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In this paper, a comparison between six finite element models of a representative wing structural component
performed in the context of Optimised Design for Inspection (ODIN) project of the European Cooperation in
Science and Technology (COST) is presented. Six partners from six different countries involved in the project
received the drawing of the structure, the material properties, the loading and boundary conditions. Each

partner, based on their background and experience in numerical analyses, developed a finite element model with
different levels of details and accuracy and performed a blind prediction of the structural behaviour of the wing
component. The numerical results are presented and compared with the experimental test data conducted at

Cardiff University.

1. Introduction

Over the past decades, the advancements in analytical and compu-
tational methods, such as the Finite Element (FE) method, have led to
developing of increasingly accurate models for the structural analysis.
The exponential growth of computational capabilities supported by
advanced algorithms have provided researchers with several software
packages and numerical techniques to accurately predict the behaviour
of complex structures with reasonable computational times. Despite the
availability of such a variety of numerical tools and techniques, the blind
prediction of the structural response of aeronautical structures in com-
posite materials still represents a significant challenge. Several round-
robin and benchmark exercises have been organised over the years to
evaluate the state-of-the-art in this area.

For example, the Polymers and Composites Task Group of the Eu-
ropean Group on Fracture organised three round-robin exercises to
determine mode I and mode II interlaminar fracture toughness of glass
and carbon fibre-reinforced thermoset and thermoplastic composites
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[1-3]. Soden and Hilton organised an exercise aimed to compare the
predicting capabilities of the failure theories for available glass and
carbon fibre-reinforced thermoset composites directly with each other
and against experimental data [4,5]. More recently, the US Air Force
Research Laboratory performed benchmark exercises for composite
progressive damage analysis methods using unnotched and open-hole
composite coupons under both static and fatigue loading [6,7].

Most of the works found in the literature relates to comparative
studies on coupons or small specimens, while there is a lack of research
dealing with larger and more complex structures. This study presents a
preliminary comparison of different FE modelling techniques to predict
the structural response of a relatively complex representative wing
structure made of metals and composite materials.

Only a few studies can be found in literature regarding numerical
analysis of composite wing structures, and they present different levels
of detail. Parametric finite element models of wing structures have been
performed, considering the design and optimisation with strength and
buckling constraints [8] or stiffness and aeroelastic constraints [9,10]. A
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Fig. 1. Representative wing component.

model based on the equivalent strength and stiffness method is devel-
oped in [11] to reduce the computational time in the preliminary design
phase. A global-local approach is used in [12] together with progressive
failure methodologies to predict the structural performance of bonded
repairs under static and fatigue loads. A full three-dimensional model
based on shell elements is presented in [13] to investigate the buckling
response of composite-aluminium wing structure, while in [14] a
three-dimensional finite element model based on solid elements is
conducted to evaluate the local response of the bolted joints of a
composite-aluminium wing structure.

The aim of this study is to compare different modelling assumptions
in terms of element type adopted for the discretisation, boundary con-
ditions, connection between components, type of numerical solver al-
gorithm and to investigate their effect on the structural response of a
representative wing structures subjected to 4-point bending load. A
preliminary experimental test is also performed and the data of the test
are used to compare and validate the different numerical models.

The work presented here is part of the Optimised Design for In-
spection (ODIN) project [15] of the European Cooperation in Science
and Technology (COST) [16]. COST is a European funded organisation
for research and innovation networks with the primary goal of helping
connect research initiatives across Europe and beyond, and enabling
researchers and innovators to grow their ideas in any science or tech-
nology field by sharing them with their peers. The ODIN project seeks to
develop optimised structures by integrating ultrasonic wave-based
non-destructive evaluation, energy harvesting and wireless sensor
technologies in the design conception phase. Working Group 1 in the
ODIN project aims to establish design and analysis criteria for a repre-
sentative wing structure. This knowledge will be shared with other
working groups to realise the overall goal of ODIN.

Upon a few iterations with Cardiff University, which manufactured
and tested the structure, the partners of ODIN reached a design of the
wing component. The structure comprises of two flat composite panels
with ribs and stiffeners made of aluminium alloys, tested under 4-point
bending. Then, each partner received the structure CAD model, the
materials properties of the different components, the boundary and the
selected loading conditions.

