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Abstract: Airworthiness certification requires proof of structure strength, which is performed
generally through building block approach. To achieve this, representative intermediate scale
experiments generated by test benches are in general needed, additionally to material
characterization at coupons scale and structure testing at large scale. The VERTEX test bench can
generate combined loading of tension/compression-shear-pressure on structural elements and was
modelled with Finite Elements to perform virtual testing representative of its intermediate-scale
specificity. The numerous bolted joints of the bench were modelled and their behavior identified in
previous tests, so the model could quantitatively estimate the transfer function of the bench, which
is the relation between the displacements imposed by the jacks and the resulting loads on a given
sample. The VERTEX model was identified to represent load shapes and amplitudes on a training
set, and was later confronted to a validation set of tests of tension and shear. A model with ideal
boundary conditions was also developed for comparison but it failed to predict some load shape
specificities and did not give any indication of loading amplitude. Application cases of the
developed model are shown to assess a range of virtual testing possibilities.

Keywords: composite structure; airworthiness certification; pyramid of tests; intermediate scale
experiment; multiaxial loading

1. Introduction

The certification of aeronautical structures is generally based on the pyramid of tests [1] (Figure
1), which is a representation of the design process and the structural validation for airworthiness
certification [2]. At the bottom of the pyramid, coupon tests give low-scale characterization of the
material behavior, from design allowables to failure phenomenology [3,4]. Based on coupon
characterizations, the next level of the pyramid focuses on structural detail issues such as the strength
of bolted [5], the unfolding of L-shaped specimens [6] or the post-buckling behavior of stiffened
structures [7,8]. Based on coupon and of elementary structural phenomena characterization,
specimens of growing complexity and scale can be designed and validated, up to high scale testing.
The design is performed to conservatively prove that the manufactured aircraft can withstand loads
specified by regulation authorities. Numerical simulations can be extensively used to simulate the
behavior of structures but structural performances demonstration need to be supported with test
evidence. This numerical/experimental approach is also used for the analysis of particular problems
such as the debonding of stiffeners [7,8] or the strength of Z-pinned junctions [9,10].

In recent decades, the aeronautical industry has been showing growing interest in composite
materials for their competitive strength to mass ratio. However, each new material requires
regeneration of the coupon level of the test pyramid with numerous tests to update allowables. Thus,
the design/validation for new aircraft programs is generally costly and time consuming, and can also

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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lead to structural oversizing because of some remaining unexploited potential of composite
structures [11].
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Figure 1. The pyramid of tests [1] representing the numerous small mechanical tests providing a
design basis for the fewer and larger tests [12] (Courtesy of Airbus).

This paper focuses on the testing of specimens at the intermediate scale of the test pyramid,
situated between the coupon level and the sub-component level. The main interest of this scale lies
in the study of elementary structures under uniaxial loadings (Figure 2). This scale also studies the
effects of local damages on the structural integrity, resulting from incidents such as stiffeners impacts
or a notch on a fuselage caused by an uncontained engine failure. In-flight experiences stress the
fuselage structures globally and locally generate multi-directional loading (combined and not
uniform) on fuselage sections. Therefore, there is a need for multi-axial testing at this intermediate
scale to assess the strength of elements under the wide range of possible loads. Whereas coupon tests
mostly abstract from the way exterior loading is applied, larger tests must consider a specific test
bench to load a specific sample. A test bench is designed to apply specific loads to a sample in a
specific way, in order to address the sample behavior under such loading. A large spectrum of loads
(tension, compression, bending, torsion, pressure, shear, etc.) can occur on a fuselage section: thus a
few configurations are tested with specific test benches, then validated models and conservative
approaches are used to address any relevant loading combination to be validated.
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Figure 2. Building block approach for an aircraft wing-extensive testing of structural elements under
unidirectional loadings [13].
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The intermediate-scale test benches are reviewed here to position the interest and originality of
the tests considered in this paper. Basic test machines for coupons are introduced to contextualize the
intermediate-scale practices, but full-scale tests at the component level are outside the scope of this
literature review. Basically, the range of in-plane loadings is dealt with by using unidirectional
coupon tests [14,15], with bi-axial tests on cruciform samples [16-18] and with shear on deformable
squares [19-21]. Cruciform samples are cross-shaped specimens where the two main directions are
loaded independently to enforce bi-axial loading states of tension-tension, compression-compression
or tension-compression. Most cruciform tests study pure reference loads on a very small area of
interest, which places them in the coupon level of the test pyramid, but structural issues similar to
larger tests already appear: undesired failure at corner edges [22], kinematic consistency regarding
the two directions loaded simultaneously and the non-homogeneity of loading on the zone of interest
(usually handled with [23] for biaxial tests). Deformable square tests generally use small panels at the
element level of the test pyramid, where approximate shear is applied to the full contour of the
specimen. This is a first step towards structural testing with a specific bench, since, for each case, a
somewhat different technical solution is implemented to enforce loading, which does not ensure the
reproducibility of load shapes from one bench to another. Therefore, it becomes of interest to study
the bench itself and the specific loads it produces.

Most tests at the intermediate scale enforce loading directly from actuators to the sample, so they
will be referred to as "direct actuation benches". Uniaxial tension or compression on a large stiffened
panel is often directly applied with a single powerful actuator [24]. Some other benches are simply
scaled up implementations of usual coupon principles, such as large deformable squares [25,26].
More complex loadings can also be applied directly to the sample, either by using many actuators
along the specimen contour, or through a rigid structure that enforces specific kinetics on the sample
[27,28]. Figure 3 shows a few examples of such benches and points out load combination possibilities.
The civil engineering field faces similar structural testing needs, so very similar test benches
(generally bigger) are used to load wall structures (Figure 4).
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Figure 3. Test benches from the aerospace field with direct actuation of the sample: a) shear
deformable square test enriched with tension/compression combination capability [29], b) internal
pressure combined with tension and shear applied by numerous actuators on the large curved panel
[30], c) internal pressure and tension with few actuators on a curved panel [31].
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Figure 4. Test benches from the civil engineering field with direct actuation of the sample: a)
deformable square test on a wall specimen [32], b) numerous actuators to directly load the sample in
plane and out-of-plane [33], c) few actuators to enforce load combinations on the sample through a
rigid intermediate structure [34].

Tests at large scale on components or subcomponents are also directly loaded with global efforts
and moments that are not properly representative of the in-flight experience of the global structure.
However, local sections are loaded by the rest of the component, which generates local representative
load shapes. Such major scale tests are rare and very costly but are necessary to validate the
uppermost part of the test pyramid, notably to verify possible structural phenomena and effects of
local damage (such as a large notch [35,36]) on a representative structure. The complexity and cost of
such large tests can be substantial for development purposes so there is a need for intermediate scale
testing with benches able to generate loadings representative of larger tests.

