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Abstract:

The demonstration of compliance of aeronautical structures with certification requirements is
generally based on the building block approach, considering tests from the coupon level up to full-
scale level. Coupon-scale tests are numerous and generally focused on uniaxial loading to target
elementary failure modes, whereas structures are submitted to complex and combined loadings,
leading to costly test campaigns on thousands of coupons. This paper considers intermediate-scale
tests to study structural issues at element level. Thin flat samples (558 x 536 mm?2) made of carbon
fibre reinforced thermoplastic with a large, sharp central notch of 100 mm are considered. The VERTEX
testrigis used to apply complex and combined loadings in tension, shear and internal pressure. Metrics
are defined and computed to describe the multiaxial loading state and the failure scenario of the
samples. Pressure addition clearly precipitates the first failure for shear tests but not for tension tests.
With or without pressure, shear tests tend to show failure for lower equivalent fluxes than tension
tests.

Keywords: Aeronautics, fuselage, thermoplastic carbon laminates, multiaxial testing, notched failure

Highlights:
e Various combinations of tension, shear and pressure are applied to notched panels
e Carbon reinforced thermoplastic plates are subjected to post-buckling tests
e The VERTEX test bench loads at intermediate-scale levels
e Force fluxes are computed from stereo-correlation measurements and the Plate Theory
e Several experimental criteria are considered to describe failure



1 Introduction

The aeronautical industry has been showing growing interest in Carbon Fibre Reinforced composites —
particularly thermoplastics — in contrast to the thermoset resins that have prevailed during recent
decades. Despite higher material and production costs, thermoplastics attract interest because of their
their: recyclability [1] as regulations are expected to increase towards sustainability; very long shelf
life; high fracture toughness [2], [3]; higher temperature use [4] or thermoforming capability [5]. They
can also be used to manufacture “net shape” parts by overmoulding [6]. The failure behaviour of
Carbon Fibre Reinforced Polymers (CFRP) is widely studied in the literature and some authors directly
address the comparison between thermoset and thermoplastic matrices [7], [8].

The residual strength in presence of crack damage of CFRP structures is generally evaluated through
the point-stress or similar methods in open-hole tests [8],[9],{10],[11],[12],[13], in which the holes are
sometimes also referred to as "notches". The size effect of the hole size relatively to the sample width
is widely documented in the literature but mostly focuses on small circular holes with diameters up to
50 mm. Other publications deal with sharp notches [14],[15],[16] which are more critical for large
damage [17] and raise questions such as loading direction relatively to the damage and mixed mode
fracture [18],[19]. The point-stress method is used as a simple criterion to evaluate a preliminary
damage state at panel level (referred to as stable damage state). Nevertheless, the d criterion-
distance value depends on numerous parameters, such as layup, ply thickness, and material. It might
not be representative of larger crack phenomenology as it is usually identified with coupon tests. In
notch tests, coupons tend to fail directly and catastrophically, whereas, in larger samples, the crack
propagates more progressively.

It is therefore of interest to study the specificities of the tolerance of composite structures to large
damage, in order to properly size aircraft to resist appropriate load levels despite, for example,
fuselage puncture after uncontained engine failure [20] (Figure 1). Such an in-flight incident can
generate a large notch in the fuselage, which may be contained in a bay (skin alone between stringers
and frames) or may cut through a stiffening member (frame or stiffener). To the authors' knowledge,
only a few publications deal with this large notch issue (from 100 mm) and the question is always
considered in association with large stiffened panels [21], [22], [23], [24], [25], [26]. These studies use
simple uniaxial loading in tension or compression, while other types of study combine it with internal
pressure to be more representative of the in-flight fuselage loading [27], [28], [29], [30]. The study,
and especially experimental studies, of the combination of tension, shear and pressure loads on a large
notch is original in the scientific literature.

Few test rigs in the world can achieve complex loadings on structural elements. A first type of machine
introduces loads to the sample directly from attached actuators (Figure 2). A few actuators are used
to load samples of approximately one square metre [31], [32], [33] but larger tests are more complex,
with the use of many actuators to generate compression/shear [34]. Another type of machine exists,
where loads are not introduced directly into the sample from the actuators but, instead, the sample is
part of a larger structure, itself loaded by actuators [35], [36], [37], [38]. Several types of loading can
be applied to the structure simultaneously (tension/bending/torsion), generating combined complex



loading within the sample. The loadings obtained from this type of structure-embedded configuration
to derive design values are assumed to be more representative of actual loadings.
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Figure 1: Large damage on fuselage generated by uncontained engine failure (left [39], right [40]).

A limited number of test rigs around the world allow large samples to be tested under complex or even
combined loads and such tests at the top of the test pyramid [41] (Figure 3) are costly. The VERTEX
test rig positions itself in the intermediate scale of the test pyramid, between coupons and
components. Serra et al. [42] presented the machine and the state of the art for this kind of
intermediate multi-axial test rigs. Large notch behaviour [43] and residual strengths post impact [44]
have been assessed for planar samples under combined loadings. This is a first step towards moving
up one level of the test pyramid with stiffened samples to finally assess large damage behaviour
phenomenology, representative of current fuselage sections, at moderate cost.

