— e Taylor & Francis
merrianicn of Adbemneend Taylor & Francis Group

rusterial s fnaTanes.

P  Mechanics of Advanced Materials and Structures

: AN
L #
3 Ty “**r #

#:1

E
-
.-'"H
i %

ol Lo sidw ISSN: 1537-6494 (Print) 1537-6532 (Online) Journal homepage: https://www.tandfonline.com/loi/umcm20

Global-local plug-in for high-fidelity composite
stress analysis in ABAQUS

Erasmo Carrera, Alberto Garcia de Miguel, Matteo Filippi, Ibrahim Kaleel,
Alfonso Pagani, Marco Petrolo & Enrico Zappino

To cite this article: Erasmo Carrera, Alberto Garcia de Miguel, Matteo Filippi, Ibrahim Kaleel,
Alfonso Pagani, Marco Petrolo & Enrico Zappino (2019): Global-local plug-in for high-fidelity
composite stress analysis in ABAQUS, Mechanics of Advanced Materials and Structures, DOI:
10.1080/15376494.2019.1676938

To link to this article: https://doi.org/10.1080/15376494.2019.1676938

@ Published online: 24 Oct 2019.

\]
CJ/ Submit your article to this journal &

A
h View related articles &'

@ View Crossmark data (&

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=umcm20


https://www.tandfonline.com/action/journalInformation?journalCode=umcm20
https://www.tandfonline.com/loi/umcm20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/15376494.2019.1676938
https://doi.org/10.1080/15376494.2019.1676938
https://www.tandfonline.com/action/authorSubmission?journalCode=umcm20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=umcm20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/15376494.2019.1676938
https://www.tandfonline.com/doi/mlt/10.1080/15376494.2019.1676938
http://crossmark.crossref.org/dialog/?doi=10.1080/15376494.2019.1676938&domain=pdf&date_stamp=2019-10-24
http://crossmark.crossref.org/dialog/?doi=10.1080/15376494.2019.1676938&domain=pdf&date_stamp=2019-10-24

MECHANICS OF ADVANCED MATERIALS AND STRUCTURES
https://doi.org/10.1080/15376494.2019.1676938

Taylor & Francis
Taylor &Francis Group

ORIGINAL ARTICLE

‘ W) Check for updates‘
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ABSTRACT

This paper introduces a user-friendly tool for accurate stress prediction in laminate shell models in
ABAQUS. The aim is to provide users with a code for the fast computation of three-dimensional
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solutions that overcome the limitations of classical shell models and facilitate the use of advanced

composite failure criteria consistently. The methodology is based on a two-step global/local tech-
nique, denoted to as element-wise (EW), in which accurate local models with 3 D capabilities stem
from individual shell elements. The local analysis exploits refined laminated theories accounting
for layer-wise deformations. Numerical examples on a typical aircraft structure serve as assess-
ments to show the tool capabilities in handling various failure mode onsets., e.g., fiber breakage

and matrix cracking.

1. Introduction

Laminated composite structures are increasing their share in
industrial applications for the production of components
with superior characteristics as compared to metallic coun-
terparts. During the last years, the implementation of
advanced manufacturing techniques for composite structures
has enabled the introduction of new lightweight structural
solutions. At the same time, the enhancement of computa-
tional capabilities and theoretical knowledge is allowing
engineers to accelerate and optimize the design and produc-
tion process through the use of advanced simulation tools.
One of such tools relies on high-fidelity structural models
for composite materials to predict the response and failure
modes of the components accurately.