A second category of test benches exists, where the sample is fixed into a larger compliant
structure, which role is to apply loading representative of sections of larger structures locally on the
sample. This category will be referred to as "structurally embedding benches", in opposition to the
"direct actuation benches" discussed above. The interest of this approach is to study representative
intermediate scale structural issues without the cumbersome aspect of larger scale testing and its cost.
Note that, in certain direct actuation benches, an intermediate structure is also often placed between
the sample and the actuators, but with the fundamental difference that they are rigid and that the
intention is to enforce simple kinetics instead of reproducing an interaction with a larger structure.
Figure 5 shows such benches with loading structures explicitly representing fuselage sections, with
large panel specimens that can be positioned at the top of the intermediate-scale range of tests.
Alternatively, bench loading structures can be built from compliant closed sections, typically
rectangular boxes as initially published by Peters [37] as early as 1946. Klein et al. [38] later considered
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a rectangular box and bolted the sample to the lower face; When the box was globally loaded in
bending or torsion, the specimen was subjected to tension/compression or shear. Castanié et al.
[39,40] developed a test bench on the same principle, but with a more compliant structure to apply
realistic loading on asymmetric sandwich structures used for helicopters. However, the area of
interest of the sample was found to be limited, and this later motivated the development of the
VERTEX test rig, basically a larger version of the previous machine, "to investigate composite
structures at the scale of technological specimens and under complex loads" [35,36,41]. Recently,
Zucco et al. [42] have developed a specific test bench to introduce combined loads of bending, shear
and torsion on a thermoplastic wingbox specimen. A compliant intermediate structure of "aluminum
dummy wingboxes" was designed to minimize boundary effects of load introduction on the useful
composite wingbox. The same authors [43] also developed a numerical model of the specimen and
the loading structure, to assess stress concentrations and the effect of the loading structure on the
prescribed loading of the useful specimen.
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Figure 5. Test benches that structurally embed the sample: a) Shear, tension and pressure introduced
to the sample through a D-box assembly [44] (from [45] concept), b) Shear on large stiffened panel:
deformable square principal, loaded by a rotating structure emulating a fuselage torsion [46].

Mechanical experiments require instrumentation to monitor the test, especially the loading state
of the sample. To numerically simulate the tests (for model identification, numerical investigation,
virtual testing or validation), boundary conditions need to be applied to the model: the load shape
(nature and spatial distribution of boundary conditions) can be assumed ideal (uniform/constant or
basic kinetics) or realistic fields can be applied (generally displacement measured during the test, to
simulate the same test). Forces and displacements of the actuators are the first data easily obtained
from such tests. In the case of direct actuation benches, this provides very rich information for
boundary conditions; possible intermediate parts between the actuators and the specimen can be
considered rigid or modelled with a coarse description. In the case of structurally embedding
benches, the transfer function of the bench (relation between actuator setpoints and the resulting
loading on the sample) is complex. Previous studies on the VERTEX test bench [47] showed non-
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uniform load shapes for reference loads of tension and shear. Moreover, structural phenomena came
into play to complexify the reference loadings: longitudinal tension was followed by substantial
transverse compression, and the Wagner effect deviated shear post-buckling towards combined
shear and tension.

Hopgood et al. [22] and Williamson et al. [48] considered bi-axial testing on cross-shaped
samples, to assess the failure envelope of open-hole specimens under combined in-plane loads. They
systematically performed a "calibration" process on each sample, to know the relation between the
actuator forces and the resulting nominal strain on the sample; the open hole on the sample was
drilled after the calibration and then tested up to failure. The loading state of the sample during the
tests was therefore assumed, given the measured forces of the actuators and the basic transfer
function obtained by calibration. A similar process could be applied to more complex test benches
but, for compliant loading structures, the dependency on the sample stiffness evolution must be
considered: boundary conditions may be sensitive to the loss of stiffness of the sample (initial central
defect of interest and damage propagation).

Carpiuc-Prisacari [49] considered a hexapod test bench to directly apply tension-shear load on
a double edge notch specimen. Various complexities of boundary conditions were tried (from
constant/uniform to regular shapes and actual measured displacements without smoothing) to
numerically simulate crack propagation in the tested specimen. It was found that the crack
propagation (maximum stable crack length and direction) was sensitive to the load shape (uniform,
linear, parabolic, raw measurement) and that more complex load shapes gave more representative
propagation of the experiment. The authors emphasized "the importance of using the measured
boundary conditions and the high sensitivity to the applied boundary conditions" [49] as opposed to
the configuration with ideal boundary conditions: "boundary conditions in the numerical simulations
are assumed to be matching the ideal prescribed conditions, i.e. as if the experimental setup was
perfect'[49]. Therefore, specific load shape complexities need to be captured by the transfer function
used for numerical simulations.

One solution is to use in situ local measurements: rosette strain gauges are massively used to
measure strains locally. To compensate for the rosette’s spatial restriction to a single point, arrays of
them can be placed in order to have many measuring points to appreciate spatial distributions of
loads [40]. Digital Image Correlation allows extremely rich data (fields of displacements and strains)
to be simply obtained over the total area of the sample. The loading state of the sample can therefore
be measured comprehensively instead of being assumed from distant actuator forces or assessed
from poor local data of rosettes. Actual fields of displacements measured on the sample during the
test can therefore be imposed as boundary conditions of numerical simulations [35,36,41,50].
However, this method is limited to the simulation of experiments already tested, and complexity
arises with damage of the sample, as they may interact with the boundary conditions.

Given the interest in structurally embedding benches because of the load shape they produce,
the interest in the bench transfer function (sample loading resulting from the bench load setpoint),
and the importance of load shapes in the tests, it is important develop a transfer function
representative of the specific load shapes of the bench. A calibration process or test measurements
offer in-situ solutions to deal with this problem. However, they do not provide suitable predictions
for tests on new specimens or new complex load paths. The numerical modelling of the test bench
and the specimen with Finite Elements was therefore the solution adopted here to assess the transfer
function, predictively and relatively to the load shape specificities. To the best of the authors'
knowledge, the literature hardly ever covers the modelling of mechanical test benches [42], especially
for compliant test benches with consideration of load shapes.

The modelling of the test rig was a first step towards representative virtual testing of crack
propagation and towards the study of envelope loadings as introduced by Serra et al. [35], which
requires quantitative estimations of loading states.

The first part of this paper presents the working principle of the VERTEX test rig (loading and
measurements), to assess some modelling complexities and actually model the VERTEX bench with
Finite Elements in the following part. Results from this model are compared with both experiments
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and simulations with ideal boundary conditions, to evaluate the model’s ability to make predictions
and to evaluate the load shape specificities of the VERTEX bench. Finally, test cases are shown to
illustrate the capabilities of the model regarding virtual testing.

2. Materials and Test Rig

2.1 Specimens and Test Matrix

The specimen geometry considered (Figure 6 —left) was a 558 mm x 536 mm plane plate, with
128 holes to bolt it to the test bench, which left a 400 mm x 400 mm useful zone. On some samples, a
central notch of 100 mm was milled. Table 1 lists the samples considered in this study to benchmark
the apparatus and the model under different test cases. For confidentiality reasons, material
properties and stackings are not disclosed and loads are normalized.