The aim and originality of the present study is to study large notches, on a thermoplastic CFRP panel,
at the element scale and under structural complex combined loadings: in tension, shear and pressure.
The first part of the paper presents the working principle of the VERTEX test rig and the full-field
measurement setup to monitor the combined pressure-tension-shear tests. Metrics are defined and
computed to describe the loading state of the elements tested and to discuss the structural testing
itself. Failure metrics are also considered to assess the effects of pressure and loading multi-axiality on
the notch propagation.
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Figure 2: Complex loading test rigs identified by [44] (extracted from [45] for type 1, [46] for type 2,
[47] for type 3, [48] for type 4, [49] for type 5).
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Figure 3: The pyramid of tests [41] representing the numerous small mechanical tests providing a
design basis for the fewer and larger tests.
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2 Materials and methods

A single specimen geometry was considered for this study (Figure 4 and Figure 5). It comprised a
558 mm x 536 mm plane plate with 128 holes to bolt the specimen to the test bench, which left a
useful zone of 400 mm x 400 mm. A single quasi-isotropic stacking sequence of [+45; -45;90; 0], was
used for carbon-thermoplastic prepreg (unidirectional carbon fibres and thermoplastic matrix). For
confidentiality reasons, the material properties, the thickness and the manufacturing process cannot
be disclosed in this article. All forces and strains are also normalised to respect confidentiality.

The edges, the holes and a 100 mm centre-notch were milled to keep the ratio W/L = 4 and the
maintain representativeness of large damage phenomenology. The notch was machined with a 2 mm
mill to keep the manufacturing process simple and reproducible for thicker specimens. This process
left an end notch radius of 1 mm. It should be noted that the end notch geometry was expected to
have a limited effect on failure initiation and even less on further propagation [50].

558mm
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Figure 5: Plate sample geometry and directions on the VERTEX test rig, viewed using both optical
cameras for digital image stereo-correlation (5 Mpx, 2 fps), during crack propagation.



2.1 Specimen manufacturing

The specimen was a flat drilled plate, without over-thickness under the tabs to avoid adding complexity
to the manufacturing process. The hand lay-up process of this thermoplastic prepreg plies was very
similar to that for usual thermoset materials, except that raw plies did not stick to each other, making
it difficult to keep the relative positioning of plies. However, thermoplastics can be welded, so
consecutive plies were held together by pressing a soldering iron on the current top ply (welding points
mostly on the borders and some in the centre). This method was assumed not to be intrusive since the
full consolidation cycle would later re-melt the thermoplastic resin and re-crystallise it properly.

According to the manufacturer’s processing guidelines, this thermoplastic material has to be
consolidated at high pressure and high temperature (above 300 °C). Since a heating press and a mould
were chosen to apply this consolidation, such high temperatures were likely to generate significant
stresses in the consolidated plate and the mould itself because of the relative difference of thermal
expansion of the composite and the mould material. Therefore, a specific mould was made of INVAR
material (Fe-Ni36%) that had a thermal expansion coefficient closer to that of the composite than
those of the usual metallic materials, thus reducing possible manufacturing defects [51].

DSC (Differential Scanning Calorimetry) analyses were carried out on samples taken from a few
manufactured plates. The measured average crystallinity of the resin was found to match the upper
value of the crystallinity range recommended by the manufacturer. In addition, Choupin et al. [52]
showed relatively low sensitivity of the mechanical properties to the crystallisation rate on Poly-Ether-
Ketone-Ketone thermoplastics: the crystallinity measured therefore supports the validity of the
manufacturing process and rules out any major deviation of the mechanical properties of the resin.

2.2 VERTEX testrig

The VERTEX test rig (Figure 6 and Figure 7) used in this study was developed from a previous, similar
machine [53],[54] and was first used by Serra et al. [42]. The machine is mainly made up of a tubular
box on which the specimen is bolted to complete the upper face of the central part. Jacks 1 and 2 can
be pushed or pulled symmetrically to bend the box, locally creating tension or compression on the
sample. Jacks 3 and 4 can be pushed to twist the centre of the box, locally creating shear on the sample.
An air-pressurised rubber bladder (Figure 8) can be added in the central box to load the sample with
pressure. The four jacks and the bladder pressure can be controlled independently to apply combined
structural loadings in tension/compression + shear + pressure on the sample.

The rubber bladder is wrapped inside a large sheet of aramid fabric, to protect the bladder from carbon
splinters coming from the sample and to restrain potential blasts. The bladder applies a pressure
uniformly on the lower skin of the sample, on a 380 mm x 380 mm centred square that is most of the
area of interest. The bladder is inflated by compressed air using a “valve + regulator + filter + safety
valve” system, connected to the building’s compressed air network. The circuit is equipped with an
overpressure safety valve so as not to damage the bladder by excessive inflation. The pressure is
manually monitored to maintain the constant value desired through the duration of the test.



In contrast to the situation during uniaxial coupon testing, it is generally not possible to directly know
the load passing through the specimen from the displacements and forces of the remote actuators.
Cameras overhang the sample (Figure 9) to take full-field measurements: two optical cameras focus
on the entire area of interest (Figure 5) and an infrared camera is used to detect composite failures
through their heat dissipation [55] (Figure 10). Using thermal emissivity differences and local surface
orientations, various components (sample, tabs, notch, bolts) can be identified in thermography even
if they have the same actual temperature. The optical cameras and the speckle painted on the samples
enabled stereo-correlation to be performed with the commercial software VIC-3D 7, using a local
subset method (subset=29 px; step=7 px; filter=15 px; 1 px = 0.28 mm).