Six partners of ODIN, with backgrounds in numerical analyses,
developed their finite element models with different levels of details and
accuracy and performed a blind prediction of the structural behaviour of
the representative wing structure.

The research group from the Faculty of Aerospace Engineering of
Delft University of Technology involved in the project ODIN, here
shortened as TU DELFT, is experienced in the development of numerical
methodologies for the analysis of damage propagation in composite
materials at the coupon and structural levels under quasi-static and

fatigue loading conditions [17,18].

The members of the Mechanical Department of the University of
Porto involved in ODIN, here named FEUP, have experience regarding
progressive damage analysis in composites and composite bonded joints.
They developed cohesive zone models suitable for quasi-static fracture
characterisation under mixed-mode I+II loading and fatigue/fracture
under mixed-mode I+II loading [19,20]. These models are particularly
useful when designing structural components concerning damage
identification and its progression under quasi-static and fatigue loading.

The Karadeniz Technical University group involved in ODIN, here
shortened as KTU, has a considerable background in FE analysis and
adopted it in various fields, including metal forming and modelling of
the powder compaction process [21,22].

The research team BELGRADE consists of researchers from the Uni-
versity of Belgrade and from the Mathematical Institute of the Serbian
Academy of Sciences and Arts in Belgrade. They have significant
research experience in FE analysis, considering modelling of different
complex structures with a special emphasis on nonlinear contact anal-
ysis [23], and structural beam-shell analysis [24] and composite struc-
tures in aerospace engineering.

The structural research group in Politecnico di Torino involved in
ODIN, here shortened as POLITO, has experience in implicit and explicit
numerical modelling techniques for the analysis of the damage in
composite structures. POLITO has studied stiffened panels using a nu-
merical procedure and with selected experimental activity [25].
Recently, new LS-DYNA simulations have been performed in static
composite structural components and investigating impact induced
damage effect and propagation [26].

The working group from Institut National des Sciences Appliquées de
Rouen involved in ODIN, here named INSA, specialises in robust to-
pology and shape optimisation for various applications. The numerical
models they develop satisfy the compromise between the computational
time-cost and plausible mechanical behaviour of the structure [27,28].

This paper aims to compare the numerical predictions obtained by
the six partners using various commercially available FE codes and
different modelling strategies. Section 2 of this paper describes the wing
structure and the loading fixture, together with the list of the different
components and material properties. Section 3 reports the FE models of
each partner, while Section 4 describes the setup of the tests. The ana-
lyses results obtained by each partner are presented and compared to the
experimental data in Section 5.

2. Wing component

The representative wing component analysed in this work comprises
two test panels on the top and bottom, consisting of flat composite
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0.003 m

Fig. 2. Main parts of wing component: (a) Test panel; (b) Rib panel.

Table 1

Wing components and their materials.
Designation Quantity Material
Test panel 2 18 plies of USN150B

[—45/0/45/0/90/0/—45/0/45]

Panel stiffener (T-shape stiffener) 10 Al 6063AT6
Rib panel 3 Al 6082AT6
Rib stiffener (T-shape stiffener) 15 Al 6063AT6
Rib to panel joint 24 Al 6082AT6
Rib to panel half joint 12 Al 6082AT6

Table 2

Material properties of aluminium alloys.
Material oy,[MPa] E[MPa] v p [g/cm3 1
Al 6063AT6 170 70,000 0.33 2.7
Al 6082AT6 260

Table 3

USN150B composite ply properties.
E;; [MPa] 131,000 X, [MPa] 2000
E,» = E33 [MPa] 8000 Y, = Z, [MPa] 61
Gi2 = Gy3 [MPa] 4500 Xc [MPa] 2000
Ga3 [MPa] 3500 Yc = Zc [MPa] 200
Viz = 13 0.29 S12 = S13 [MPa] 70
Va3 0.47 S23 [MPa] 40
p [g/cm®] 1.544 tory [mm] 0.194

panels stiffened with aluminium alloy T-shaped stiffeners and three ribs
panels reinforced with aluminium alloy T-shaped stiffeners. All the
components are connected using bolts through attachment plates, while
the aluminium stiffeners are bonded to the composite panels with a two-

component epoxy adhesive Araldite 420 A/B. Fig. 1 shows the wing
component, while Fig. 2 shows a test panel and a rib panel and their
dimensions.