Table 1. Samples considered, drawn from previous studies [35,36,47,51].

Sample Thickness
Material Central damage
reference (mm)
ALU aluminium AU4Gl1 None 5mm
TSs unidirectional CFRP tapes, thermoset 100 mm notch ~1I mm
T5d Same CFRP tapes as TSs 100 mm notch double that of TSs
P unidirectional CFRP tapes, thermoplastic 100 mm notch ~1 mm

Samples were loaded under reference proportional loadings of the VERTEX bench
(compression, tension, shear), so each test is referred to by a combination of the sample and the
loading: ALU-compression, TSs-tension, TP-shear, etc.

Sample geometry Sample bolted to the bench
558mm

Figure 6. (left) VERTEX specimen geometry, with a central notch - (right) sample bolted to the
VERTEX test bench, viewed through one of the two optical cameras used for digital image stereo-
correlation (5 Mpx, 2 fps).

2.2. Presentation of the VERTEX Test Rig

The VERTEX test rig (Figures 7 and 8) has been used in previous works [35,36,47,51]: it was
developed and first used by Serra et al. [35,36], from a previous similar machine [39,40]. The VERTEX
bench is mainly a long box composed of simple plates jointed with thousands of bolts, and the sample
is bolted to the center of the bench to complete the top surface. Jacks 1 and 2, at the tips of the bench,
can push or pull symmetrically to globally bend the main beam, which generates tension or
compression locally on the sample (Figure 9). Jacks 3 and 4 can push to twist the central box,
generating negative shear locally on the sample. The main beam and the central box are hollow,
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which allows an air-pressurized rubber bladder to be placed inside the central box, to possibly apply
pressure to the sample. The four jacks and the bladder pressure can be controlled independently in
order to apply pure or combined structural loads of tension/compression + shear + pressure on the
sample.

Usually, for coupon tests, the load going through the specimen is known because it is directly
equal to the force of the actuator. However, for structural testing and notably with the VERTEX test
bench, the load can take multiple paths through the bench structure thus the sample loading is a
complex function of the jack displacements. Two optical cameras were used in this study (Figure 7),
focusing on the full field of the sample, to perform digital image stereo-correlation and thus assess
the loading of the sample.

Figure 8. Scheme of the VERTEX test rig and its four jacks to load the sample placed in the middle.
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Tension

1. Jacks pull downwards
_ 2. Bending of the main beam
= 3. Local tension on the sample

Compression

1. Jacks pull upwards
_ 2. Bending of the main beam
3. Local compression on the sample

1. Central jacks push upwards
2. Twisting of the central box
3. Local shear on the sample

Figure 9. Actuation of the four jacks of the VERTEX test rig to deform the bench and locally apply
tension/compression and shear to the sample.

2.3 Test Data Processing

An important issue in structural testing is to monitor the sample loading state, without using
the load amplitude of the actuators, which are not relevant for structurally embedded samples.
Stereo-correlation was performed with the commercial software VIC-3D-v7 thanks to the pair of full-
field cameras capturing the motion of the speckle painted on the area of interest of the sample. Fields
of positions and displacements obtained (Figure 10) allowed load shapes to be appreciated and load
amplitudes to be measured as the difference of extreme values of a given field.

Structural panels are usually sized with plate force fluxes (Nx, Ny, Tw) and moment fluxes (Mx,
My, Mxy) so it is of interest to be able to describe the sample loading state with the appropriate metric.
On the top surface of the sample, the measured displacements can be derived with respect to space
once, to obtain strains, or derived twice, to obtain curvatures. Knowing the elastic properties of the
sample material, measured strains and curvatures can be used to compute force and moment fluxes
using the plate theory [47] (Equation 1 and Equation 2). Each flux field of each frame was spatially
averaged on the borders of the sample (in orange rectangles plotted in Figure 6), to obtain a single
scalar representative of its global intensity, allowing to plot the evolution of flux intensities during a
test. For example, Figure 11 plots the force and moment fluxes over time for the TSs-shear test: the
clamping introduced significant compression, then tension and shear increased gradually, up to a
sudden crack propagation generating a major load drop. Only the Nx and Tw force fluxes were
considered here because they were the main metrics relevant to describe the tension and shear tests
considered.

The crack propagation was not modelled in the numerical simulations of the bench so this paper
focuses on the elastic part of tests and not far stages of crack propagation where it interacts with the
bench behavior.
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Figure 10. Shapes of loading illustrated through in-plane displacements and out-of-plane shape, for
tension and shear tests on TSs samples, using stereo-correlation on the 400 mm x 400 mm useful zone.
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Figure 11. Spatially averaged force and moment fluxes over time for the TSs-shear test [47].

3. Modelling of the VERTEX Test Rig

The main goal of the bench modelling was to estimate the loading (amplitude and shape) applied
to the sample, from the driving parameters of the bench, which are the imposed displacement of the
four actuators. Prediction of load shapes is important to evaluate which phenomenology should
appear and to size or validate the sample parameters according to the test objectives. Prediction of
load amplitudes is useful, first to verify that the target load is within the bench range of
displacement/force and, secondly, to know the jack displacement setpoints required to reach a target
load point.
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3.1 Modelling Strategies for the VERTEX Bench

The purpose of this section is to assess some modelling strategies, from simple to complex, and
justify the choice of the latter to model the VERTEX specificities.

3.1.1. Transfer Function

The first simple method would be to define a transfer function, as a surrogate model of past
tests. It would be a complex interpolation of the desired outputs (sample displacement fields or
simpler data) from the main input parameters (four displacements of jacks).

Experimentally, for a given jack displacement setpoint, the displacement imposed on the sample
was found to be very sensitive to the sample stiffness (Figure 12). For tension, the force transfer
function gave consistent results among the three samples (Figure 13), but this was not the case for
shear because there was a discrepancy between TSs and the other two samples. Beyond average
loading, the load shapes were found to be sensitive to the sample stiffness and the defect installed.
Therefore, the transfer function method would not be reliable when considering new samples that
are: globally more or less stiff than the database narrow interval, with different damage on the center,
with different structure types such as sandwich or stiffened panels, etc. Moreover, this approach does
not have the scalability of Finite Element modelling to evaluate sensitivity and optimize secondary
parameters (sample shape, evaluate bearing failure under the tab, etc.). Hence, the transfer function
approach was not adopted.

Sample under tension

g state Displacement transfer function
T 12

Displacement loadin

10

0.8

AU = gy — Uppin i

Sample loading
AU displacement amplitude (mm)

0.4

0.2

[T 1 | T o
o 5 10 15 20

Upmin Umax Displacement jacks 1&2 (mm)

Figure 12. Sample displacement amplitude in response to jack displacements, for three different
samples under tension before failure - illustration of the bench loading dependency on the sample
stiffness.
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Figure 13. Sample average force flux resulting from jack forces (referred to as force transfer function),
for three different samples under tension and shear.
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3.1.2. Ideal Boundary Conditions: Reference Model

Basically, the sample to be tested can be modelled with Finite Element software and with
boundary conditions applied to the contour. Figure 14 proposes ideal displacement shape function
of tension and shear. These base functions can be bi-linearly combined to generate any combined
loading of tension-shear. A uniform pressure can also be applied to the bottom face of the sample to
represent the internal pressure applied by the pneumatic bladder of the test rig.