Jack 2 g

Jack 1
=

Figure 6: Scheme of the VERTEX test rig and its four jacks to load the sample placed in the middle.
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Figure 8 : Rubber bladder positioned inside the yellow pressure chamber, itself placed in the central

box of the main beam of the VERTEX test rig. The sample is bolted on top of it, thus closing the upper
face of the pressure chamber.




Figure 9: Instrumentation by cameras looking down on the sample — only the infrared camera and the
two optical full-field cameras are considered in this study.

Figure 10: Thermography of the sample from the infrared camera (320x256 px, 100 fps), taken
simultaneously with frames of Figure 5.



2.3 Test matrix
Table 1 indexes the six tests performed in this study. Tension and shear were used as reference
loadings and a single tension + shear test was performed to browse the combined loading space of
tension and shear. The same three tests were repeated with pressure in order to be able to analyse
the effect of pressure combination. The internal pressure was applied to most of the area of interest,
before the tension/shear loading, and remained constant during the test. The initial pressure

(confidential value) applied at the beginning of the tests was representative of an aircraft in-flight
pressure differential.

Loads were applied up to propagation of a major crack, generally until the crack reached one side of
the specimen, because, when a sample is broken, the load continues to go through the rest of the
bench and can damage it.

Test reference Loading
T(t)ens Tension
Thear Shear
Tens + shear Tension + Shear
Toers Tension + Pressure
T8 ear Shear + Pressure
TPens + shear Tension + Shear + Pressure

Table 1: Test matrix considered.
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3 Results

After observation of the general test features, this section focuses on the definition of metrics to
evaluate the general failure state of the specimen. Other relevant metrics are also defined to describe
the nature and intensity of loading states, in order to discuss tests individually and comparatively
despite their different natures. The mechanical interpretations of graphs obtained with these metrics
are mostly given in the next section, where all the elements necessary for the discussion are gathered
together.

3.1 Direct observations

3.1.1 Overall displacement fields
Figure 11 shows typical in-plane displacements and the out-of-plane shape obtained from the two

optical cameras by stereo-correlation (Figure 5), using speckles painted on the upper face of the
sample. The reference image taken for displacements was that of the free sample simply laid down on
the VERTEX bench, i.e. before clamping by bolting of the 128 holes of the sample. Because of
manufacturing defects like spring-back and out-of-plane deflexions due to clamping, the initial shapes
of samples were slightly curved by a few millimetres. Therefore, to estimate the buckled shape, it was
preferable to look at Z out-of-plane position than at W displacement since the relative displacement
was affected by the curvature of the reference shape. Amplitudes of fields AU,AV,AZ along the x,y,z
directions are given to enable the relative amplitude of fields to be appreciated in each direction. Note
that out-of-plane displacements are much greater than in-plane displacements because of the early
buckling during the tests.

Observed fields of U and V displacements are irregular as, for example, they are not uniform on sides
that are far from the notch. Such production of uneven fields is an asset of the structural testing of the
VERTEX test bench built from closed sections, as it should be more representative of loads acting on
an aircraft fuselage section. For tension, the useful U field shows displacement concentrated in the
centre of the left and right edges, whereas ideal tension would impose constant displacements over
these edges. Longitudinal tension is also accompanied by transverse compression of similar amplitude
at sub-millimetre scale displacements (as V displacements are oriented towards the centre). For shear,
the U and V displacements are, respectively, quite symmetrical for the load considered and not
constant on the four edges. The pattern of the -45° buckle can be observed in the in-plane
displacement fields because of the significant out-of-plane rotations.

Figure 12 shows 3D shapes and amplitudes of the sample for: clamping only, pressure, and the six
loading conditions considered. The three tests without pressure show upward mode | buckle shapes,
oriented from 0° to -45° depending on the proportions of tension and shear. The clamping of the
sample (bolting of the 128 holes of the sample to the bench) constrains the sample enough to cause it
to buckle before any useful load is applied. The pressure applied after clamping imparted a large,
symmetric, out-of-plane displacement that smoothed any further buckle shape of the following tests
with pressure.

11
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Figure 11: Fields of in-plane displacements and out-of-plane position, of tension and shear tests
before failure, computed through stereo-correlation on the 400 mm x 400 mm useful zone.
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Figure 12: Out-of-plane exaggerated 3D shapes before crack propagation: typical initial phase and
comparison of tests without and with pressure for the same equivalent flux (defined below), given by
VIC-3D from the stereo-correlation on the 400 mm x 400 mm useful zone.
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3.1.2 Failure patterns
Thermographs obtained with the infrared camera (Figure 10) show local heating caused by composite

damage events. The thermal signals observed came mainly from fibre failures, which dissipated far
more energy than other failure modes (matrix cracking or delamination). Infrared frames had a low
resolution of 320 x 256 px, which was nevertheless enough to detect failure signals, and the camera
was set to 100 frames per second to be able to differentiate failure propagation directions and the
chronology of failure occurrences. Following each damage event detection, its heat is propagated,
blurring the thermography.

