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Abstract

A new testing set-up to measure the compressive strength of continuous fi-
bre composite materials (CFRP) under both static and fatigue loadings is
described. A specific symmetric sandwich beam with CFRP face sheets is
used with a four-points bending set-up. Its mechanical design is carried out
by fine Finite Element Analyses (FEA) to ensure that the failure mode is ax-
ial compression by fibre micro-buckling. Precise comparisons between nu-
merical simulations and experimental quasi-static experimental results are
found to be sound, validating the FEA model. The latter is used to design
the sandwich beam in terms of strength and stability criteria. Finally, a high
cycle fatigue campaign (107 cycles) with high modulus CFRP skins demon-
strates the performance of the set-up. Repeatable results and acceptable

failure modes are obtained.
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1. Introduction

Continuous fibres composite materials, and more particularly Carbon Fibre
Reinforced Plastics (CFRP), continue to see their use grow in many sectors
such as aeronautics, aerospace and car racing sports. They allow the con-
struction of lightweight, resistant structures with optimised stiffness.

A problem that generated a lot of studies since the 1980s is the measure-
ment of compressive strength [1, 2, 3]. It is generally accepted that the
compressive strength of unidirectional plies (UD) is much lower than their
tensile strength [5]. This mechanical property is often the one that dictates
the design of structures. This is particularly the case on slender structures,
loaded in compression or bending. We can take as an example an airplane
wing or a sailboat mast. It is important to highlight that most of the time
and particularly in the case of the preceding examples, the loads applied to
these structures vary over time and can be assimilated to cyclic loadings.
Under these conditions, designers must be able to use accurate data regard-
ing the compressive strength of the CFRP They must therefore know the
evolution of the compressive strength after cyclic loading with the aim to
guarantee the integrity of the structure over its entire service life.

The characterisation of the compressive strength of CFRP has been the sub-
ject of intense debate for many years due to the specificity of the micro-
scopic failure mechanism. Indeed, the compressive failure of CFRPs is caused
by an instability known as micro-buckling. As early as the 1980s, it was
noted that in most cases, strength measurements obtained by pure com-
pression tests led to significant dispersion. Although many efforts have
been made over the last thirty years to improve experimental techniques,

it appears that results are highly dependent on different factors such as the



machining of the specimens, the type of experimental set-up (stress con-
centration, buckling), load introduction (shear loading, end loading, mixed
loading) and the skills of the experimenter. These issues are even more ex-
acerbated with compression/compression fatigue testing and the cause of
degradation or failure is all the more difficult to discern [14]. As a first ap-
proximation, pure compression tests generate a constant compression state.
Yet, singularities linked to the test set-up may have a considerable influ-
ence on the fracture mechanisms. Close to these singularities (grips, anti-
buckling devices...) the compression stress is burdened by strong gradients
depending on the set-up precision and design.

To solve these problems, several authors have proposed alternatives [7, 8,
9]. Four-points bending tests and pinned-end buckling tests circumvent this
bias. A common alternative is to use a four-point bending device on mono-
lithic samples [10]. The use of this solution was motivated by the difficulty
of carrying out a pure compression test without parasitic components and
without local stress concentrations. If these set-ups nevertheless generate
stress gradients, these latter are imposed and quantifiable by calculation.
When these tests are correctly designed, fractures occur far from where
loading is introduced, and measurements correspond to what is expected
and sought from the material.

The four-point bending device has the advantage to provide a large area
where the deformation field is homogeneous and in pure bending. It gives
the possibility of a precise and reliable measurement of the modulus of elas-
ticity during loading and permits to calculate the compressive strength [11].
However, four-point bending devices generate gradients in the thickness

and Drapier et al. [12] have shown that the compressive strength value has
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a part related to the configuration of the tested structure: the structural ef-
fect. They showed the dependence on three main parameters: the consec-
utive thickness of UD plies [10], the strain gradient and the orientation of
neighbouring off-axis plies of the UD [13]. It is very difficult to limit the
contribution of these parameters, but some configurations allow it. This is
the case for sandwich structures which, depending on their design, can limit
structural effects (small deformation gradient in the skins). Indeed, taking
the same imposed moment and the same thickness for a given composite
laminate, skins of sandwich samples lessen the stress gradient effect with
respect to a monolithic sample. In both cases a structural effect exists but is
quantifiable and its participation to the compression fracture mechanisms is
largely documented. Sandwich beams are classically (ASTM D5467) made
with a compressively loaded face sheet of lower thickness. As stated by Bau-
mann and Hausmann [14] in their recent review work on the compression
fatigue testing set-ups, the extension of the use of sandwich beams to fa-
tigue testing has not been reported in literature.