The prediction of the failure limits of a structure requires
a good evaluation of strains and stresses. The most adopted
technique in the industry to achieve this goal is the finite
element method (FEM), allowing to handle complex geome-
tries and boundary conditions. 2D formulations are com-
mon choices for the analysis of shell-like reinforced
structures as they simplify the problem by assuming the
deformations over the thickness. Among them, the most
used theory for composite analysis is the first-order shear
deformation theory (FSDT) based on the Reissner [1] -
Mindlin [2] kinematics. Most of the commercial FEM soft-
ware, such as ABAQUS [3], make use of FSDT elements to
compute stress fields in laminated structures with acceptable
computational efforts. However, one must be aware that
FSDT is not sufficient to predict the interlaminar stresses
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across the stack of plies, although can cause structural fail-
ures. To this purpose, the scientific community has pro-
duced many different structural theories to predict the 3D
stress fields in laminates. A comprehensive review of these
refined models is in Kapania and Raciti [4, 5] or
Carrera [6].

The inclusion of these advanced theories into commercial
codes is not straightforward, and 3D elements remain as the
main option for 3D stress fields. Primary obstacles for the
transition to advanced theories in industrial environments
are their complexity in terms of mathematical assumptions
and input/output management.

A method that mitigates such difficulties relies on global/
local approaches. Global/local methods can calculate the 3D
mechanical response in the critical structural zones without
incurring unbearable computational overheads and pre- and
post-processing complexities. In essence, this approach tunes
the level of detail of a numerical model in certain parts of
the structure according to the desired accuracy. Well-known
examples of global/local approaches are the mesh refine-
ments [7], the super elements [8] and multi-step methods
[9-11]. The last set decouples the analysis into a global
"coarse’ model and a local 'refined’” model. The coupling of
the two models makes use of specific boundary conditions
at the interfaces. The effective application of global/local
methods may require a high level of familiarity with stress
analysis methods and may lead to a considerable amount of
time and resources. For this reason, its use in the prelimin-
ary phases of the design and optimization of the composite
structure layout is not standard.
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Figure 1. Global-local analysis based on the EW approach.

The present work aims at tackling this issue by introduc-
ing a user-friendly plug-in for the computation of 3D stresses
in generic laminated structures using ABAQUS. The pro-
posed approach merges the efficiency and accuracy of refined
laminate theories for composite analyses and the scalability of
global/local approaches. The tool has a graphical user inter-
face (GUI) within ABAQUS, leading to 3D results across the
stack of plies directly from the same display. Making use of
the element-wise (EW) approach, previously introduced by
the authors for other FEM software [12], the user needs to
select the shell elements in which the 3D solutions are of
interest. The code automatically manages all the inputs and
boundary conditions for the local solver that in the plug-in
package is referred to as MUL2QGL.

This paper is organized as follows: Section 2 provides the
basic theoretical background, including the selected struc-
tural theories and the global/local approach. Then, the GUI
for ABAQUS is presented in Section 3 describing how to
install and launch the tool. Section 4 shows the numerical
assessments on a full section of a composite wing. Finally,
the conclusions are in Section 5.

2. Element-wise approach

The assessment of the failure onset typically requires mathem-
atical criteria accounting for the margin between the actual
stresses in all points of the structure and the maximum allow-
able of the material. In metals, the distribution of the stresses
over the structure is somewhat more straightforward than in
composites. Complicating effects in composites stem from
their anisotropy and shear deformability. Moreover, the
majority of the mathematical models for the evaluation of fail-
ure in composites include the effects of the transverse shear
and normal stresses [13] to account for matrix failure, kinking
or delamination modes, among others.

2.1. Structural theories

The element kinematics for based on FSDT is as follows

ux(x, ,2) = Ni(x,y)ug, + 2Ni(x, )9, (1)
uy (%, 9,2) = Ni(x, y)uy,—2zNi(%,y) i = 1,...,m )

