curve geometries.

For this simplified geometry, the total number of elements is 4200, and the number of nodes is 4198.

As demonstrated in [1] and [2], extracting structural stresses from element nodal loads does not requite an extra-fine mesh.
Therefore, a mesh size of 2 mm was used in this study. However, larger mesh sizes could also be employed effectively to
further reduce the total number of elements and nodes. It is also immediately noticeable that this model is extremely reduced
in terms of complexity and computational requirements, and so adapted to be used with large and even huge geometries.
It is important to note that, assuming a small error, in this case, the CAD model can be unique among all the thicknesses,
so there’s no need to re-mesh the model, hence multiple values of # can be easily explored by parametrizing it, without any
other user intervention.

RESULTS ANALYSIS AND COMPARISON

his section shows the results obtained with the ENLO-SED methodology and the comparisons in terms of
computational time performance and accuracy of results obtained with the “standard” SED methodology.

Comparison of computational time performance.

As a preliminary consideration, it is possible to state that the shell model, useful for the ENLO-SED methodology,
outperforms the 3D model, necessary for the SED method, in terms of preparation and Pre-processing time. The extraction
of the mid-surface and the creation of the weld bead require, in fact, fewer operations and are computationally faster than
the critical volume definition and weld path segmentation necessary in the 3D model.

This aspect is even more pronounced during the Design stage, where thickness modifications, in the solid model, require a
geometric adaptation and a re-meshing phase, whereas using a shell model, it is possible to implement the thickness variation
instantly by adjusting a single parameter.

However, the advantages previously described in the Pre-Processing and Design phases cannot be objectively quantified in
terms of time, as they heavily depend on the operator's skills and expertise. Nevertheless, the benefits of using the simplified
shell model in terms of computational efficiency can be further emphasized by examining the objective results presented in
Tab. 1, which specifically pertain to the Meshing and Solution phase of the model.

As it is visible, in Tab. 1, the mesh advantages are clear both in terms of the number of nodes and elements necessary for
the convergence of the solution and in terms of meshing times. The shell model contains only between 12.9% and 16.3%
of the total number of elements compared to the solid model. This reduction significantly impacts both meshing and
solution times.

3D Model Shell Model
Number of 54441 (t=3mm) o
Mesh elements 68561 (t=6mm) 4200 (all values of “t
Number of 141682 (t=3mm) irs
Mesh nodes 160527 (t=6mm) 4198 (all values of "¢
Mesh time 33s 2s
Solution Time 15s 3s

Table 1: Performance comparison between the models.

Considering the systems analyzed, the Meshing time tor the shell model, in fact, is less than 2 seconds, while for the solid one,
it is around 33 seconds, as shown in Tab. 1, so 15 times slower. Similar behavior is seen through the Solution time where the
shell model solves in 3 seconds and the solid one lasts in the mean of 15 seconds, so around 5 times slowet.
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Accuracy of results

The Strain Energy density on the control volume is retrieved from the 3D full-scale models, varying the plate thickness
from 3.0mm to 6.0mm, and plotted in Fig. 12 as continuous lines as a function of the weld path. Due to the traverse
deformations, the SED value is not constant along the weld line, resulting in a higher value around the corners and a lower
value in the center.

The same analysis was done for the shell model, where the strain energy density value is estimated through the ENLO-SED
methodology and represented in Fig. 12 through the dashed lines for all the thickness cases analyzed.

Wegp o Wepp o Wsgp —o— Wegp o— Wsep —— Wpp
""" WenLogep ====* WenLogsy ===~ Wentogy = = = WeNLoger ===~ WenLoggy ====* WinLog)
80E-07
/1 3 [mm]
60E-07
\ S/
1.40E-07
\“\ . (/
1.20€-07 | .
, A
3.5 [mm]

1.00F 07
—
E
~. 8.00E-08
=
I 4 [mm]
-
o
W 6.00F-08
v

4.5 [mm]
4.00E-08

5 [mm]

2.00E-08 6 [mm]

0.00E+00

N
s
)
00
o
[,
N
-
I

16 18 20 22 24 26 28 30

w
N

weld path (mm)

Figure 12: Comparison between the reference (Wsgp) and the estimated value (Wenro-sep) for the Strain Enereoy Density at different
g p gy y
values of "t". 5% error bars are shown for reference values.

It is immediately noticed, from Fig. 12, that the strain energy density estimated from ENLO-SED methodology follows the
reference behavior evaluated by the original SED method along the weld line. Remembering that for the simplified analysis,
the boundary conditions are completely different from the calibration model, this means that the correlation parameter &
is still valid, depending only on the core geometry and the plate’s thickness.

The absolute error between the reference and the estimation is globally lower than 8%, as shown in Fig. 13 and it is calculated
by means of the following formula:

WSEI) — WHNLO—J'ED | -100 (1 5)
WYED

ervor % =|

Considering the time and hardware benefits of the simplified model stated previously, and the typical error levels of a finite
element simulation, this means that the ENLO-SED methodology is capable of estimating the strain energy density on a
weld line with high reliability and extremely low computational effort.

This result enables the extension of the analysis to large-scale models, where managing geometrical complexity and a high
number of joints becomes increasingly challenging. In such cases, traditional approaches that rely on high-quality 3D
meshing may be computationally prohibitive, requiring excessive resources and time. The simplified methodology
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demonstrated here provides a feasible alternative, ensuring both efficiency and accuracy while maintaining the necessary
level of detail. By leveraging this approach, it becomes possible to analyze complex structures that would otherwise be
impractical to model using conventional 3D meshing techniques.

Estimation error for different values of "t"
20.0

18.0 3.0[mm] —3.5[mm] —4.0[mm] —4.5[mm] —>5.0[mm] —6.0[mm]
16.0
140
12.0
10.0

3.0

Estimation error (%)

6.0

4.0

20

0.0
2 4 3 B 10 1z 14 16 18 20 22 24 26 28 30

weld path [mm]

Figure 13: Absolute error analysis. Estimation vs reference.

CONCLUSIONS

of the resistance of welded joints, applicable, thanks to its computational speed and accuracy, in multiple industrial

sectors. In addition to its traditional use in basic contexts, in fact, the method can find a strong applicative response
in the estimation of the strain energy density (SED) of welded joints (in conditions of mode I crack opening), even of high
complexity. Using a simplified shell model, in fact, and adopting the same correlation parameters previously validated by
the same Authors, we have achieved a high level of agreement with detailed 3D models, maintaining a prediction error
within 8%. In addition to accuracy, the proposed method significantly improves computational efficiency, reducing meshing
time by a factor of 15 and solution time by a factor of 5. These improvements enable the application of this methodology
to large-scale industrial models with multiple welded joints, providing a practical solution for early-stage design assessments
or integrity assessments with limited computational resources.
The results highlight the robustness and scalability of the method, paving the way for wider adoption in engineering
workflows where time and resource constraints are critical. Future research will aim to extend this methodology to
accommodate more complex geometries and include crack initiations under mode II and mode 111 loading conditions.

T his study has demonstrated the potential of applying the innovative ENLO-SED methodology for the prediction
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