The composite test panels are made of USN150B carbon/epoxy with
stacking sequence [—45/0/45/0/90/0/—45/0/45]s and a total thick-
ness of 3.5 mm. The remaining parts of the structure are made of two
different aluminium alloys, 6063AT6 and 6082AT6. In Table 1, each
component is listed together with the materials.

The material properties used in the numerical analyses for the
aluminium alloys and the composite materials are reported in Table 2
and Table 3, respectively.

Arig is attached to each side of the wing component using four metal
plates to introduce the loads and impose the boundary conditions. Half
of the loading rig components and their dimensions are illustrated in
Fig. 3.

The rigs and the attachment plates are made of two different types of
steel. In Table 4, the fixture components are listed together with the

Table 4
Loading rig components and their materials.
Designation Quantity Material
Attachment plate (long) 2 Steel BS EN10025 S275JR
Attachment plate (short) 2 Steel BS EN10025 S275JR
Rig 2 Steel EN10219 S235JRH
Table 5
Material properties of steels rigs and attachment plates.
Material oy[MPa] E[MPa] v p[g/cms]
Steel EN10219 S235JRH 235 210,000 0.3 7.5
Steel BS EN10025 S275JR 275
1.25m

e

0.582 m

Fig. 3. Half of the loading rig.
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Fig. 4. Wing component with the loading rig.

Loading blocks

Fig. 5. 4-point bending configuration.

Table 6
List of partners and FE models.

Partner FE Code

Delft University of Technology
(TU DELFT)

University of Porto (FEUP)

Karadeniz Technical University (KTU)

Mathematical Institute of the Serbian Academy of
Sciences and Arts and University of Belgrade
(BELGRADE)

Politecnico di Torino (POLITO)

Institut National des Sciences Appliquées de Rouen
(INSA)

ABAQUS 2019 [29]

ABAQUS 6.11 [30]
ANSYS 2020 R2 [31]
ANSYS Mechanical APDL
2019 R3 [32]

LS DYNA R11.1 [33]
LS DYNA R9.1.0 [34]

material, while the material properties used in the numerical analyses
are shown in Table 5.
The entire structure, which is of interest in the current study,

100 mm

comprises the wing component and the loading rig fixture and is shown
in Fig. 4.

The wing structure is loaded in a 4-point bending configuration. Both
loading points and supports featured a rectangular block attached to a
circular beam to allow balance while the load is applied. The support
span is 2 m apart, as shown in Fig. 5.

3. Finite element models

As part of the Working Group 1 activities of the COST in ODIN, six
partners numerically analysed the representative wing component using
different FE codes and independently established FE models. Each
partner received the CAD model of the structure with the loading fixture
and the material properties of the components, as reported in the pre-
vious section. The aim was to make a blind prediction of the structural
behaviour of the wing component.

The list of partners and the FE codes adopted is provided in Table 6.

Fig. 6. FE model of TU DELFT.
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Fig. 7. FE model of FEUP: (a) mesh details; (b) wing structure.

The following sections present a description of the FE models and the
analysis strategy of each partner.

3.1. Finite element model of TU DELFT

The wing structural component is analysed using the FE code ABA-
QUS 2019.

In the tested structure, bolts connect the components. However, in
the FE model, the holes are neglected, and the components are con-
nected using tie constraints. The structure is connected to the rigs using
tie constraints between the attachment plates and the composite panels.
The model is discretised using a combination of solid elements, C3D8R
for the metal components, C3D10 for the rigs, and continuum shell el-
ements SC8R with an average element size of 10 mm for the two com-
posite panels. The total number of elements is around 300,000.