The objective of this paper is to propose an experimental set-up dedicated
to axial compression fatigue testing of CFRE based on symmetric sandwich
beams. This set-up should be able to impose compression-compression fa-
tigue loading, over a high number of cycles (millions or tens of millions)
and with very high loads (since in quasi-static loading, the behaviour is re-
versible up to 90% of the strength [5]), without any possible damage other
than in the studied area of the tested structure. A careful design is however
necessary to ensure that compressive damage occur and the proper com-
pressive failure mode of the studied unidirectional ply is triggered, with-

out any other instability modes. As stated by Seemann [15], a detailed fi-
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nite element analysis is required in this situation. Therefore, after describ-
ing clearly the specifications of the design, this numerical model will be
presented. Then, we will carry out an experimental validation by quasi-
static testing and a confrontation with the numerical model. Eventually,
the final validation of the test fixture will be made through an experimen-
tal campaign in compression-compression fatigue loading with emphasis
on the evolution of the residual compressive strength. The experimental re-
sults will be compared to literature which is rather sparse on this very topic
[16, 17]. We will focus on the case of high modulus carbon fibres of high
interest in marine engineering for masts and hydrofoils, for example [18],

which is even less addressed.

2. Description of the experimental set-up

2.1. Specifications

The objective is to propose an experimental device dedicated to the study
of compressive strength during and after compressive fatigue. The disper-
sions induced by the experimental device and the placement of the speci-
men must be reduced as much as possible. In addition, the test device must
allow the specimen to reach both compressive failure and cycling at a high
stress level, close to static failure. It must be possible to cycle over many
cycles, which means that no damage must occur outside the study area.
Therefore, the test device must not induce any parasitic friction. The study
area must be sufficiently large and may be subjected, as much as possible,
to the purest compressive stress state. The design of the device must allow

the structural effects to be known as much as possible while having a stack-



ing, particularly concerning the orientation of the off-axis plies, representa-

tive of the stacks used in yacht racing.

2.2. Geometry

In this paper the 4-point bending test was chosen (Figure 1). Its geome-

try was adapted to have a sufficiently large area between internal loading
rollers (approx. 2500 mm?) and appropriate safety coefficients for the shear
stress areas to avoid other modes of failure. Pads were used to convert the
linear surface stress between the loading rollers and the specimen. They
are 3 mm thick and are made of polyethylene to limit friction. A sandwich
beam was used to reduce the gradient in the UD plies in compression. With
this configuration, between loading rollers, one skin is in almost pure com-
pression while the other is in almost pure tension. These skins are identical
and consist in the following stacking: [+45°(150 g/m?) |-45°(150 g/m?)
|0,°(300 g/m?)];. Their thickness is 1.85 mm each. This configuration lim-
its the strain gradient in UD plies. The thickness of each block of plies were
measured by optical microscopy. The four UD have a total thickness of 1.28
mm, the + 45° plies on the outside facing of the specimen have an average
thickness of 0.27 mm and the £ 45° plies on the inside facing of the speci-
men have an average thickness of 0.3 mm. This slight difference is related
to the manufacturing process of the skins (compaction). Figure 1 is an illus-

tration of the test set-up and its main geometrical dimensions.