Figure 13 shows failure patterns for each test without pressure (tests with pressure gave very similar
failure patterns), measured by the infrared camera after a given main failure and from the optical
camera perspective at the end of the test (since thermographs were blurred at the end of the test). As
intended, failure patterns of the optical images directly match the ones observed clearly with infrared
images. Infrared measurements allowed fibre failures to be detected even if they were confined in the
central plies or were located on bottom plies (opposite side of the sample), as the heat generated by
fibre failures propagates quickly through the thickness of the sample. For example, the corner failure
of the shear test T%eqr (see top-left corner of the corresponding infrared image shown in Figure 13)
can be detected with the infrared camera despite the fact that post-mortem observations indicated
that it was confined to the bottom plies. Note that the tests were stopped before complete failure of
the specimen, to avoid any subsequent damage to the test bench.

Firstly, cracks along the +45° and -45° direction matched failures of fibres along opposite directions,

respectively -45° and +45°. The tension tests T%,s and TFLSS showed a crack propagation along the

+45° direction with tension fibre failures, whereas shear tests TOeqr and TZLES, mostly propagated
along the -45° direction with compression fibre failures. Hence, the tension-shear tests TPens + shear

and T2.rs 1 shear 8ave more complex directions of cracks.

Secondly, previous tests on similar thermoset samples [43] gave simpler failure patterns since:

- Tension tests cracks propagated essentially along the 90° direction for thermoset samples, as
expected for brittle failure of carbon fibres, but deviation from 0° in the thermoplastic samples
was probably due to the different layup

- Unlike in T%ear, Tons + shear and TERES. tests, cracks rarely forked in thermoset samples

- Main final failures were brutal and easy to identify for thermoset samples, whereas current

thermoplastic samples gave more progressive failures

14
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Ttens + shear

Tension +
shear

Figure 13: Failure patterns on tests without pressure, from optical camera images at the end of the
test and from the infrared camera images after a given main failure (arbitrary scale) — focus on the
400 mm x400 mm useful zone.

3.2 Method to compute force and moment fluxes

Structural panels are usually sized using plate force fluxes (Ny,N,, T,) and moment fluxes (M,M,,T,,
): they represent loads and moments per unit of length (respectively N/mm and N) and are
independent of the laminate thickness. Using the classical plate theory [56] and full-field
measurements of the stereo-correlation, Equation 1 and Equation 2 show how plate fluxes can be
computed from: upper-skin strain measurements, out-of-plane displacement measurements and the
assumed stiffness of the plate. The latter is computed from confidential ply thicknesses, layup, and ply
material values of the carbon-thermoplastic considered.

Figure 14 shows all flux fields computed on most of the area of interest, with a 5 mm step between
points. First, the stereo-correlation was performed with a local subset method, thus not allowing for
proper measurements around borders and the notch: see blank zones in the plotted fields. Second,
the flux computation is based on the calculation of second derivatives of W displacement with the
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finite difference method, thus using neighbour point values, with a step of 5 mm. This method causes
the blank zones to propagate by one step, reducing the domain of flux estimation. Note that the finite
difference method is sensitive to noise and has an inherent averaging filter of the size of the step.

Therefore, flux fields give rich data to describe the load spatial distribution in the plate, except at the
notch border and at the exterior border. Figure 15 presents another way to represent the spatial
distribution of force fluxes, as is usually done for stress vectors in introductory mechanics courses. This
vector representation allows the shape of loading to be visualised, in a more meaningful way than the
three displacement fields.

A simple description of the temporal evolution of fluxes requires each spatial field to be aggregated
into a representative scalar so that it can be plotted against time. For a given frame captured by
cameras, flux fields are computed, then a scalar representative of border fluxes is computed for each
field by averaging the flux values contained in the black boxes of Figure 14. The average fluxes over
time are plotted in Figure 16 as an example and all further flux curves were obtained in this way.
According to the classical plate theory, force and moment fluxes can be regularised [57] so that they
can be compared on a common ground of stresses, with the membrane stresses and the flexural
stresses on the top skin. Hence, in spite of the normalisation and the confidentiality of the thickness,
the incidence of moment fluxes can be compared directly to that of the force fluxes, thanks to the
factor 6/thickness [57] used in Figure 16. Force fluxes had 10 times the impact of moment fluxes at

the end of the TOq test (NZOT™ =~ Ty ™ =04> M"™X

contribution of moments can be neglected for failure considerations.
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Equation 2: Computation of force and moment fluxes from the stiffness matrix and plate strains,
according to the classical plate theory.
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Figure 14: Fields of force and moment fluxes, on the 400 mm x400 mm area of interest, in the shear
test TO0qr between first failure and final failure (t = 62 s, see Figure 16). Definition of boxes for
spatial averaging of the fields.
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Figure 15: Force flux (blue arrows) shapes obtained with the VERTEX test rig (before first failure).

Fluxes computed for the shear test

0.5

Force flux (Normalised)

Moment flux * 6/thickness (Normalised)

Time (s)
[\ X e\ e T XY —Mx' —My' —Mxy

Figure 16: Force and moment fluxes over time for the shear test T cqr, Obtained by spatial averaging
of values contained in black boxes of Figure 14.