The load is introduced by modelling the two rectangular loading
blocks with rigid surfaces, and boundary conditions are simulated by
constraining the vertical displacement of the nodes on the bottom part of
the structure in correspondence with the supports. The loading blocks
are modelled as separate structures and surface-to-surface contacts with

Cylindrical Supports

hard contact and frictionless options are employed to simulate the
contact between the loading blocks and the structure and avoid inter-
penetration between the components. The FE model with boundary
conditions is shown in Fig. 6.

The representative wing structure is analysed with the dynamic
implicit solver under displacement-controlled conditions. A total
displacement of 100 mm is applied to the two loading blocks. Hashin’s
failure criteria are adopted to detect any fibre/matrix damages within
the composite laminates, but without considering the degradation of
material properties after damage initiation.

3.2. Finite element model of FEUP

The wing structural component is analysed using the FE code ABA-
QUS 6.11. No holes or bolts are considered to simplify the mesh and the
analysis, and the connection between the parts is established using tie
constraints.

The model is discretised using 8-node hexahedral solid elements with
incompatible modes (C3D8I) for the stiffeners, the rib panels, the rib to
panel joints and the attachment plates, while 8-node continuum shell

Loading Blocks

/

Fig. 8. FE model of KTU.
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a) Beam-shell-solid FE model; b) FE model with shape representation of beam-shell elements.

elements (SC8R) are employed for the composite panels. The test rig, is
discretised using C3D8I and 10-node tetrahedral continuum solid ele-
ments (C3D10) due to the complexity of the geometry. The element
types used in the model are shown in Fig. 7a. The Araldite 420 A/B is
accounted for by adding a 0.05 mm layer of cohesive elements
(COH3D8) with traction-separation behaviour in the interface between
the stiffeners and the panels. Only the initial elastic stage is considered
with a penalty stiffness per unit area of K = 10® N/mm?3. The nodes of
one support are constraint along the x-direction to prevent rigid body
motion of the structure. The single point constraints are adopted only on
the nodes on the edge.

Different types of damage are considered: the yielding of the
aluminium stiffeners with a von Mises yield criterion, the cohesive
failure of the adhesive connection between the stiffeners and panels, and
the composite fibre/matrix failure using Hashin’s criteria. The boundary
conditions adopted are shown in Fig. 7b. The structure is sustained on
one pinned support and one roller support along its width; two points
along the x-direction are fixed to avoid a rigid body motion in the y-
direction. A total displacement of 100 mm is applied at the top of both
extremities of the structure. Geometrical nonlinearities are considered,
and the nonlinear equilibrium equations are solved using the Newton-
Raphson method.

3.3. Finite element model of KTU

The finite element analysis of the representative wing component is
performed using the commercial FE package ANSYS Workbench 20 R2.
The numerical analysis has been performed before knowing the results
of the experimental test, so a value of 500 kN has been chosen. The 500
kN loading is distributed uniformly through two rigid rectangular blocks
on top of the structure along its width. The FE model established is
illustrated in Fig. 8.

The blocks may only move vertically, while the cylindrical supports
are constrained in all directions. The contacting nodes of the represen-
tative wing structure, however, are allowed to translate along X and Z
axis, and free to rotate around the Y axis. Composite plates at the top and
the bottom are discretised with shell elements, while solid elements are
used for other components. The coefficient of friction is defined as 0.16
for the contacting surfaces of loading blocks with attachment plates
(long) and supports with attachment plates (short). Other components
are tied to each other either from nodes or contacting faces. Even though
there are 478 pieces of M10 bolts at different lengths in the represen-
tative wing structure, they are not included in the model to save
computational time. The total number of elements used in the model is
about 560,000 with an average element size of 10 mm. Equivalent stress
(von Mises) values were considered to check the possible failure of the
components. Also, the maximum stress failure criterion was used to
evaluate the possible failure of the top and bottom composite skins.