2.3. Materials
The skins are manufactured with prepreg plies with high modulus carbon
fibres from Mitsubishi (HR40, volume fraction of 52 %) with an axial stiff-

ness around 360 GPa [18] and epoxy resin system from Structil (R367-2)
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with a low glass transition temperature (120°C). The core has been chosen
from those usually employed in the nautical sector. It consists of two dis-
tinct areas. The first zone is composed only of Nomex®, supplied by Hexcel
under the reference HRH-10-4.8-48. This area is 60 mm in length, centred
lengthwise in relation to the centre of the specimen and extends across the
width. It provides a core with sufficient high properties to prevent buckling
of the skins, while limiting perturbations to the local fields, as would have
been the case with a core having higher properties. The second area, in the
arms and under the loading rollers, is made from the same Nomex® which
has been immersed in a low-density mixed filled resin insert (ISOBOND
SR1252 + KTA313). This provides a core with significantly higher proper-
ties, especially shear properties.

The properties of the UD ply and the Nomex® paper are reported in Ta-

ble 1. The E; modulus of UD ply (in fiber direction) and E, modulus of

the Nomex® paper (cell height direction) were calculated by an inverse
method based on the numerical model and the mechanical tests, presented
in § 3.2 and in § 4.1, respectively. The other properties of UD ply are ob-
tained by standard analytical homogenisation methods and those of Nomex®
paper are obtained from Refs. [19, 20]. The orientation of the material co-
ordinate system corresponds to that usually used for this type of anisotropic
material [21]. For the rollers (steel) and the pads (polyethylene) the prop-
erties of the materials are reported in Table 2. The specimens were manu-
factured by Multiplast company (Carboman group, Vannes, France). The
components were cured separately in an oven (unassembled) and then the
assembly of the skins and the core was carried out using a film of Hexcel

ST1035 glue (300 g/m?). An additional curing in the oven is then neces-
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sary to ensure the bonding of these elements. This method limits the phe-
nomenon of telegraphing [15] and allows good control of the geometry and
more specifically the thickness. Plates were machined by waterjet cutting

into 600 X 30 X 16.6 mm?® samples.

3. Mechanical design and validation of the experimental set-up

The system presented must ensure that the failure of the structure is caused
by the failure of the skin in compression. Thus, particular attention will be
paid to the mechanical strength of the core and to local buckling problems

to avoid any other failure modes.

3.1. Design criteria

3.1.1. Core

The four-point bending set-up induces mainly two types of force compo-
nents that can be critical in the core. Firstly, compressive stresses are intro-
duced under the loading rollers, in the direction of loading (o - Fig. 1).
In this area, the core is made of Nomex® and mixed filled resin insert.
Compressive stresses are also present in the central zone, mainly in two di-
rections X and Y (Fig. 1), where the core is made of Nomex® only. Shear
forces between the outer and inner rollers are also generated. It was to deal
with this problem that the choice was made to reinforce this area by embed-
ding the Nomex® in a mixed filled resin insert. Thus, for a given section,
the latter occupies the majority of the surface and will therefore support
the majority of the shear forces. Based on this information, the stresses ob-
tained with the finite element model will be compared to the maximum al-

lowable stresses to evaluate the integrity of the structure in each of these
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zones and for each of these stress components. The compressive and shear
strength properties of the mixed filled resin insert are presented in Table 3.
These properties come from the supplier’s data sheet [22]. The strength
properties, considering the anisotropy of Nomex® paper, are also presented

in Table 3. They are based on the work of Seemann [15].

3.1.2. Face wrinkling

Sandwich beams can be subject to buckling failure modes. In the case of
this configuration, the most likely mode is face wrinkling. The buckling of
the structure is a sudden phenomenon and occurs in the same area as the
compressive failure. Thus, it could be difficult to identify precisely after fail-
ure, whether it is a compression failure mode or a buckling mode that has
subsequently led to a compression failure. It is therefore important to con-
sider this possibility of a buckling failure mode in design. This will be the
subject of specific finite element analyses. The minimum acceptable safety

factor has been set at 1.2.