Uz (%, ,2) = Ni(x, y)tiz, 3)

being n the number of nodes of the element and N; the
shape functions. The 2D elements based on this model have
five unknowns, or degrees of freedom (DOF), namely, three
displacements and two rotations. The expected deformation
of the element exhibits a linear dependency in the thickness
direction. As a consequence, the distribution of the trans-
verse stress fields in FSDT elements results to be rather
poor. Moreover, as well-known, the assumptions of Egs. 1, 2
and 3 only hold for thin laminates, and they fail to represent
the through-the-thickness behavior in critical areas such as
holes, free-edges, and corners. Various solutions exist to
extend the applicability of 2D formulations. For instance,
ABAQUS has a continuum shell in its 2D element library
based on a first-order layer-wise (LW) theory [14] for better
transverse predictions in bending-dominated problems. For
the evaluation of refined through-the-thickness responses,
they recommend the stacking of multiple elements [3]. The
present work aims to complement the laminate analysis in
ABAQUS with refined composite modeling to provide 3D
fields across the thickness. The approach uses a global/local
method in which the single 2D elements are selectable as
local models for a second step stress analysis, see Figure 1.
The structural model of the local zone adopts the Carrera
Unified Formulation (CUF) [6], an established methodology
to generate any mathematical theories for multi-layered
structures. Based on CUF, the LW kinematic expansion of
the plate element is

Ni(x,y)Ff (2)u;

where k indicates the k-th layer, F; are functions of the
thickness coordinate, and M is the number of these func-
tions. In this work, the results stem from a third-order F, as
this order is sufficiently high to provide a good approxima-
tion of the 3 D stresses.

uf(x,y,2) = for t=1,...M (4)

2.2. Global/local approach

The coupling implemented in this work is one-way in which
the compatibility of the displacement fields between the ori-
ginal 2D global FEM and the enriched LW local model
stems from the imposition of boundary conditions in the
latter. For a four-node element (S4 or S4R in ABAQUS), the
displacements and rotations of the nodes are interpolated
over the local mesh to model a continuous transition of the
solution from the global to local models, see Figure 2. As it



is well-described in the literature, this approach generates a
transition zone in the local model in which the stress solu-
tions could be unreliable [15]. However, this fact does not
raise any issue since this tool aims to compute the 3D fields
at the centroid of the element, as an extension of the stress
outputs of the global FEM results. The main advantage of
the EW approach is that the global/local process is simple
from the user perspective. Indeed, all the information to
generate the local model - geometry, material, and boundary
conditions - originate from the bulk data file of ABAQUS
(.odb) with no need for a further modeling effort. Moreover,
the user can select the critical elements of the structure; for
instance, those showing the highest failure indexes, and
obtain a more refined set of solutions to compare the
results. The low work demand of the EW may be of interest
at all phases of the design, including the preliminary ones
leading to reductions in the number of iterations between
the design and the structural analysis.

™\a. displacement (u;)
(\ rotation (8,)

Figure 2. Sets of coordinate systems and boundary conditions adopted in the
EW approach.
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3. Abaqus plug-in and GUI

The model is in the software package MUL2QGL via an
ABAQUS plug-in, see Figure 3. The script is in Python as
supported by the ABAQUS environment and leading to a
straightforward passage of information between the FEM
and MUL2QGL. The installation of MUL2@QGL in ABAQUS
is the same as for any other plug-in [16]. A GUI enables a
user-friendly experience. From the MUL2Q@QGL window, the
critical elements are selected in the current output file on
display. After the fast computations of the local 3D fields,
the tool presents the plots of the 3D strain and stress
solutions - all six components - and failure criteria on the
screen. It also saves the data in DAT and CSV format for
Excel. This process is repeatable as many times as wanted,
based on the number of critical elements considered. The
availability of such refined solutions may allow structural
engineers to calculate the desired failure criteria consistently,
using the right strain/stress inputs.