3.4. Finite element model of BELGRADE

The commercial FE software ANSYS Mechanical APDL 2019 R3 is

used to analyse the wing component by static nonlinear analysis. Based
on the full symmetry in the design, loading and constraints, the FE
analysis is performed for only half of the structure with symmetry
boundary conditions. The FE model is realised with a combination of
shell, beam and solid elements. The wing component and the test rig are
discretised with 3D 4-nodes shell elements (SHELL 181) and 2-nodes
beam elements (BEAM 188), respectively while the two skin panels
are modelled with 18-layers shell elements. The rectangular loading
blocks and the circular supports are simulated as solid deformable steel
bodies modelled with 8-nodes 3D brick solid elements (SOLID 185). The
complete model comprises of 3315 finite elements with an average
element size of about 50 mm. The connections between the elements of
the main sub-structures (test specimen and test rig) which are realized in
the real structures by fixed joints (rivets) and welded joints are tied to
each other from nodes in order to save computational time. The contact
between the rectangular loading block and the upper plate of the test rig
is simulated by symmetric deformable contact pairs modelled with
node-to-surface contact elements (CONTA 175) and 3D 4-nodes target
finite elements (TARGE 170) with “always bonded” option, while the
contact between the circular support and the test structure is modelled
by the same types of contact-target finite elements and symmetric
deformable characteristics of contact pairs with “initially bonded”
option.

The boundary conditions are simulated by constraints: the
displacement along the transverse direction is considered on a symmetry
plane, while the circular support is fixed along the central axis. The
rectangular loading block is constrained only by contact with the top
plate of the test rig. The static loading conditions are defined on the
loading block by applying half of the total external load in the range
(0-500 kN) divided into 18 concentrated forces along the middle line of
the top surface of the rectangular loading block. The loading and
boundary conditions are schematically shown in Fig. 9a for a clearer
presentation, while Fig. 9b shows the FE model with the thickness and
size representations.

3.5. Finite element model of POLITO

The representative wing structure is analysed using the general-
purpose dynamic finite element code LS-DYNA. The specific solver
adopted is LS-DYNA R11.1 Single-Precision MPP architecture. An
explicit non-linear quasi-static analysis is performed, and the model is
fully discretised using shell elements with a combination of plates and
boxes. Every component is represented by its mid-surface, and a specific
z-offset is applied, taking the thickness into account. Standard shell el-
ements are defined with ELFORM 16 (Fully-Integrated) and four Inte-
gration Points (NIP) through the thickness. The average mesh size
selected for the entire model is 5 mm. The total amount of 2D shell el-
ements for the entire structure is 880,364. In particular, 160,000 2D
shell elements are adopted to define the two composite plates. Every
composite element has several through-thickness integration points
equal to the number of composite plies. The model has approximately
554 structural bolts which are modelled with Rigid Body Elements
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Fig. 10. FE model of POLITO.

(RBE). The contact behaviour between two adjacent components is
simulated with the definition of a penalty-based surface-to-surface
contact. The presence of a contact algorithm allows for avoiding pene-
trations and setting the correct contact stiffness between nearest FE el-
ements. A Coulomb static friction coefficient of 0.16 is added inside the
contact card. Elastic material (*MAT_001/*MAT_ELASTIC) is selected to
characterise the mechanical behaviour of steel, aluminium and adhe-
sive, while the composite behaviour is described with continuum dam-
age model *MAT_058/* MAT_LAMINATED_COMPOSITE_FABRIC with
Hashin failure criteria appropriate for UD layered composites. Solid
Adhesive layers between the shell composite panels and aluminium
stiffeners have been introduced into the model. A fully elastic behaviour
has been considered in this preliminary investigation. The loading
configuration applied to the structure is the same as reported in Fig. 5.
The rigid loading block has been reproduced by the application of three
equivalent forces for each side in the correspondence of the three ver-
tical squared-box steel support structure as detailed in Fig. 10. Ideal
lower supports are applied to the structure using the definition of Single
Point Constraint (SPC). The structural hinge at the bottom-left of the
structure is modelled with a through-width definition of SPC with 123
constrained DOF (XYZ-Displacement; Rotations not constrained). The
right support is represented by SPC with only 23 DOF blocked (YZ-
Displacement; Rotations not constrained). No vertical deflections of the
supporting configuration under load are considered. The load is applied
to the structure through a force controlling system. LS-DYNA charac-
teristic composite failure criteria are adopted to describe the composite
panel behaviour and conventional von Mises stress is selected to eval-
uate stress concentration in metallic isotropic materials. Fig. 10 shows
the FE model. Numerical displacement evaluated at the position of ex-
pected lateral buckling deflection indicates the characteristic lateral
bifurcation of the composite compressed panel. Moreover, the back-to-
back numerical x-strain (Fig. 10) in the same position, shows the char-
acteristic strain-reversal around 200 kN as a consequence of buckling
situation. Thus, the critical load has been identified around 200-250 kN,
and two post-critical buckles (anti-symmetrical) are determined.