3.2. Numerical validation

3.2.1. Model description

To evaluate the proposed experimental set-up, a finite element model of
the four-point bending test was built using the commercial Finite-Element
code Abaqus™ v. 6-14 (Dassault Systemes). This simulation assumes a non-
deformable test device, so only the components shown in Figure 1 are mod-
elled. As buckling is one of the main issues for sandwich beams, the as-
sumption of symmetry was avoided, especially in the middle area of the
specimen, to capture all possible buckling modes. Thus, the specimen is

fully modelled. The model contains skins modelled as linear shell elements
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with four nodes, four integration points in the plane and three integration
points in the thickness of each ply of the laminate. The two core compo-
nents (Nomex® and mixed filled resin insert) are each modelled in a spe-
cific way: i) the mixed filled resin insert in the areas outside the loading
rollers is modelled by linear volume elements with 8 nodes and 8 integra-
tion points; ii) the Nomex®, present along the entire specimen length, has
all its cells modelled. Indeed, as explained by Seemann [15], this is the only
way to capture possible buckling of cell walls. Linear four-node shell ele-
ments with four in-plane and three through thickness integration points
were used.

The assumption of a “perfect” assembly is imposed by the model. The ad-
hesion of the Nomex® with the mixed filled resin insert, as well as the glue
fillet created during the assembly of the skins with the core, are therefore
not modelled. Hence, this model does not allow us to observe any issues
with debonding between the components of the specimen. The different
components, then the specimen, are shown in Fig. 2.

This "perfect” assembly resulted in a continuous mesh of the whole spec-
imen with coincident nodes between all the components of the structure.
This modelling without connectors and with interfacial continuity, as well as
the choice of elements with the same degree of interpolation and complete
integration, favours the accuracy of the result from a kinematic point of
view. Frictionless contact was considered between the rollers and the pads
and between the pads and the specimen.

The UD plies were considered to have a transverse isotropic behaviour with

a non-linear elasticity in the fibre direction. The modelling of this behaviour
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was introduced as in Wisnom [23] according to Eq. (1):

E,(e;) = EM@ + ke, (1)

where E is the UD axial modulus, E"*? its initial value, €, the axial strain
andk=aife;, <Oork=pif e, >0.

The  parameter has a value of 24 GPa/% and the a parameter has a value
of 38 GPa/%. They were identified by the method described by Keryvin

et al. [11] during a four-point bending campaign on monolithic specimens

of the same material (R367-2/HR40).

3.2.2. Margin of safety for the core

A detailed verification of the safety factors in the core was carried out. Fig-
ure 3 shows some examples of stress distribution in the core components.
Table 4 indicates that the lowest safety factor is for the compression failure
of Nomex® paper, with a safety factor of 2. Figure 3 indicates that the crit-
ical area where this factor occurs is in the centre of the specimen (purple
ellipse), just below the skin in compression. Considering all these informa-
tion, the simulation suggests that the failure of the specimen will not be
caused by the failure of the core. In fact, when the compression skin failure
occurs in the upper skin, the minimum safety factor on the core is approxi-

mately 2.

3.2.3. Verification of the face wrinkling safety factor
The buckling calculation is carried out in two steps. First, an initial dis-
placement is applied: this is a pre-buckling step that allows nonlinearities to

be considered. Then, an instability calculation is performed from the previ-
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ous strain state using the “Subspace” method implemented in Abaqus™. The
first buckling mode found is the face wrinkling type and is shown in Fig. 4
(skins not shown). A sensitivity to the initial displacement was carried out
and it was found that the evolution of the critical buckling displacement be-
came negligible from an initial displacement of -10 mm, so this value was
used. The critical buckling displacement is found to be -17.8 mm for a com-
pressive stress in the outermost UD of -1190 MPa. This type of UD has a
strength of about 950 MPa (see § 4.3), so the buckling safety factor is about
1.25, higher than the minimum criterion of 1.2 set in § 3.1.2. Note that the
stress is calculated by means of the numerical model. The stress is linear in
each ply because of the constant deformation gradient and what we mean
by a “compressive stress in the outermost UD” is the stress at the upper
edge of this very ply where it is the higher. In this section, the results of the
numerical simulation of the most critical points were presented. They al-
low to exclude a core failure as well as a face wrinkling. The overall safety

factor is of the order of 1.25.