Unlike the transfer function approach, this model was very simple to set up. The finite element
modelling is very scalable (geometry, material parameters) and gives rich data for virtual testing
(stress in any element, criterion evaluation, representation of crack propagation, etc.).

The first shortcoming of this method is that it does not give any relation between the bench
driving parameters (four jack displacements) and the resulting load magnitude in the sample. In a
first approach, this issue can be handled with a basic transfer function, as it would only need to output
the displacement amplitudes and not the displacement shape. For example, Figure 12 could be used
as a nomograph to know the relation between the displacement of jacks 1-2 and the resulting tensile
displacement amplitude in the sample, i.e. applied as a virtual boundary condition. The same
nomograph would need to be plotted for shear and compression to describe the useful spectrum of
the test bench. A combination of loading could simply be approximated by a linear combination of
supposedly independent tension/compression, shear and pressure. However, this solution suffers
from the main shortcoming of the transfer function discussed above, i.e. its representativity for
samples outside the database range.

The second main shortcoming of this ideal boundary modelling is the representativity of the
load shapes to the actual VERTEX test bench. The VERTEX test rig was found to create non-uniform
load shapes [47] (Figures 10 and 15), which is an asset of this bench, built from closed sections, as it
is assumed to be more representative of actual loads seen by an aircraft fuselage section. It is
preferable to develop a model representative of this valuable specificity.
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Figure 14. Tension and shear idealized as homogeneous displacements imposed on the entire contour
of a square panel.
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Figure 15. Force flux (blue arrows) shapes with the VERTEX test rig (just before first failure) compared
with ideal tension and shear, for a TP sample [47].

3.1.3. Bench FEM Modelling

The thorough approach is to model the structure of the bench and the sample with Finite
Elements. It could meet the main objectives of load shape representativeness, being able to make
predictions for untested configurations, and to establish a direct relation between load amplitude on
the sample and the bench driving parameters.

The scalability of Finite Element modelling can be used to investigate the bench behavior, for
example: sample buckling under tensile loading, flank plasticization, the role of the four thousand
bolted joints holding the bench parts, etc. Moreover, Finite Element modelling allows virtual testing
for new testing configurations, like upgrades to avoid undesired sample corner failures [47]: filleted
geometry of the sample, new tabs to smooth loading introduction to the sample, etc. These
application possibilities are explored in section 5.

The VERTEX test rig is composed of many parts joined with many bolt connections, thus a large
number of surfaces undergo contacts. An almost infinite range of modelling complexities can be
implemented, from the basic finite beam element to represent the main beam structure, to the over-
complex modelling of 3D geometries of each part and connection. The challenge is to balance
modelling effort, representativeness, processing time, and unwieldiness in use.
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3.2 Development of the VERTEX Finite Element model

3.2.1. Modelling Strategy

Elastic shells and beams

All main structural parts were modelled in Abaqus FE software, with thin shell or beam elements
(Figures 16 and 17), from dimensions measured directly on the bench (Figure 7). The basic elastic
behaviors of the steel and aluminum forming them were considered.

Figure 16. Finite element modelling of the VERTEX test rig, composed of thin shell and beam elements
(shell-thickness and beam-section rendering enabled).

Figure 17. View of the model meshed parts, with the main occulting panels removed to appreciate
the internal structure serving the parts assembly (shell-thickness and beam-section rendering
enabled).

Bolted joints
The VERTEX test rig is composed of four thousand bolts tying the numerous structural parts to

each other (Figure 18). Bolts had a rectified shaft to ensure proper cylinder to cylinder contact with
the bolted parts and all machine bolts had pristine loosening indicators. However, bolted joints could
still introduce local complex behaviors of friction, backlash and finite stiffness that should be
considered to obtain global representative simulations of the bench behavior.
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Figure 18. Picture showing the many bolts (black dots) composing the VERTEX test rig up to the
sample, focusing on the central box (open-hole VERTEX sample, not presented here).

Each bolted joint was modelled with a connector element, binding two parts meshed with either
volume, shell or beam elements (Figure 19). In this case, the connector was a spring element and its
axial and radial (i.e. transverse) stiffnesses could be specified to define a displacement-force relation
in each direction. Each of the two end nodes of this connector element was tied to the nodes of the
closest element of the nearby part through Coupling interactions. In this way, the two parts could
interact mechanically through the connector element and its defined behavior. Couplings were
mostly of the distributed-type, because this gives more consistent load repartition on the parts.
Moreover, in some cases the mesh was too coarse to avoid having nodes that were slaves of several
neighboring connectors, which prohibited the use of kinematic-type couplings. However, kinematic-
type couplings were specifically used on beam elements, as the distributed-type was not robust for
specific configurations of two slave nodes aligned with the master node.
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Figure 19. Working principle of the modelling of bolted joint binding two parts, thanks to an
intermediate connector tied to each part's nodes with a coupling.

This modelling approach requires the generation of two couplings for each connector, towards
the two tied parts (Figure 21). However, the connectors were tied to nearby parts' nodes and there
were many bolted joints so this led to a mesh dependency that was too cumbersome to be defined
and maintained manually. Therefore, it required scripting to automatically generate virtual joints
(connectors, couplings, sets of slave nodes) from the list of joint positions and the part meshing.

All four thousand structural bolts between parts were represented. Usually, the engineering
approach calls for a simplification of the problem by considering only the central bolts as relevant
and not the ones far from the sample, which would be replaced by simple surface ties or merged
parts. Indeed, the general modelled could have been simplified, however, all bolted joints were
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already defined in a previous version of the model for the sizing of the bench structure. Since the
process of virtual joint creation was automated for Abaqus modelling, it was actually simpler to
directly model all of them than to actively suppress some and replace them with ties. Bolted joints
still represented a minority of overall elements so the processing time should not be substantially
affected. Moreover, this thorough approach allowed to actually assess the role of distant joints instead
of assuming perfect ties. The identification of virtual joints’ stiffnesses is discussed in detail in the
next section.

Sample modelling

The sample was modelled with pseudo-volume thick shell elements (Abaqus SC8R), and with
an elastic composite-layup material property. The composite layup property gave us the opportunity
to evaluate strains and criteria directly, ply per ply, and also to represent the ALU sample with a
single ply. The thick shell representation eased thickness visualizations (notably for surface contacts)
and vertical relative positions of stacked parts (bench-sample-tabs or stiffeners bonded to the
skin/sample for future stiffened samples). Moreover, it gave good volume compatibility for a local
damage model to be integrated later around the notch [51].