Traction force

A

B

»
Ly

Compression force

3.6. Finite element model of INSA

The representative wing component is modelled in LS-DYNA using a
simplified model to reduce the computational cost, eliminate numerical
errors due to contact formulation and use the numerical model for a
robust optimisation procedure. The geometry of the representative wing
structure, the test rig and the loading conditions simplify the model as a
beam loaded in 4-point bending. The analysis only focuses on the central
part of the structure with a constant bending moment, and conditions of
traction on the upper panel and compression on the lower panel are
applied. The stiffeners elements are not directly modelled in order to
simplify the geometry and use the model for future shape optimisation.
Referring to Fig. 11, the grey colour corresponds to the steel plate,
brown to the aluminium beams and blue to the composite panels. A
traction force is applied in the x-direction on point A, while a
compression force is applied on point B. Two symmetry planes allow for
the modelling of only one-quarter of the structure. Symmetry planes are
presented in Fig. 11a for the 2D projection and Fig. 11b for the 3D
model. As boundary conditions, translations in the y-direction are
blocked. For LS-DYNA implementation, the aluminium material is
implemented using *MAT_001 card and the composite material using
*MAT_022 card.

3.7. Comparison of finite element models

As reported in previous sections, the six partners adopted different
FE codes and modelling strategies to analyse the wing component ac-
cording to their backgrounds. Different levels of detail have been
adopted in the modelling. Some partners preferred detailed modelling of
each component, increasing the accuracy of the analysis but sacrificing
the computational time, while others preferred simplifying assumptions
to reduce the computational cost. Table 7 summarises the fundamental
characteristics of the six FE models.

by

Fig. 11. FE model of INSA: (a) 2D model; (b) 3D model.
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Table 7
Comparison between the six FE models.
Partner Type of Load/ Type of Number Symmetry
Analysis Displacement Elements  of Conditions
controlled Elements
TU DELFT Dynamic Displacement Shell/ 300,000 No
Implicit Solid
FEUP Static Displacement Shell/ 180,000 No
Implicit Solid
KTU Static Load Shell/ 560,000 No
Implicit Solid
BELGRADE  Static Load Shell/ 4000 Yes
Implicit Beam
POLITO Quasi- Load Shell/ 880,364 No
static Beam
Explicit
INSA Quasi- Load Shell 2400 Yes
static
Implicit

4. Experimental set-up

The representative wing structure was manufactured at Cardiff
University. Until now, a preliminary test was only performed, using the
4-point bending configuration shown in Fig. 12. The purpose of the
experimental test shown in this work was to perform a preliminary set-
up of the test apparatus and instrumentation in order to obtain data for a
first validation of the numerical models, while the full test has not been
yet performed and will be carried out in the near future.

Both the loading points and supports featured a rectangular block
attached to a circular beam to allow balance while the load is applied.

Composites Part C: Open Access 8 (2022) 100264

Load cells are attached to each loading jack with 50 tons of load capacity
each, and the load is applied manually.

Following the recommendations of the partners involved in the
project, the structure was equipped with Linear Variable Differential
Transformers (LVDTs) to record the displacements and strain gauges to
measure the deformation. The locations of LVDTs and strain gauges have
not been reported since the strain gauges were not actually used during
this preliminary test and the LVDTs were mounted on truss structures
which increased the total compliance of the tested structure making
their data unusable for numerical comparisons.

A total load of about 300 kN was applied equally on the loading
points. The only failure observed up to this load was the debonding of
four stiffeners, as highlighted in Fig. 13. The numbers represent the
failure sequence of the stiffeners. Stiffener 1 and 2 were the first to
debond around 250 kN, followed by stiffener 3 around 275 kN and
stiffener 4 around 300 kN. At this stage, the load was stopped to avoid
catastrophic failure, which could have led to damage to the instru-
mentation and the rig fixture.