4. Experimental validation and confrontation with the numerical model

4.1. Identification of quasi-static failure mode

To confirm the failure mode, quasi-static tests were carried out at 5 mm/min
on eight specimens including three fully instrumented ones. A universal
testing machine (Instron 5969, 50 kN load cell) was used. Mono-axial strain
gauges (10 mm length - 120 Q - Kyowa) were glued on both the compres-
sion and the tension sides, in the middle of specimen. An extensometer sys-

tem was installed to calculate the maximum deflection. A Mistras acoustic
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emission (AE) system with preamplifiers (40 dB) in connection with reso-
nant R15 transducers was used. Transducers were positioned on the com-
pression skin at 200 mm from each other, centered on the middle of the
specimen. The complete instrumentation is shown in Fig. 5.

To get additional information about the mechanisms leading to failure and
to confirm the absence of damage prior failure, load and unload cycles were
carried out with increasing intensities. The different cycles are defined by
maximum load reached and are presented in Table 5.

For sake of clarity, only the graphs of one of the three fully instrumented
test specimens will be shown here. Figure 6 represents the main signals

of load (F), displacement (U) and longitudinal strain (e;) of the specimen
HR7 1. Only the three most important cycles are shown. It is found that
successive loadings do not change the behaviour of the structure, even when
exceeding 90 % of failure load. This result suggests that no damage has de-
veloped or is very low. A very slight hysteresis is visible on the Fig. 6 (b)
when the load is greater than - 3000 N. However, successive loading paths
are almost identical, demonstrating the reversible nonlinear behaviour of
this composite in compression. As the hysteresis was observed without sig-
nificant acoustic emission signals (presented below), this phenomenon can
be explained by the presence of low friction in the experimental device.

As in the analysis of monolithic specimens proposed in Ref. [11], the indica-
tor A is defined by Eq. (2) where t is the thickness of the sandwich.

_te te

A (2)

2€.—¢€,

In Ref. [11], it represents the offset of the neutral fibre with respect to the
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median plane, in the thickness of the specimen. In our case, it allows to
combine the strain of the compression skin and the tension skin within the
same indicator and thus accentuates the differential between them. Fig. 6
(d) represents the evolution of the indicator A as a function of the longitu-
dinal strain measured on compression skin (€. ) and on tension skin (e,).
There is a point of intersection between the loading and unloading path,
which is constant. This one appears for a longitudinal strain around -3800
um/m, which corresponds to approximately - 3200 N. This coincides with
the appearance of the hysteresis on Fig. 6 (b). The invariance of this inter-
section point reinforces the assumption of low mechanical friction within
the experimental setup. These graphs are representative of all three fully
instrumented specimens that were tested.
The main acoustic emission signal records are shown in Fig. 7. Very lim-
ited events were detected, confirming the very low level of damage before
failure suggested by the global response. The Kaiser effect [24] is diffuse,
probably due to the limited mechanical friction inducing an increase in the
number of hits during loading and unloading.
The observation of the different fracture surfaces of the specimens (cf. Fig. 8)
has confirmed that the specimens fractured by a failure of their skin in com-
pression. Indeed, kinking bands could be observed, characteristic of a com-
pressive failure. The measured kinking band angles are in agreement with
those found in the literature [25, 26] and are located in the out of plane di-
rection. However, it cannot be excluded that there are also in-plane kinking
bands. According to the configuration, those can be more difficult to iden-
tify.
All observations and measurements made during this campaign validate the
14



device for the characterization of the compressive strength of high modulus

carbon/epoxy UD under static conditions.

4.2. Confrontation of numerical results to experiments

Simulation results are compared with the experimental signals of the last
cycle of each specimen in Fig. 9. The correlation is very good, both vali-
dating the numerical model and giving credit to the design of the core and
the addition of pads in the contact areas. The trend of the indicator A is
also good; differences at the beginning of the curves are due to strain gauge

measure dispersion for small strains.

4.3. Study of residual strength after fatigue

Twenty-seven specimens were cycled to challenge the experimental set-up
under cycling loading and to study the evolution of the residual strength
after fatigue. An ElectroPuls Instron E10000 was used (7 kN load cell). No
specific instrumentation was used for these tests.