A 5 mm nominal size of elements was enough to describe representative general load shapes
(Figure 20). The mesh was locally refined at the notch tips to capture stress gradients for failure
initiation considerations, which are not discussed in this article. The sample bolting holes were
actually modelled, whereas they were ignored and thus filled for all other parts of the rig. There was
a connector element for each bolt-hole in the sample, which was linked to the sample mesh with an
individual Coupling. A given sample's connector was anchored to all peripheral nodes of the bolt-
hole, whatever the hole's mesh refinement, allowing junctions loads to be assessed on any hole.

The tabs were modelled as a single part, distinct from the sample since, in reality, they were just
bolted with the sample and not bonded. However, tabs were linked to the sample's connectors with
additional couplings (Figure 21).

Sample geometry Sample meshing

558mm

Notch tip

Figure 20. Finite element meshing of the sample with only one element in the thickness to implement
thick shell elements.

Figure 21. Exploded view around the sample to illustrate the connector-coupling modelling of bolted
joints — only a few couplings are plotted to avoid visualization overload.
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Contacts

Bench/sample and sample/tab surface contacts were modelled (with friction) to represent the
local flexural boundary conditions that were important for substantial bending of the sample.

For the sake of simplicity, no other contact was modelled between the numerous parts of the
bench. The later identification of virtual joint stiffnesses was expected to render the global rigidity of
the bench, including the effects of local contacts.

Loading

The VERTEX tests are driven by the displacement setpoints of the four jacks, so they needed to
be modelled to drive simulations in the same way. Finite Element simulations are not intended to
impose the relative displacement of both end nodes of a jack. Each jack was modelled with a single
truss element, then its temperature was controlled to dilate the initial length. A virtual Coefficient of
Thermal Expansion was defined in such a way that a +1°C temperature rise caused a +1 mm
dilatation. The Young’s modulus of the truss was set extremely high so that the final length of the
truss was not significantly dependent on the loading force. Therefore, in the model, the displacements
of the jacks can be controlled with a simple temperature boundary condition, individually on each
truss-jack element (+X°C giving +X mm).

Other modelling limits

The bench structure is bolted to a massive steel base (Figure 8) which was not meshed but
modelled as infinitely rigid by clamping boundary conditions on the bench tips. As a first step toward
more complex simulations, the sample was also modelled as purely elastic, so its loss of stiffness due
to crack propagation could not be represented. Experiments and simulations were therefore only
compared up to a significant crack propagation in the experiment.

The sample was modelled as perfectly flat, without any geometrical manufacturing defect or
initial internal stress. The clamping of the sample (process of bolting the 128 holes of the sample to
the bench) was known to introduce substantial loads [47] but the spread of the load over the holes
was unknown, variable and too complex to be modelled. The clamping boundary condition was
modelled through the representation of the tabs and the bench base, interacting with the sample
thanks to virtual joints and contacts. However, the compression introduced by the bolts tightening
was not modelled. Future works could model this compression in order to realistically transfer the
radial load of the bolt to the sample, through friction and bearing.

Explicit solving of Finite Element Method

At first, an implicit solver was used and gave good results except for the shear buckling of the
sample since this high non-linearity classically resulted in poor convergence of the implicit solving.
The model was later systematically simulated with an explicit solver to represent any load path
robustly and capture the buckling instabilities of interest. However, the explicit solving tended to
oscillate and required a stable time increment to be considered, depending on the size and stiffness
of the elements. The modelling of notched samples requires very small elements for the meshing of
the notch tip, which leads to a drastic reduction of the time increment and thus increases computation
times. Artificial viscosity was set to default values of Abaqus Explicit: 0.06 linear bulk viscosity and
0.12 quadratic bulk viscosity [52]. Numerical simulations of 600 000 degrees of freedom took 8 hours
to complete on 36 CPUs, for a time step of 7.108 s.

3.2.2. Identification of Bolted Joint Parameters

Motivation

As illustrated in Figure 19, bolt connections between two parts were modelled with connector
elements and couplings. A connector element has a longitudinal stiffness and a radial stiffness, like
two springs oriented longitudinally and transversely to the bolt direction. Chandregowda and Reddy
[53] modelled a shear lap joint with six bolts and considered the effect of the connector radial stiffness.
They found that existing semi-empirical equations gave very different stiffness estimations, which
had a substantial effect on the load distribution on bolts. Bearing failure was not the main goal of the
VERTEX bench modelling but connector finite stiffnesses were considered because they were
expected to influence numerical load shapes. Therefore, the stiffness parameters of the connectors



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 November 2023

20

were identified such that the simulated bench behavior matched the actual VERTEX bench.
Parameters were first identified on past tests on ALU and TSs samples, and then validated on
subsequent TP tests. Considering samples from a thick-stiff pristine configuration to a thin-soft
notched configuration allowed the bench behavior to be identified over a wide range of sample
stiffnesses, possibly with different phenomenology.

Parameters to be identified

Connectors allowed the stiffness behavior to be differentiated in the two transverse directions
but this was not exploited, given the bolt invariance to rotation. Note that complex behavior can be
implemented in the connectors thanks to user-defined displacement-force laws, especially to
represent initial non-linearities of the machine stiffness. Friction and backlash were initially
implemented in the sample connectors but were not kept because the effects of non-linearities were
subject to high experimental variability [47] and were not substantial for the tests considered. In any
case, linear stiffnesses were identified so that, globally, the model fitted the experimental behavior as
well as possible, including possible friction and backlash effects.

Given that couplings linked connectors to the nodes of their closest element, and given that the
bench parts were meshed coarsely, the bench global rigidity was found to be dependent on the mesh
size. Therefore, the mesh size of shell parts was set to 20 mm before identification of the connector
stiffnesses, because this was approximately the size of the compression cone of the bolts considered
[54] and thus the size of their zone of influence.

Depending on the region of the bench, bolts do not have the same size and the holes of the
sample were specifically bolted with a +0.3 mm clearance to ease the awkward and frequent process
of bolting a sample to the bench. Accordingly, the bench joints were divided into three regions (Figure
22) and specific stiffness parameter values were identified for each region.

All connectors (BEAM + BOX + Main BEAM connectors
SAMPLE) 'Ill

Central BOX connectors SAMPLE connectors

-

Figure 22. Separation of all bolts of the VERTEX bench into three sets (main beam, central box, sample)

to differentiate the stiffnesses of the connectors.

Because each region (SAMPLE, BOX, BEAM) had connectors with different axial and radial
stiffnesses, six scalar parameters had to be considered: SAMPLE-axial, SAMPLE-radial, BOX-axial,
BOX-radial, BEAM-axial, BEAM-radial.
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Identification features

The input parameters (axial and radial stiffness of connectors, for the three regions) were
identified in such a way that the following outputs of the numerical model were representative of
experiments: first the useful stiffness of the machine (Figure 23), which is the global amount of in-
plane flux that a specific sample undergoes for a given imposed jack displacement; second, the load
shape of the sample that is described by displacement fields (Figure 10); and third, the machine jack
stiffness, which is the relation between a jack-imposed displacement and its resulting force (Figure
25). The jack force curves were smoothed to damp numerical oscillations, which are typical of explicit
simulations and were exceptionally high for jack forces because of the unrealistic stiffness of their
finite elements. In Figures 23-25, a reference simulation (reference set of input parameters) is
compared to the corresponding experiment, and also compared to two other simulations launched
with modified parameters (only one input modified at a time), which enables the effect of each input
parameter on the simulation results to be assessed individually. This is referred to as a sensitivity
analysis.