The tests considered were combinations of pressure, tension and shear, which mostly generated N,
and Ty, fluxes as illustrated in Figure 16. Hence, the results shown mainly focus on these in-plane
tension and shear fluxes and can be plotted on the same graph for all the tests considered (Figure 17).
After the initial clamping and possible pressure application, the fluxes grow progressively according to
the load combination imposed by the bench. The tension test T%,,s shows mostly longitudinal tension
but also significant shear flux, which has generally been found to be smaller for other tension tests
with the VERTEX test rig. It is assumed that, during this test, bolt-hole backlashes of the bench were
repositioned from the previous shear test T2 s, thus generating marginal shear. The shear tests show
not only shear flux but also as much tension flux, which is discussed later as the Wagner post-buckling
effect. Tests of combined tension and shear gave intermediate results between the two reference
loadings. The flux curves are plotted either up to a main failure generating a major loss of load, or up

18



to the end of proper stereo-correlation because of speckle spalling during crack propagation. Shear
force fluxes are negative because jacks 3-4 of the test bench were pushed upward during the tests, as
they could not be pulled the opposite way to generate positive shear. Main events, such as first failure,
are located on the curves by identifying the first thermal signal on the infrared videos. Identification
of the first thermal signal was obvious or very difficult depending on the level of dynamic noise during
the test and the magnitude of the first failure. The first infrared failure of the T%,5s test was especially
hard to identify and suffered from major uncertainty, since the first thermal signal grew progressively

and was only slightly above the noise level.
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Figure 17: Superposition of computed force flux for each test considered.

3.3 Virtual strain gauges

3.3.1 Global strains

Stereo-correlation gave full-field displacements on the sample and global strains were computed
(Equation 3) as the relative average displacement of the sample sides, as if large extensometers had
been clipped onto the black boxes shown in Figure 14 [44]. As an alternative to the average flux metric,
this also aggregates the complex fields into three scalars representative of the general nature and
intensity of loading: g%, sgy, s,(;’y. Figure 18 plots the global shear strain over the global longitudinal
strain for each test considered, so that the evolution of the imposed loading combination can be
appreciated throughout each test. This representation is very similar to Figure 17, with global strains
progressively increasing after an initial phase of clamping and possible pressure. Note that the shear
global strains of TY,.qr and TEEES, remain quite pure during the test, whereas the same tests drift into
a tension and shear combination on the flux plot. The useful loading does not start from the same
point for each test because of clamping variability and pressure. This initial bias mostly persists during
the tests, forming a consistent discrepancy between the curves of tests with and without pressure.
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x_,x4+,y_,y+ :four boxes defined in Figure 14 ¢ M+ T Ux— ¢ Uyt —Uy-
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x°,y" :initial position
u,v :displacement along x,y Vpy —Vx— Uy — Uy

2% g8 =

- XY T 0,0 y0, —y0
u, _ :displacement along x, averaged in the box y _ xt o Axm Iyt Iy
Equation 3: Definition of global strains 5, SJG,y and effy, from the relative displacements of the sample

sides.
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Figure 18: Superposition of computed global strains for each test considered.

3.3.2 Local strains: virtual rosettes at crack tip
Testing on large notches is usually instrumented with an array of rosettes in the direction of the notch

after the tip. Stereo-correlation gives strain fields that can be evaluated at any point, which will be
referred to as virtual rosette gauges. However, the usual local subset stereo-correlation approach
tends to give noisy strains on small subsets or spatially averaged strains on large subsets, which
degrades the fidelity required for the local strain concentration at the notch tips.

The tests considered were only instrumented with cameras focusing on the entire area of interest,
which did not provide proper quantitative local strain measurements at the notch tip. However, they
were good enough for strain jumps to be qualitatively observed (Figure 19). The observation of the
first strain jump at t = 80s offers an alternative method for the first failure identification and
incidentally matches the previous first failure identification with the infrared method for this test. This
method can also lead to unclear or obvious identification depending on the test considered because
noise can blur the signal and because the number of fibres involved in the first failures is variable.
Figure 17 shows relative positions of first failures identified with the infrared camera and with the
res

virtual gauges: both of which gave very close results except for the T% s test, where the first failure
was very progressive and thus difficult to identify.

The first strain jump also matches the first tiny cracks that can be observed when zooming in on the
notch tip with the visible spectrum cameras; it means that the first visible cracking is, in practice, a
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significant multi-ply crack, and not just superficial matrix cracking or speckle spalling. The characteristic
size of the virtual gauge considered is 6 mm. Likewise, the common real rosette gauges typically have
a length of 6 mm for each directional grid, thus also averaging the measured strains over at least this
size. Hence, considering the millimetric scale of strain concentration at the notch tip and the fact that
gauges are often placed a few millimetres away from the notch tip, real gauges or the virtual gauges
used here give widely averaged values and the absolute quantitative strain they indicate is not to be
relied upon. Additional specific cameras focused on the notch tip [42] would be necessary to obtain
guantitative strains and spatial refinements finer than those given by real gauges.

exx virtual strain gauge
{Normalised)

Time (s)

Figure 19: Longitudinal strains plotted over time until signal loss, locally extracted from the stereo-
correlation, at 4 mm from the crack tips, on the T?ens test.

3.4 Equivalent flux and strain

A unique scalar is useful as a metric to describe the loading intensity of the sample, notably to compare
loading directions and to plot load intensity evolution on simple 2D graphs. Since the loads were not
pure, a single directional force flux or a global strain would not describe the whole loading intensity.
An equivalent strain and an equivalent flux are instead computed for each test at each frame, as the
guadratic norm of principal values, for the sake of simplicity (Equation 4). The average moment fluxes
are ignored because they are relatively much less severe than the force fluxes for the tests considered
(Figure 16).

(exutyyieny) = (epen) = eq= \/m
(Nxx;Nyy;Txy) = (NI;N”) = Neq = \/m

Equation 4: Definition of the equivalent flux/strain, obtained from principal fluxes/strains computed
from in-plane strains and force fluxes.