First, eight specimens were tested in quasi-static mode giving the compres-
sive strength before fatigue: X g = 960 £ 67 MPa. The specimens had no
visible defects, and the standard deviation is of similar order as the 4-point
bending tests on monolithic structures usually carried out in yacht racing
[18, 27, 28]. Failure was defined in the numerical model when the strain
in the outermost 45° ply (compression face) matched the strain measured
experimentally by the strain gauge on compression face at failure.

The specimens were cycled and then, for those that did not fail during cy-
cling (most cases), a quasi-static test was used to estimate their post-fatigue
residual strength. In all cases, the numerical model is used to obtain a stress

at failure since this model is the best estimation of the strain gradient in
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the skin and thus allows the most reliable estimation of the strain in the
outermost UD ply. As the specimens used in the initial static tests were
equipped with strain gauges (in the centre of each of the outer faces), these
signals were used as a reference for the model. As these specimens were not
equipped with strain gauges, the force signal was used to adjust the numer-
ical model. This signal was first corrected for each specimen to consider the
deviation of its width from the model (width: 28 £1 mm). No decrease in
stiffness was observed on two specimens that had been cycled to the maxi-
mum number of cycles in this fatigue campaign (1.107 cycles — unfractured
specimen). The use of the force signal to calibrate the numerical model at
failure was therefore considered acceptable for extract the residual strength
at failure load (X[*). This residual strength is then compared to the aver-
age strength calculated from the quasi-static tests.

For all these tests, the load ratio during cycling is R = 1.3 (compression-
compression) and the loading frequency is 10 Hz. The maximum stress
level (0 ,4,) is 76 % of static compressive strength X2. The number of cy-
cles is between 10° and 107 cycles.

Fatigue campaign results are shown in Fig. 10. It is observed that at this
stress level, the compressive residual strength is similar to the average com-
pressive strength observed on the batch before fatigue (X g). The average
residual compressive strength even appears to increase for specimens that
have been stressed beyond one million cycles. These observations are in
line with those of Bech et al. [17] and Shokrieh and Lessard [16] on AS4/3501-
6 specimens, tested with a pure compression set-up. It is noted that the
standard deviation for residual strength is about 20% higher than the quasi-

static mode. These experiments validate the capacity of the experimental
16



test fixture for studying the influence of cycling on the evolution of the
residual compressive strength under high load and for a large number of
cycles.

Baumann and Hausmann [14], reporting that fatigue compression testing
on CFRP sandwich beams had not been proposed yet, pointed out issues
such as the need to know the fatigue failure modes before testing. In our
case, no fatigue damage was noticeable. Should it has been the case, the
use of the detailed FEA model would make it possible to take it into ac-

count.

5. Conclusion

We have discussed in this paper the characterisation of carbon/epoxy UD

in fibre direction, in compression, a challenging problem especially under
fatigue loading. In this paper, a testing set-up to study the evolution of com-
pressive residual strength in fibre direction, after compression fatigue, of
high modulus carbon/epoxy UD is proposed. Its relevance was verified by
using a sufficiently accurate finite element model and by an experimental
campaign. The correlation between the model and the quasi-static tests was
excellent. A fatigue campaign was also carried out and showed that the test
fixture could be used to load a structure in compression over a very large
number of cycles, but also under very high stress levels. No degradation of
the compressive residual strength after fatigue was observed. This validates
the design of the whole test set-up and seems to be in agreement with the
fatigue results in literature indicating that high performance CFRP show
little or no degradation of their compressive residual strength over the cy-

cles, even under high stress levels. The design of the test fixture thus fulfils
17