4. Numerical results

The static analysis of a benchmark composite wing-box aims
to prove the capability of the MUL2QGL plug-in to evaluate
stress fields and failure indices. The composite wing-box
consists of an assembly of skins, stringers, ribs, and spars
with layup configurations ranging from 32 to 64 plies in
various locations across the structure. The mesh uses linear
shell elements (S4R) within ABAQUS [3]. As in Figure 4a,
the nodes along the root section are clamped and several
loadings applied across the wing-box accounting for aero-
dynamic forces, fuel loads and the structural weight. The
deformed configuration of the wing-box is in Figure 4b. An
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Figure 3. MUL2QGL plugin interface for ABAQUS.
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(b)

Figure 4. Benchmark composite wing-box: (a) geometry and boundary conditions and (b) deformed configuration.
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Figure 5. Comparison of through-the-thickness, in-plane stress fields at the center of the selected element obtained through global and local analyses.
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Figure 6. Through-the-thickness, out-of-plane stress fields at the center of the selected element.
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Figure 7. Comparison of Hoffman and Tsai-Wu (2D and 3 D) failure indices at the center of the selected element of the lower skin obtained through global and

local analyses.
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Figure 8. Comparison of Hashin Matrix Tension and LARCO5 Matrix failure indices at the center of the selected element of the lower skin obtained through global

and local analyses.

element on the lower skins which exhibited maximum the
Tsai-Wu index is the one chosen for the global-local ana-
lysis. Figures 5 and 6 show the in-plane and out-of-plane
stress fields through the thickness at the center of the
selected element, respectively. The stress fields are in the ply
coordinate system with 1 - parallel to fiber, 2 - normal to
the fiber, and 3 - thickness direction. It is evident from
Figure 5 that the in-plane stress fields obtained using the
global and local analyses agree well. All the stress compo-
nents stemmed from the use of the constitutive law. The
out-of-plane components are those from the local model
only as the global ones, based on FSDT, would require

Table 1. Maximum indices for various failure criteria obtained using global-
local analysis.

Failure Index Global Local Difference (%)
Tsai-Wu 2D 0.70 0.72 2.77
Tsai-Wu 3D 0.70 0.78 10.25
Hoffman 0.70 0.76 7.89
Hashin - Matrix Tension 0.57 0.67 14.92
LARCO5 - Matrix failure 0.11 0.25 126.57

recovery techniques. The failure index evaluations use four
failure criteria. (a) Tsai-Wu (2D and 3D) [17], (b) Hoffman
[18], (c) Hashin [19], and (d) LARCO5 [20]. Figure 7 shows
the comparison of Hoffman and Tsai-Wu (2D and 3D)
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failure indices for global and local analysis. The comparison
of Hashin and LARCO5 failure indices are in Figure 8. Table
1 presents the maximum failure indices obtained using vari-
ous criteria for the global and local analyses along with the
percentage difference between them. The results suggest that

1. The out-of-plane stress fields, especially 7,5 and 0,3, are
of the same orders of magnitude as the in-plane
stress fields.

2. As the global analysis can capture the in-plane stress
accurately, failure indices as the Tsai-Wu 2D and
Hoffman compare well with local solutions. These fail-
ure indices use in-plane stress fields only.

3. The Tsai-Wu 3D, accounting for all the stress compo-
nents, show larger differences than the previous ones
with underestimations in the global analysis.

4. Differences become very significant in the case of
advanced failure indices such as Hashin and LARCO5 in
which the full 3D resolution of stress fields is paramount.

5. Conclusion

This paper presents the development of a user-friendly tool
for the 3D stress prediction in shell elements of ABAQUS.
The tool is installable as a plug-in and allows the user to
complement stress analysis with highly refined through-the-
thickness solutions. The proposed approach exploits a glo-
bal/local method with one-way coupling. The local zone can
be a single shell element of the global FEM model. This
method, referred to as element-wise (EW), enables a
straightforward and quick global/local analysis as all the
required information is extractable automatically from the
ABAQUS data files. The local model has refined layer-wise
(LW) kinematics, leading to the accurate prediction of the
out-of-plane components.

The MUL2QGL may fill the gap between the preliminary
structural analyses which are typically used for design and
optimization purposes, and the detailed failure evaluation of
the critical zones of the structure. Besides, it can enhance
the preliminary and optimization analyses by providing
accurate failure estimations with computational costs com-
parable to those of numerical models adopted in the first
phases of the development.
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