Like the global strains, the equivalent global strain is representative of the displacement imposed on
the sample by the bench. Like force fluxes, the equivalent flux is representative of the stress response
of the plate to the imposed displacement. Hence, equivalent global strain and flux are, respectively,
the mechanical input and output of the plate: Figure 20 plots the equivalent flux against the equivalent
global strain to represent the general behaviour of the sample for each test on a single graph. In this (
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€eqiNeq) space, all the curves considered are basically linear before the first failure and then they

gradually lose stiffness, essentially because of crack propagation.
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Figure 20: Equivalent flux plotted over the equivalent global strain for all tests.
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4 Discussion

4.1 Variability of clamping and pressure

4.1.1 Backlash take-up issue
Clamping introduces loading in the sample since the 128 holes of the sample have to be bolted to the

test rig, and the sample holes are not perfectly aligned with the bench holes. After clamping, sample
bolt-hole backlashes are set to a new configuration at each test and then repositioned during the test,
redistributing the clamping load. This phenomenon can be referred to as backlash take-up, and also
affects the thousands of bolted joints of the rig; the initial positions of which are set by the history of
the bench and especially by the previous test. Experimentally, this issue is usually dealt with by using
a small loading-unloading step to take up the backlashes but this is not as efficient as could be hoped
here since: firstly, the take-up of backlashes still occurs up to major loadings and, secondly, the sample
contour is entirely bolted to the bench so the loading- unloading would change the sample loading
state obtained for the bench reference position.

These issues stem from the action of embedding the sample in the bench structure, with numerous
misaligned bolted junctions. This supports the use of measurements taken directly on the sample
instead of assuming the loading on the sample from the jack loadings. During the tests considered, the
loading was controlled entirely through jack displacements and the fluxes were computed afterwards.
To avoid starting the test with a substantial clamping load, a few iterations were possible after
clamping to compute fluxes in situ and adjust the reference positions of the jacks to compensate for
most of the initial undesired constraints on the sample. The most thorough approach would be to
compute the fluxes in real time to correct the jack displacements so that the sample is actually loaded
according to the desired force fluxes during the test.

Sample bolts were mostly M8 with rectified shafts of 8.0 mm, and holes in the composite were drilled
at 8.3 mm to obtain +0.3 mm clearance to facilitate the cumbersome process of clamping. Increasing
this margin could make the bolting easier and reduce the clamping load, in a trade-off among possible
undesirable bearing failures. Nevertheless, considering the low loading force applied, it should be
beneficial to use a larger clearance for future similar tests.

4.1.2 Quantification of variability of initial conditions
Figure 21 shows the longitudinal and transverse force fluxes, focusing only on the undesired clamping

load and on the load induced by the initial pressure application, for each test. All tests start with an
assumed zero flux when the samples are simply laid down on the bench, then a single frame is
considered to compute the fluxes induced by the clamping (process of bolting the 128 holes of the
sample to the bench) and, finally, another single frame is considered to compute the fluxes obtained
after the additional pressure for the tests involved.

Practically, clamping causes an Nx°"™ compressive longitudinal flux between -0.06 and -0.02 but N3"™
transverse flux is substantially lower — between -0.01 and +0.01. Induced shear flux T%)'™ is also
substantially lower and randomly signed between -0.02 and +0.02. Further studies would be required
to know why the longitudinal flux is affected in particular. These values are very low compared with
failure fluxes of interest (Figure 17) but are enough to initiate the buckling of the sample before the

actual loading. The analytical buckling load of a 400 mm x 400 mm equivalent pristine plate clamped
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on four sides is N3 = —0.02 [58], which is exceeded by the clamping process for all the tests
considered.

Pressure set-up fluxes also show variability as the T%;g5, shows a flux significantly lower than the other

two tests with pressure. Pressure generates both longitudinal and transverse tension but no significant
shear flux, as expected given the stacking symmetry.

Set-up loads: clamping and pressure
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Figure 21 : Initial loadings set up before tests because of clamping and possible pressure.

4.2 Buckling without pressure

4.2.1 Buckling identification
Given the great slenderness of the sample, buckling occurred very early in the test. Moreover,

manufacturing defects (internal stresses) generated a slight initial curvature and twisting of a few
millimetres, and the sample was generally already buckled before the test, because of the longitudinal
compression from clamping. These three reasons explain why it is usually hard or even impossible to
identify the point of buckling instability, and why the test is carried out to the far stages of post-
buckling.

4.2.2 Tension buckling
Surprisingly, tension test T?ens gave buckling as can be seen in Figure 11 with the out-of-plane position.

In a first approach, the longitudinal tension was expected to generate transversal tension as a Poisson
effect since the four edges of the sample were clamped. The literature documents the fact that
buckling may occur with uniaxial tensile loading if the load is not uniform [59]. However, this tension
buckling observed for all VERTEX tension tests is now attributed to a secondary motion of the test
bench when the machine is loaded into the tension mode: the flanks of the central box bend towards
the centre, generating compression along the transverse direction and thus buckling of the sample.
Hence the tests called "tension" were actually biaxial tests with mostly longitudinal tension and some
transverse compression (see V displacement fields of the tension test in Figure 11 and Figure 15 -
tension).
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4.2.3 Shear buckling
Shear buckling is simply explained by the negative shear corresponding to diagonal tension along -45°

and the diagonal compression along +45° (Figure 15 — shear and Figure 22). The +45° compression
generates perpendicular buckling along the -45° direction. The -45° tension is responsible for the
sample tensile failure, generating a perpendicular crack in the +45° direction.