its objective: to study the evolution of the compressive residual strength af-
ter fatigue under high stress level and a large number of cycles, for CFRP
with high modulus carbon fibres. Pure compression tests could also have
been performed. However, some shortcomings have been reported in liter-
ature, including stress concentrations in the clamping grips or friction with
the anti-buckling devices. During fatigue testing, these pure compression
set-ups will result in damage. Four-points bending set-ups are more appro-
priate even if they require specific instrumentation and more complicated
data analysis. Meanwhile, this permits to induce a fatigue loading without
any influence of the set-up and therefore, in turn, to measure the residual
properties of the studied material. The objective of this study was to assess
this possibility. Should other composites be tested with other stiffnesses,
numerical simulation would be employed. Yet, in a future work, a para-
metric study will make it possible to create charts or plots linking the test
parameters to a large range of composites stiffnesses. Finally, since this set-
up creates in a symmetric way a deformation gradient in compression and
tension. Therefore, it is indeed possible to extend this fatigue loading to
the tensile behaviour when this one has properties in strength lower than in

compression such as cementitious materials [29].
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Table 1. Elastic properties of UD ply and Nomex® paper (transverse isotropy). 1 is
the fibre direction for the UD while 2 is the height direction for the paper

Components E, (GPa) E, (GPa) wv;, () Gy, (GPa) G,; (GPa)
UD - HR40/R367-2 180 5 0.28 3.2 2.4
Nomex® paper 4.16 3.3 0.24 1.5 1.0

Table 2. Elastic properties of Mixed filled Resin Insert, pads and rollers (isotropy)

Component E(GPa) v ()
Mixed filled Resin Insert 1.7 0.3
Polyethylene 0.5 0.4
Steel 210 0.3

Table 3. Strength properties of components

Mixed filled Resin Insert [22]

Failure modes Maximum stress (MPa)
Compressive strength -41
Shear strength 25

Nomex(R) paper [15]

Failure modes Maximum stress (MPa)
Compressive strength (a)’“;X) -105
Compressive strength (oiy) -90
Shear strength (o7,) 44
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Table 4. Main maximal stresses values in components from numerical simulation (ap-
plied force: 5000 N)

Mixed filled Resin Insert

Failure mode Stress (MPa) Safety factor
Compressive (Oyy) -8 5
Compressive (Oyy) -10 3.5
Shear (oyy) 7 3.5

Nomex(R) paper

Failure mode Stress (MPa) Safety factor
Compressive (O xy) -22 4.5
Compressive (Oyy) -45 2
Shear (oyy) 15 3

Table 5. Experimental protocol for quasi-static tests with fully instrumented speci-
mens. The X stand for a load-unload cycle undergone. The red values indicate the
load at failure.

Sample Cyclel Cycle2 Cycle3 Cycle4 Cycle5 Cycle6 Cycle7 Cycle8
2400 N 3150N 3450N 3950N 4250N 4450N 4650 N 4850 N

HR8 1 X X X X X X X 4830 N
HR7 2 X X X X X
HR7 1 X X X X 4537 N
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Figure 2. Numerical model - Description of the assembly
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Figure 1. Simplified drawing of the four-point bending test fixture
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Figure 3. Normal stress distribution(in MPa) in the Y direction for both core compo-
nents under loading rollers and in the centre of specimen (left: Nomex® paper,
right: mixed filled resin insert). The ellipses highlight the localization of the maxi-
mum values where safety factor is around 2
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Figure 4. First buckling mode from finite elements calculation (face wrinkling)
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Figure 5. Experimental four-point bending set-up with instrumentation
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Figure 6. Main displacement, load and strain signals measured during the cycles on
the HR7 1 specimen - (a) force-displacement curves ; (b) compressive strain-force
curves ; (c) tensile strain-force curves ; (d) Indicator A-compressive strain curves -
of the bending tests for the last three cycles
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Figure 7. Main acoustic emission signals recorded during the cycles on the HR7 1
specimen (a) spatial localization of events ; (b) load localization of events (OUT:
outside the sensors area, IN: inside the sensors area); (c) correlation between force
and cumulated energy ; (d) force-cumulated hits
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Figure 8. Fracture surface of HR7 1 specimen (left) macroscopic fracture, (right)
kinking-bands observed by optical microscopy
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Figure 9. Main displacement, load and strain signals measured during the last three
cycles of each specimen and for numerical modelling
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Figure 10. Experimental results of the quasi-static and fatigue campaign at 10 Hz (Xg
=960 MPa and R~ 1.3)
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