The machine jack stiffness was not actually useful for the direct purpose of the model but it was
very easy to obtain (experimentally and numerically), simple to analyses and gave a meaningful
global physical feature of the bench to be identified. Note that the first two identification features
were the direct purpose of the model but were harder to obtain and more complex to compare: the
machine jack stiffness gave an easy starting point for the identification of the numerous input
parameters.

Tension tests gave simple outputs, basically the amplitude of the tension flux on the sample in
reaction to a jack displacement (Figure 23). The shear test gave more complex outputs since the
Wagner post-buckling effect [47,55] generated a combination of tension flux and shear flux on the
sample. Figure 24 shows the tension-shear coupling obtained on the sample, despite the pure shear
initially intended by the setpoints on jacks 3-4. Therefore, in addition to the previous (jack
displacements - force flux intensity) relation, the tension/shear coupling ratio should be considered
(Figure 24). Moreover, shear tests on thin notched samples tended to generate different buckling
modes depending on the parameters, which complexified the identification features.

TSs under tension: useful machine stiffness

12

Tension flux Nx (Normalised)

-0.2

Displacementjacks 1&2 (mm)

—TSs-tension experiment Simulation reference

——Simulation BOX-axial *1/4 —Simulation SAMPLE-axial *1/4

Figure 23. TSs sample under tension: effect of the variation of a few parameters on the machine useful
stiffness and comparison with experiment.
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TSs under shear
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Figure 24. TSs sample under shear: effect of the variation of a few parameters on the machine tension
shear coupling and the useful stiffness - comparison with experiment.

TSs under tension: jack machine stiffness
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Figure 25. TSs sample under tension: effect of the variation of a few parameters on the machine jack
stiffness and comparison with experiment.

Identification method

Starting with initial connector stiffnesses from analytical values, an initial sensitivity analysis
was performed to understand which parameter (SAMPLE-axial, SAMPLE-radial, BOX-axial, BOX-
radial, BEAM-axial, BEAM-radial) had what influence on the sample loading, for every load case
(tension, shear), for ALU and TSs samples. The parameter identification needed to be methodical
because of the very high number of inputs, the complexity of outputs, the high computational time
and the manual pre-processing and post-processing.

Physically driven constraints were applied in the parameter optimization domain. SAMPLE
stiffnesses were taken to be lower than or equal to BOX stiffnesses since it was basically the same bolt
that was considered in both cases, but with more clearance and mounting variability for the SAMPLE.
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The BEAM stiffnesses were taken to be greater than the SAMPLE and BOX stiffnesses because the
BEAM bolts were much larger. In agreement with [53], 103 N/mm and 10° N/mm were found to be
extreme stiffness values and thus were considered extremum values for the identification. Lower
stiffness values gave unrealistic deformations of the joints. Higher stiffness values were useless since
106 N/mm can already be considered as infinite relative to the connected parts’ stiffnesses.
Identification features were only sensitive to large variations of inputs.

First, as illustrated in Figure 26 and Table 2, a first sensitivity analysis showed that some
parameters impacted specific outputs and other parameters impacted other specific outputs, with
various intensities. The first parameters to identify were the most impacting: SAMPLE-axial and
BOX-axial seemed to play a major role in the machine stiffness, so they were tuned first and coarsely
to come close to the solution. Parameters had quite similar effects on the Alu and the TSs samples so
the focus was initially on one of them to simplify the first approach of the identification.

Second, it is possible to exploit non-dependencies: shear tests were sensitive to all axial/radial
parameters in SAMPLE/BOX whereas tension tests were sensitive to axial stiffness but not to radial
stiffnesses. Therefore, it was better to first identify the axial stiffness on the tension tests, and then
keep the same values to identify the radial stiffnesses on the shear tests. Another parameter non-
dependency appeared when looking at the tension-shear coupling on shear tests (Figure 24): the
BEAM axial parameter specifically impacted the tension-shear coupling without significantly
impacting the shear useful stiffness (unlike other parameters), therefore it can be identified last when
focusing on this specific feature. Similarly, the parameter SAMPLE-radial only impacted the machine
useful stiffness but not the machine jack stiffness (unlike other parameters). This offers another non-
dependency to exploit but it also illustrates that the machine jack stiffness offers additional
identification features of the physical behavior of the bench, even though it is not directly useful for
the final purpose of the bench model.

Finally, a second and last sensitivity analysis should be performed to fine-tune all parameters in
all configurations. The influence of a parameter may be non-linear and cross-dependent, so sensitivity

BEAM
radial

Influence
weight

may vary greatly depending on the reference point.

Inputs

SAMPLE
axial

SAMPLE
radial

Outputs

Tension machine ~ Shear machine

useful stiffness | useful stiffness

Figure 26. Weight of influence (illustrated by the thickness of the arrows) of the input parameters on
the main output features, obtained thanks to a sensitivity analysis on the VERTEX model with TSs
and ALU samples.

Results: parameters identified

Table 2 shows the stiffness parameters identified with the method described above. Thanks to
these parameters, the model can be evaluated on new configurations and is expected to give
representative values of the experimental bench, since it was identified on very different
configurations (tension and shear, on ALU and TSs) and on physically meaningful parameters.

Table 2 also shows a qualitative summary of the sensitivity analysis, specifically for the TSs
sample under tension and shear, taking the identified parameters as a reference. Axial stiffnesses
were found to make a major contribution to the machine stiffness for both tension and shear cases.
However, for shear loading, the radial stiffnesses were emphasized on the central box and the sample,
whereas the BEAM stiffness faded. These trends were logical because of the bench mechanisms to
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load the sample (Figure 9): for tension, the bench is bent globally, which is expected to stress all
regions axially; for shear, the central box is twisted, which is expected to involve radial stiffnesses of
the BOX and the SAMPLE but not the BEAM region.

The parameters of the SAMPLE and the BOX had very similar impacts (see Figures 23 and 25)
and no test case or output was found to clearly isolate individual stiffness value contributions. This
pointed towards the fact that several sets of parameters can give very similar bench behavior, both
numerically and experimentally. On the one hand, this may call for a thorough analysis to find the
true minimum of this optimization process and not just a good solution restricted to some test cases.
On the other hand, this solution was good enough for the objectives considered and further
identification efforts may be pointless because of experimental variability. Figures 24 and 25 show
significant discrepancies remaining between experiments and reference simulations (especially on
curves feet), which could be attributed to backlash and friction not being modelled. As mentioned
above, it was decided not to use them in the modelling of connectors' behaviors because of high
experimental variability and non-substantial effects.

Table 2. Connector stiffnesses identified for the VERTEX numerical model and behavior sensitivity
to each parameter for the TSs test.