4.3 Shear post-buckling: Wagner effect

Considering the shear equivalence to diagonal tension and compression, the compression along +45°
eventually leads to buckling and, thus, to the saturation of the compression load and a buckle along
the -45° direction (Figure 22). Imposed shear displacement usually gives proportional pure shear flux
but, after buckling, the structure globally produces a combination of longitudinal tension and shear.
Since the samples are very slender and initially loaded with clamping or even pressure, they are already
buckled before the effective shear loading. Thus, the first phase of pure shear flux cannot be clearly
observed and the sample quickly shows a combination of shear and tension (Figure 17), even though
the global strain imposed is essentially pure shear (Figure 18). To obtain pure flux-wise shear,
proportional compression compensation should be applied by means of actuators 1-2 (Figure 6) but
the imposed global strains would then be a combination of shear and compression. This structural
shear post-buckling effect is sometimes referred to as the Wagner effect [60] (or "tension diagonal
effect") and it illustrates the interest of post-buckling tests.

This effect causes the reorientation of the flux direction, which, depending on the notch length, can
be critical for the sample integrity. Alinia et al. [61] studied the buckling and post-buckling of notched
panels under shear. They found that crack propagation was especially sensitive to the notch size and
orientation, and stated "they can magnify each other and result in extensive loss in load-bearing
capacity of shear panels".

Pre-buckling e Post-buckling

G

Shéa_r_
Shear +
Tension

0 II;F ’

Tension \_Tensien
Compression Compression

Figure 22: lllustration of the Wagner effect: shear equivalence to diagonal tension/compression and
saturation of the compressive flux after buckling.
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4.4 Effect of pressure
The internal pressure is applied before the tension/shear loading, thus initially bending the plate
upward, generating a maximum deflection of approximately 10 mm (Figure 12). The additional
tension/shear only progressively deforms the sample without instability, as the initial pressure
cancelled buckling.

The deformed shapes show that the additional pressure simply increases the out-of-plane
displacement amplitude without fundamentally altering the blister shape with respect to tests without
pressure. The tests considered had only one upward buckle, which directly complied with the upward
pressure applied (Figure 12). Past VERTEX tests [43], without pressure on different samples, have
occasionally shown downward buckles and even more complex modes that do not properly comply
with the upward pressure: pressure addition could lead to the enforcement of an upward buckle on
all tests.

The initial pressure introduced substantial force fluxes into the sample (approximately 0.08 for N3°™™
and N3°™™, see Figure 21). Figure 17 displays the effect of pressure on the tension/shear loading
proportions and on the appearance of the first failure. The loading curves with pressure have an
additional tension bias compared to the same tests without pressure. Additional pressure clearly
catalyses the first failure for tests with shear (from T%)'™ = —0.27 for T%ear tO ™ =—0.15 for
Tore.). However, first failure appears later in tension tests with pressure addition but is quantitatively
unclear because of the first failure ambiguity during T%s.

Pressure on notched panels is often associated with membrane stiffening to compute critical energy
release rates locally [27]. For the tests run here, no global stiffening effect due to pressure addition
was observed (Figure 20).

4.5 Structural failure
The first failures can be quite easily identified by means of the infrared signal, virtual/real gauges or
visible crack propagation, and even in situ with variable difficulties. However, such identification hardly
gives quantitative data representative of the severity of the damage or the deteriorated state of the
structure. Two criteria are proposed here to quantitatively describe the failed state of the samples.

First, the maximum failure is simply defined as the maximum equivalent flux position during the test.
Its identification is trivial (see square symbols in Figure 20 and Figure 24) once the test is carried out
up to large damage propagation giving major load drops. Note that T% s 1 shear Was stopped a little

too early to clearly identify its maximum failure.

Second, a Structural Loss of Stiffness of 10% (referred to as SLS10 failure) is defined to give a
guantitative measure of the structural degradation of the sample. Since the loadings are multi-
dimensional, the loss of stiffness is evaluated on equivalent flux-strain curves presented in Figure 20,
where the first parts of the curves are linear and enable stiffness degradation to be identified easily
(Figure 23).

Most curves of Figure 20 are significantly non-linear in the first steps because of the clamping load or
the application of the initial pressure. The reference linearity of a given test has to be identified after
these initial loads and before the first failure. A second line is plotted with a -10% slope relative to the
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first line tangent to the linear section of the test curve. The SLS10 is identified where the second line
intersects the test curve, which is clearly after the first failure.

Apart from the actual slight non-linearity of test curves before the first failure, the main limitation of
this method is to attribute all the stiffness reduction to material damage when, in fact, it comes
partially from elastic non-linearity of the sample. Two thorough methods can untangle the non-linear
elasticity from the actual damage: either numerical simulations without failure modelling to estimate
the elastic non-linearity, or unloading and reloading of the sample after each significant failure, to
consider the initial stiffness degradation.
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Figure 23: Definition of the SLS10 failure criterion by identification of Structural Loss of Stiffness of
10% on equivalent flux-strain curve.