5. Results and comparisons

The numerical results obtained from the analyses performed by the
different partners and the experimental curve are reported in Fig. 14 in
terms of load vs vertical displacement of the loading blocks.

Table 8 summarises the maximum load and displacement achieved
by the numerical analyses, together with the experimental values.

The approaches to model the boundary conditions, the different
levels of discretisation and the predicted behaviour of the structure in
terms of load vs displacement are quite different amongst the partners

Fig. 13. Location of debonded stiffeners.
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Fig. 14. Comparison of load-displacement curves.

Table 8
Numerical and experimental maximum loads and displacements.

Partner Maximum Load [kN] Maximum Displacement [mm]
TU DELFT 467 10

FEUP 499 4.4

KTU 500 5.4

BELGRADE 501 5

POLITO 300 16.5

INSA 181 9.7

EXP 300 5.8

because of the different modelling strategies, although there are some
similarities.

It is possible to observe in Fig. 14 that all the numerical models
exhibit almost the same initial stiffness. It can also be observed that the
results can be grouped into two. Up to around 500 kN, the models by TU
DELFT, FEUP, KTU and BELGRADE exhibit linear load-displacement
behaviour, while the models by POLITO and INSA show a nonlinear
response from the start of the loading. The numerical model developed

4
—=—TU DELFT
_ FEUP
E? | o
e —+—BELGRADE
g2 | ——poLTO
3
8
g1
o
0
0 50 100 150 200 250 300
a) Load [kN]
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by INSA shows lower stiffness and buckling load since the connection
elements are not directly modelled in order to simplify the geometry for
future shape optimisation. In the POLITO analysis, the initial stiffness
matches that of the other partners, while at higher loads the simulation
follows the non-linear lateral deflection induced by critical and post-
critical regime exhibiting a two-half-waves shape for the compressed
panel on the bottom of the representative wing structure. When the FE
models are compared with the experimental data, the actual structure
has less stiffness and an almost linear load-displacement behaviour until
300 kN when the loading stops.

Fig. 15 reports the displacements obtained by the different numerical
analyses at the LVDT5 and LVDT11 locations in the load function.
LVDT5 and LVDT11 locations are at the bottom of the structure in
correspondence with the loading blocks, as graphically illustrated in
Fig. 16. Also in Fig. 15 it is possible to note that vertical deflection is
linear for the most of the simulations while for POLITO result the LVDT
behaviour is consistent to previous indicated pre-critical and post-
critical behaviour for the compressed panel. The results of the numeri-
cal model developed by INSA are not reported since the test rig is not
modelled in their model, and no data are available for these LVDT lo-
cations. The numerical curves are not compared to the experimental
data, as the location of the LVDTs was changed before the test, posi-
tioning them on a supporting structure.

Figs. 17 and 18 show the deformed shapes with the vertical
displacement contour plot of the analyses, as performed by the different
partners at an applied load of 150 kN and 300 kN. As the numerical
analyses carried out by the different partners reach different values of
the maximum load, as shown in Table 8, these two load levels have been
selected since they correspond to 50% and 100% of the maximum load
achieved during the experimental test.

By observing the deformed shapes of the structure, it can be noted
that during the initial linear behaviour, the structure rises in the central
part while it lowers at both ends where the load is applied. As the
applied load and displacement increase, the compressive load acting on
the composite panel in the lower part of the representative wing struc-
ture causes the buckling of the entire composite skin and the T-shaped
aluminium stringers. The post-buckling shapes obtained from the nu-
merical models are consistent amongst the different partners with one
sinusoidal wave in the longitudinal direction and no wave in the

—=—TU DELFT
_ FEUP
£ 3 —e—KTU
£
m ——BELGRADE
g 2 | ——rouTO
3
S
g1
=)
0
0 50 100 150 200 250 300
b) Load [kN]

Fig. 15. Comparison of load vs displacement measured from: (a) LVDT5; (b) LVDT11.

