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Highlights

• A two-scale GFEM for the simulation of spot welds in large structures is proposed.
• An algorithm for parallel computation of global–local enrichment functions is presented.
• The generation of 3D GFEM models with spot welds is much faster than in the FEM.
• Accurate solutions can be computed using coarse GFEM meshes.
• Proposed GFEM provides better parallel efficiency and scalability than the FEM.

Abstract

The diameter of spot welds used in the automotive and aerospace industry is orders of magnitude smaller than the dimensions of
the structural components. Automotive bodies typically have between three and five thousand spot welds which makes 3-D Direct
Finite Element Analysis (DFEA) of this class problem not practical. To circumvent these limitations of the FEM, spot welds are
idealized in industrial problems as elastic or rigid beams connecting nodes of the metal sheet meshes. However, parameters used in
these spot weld models are often problem dependent. This paper presents a parallel Generalized Finite Element Method (GFEM)
for the simulation of spot welds in large structures. The proposed GFEM can adopt structural-scale meshes that ignore the spot
welds and thus can be generated much quicker than in a DFEA. The element size in the GFEM mesh is of the same order as those
used in the industry for the class of problems considered here. Verification problems show that the proposed method can provide an
accuracy comparable to a 3-D DFEA. Numerical experiments on a hat-stiffened panel with 168 spot welds show that the proposed
GFEM scales much better than a DFEA on shared memory machines, in particular when nonlinear material behavior near the spot
welds is considered.
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1. Introduction

Spot welds are broadly used to join thin metallic structural components of automotive and aerospace vehicles.
In this welding process, a large electric current is forced through a small contact area between two metallic sheets.
The resistance to the electric current generates heat which melts the metal and forms the weld. A hat-stiffened panel
assembled by hundreds of spot welds is shown in Figs. 1 and 23. The diameter of a spot weld is in general orders
of magnitude smaller than the dimensions of the structural component. Furthermore, they create complex three-
dimensional (3-D) stress fields in their neighborhood even though the metal sheets are typically very thin. Accurately
capturing these stress fields requires highly refined 3-D finite element meshes for each spot weld as shown later in
this paper. Automotive bodies typically have between three and five thousand spot welds [1,2]. Thus, a Direct Finite
Element Analysis (DFEA) of this class of problems requires meshes with several millions degrees of freedom. Even
if the computational cost was not an issue, the generation of such finite element model is not practical since it would
require a significant amount of user time. To circumvent these limitations of a DFEA, spot welds are idealized as
simplified models often based on a set of point constraints between nodes of the metal sheet mesh near the spot
weld location [1,2]. These idealizations often aim at modeling the stiffness and mass of the welding connection only.
Therefore, they cannot provide detailed stress fields in the spot welds which are needed for predicting their fatigue life,
the nonlinear material behavior such as plastic deformation in their neighborhood, etc. This is the case, for example
when analyzing panels of a hypersonic aircraft subjected to thermo-mechanical loads which is one of the applications
motivating the development of the computational method presented in this paper.

Very simple models of spot welds have been used extensively in the automotive industry for many years. They
consist of elastic or rigid beams connecting nodes of the metal sheet meshes [2]. These models can lead to mesh-
dependent results as shown in [3]. The area enclosed by the nodes of each metal sheet that are attached to the beam
element is called a patch [2]. It has been reported that FEM results, like bending and peeling stiffness of a welded
panel, is in general very sensitive to parameters related to the patch [1,2]. Ad hoc correction parameters for the patch
area and the Young modulus of the material within the patch are required in order to obtain accurate results. However,
the values of these parameters are problem dependent and often are not even physically reasonable [1].

Similar challenges for available finite element methods exist in problems with a large number of small holes in thin
plate- and shell-like structures. If homogeneous Dirichlet boundary conditions are prescribed on the surface of the
holes, they can be modeled by taking the limit when their diameter go to zero and using point constraints instead of
fixed holes. This model is attractive since it avoids meshing the small holes. Babuška et al. [4] show that this simplified
model is however mathematically inadmissible. This apparently reasonable idealization leads to erroneous solutions
and to finite element solutions that are mesh dependent. They propose instead an informed approach that includes
analytic knowledge of the singular solution near the holes to improve the accuracy of the FEM while adopting meshes
that essentially ignore the holes like in a discretization with point constraints.

This paper presents a Generalized Finite Element Method (GFEM) for the simulation of spot welds in large
structures. The proposed GFEM can adopt structural-scale meshes that ignore the spot welds and thus can be generated
much quicker than in a DFEA. The element size in the GFEM mesh is of the same order as those used in the industry
for the class of problems considered here. Several verification examples show that the proposed method can provide
an accuracy comparable to a DFEA while at a much reduced computation cost.

The Generalized or eXtended Finite Element Method (GFEM) [5–8] is a finite element method enriched with user-
defined functions able to approximate a-priori known features of the solution like singularities and discontinuities.
The GFEM is a partition of unity method like the Special FEM proposed by Babuška et al. [9] and the hp Cloud
Method proposed by Duarte and Oden [10]. Enrichment functions able to approximate well the elasticity solution in
the neighborhood of spot welds are not known, in particular when non-linear material response is involved. Hence,
in the GFEM presented here these functions are computed numerically and concurrently with the solution of the
problem itself. More specifically, local problems are defined and solved in parallel and their solutions are used to
enrich the structural-scale (global) problem. The GFEM presented here is an instance of the GFEM with global–
local enrichments (GFEMgl) proposed in [11,12]. Each local problem typically contains one spot weld leading to a
large number of problems that can be solved completely independently of each other. Thus, these computations are
inherently parallel. The spot weld geometry is represented only by the local problem discretizations, while the global
mesh remains coarse and contains no explicit spot weld representation. Different element types can be used at global
and local meshes, which facilitates the automatic generation of GFEMgl discretizations. In particular, hexahedral
and tetrahedral elements are adopted at the global and local meshes, respectively. This flexibility, combined with its
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