SAMPLE BOX BEAM
Parameter Axial Radial Axial Radial Axial Radial
Value (N/mm) 10 000 5000 10 000 10 000 80 000 100 000
Influence on +++ — +++ — + -
Tension
Influence on Shear + + ++ ++ - -

4. Results and Validation

The VERTEX model behavior was identified on previous ALU and TSs tests, as discussed in
section 3.2.2. Then, the VERTEX model was evaluated on TP tests to validate its representativeness.

The critical buckling loads were not compared because the experimental buckling event on such
a slender structure cannot be properly simulated, because manufacturing defects and clamping pre-
loading were not modelled.

First, this section focuses on the model’s capacity to predict the machine useful stiffness, without
consideration of the loading shapes. It should not be forgotten that the ideal boundary conditions
model does not give any information on the machine stiffness; therefore, only the VERTEX model is
considered for this matter (Figure 27). The machine stiffness was found to be very sensitive to most
bolted joints' stiffnesses, as illustrated in Figures 24 and 25. Figure 27 shows a great loss of machine
useful stiffness in the experiments for displacements of jacks 1-2 above 40 mm. This was due to a
major crack propagation in the sample that directly reduced the structural stiffness of the sample
itself. The model developed was purely elastic so it could not represent this structural softening of
the sample and therefore was not evaluated on such far stages of the test.
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TP sample under tension: useful machine stiffness
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Figure 27. Numerical prediction of the machine useful stiffness — experiment and simulation of the
VERTEX bench loading a TP sample under tension.

Finally, this section disregards the model’s prediction capacity of amplitudes to focus on the
representativeness of loading shapes. The loading shapes predicted by simulation with the VERTEX
model are compared to VERTEX experiments and simulations of the reference model of ideal
boundary conditions. The simpler model with ideal boundary conditions (as introduced above) was
also developed to offer a basis for comparison with the bench model. In this way, the load shape
specificities of the VERTEX bench could be appreciated by comparison with ideal loadings.
Moreover, this provided the tools for later studies dealing with the damage severity of various load
shapes. In order to directly compare the results from the two models, exactly the same sample
modelling file was used in both cases. In the case of the VERTEX bench model, the sample was loaded
through each bolt-hole (peripheral slave nodes), interacting with the rest of the bench with coupling-
connectors. For the ideal boundaries model, the same couplings were used on each bolt-hole, but they
were loaded according to imposed ideal displacement (Figure 14), applied to each central master
node.

Figures 28 and 29 show the in-plane displacement fields and the out-of-plane position field to
compare three configurations: the experiment on the VERTEX test rig, the simulation of the VERTEX
model and the simulation with ideal boundary conditions. Tension and shear test cases on the TP
sample were considered to evaluate and validate the VERTEX model after identification on ALU and
TSs tests. The three configurations were compared with the same global load amplitudes (Nx=0.60
(normalized) for all tension configurations and Tx~-0.23 (normalized) for all shear configurations) so
the focus is on the field shapes here and not on how well the machine stiffness is predicted. Note that
in plane displacement amplitudes were an order of magnitude lower than the out-of-plane
position/displacement because of the large post-buckling of such a slender sample. The reference
position for the visualization of experimental displacement fields was chosen to be the sample after
clamping (bolting of the sample's holes), and not the free sample before clamping, so as to neglect the
parasitic rigid motion and the pre-loading induced by the clamping phase, which was variable and
not modelled. The reference position of the sample was substantially curved (because of
manufacturing defects and the buckling induced by clamping) so the Z out-of-plane position
represents a meaningful bending state to compare configurations, whereas experimental W
displacement was impaired and gave misleading shapes.

Figure 28 shows the load shapes induced by tension loading on the TP sample. The VERTEX
model captured the useful U displacement field of the experiment really well, whereas the ideal
tension showed straight isolines and linear evolutions on the four edges. Usually, longitudinal
tension is expected to produce transverse tension through the Poisson effect when the edges are
supported. However, the tension experiments with the VERTEX test rig showed transverse
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compression (Figure 28 -V displacement) that generated buckling on the sample (Figure 28 - Z
position): the "tension" load case with VERTEX was actually a longitudinal tension with secondary
transverse compression. The VERTEX model was able to capture that aspect and allowed the
phenomenon to be understood through numerical investigation: Figure 30 illustrates and explains
that, in the VERTEX test bench, for the tension configuration, the flanks bent towards the center of
the central box, which directly induced transverse compression on the sample. The ideal boundary
model could not capture this effect and thus failed to represent both the substantial transverse
compression and the buckling of the sample. Note that, experimentally, the buckle was not properly
aligned with the longitudinal direction and, accordingly, the V displacement field was not properly
symmetrical: this was considered to be a backlash take-up issue resulting from the previously tested
shear load [47]. The VERTEX model did not represent backlash history but also showed a very slight
misalignment in the opposite direction, attributed to the slight un-symmetry of the bench in the (Oxz)
plane: see diagonally opposed jacks 3-4 in Figure 8.

Figure 29 shows the load shapes induced by shear loads on the TP sample. As for the tension
discussed above, the VERTEX model managed to capture the specific complex load shapes whereas
the ideal model captured the general idea but failed to represent relevant specificities. In particular,
the VERTEX bench generated shear mostly through V displacements applied to the left and right
edges, in contrast to the U displacements that were expected to be applied additionally on the bottom
and top edges to generate complete ideal shear.

The samples were modelled perfectly flat with no manufacturing defect, so mode I buckling
could occur upward or downward without a clear trend, whereas experimental buckling was upward
for tension and shear on TP samples. Given that the buckling direction of the sample could
significantly alter the in-plane displacements observed on the upper face, the shear simulations were
run with an initial flick to initiate the upward buckling, thus allowing proper comparison of in-plane
displacements separately from the buckling direction issue. Likewise, the substantial discrepancy
between experimental and simulated out-of-plane amplitudes was attributed to the unmodeled
initial curvature of the real samples, which were initially curved upward by approximately 2 mm in
their center. Numerically simulated in-plane displacement amplitudes were also substantially lower
than those found in experiments for the same useful force flux. This lack of experimental stiffness
was also attributed to the samples' initial curvatures and to variable backlash take-up issues.