Fig. 16. Location of LVDTs.
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Fig. 17. Deformed shapes of the wing structure at 150 kN.

transverse direction. The same instability phenomenon was observed out-of-plane stresses.

during the experimental test. Fig. 19 reports images of the representative
wing structure taken at the beginning of the test and after reaching the
maximum load of 300 kN. The lower skin panel buckles at the maximum
load, and the composite skin separates from the stringers due to the high

10

A combination of multiple factors can explain the differences in the
numerical results regarding the measured data.

One of the main reasons is the material property. The material
properties adopted in the numerical models have been obtained from
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Fig. 18. Deformed shapes of the wing structure at 300 kN.

literature, and Cardiff University has not performed a material charac-
terisation test campaign before the experimental test. Because of the
manufacturing process, the material properties are expected to vary in
their nominal values. Cardiff University will perform a material char-
acterisation a posteriori.

The modelling of the bolts gives another reason for the differences.

11

Due to numerous bolts adopted in the structure and the high modelling
times required to model each joint, the partners have modelled the
connections between the different components of the representative
wing structure as bonded surfaces, while POLITO modelled bolts and
contact between components. The assumption of considering bonding
surfaces as representative connections between components, greatly
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Fig. 19. Experimental images: (a) at the beginning of the test;

Composites Part C: Open Access 8 (2022) 100264

(b) at maximum load, 300 kN (the green-shaded area shows the buckling of the lower skin panel).

simplifying the numerical models in terms of computational time.
However, the displacements and the deformations resulting from the
numerical analysis can differ from those obtained experimentally due to
neglecting any sliding between contacting surfaces.

One of the main reasons of the differences between the stiffness
predicted by the numerical models and the experiment is the modelling
of the boundary conditions. The loading supports of the wing structure
consist of cylinders, as presented in Fig. 5. The different partners
modelled these boundary conditions differently. Some partners have
modelled the cylindrical supports (KTU, BELGRADE), while others have
replaced the cylinders enforcing specific boundary conditions for the
displacement’s degree of freedom on the nodes in contact between the
representative wing structure and the loading support. However, sup-
ports were mounted on a truss structure during the experimental test,
increasing the total compliance of the tested structure.

The presence of initial imperfections can also explain some differ-
ences. The initial curvature in the experimental load vs displacement
data given in Fig. 14 shows initial imperfections/gaps between the
loading structures and the tested structure, which has not been consid-
ered in any numerical models.

The experimental failure mode observed is due to the debonding
between multiple stiffeners and the composite plate. This initial
debonding is a local failure mode, mostly dictated by the applied
displacement that induces shear sliding in this critical region due to the
bending mismatch between the stiffeners and the plate.

6. Conclusions

This paper presents a preliminary benchmark to predict the response
of a wing structure subjected to 4-point loading through different FE
modelling efforts.

Six partners of the COST project ODIN independently developed the
FE models, based on their backgrounds in numerical analyses, to predict
the structural behaviour, receiving only the drawing of the structure, the
material properties, the loading and boundary conditions. The different
partners conducted quasi-static and dynamic analyses using different
element types (shell, solid, beam).

The experimental results showed a linear load-displacement char-
acteristics and this behaviour was captured by the numerical models at
various extent. The experiment setup resulted in less stiffness when

12

compared to the numerical models, which might be due to several rea-
sons, including possible clearances between the mounted parts, exces-
sive compliance of the supporting structure and inaccurate material
property data. Despite these differences, the predicted initial stiffness
was consistent amongst the different numerical models, and some ana-
lyses could capture the ultimate displacement with a good
approximation.

The preliminary study presented in this paper highlights the
importance of a detailed modelling of the entire experimental apparatus,
including boundary conditions, initial imperfections and instrumenta-
tion position. It reveals the limitations of some simplifying assumptions
usually made in the numerical models when predicting the behaviour of
large and complex structures.

The structural details that are fundamental to accurate predictions
will be included in future numerical analyses conducted by the partners
as part of the second phase of the COST project ODIN. In addition,
another test will be conducted at Cardiff University with more detailed
measurements of the structure and the rig fixture.
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