4.6 Effect of pressure and multi-axiality on failure occurrences
Figure 24 is a recall of Figure 17 with the SLS10 and maximum failures located to visualise their
occurrences relatively to the proportions of tension-shear fluxes and their respective magnitudes. Iso-
lines of equivalent flux are plotted to enable visual comparison of the intensity of loading of different
tension-shear combinations. The N, flux is ignored in this two-dimensional representation even
though it is significant, especially by the transverse tension induced by application of pressure (Figure
21) and by the Wagner effect. Hence, the equivalent flux/strain curves in Figure 20 are more relevant
for considering the occurrence of structural failure given the loading intensity, whatever the nature of
the loading.

Pressure addition clearly precipitates the first failure for shear tests, but the difference it makes is
mitigated for tension+shear and not even significant for tension tests.

Considering SLS10 failures, pressure addition is conservative for tension tests since failure appears
later for both flux and strains. However, for shear tests, the structural failure seems to be catalysed by
pressure addition but the early corner failure of Tghear impairs this comparison.
Considering maximum failures, the pressure addition gives the same trends as for SLS10 failures.
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The effect of loading direction on failure is not clear since shear tests tend to produce failures (first
failures and SLS10 failures) not only for somewhat lower equivalent fluxes but also for higher
equivalent strains.

Figure 24 starts to delineate the failure envelope for each criterion. Note that, for maximum failures,
the typical quarter-elliptical shape of the failure envelope is not respected: tension+shear tests
withstand higher tension force fluxes than the tension tests do, suggesting that additional shear flux
may make a stabilising contribution.
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Figure 24: Structural failures located on the force flux curves for each test considered.

4.7 Corner failure
As mentioned above, corner failure occurred during the T%,.qr and the TEEES, tests. These failures are
indicated with yellow rhombi on the strain/flux curves of Figure 24 and can be seen in the top left
corner of the Tear thermography of Figure 13.

During the TY.q test, the corner failure occurred at the beginning of the stiffness degradation and
before the structural failures (SLS10 and maximum failures), undermining the validity of the test after
this occurrence. Even though this corner failure did not join the central crack directly, it was not an
expected failure mode: it may have significantly altered the load distribution and thus subverted the
test representativeness of single crack loadings. Considering the T%jes. test, the corner failure
happened after the SLS10 failure but before the maximum failure. Thus, corner failure did not affect
the test up to SLS10 failure but may have affected it up to maximum failure: depending on the range
of interest of the test, i.e. up to the criterion chosen for structural failure, the corner failure may or
may not be relevant. The possible interaction of corner failure with structural failures remains to be

demonstrated in future studies.

Corner failure is a known issue of multi-axial loading on cruciform samples [35] and is even more
difficult to prevent for the tests considered here, where the full sample contour was clamped. In these
tests, it is believed that relative displacements of bench parts were responsible for local compression
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on the sample, generating the corner failures in the top-left and bottom-right corners. This issue
remains to be solved and is still under investigation.

5 Conclusion and perspectives

In this study, six structural tests are considered to evaluate the failure of notched thermoplastic
composite panels under combined tension, shear and pressure. Such tests are uncommon in the
literature but important to benchmark failure models with realistic loadings.

Unlike coupon or bi-axial tests, those on a sample properly embedded in a larger structure generate
more representative loadings of in-flight fuselage sections. However, it is impossible to use actuator
displacements and forces as loading indicators for the sample. Flux and strain fields were computed
from stereo-correlation to grasp the complexity of the loading spatial distribution. Average and
equivalent fluxes and strains were defined to aggregate the complex fields into scalars as a meaningful
expression of the loading nature and intensity. Equivalent flux over equivalent global strain allows tests
with different types of loading to be compared and thus tackles the loading combination issue, as it
enables stiffness evolutions to be superimposed.

The phase of bolting the sample to the test rig led to substantial loading and to buckling of these
slender specimens before the actual test. The initial internal pressure essentially bent the sample
upward, removing any further buckling instabilities during the test.

The issue of large notch propagation under combined loads was discussed through the observation of
post-mortem failure patterns and the identification of various failure criteria: the first failure being
evaluated with the first infrared signal of the first strain gauge jump or the first visible crack, and the
structural failure evaluated with the SLS10 failure (10% loss of rigidity) or the maximum failure
(position of maximum equivalent flux before load dropped).

Pressure addition clearly precipitates the first failure for shear tests but not for tension tests.
Considering the effect of pressure on the structural failures, no obvious trend can be identified —
notably because of the corner failure of the shear test, which invalidated the end of the test. With or
without pressure, shear tests tend to lead to failure for lower equivalent fluxes than tension tests, both
for the first failure and for the structural failure.

This work is a first step towards the determination of the effects of the loading type and of the addition
of pressure on the structural crack propagation. These intermediate-scale tests with the VERTEX test
rig are opening the way towards cost-effective investigation of such structural issues, without the usual
complexity and cost of large scale tests.

Ongoing research integrates strong mechanical regularisation within the stereo-correlation algorithm,
which gives regular flux fields with very low sensitivity to noise and may later give flux values at borders
[62],[42]. Ongoing work is considering non-proportional combined loads to validate the integrity of a
whole domain of loading combination with a single test. Future work will focus on scaling up one level
of the test pyramid with stiffened samples.
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Highlights

CFRP thermoplastic large specimens with large notches are tested

The VERTEX test is used to apply combined loadings of tension, shear and internal pressure.

Failure scenarii are identified thanks to DIC (6 cameras) and infrared cameras

Failure scenarii are discussed
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