Finally, Figure 31 compares the VERTEX model and the ideal boundary model, exploiting the
non-modelling of sample defects to clearly observe shear buckling and subsequent tension-shear
coupling in post-buckling. The ideal shear simulated shows a characteristic Wagner behavior: before
buckling the imposed shear displacement gives pure shear flux, then, after buckling, the additional
loading gives an additional combination of tension and shear fluxes. For the VERTEX shear simulated
on the TP sample, the same Wagner effect was observed. However, there was an additional tension
bias from the start. The ALU-shear has been added to Figure 31 because it did not buckle, therefore
it also gives an insight into the VERTEX's tension-shear coupling independently of the Wagner effect.
Hence, the confrontation of the two models explains that, additionally to the Wagner effect, the
VERTEX bench behavior enforces a tension coupled to shear when jacks 3-4 are pushed.
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Figure 28. Displacement fields of the TP sample under tension, before failure for the same Nx flux -
(left) experiment with VERTEX test rig, (center) simulation with the VERTEX model, (right)
simulation with ideal boundary conditions.
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Figure 29. Displacement fields of the TP sample under shear, before failure for the same Txy flux - (left)
experiment with VERTEX test rig, (center) simulation with the VERTEX model, (right) simulation
with ideal boundary conditions.
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Figure 30. Longitudinal tension test simulated on the bench model - the sample has been removed
from the view and y displacements are highly exaggerated to visualize transverse compression
caused by the bending of the bench's flanks towards the center.
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Shear simulations: Tension-shear coupling
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Figure 31. Tension-shear coupling for numerical simulations of "shear" tests, coming from the Wagner
effect and the machine behavior. (Yellow) Shear on a TP sample with the ideal boundary condition
model, (red/grey) shear on a TP/ALU sample with the VERTEX bench model.

5. Case Studies

The transfer function of the VERTEX test rig was chosen to be implemented with Finite Element
modelling, to extend the domain of application (geometry, material, defects). This section is a brief
presentation of the model capabilities regarding its virtual testing capabilities, rather than a
development of results of case studies.

The model of the VERTEX test rig is capable of investigating plasticization and failure on any
part, since they are all meshed with Finite Elements. This is especially relevant for the flanks and the
bottom face of the central BOX because these parts were designed to undergo plasticization and to
be replaceable. The model is also capable of evaluating bolts load distribution. Figure 32 shows the
radial force of each connector element, representing the radial local force going through the screws.
Specifically, Figure 32 shows radial forces on the sample bolts, and, notably, a load concentration on
the corner bolts (see red points on the tab tips).

Figure 33 shows modelling of fillets on the sample corners, inspired from cruciform samples [56]
and experience from shear deformable square tests, which is an ongoing investigation to avoid corner
failures in shear tests [47]. The numerical investigation of this configuration had three main goals: i)
to verify the negligible impact of the new geometry on load shapes on the useful part of the sample,
ii) secondly to investigate bearing occurrences on the sample's remaining bolting holes, and iii) to
optimize the geometry of the filleted corners to avoid corner failures. Meshing was refined on the tab
region and especially on the contours of the relevant holes to obtain meaningful results regarding the
sample's bearing failure. As mentioned earlier (Figure 21), the coupling between a connector and a
sample hole was anchoring on all peripheral nodes of the hole meshing. This feature was introduced
precisely with a view to meaningful bearing evaluation on the holes of samples. Since the
compression of the bolts tightening is not modelled, the bolt radial load is mostly transferred as
bearing instead of friction, so the maximum radial loads of the bolts give conservative values for the
composite bearing.

Figure 34 focuses on the strain along the fiber direction, for the most critical ply of the TSs sample
under shear (ply #2 at -45°). Meshing refinement around the notch tips was too coarse for the failure
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mechanisms to be properly studied but still allowed the first failure occurrence of the specimen to be
evaluated, for example with a criterion of maximum fiber strain. Figure 35 plots the maximum strain
evolution for a tension loading, with the VERTEX model and with the ideal boundary condition
model: for the same equivalent flux [47] on the same sample, the VERTEX case generated higher
strains than the ideal boundary conditions. This is a first step towards assessing the relative severities
of load shapes but this issue needs a specific study because the severity interpreted depends on the
failure criterion and the metric used to quantify the nature and intensity of loading [47]. For the
example of Figure 35, the overall multi-directional loading intensity is quantified by the equivalent
flux, which is the quadratic norm of force fluxes in the principal directions: Ne=\(N2+Ni2).

The VERTEX model can also be solved with a linear buckling approach to estimate the sample's
buckling mode shapes and critical values (Figure 36). Twenty-three shear buckling modes were
found with critical loads below the failure load. The first two modes were found to have small and
similar critical loads compared with failure loads of interest, which were higher by an order of
magnitude.

Figure 32. Bolted joints of the VERTEX bench for a TSs sample under shear: radial force passing
through each connector element, indicative of the bearing load of associated bolted joints. See Figure
18 for a picture of the bolts with the same view.

Reference sample Filleted sample Hole mesh refinement

—-4.1 TS 1N +10.0 -17 000-%31-“7 000
Z (mm) Efibre (HE)

Figure 33. Development of a corner-filleted sample geometry: investigation of the impact on the load
shape, and refined hole meshing to assess conservative bearing loads.
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Figure 34. Notch tip of a TSs sample under shear. Field of strain in the fiber direction of a specific ply:
quantification of strain localization on the notch tip to evaluate failure criterion.
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Figure 35. Load shape severity on a TSs notched panel under tension: comparison of the simulated
VERTEX bench and simulated ideal boundaries — maximum fiber strain against equivalent flux.
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Figure 36. First buckling modes and associated critical displacements of a TP sample for a VERTEX
shear loading, obtained from a linear buckling analysis of the VERTEX model.
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6. Conclusion and Perspectives

In this paper the VERTEX test bench was numerically modelled with Finite Elements using an
explicit scheme to implement a predictive transfer function, that is the knowledge of the sample
loading (boundary conditions' shape and amplitude) from the displacement setpoints applied to the
bench actuators. This relation is complex because the VERTEX bench is a compliant structure, in order
to load the sample so that it is representative of large structure sections.

A special modelling effort was made concerning bolted joints, because their stiffnesses were
found to have a major impact on the transfer function. Each bolted joint of the test bench structure
was modelled with connector elements and coupling interactions, binding the modelled part
together. A sensitivity analysis was performed to evaluate relevant parameters (axial/radial stiffness,
SAMPLE/BOX/BEAM region) for the transfer function. Tension and shear loadings on two different
samples (TSs and ALU) were considered to identify stiffness parameters on a large range of past tests.

Afterwards, the VERTEX model and a reference model (ideal boundary conditions) were
compared with VERTEX experiments, on TP samples under tension and shear. The VERTEX model
was found to produce good predictions of the load amplitudes and of the complex load shapes.
However, the ideal boundary condition model did not manage to properly grasp load shape features
and it did not give any notion of amplitude prediction. The complex modelling effort of the VERTEX
test bench was therefore necessary to be able to represent the load shape of such a structurally
embedding bench.

Ultimately, application cases were shown to demonstrate the scalability of the chosen modelling
complexity. The model allowed structural phenomenology to be investigated and failure to be
evaluated on any configuration, especially at the notch in the sample. The bench modelling is
essential to better understand such structural element tests, which are still generic but more
representative than coupon tests and cheaper than large scale structure tests.

Other applications of the VERTEX model are also possible and currently being studied, such as
an exploration of the failure envelopes with non-proportional loadings in the tension-shear domain.
Other ongoing research is studying the debonding of stiffened samples under loading after impact.
These two applications are tackling important validation points of aircraft sizing. Thus, it is of interest
to study them with intermediate-scale tests/simulations, representative of larger structural
experiments. The bench modelling allows complex/costly tests to be better prepared, and a true test-
simulation dialogue to take place.
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