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Abstract

The effects of laminate lay-up and multiaxial loading on the failure of multidirectional
laminates can be significant. Thus, ply thickness and fibre orientation effects in quasi-isotropic
carbon/epoxy laminates subjected to combined tension-shear and compression-shear loading are
investigated. Three laminate lay-ups with equivalent thickness and homogenised elastic
properties, but with different ply thicknesses and ply orientation angles were studied using
open-hole specimens. Combined tension/compression-shear loading was applied using a new
Modified Arcan Fixture (MAF). A methodology for identifying the failure behaviour based on
stereo Digital Image Correlation (DIC) is devised. The results showed that ply thickness has a
strong effect on the failure behaviour in combined tension-shear, whereas the effect is small in
compression-shear loading. No significant effect of the relative fibre orientation angles was
observed under either loading regime. The experimental approach provides a new tool to

investigate composite laminates under the full tension/compression-shear loading regime.
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1 Introduction

Multidirectional composite laminates made from unidirectional (UD) carbon fibre reinforced
polymers are widely used in the design of lightweight structures. Their failure modes and
strengths depend on the UD material system, the laminate lay-up, the stress state and any stress
raisers that might be present [1]. In the present paper, the effect of laminate lay-up, i.e. ply
thickness and fibre orientation, on the multiaxial open-hole specimen strength and failure
behaviour in combined tension-shear and compression-shear loading is studied experimentally
using a new Modified Arcan Fixture (MAF) in combination with Digital Image Correlation
(DIC).

Experimental studies have shown that the laminate lay-up significantly effects failure modes
and ultimate strength of composite laminates. For cross ply laminates loaded in uniaxial tension,
Parvizi et al. [2] showed that the transverse tensile strength of a UD ply constrained by plies of
different fibre orientations is greater than the strength of the ply in a UD laminate stack, and
further that the “in-situ’ strength depends on the thickness of the embedded ply. Further studies
have shown that the in-situ effect is not only dependent on ply thickness but also on the
orientation of the constraining plies (relative angle between the plies) [3], and that the shear [4],
the transverse compressive strengths [5] and delamination onset stresses [6] are all in-situ
properties as well, i.e. they depend on the thickness and orientation of the constraining plies.
Dvorak and Laws [7] and Camanho et al. [8] explained the physics of the in-situ effect using a
fracture mechanics approach and proposed in-situ strength formulations to be used in strength
based failure criteria.

Green et al. [9],[10] conducted open-hole uniaxial tension tests on a family of quasi-isotropic
carbon/epoxy laminates where a different number, n, of UD plies of the same fibre orientation
were blocked together, i.e. ([45,/90,/-45,/0,]s), or where sub laminates were stacked together
instead of blocked UD plies in a [45/90/-45/0].s configuration. Specimens with single plies of
each orientation dispersed through the laminate thickness failed in a brittle or fibre pull-out

failure, while their open-hole strength decreased with hole size. On the other hand, it was shown
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that ultimate failure of specimens with thick blocks of UD plies was governed by delamination
and that the open-hole tensile strength was greater with increasing hole size [11].

Multiaxial loading also affects the failure behaviour of fibre reinforced polymer composites
[12]. Most multiaxial experimental data in the open literature has been acquired using tubular
test specimens [10],[11],[12] subjected to a combination of axial tension/compression, torsion
and/or internal/external pressure loading. Although a wide range of multiaxial stress states can
be investigated, tubular specimens do not represent most composites structures well, as these are
typically flat or only slightly curved. Other approaches for multiaxial testing of flat and
laminated specimens, often utilise two-actuator biaxial testing machines to subject laminates to
a subset of multiaxial load cases, i.e. to combined tension-tension, compression-compression or
tension-compression loading [13],[14],[15],[16],[17]. Furthermore, for testing in tension-shear
[18] and compression-shear [19],[20] loading, modified versions of the original Arcan fixture
[21] have been used.

Recognising that both laminate lay-up and multiaxial loading influences the open-hole
specimen strength of fibre reinforced polymers, Tan et. al. [22], studied the multiaxial open-hole
specimen strength of four different carbon/epoxy laminates (quasi-isotropic, 0° dominated, +/-
45° dominated, cross-ply) subjected to combined tension-shear and uniaxial compression. It was
shown that the failure modes as well as the open-hole specimen strength in tension-shear
loading are both significantly dependent on laminate lay-up as well as the multiaxial load case
applied. However, combined compression-shear load cases were not investigated.

The preceding literature review [2]-[22] has shown that laminate lay-up significantly effects
the strength and failure modes of multidirectional laminates. Further, it was shown that
multiaxial loading alters the failure modes and open-hole specimen strengths. However,
multiaxial experimental data is rarely reported in the open literature. In particular laminate lay-
up effects under multiaxial loading, especially in the compression-shear loading regime, require
further investigation. Thus, the aim of the research presented in the paper is to address the clear
gap in the literature by experimentally assessing laminate lay-up effects in multidirectional

laminates subjected to combined tension-shear and compression-shear loading. Therefore, three
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quasi-isotropic laminates with different laminate lay-ups, as shown in Fig. 1, are studied.
Laminates 1 and 2 are made from UD plies with different thickness (i.e. 0.291 and 0.144 mm
respectively), while Laminates 2 and 3 feature different relative fibre orientation angles (i.e. 45°
and 22.5° respectively). However, all three laminates exhibit the same overall laminate
thickness and equivalent homogenised elastic stiffness properties according to Classical
Lamination Theory (CLT) [23].

To enable the investigation of the full combined tension/compression and shear load
envelope to failure, a new Modified Arcan Fixture (MAF) is developed. In combination with the
MAF, stereo DIC is used to identify initial failure and damage evolution in open-hole specimens
based on the full field displacement and strains. Furthermore, DIC is used as a biaxial
extensometer to derive decoupled normal and shear load-extension curves from the specimens
loaded in the MAF. Based on the DIC strain maps and the load displacement curves, failure
envelopes are constructed and used to assess the failure behaviour and multiaxial open-hole
specimen strength. The results from the three tested laminates, enable a comparative assessment
of the effects of ply thickness and fibre orientation on the failure behaviour of quasi-isotropic
laminates.

The results obtained from the experimental investigation described in the paper contribute
significantly to understanding the effects of laminate lay-up for multiaxial loading regimes.
Furthermore, the full-field experimental data provides a challenging high-fidelity means of
validating composite damage and failure modelling frameworks. The modelling frameworks
described in [24],[10],[25],[26],[27],[28].[29] have shown promising capabilities in predicting
the open-hole specimen strengths of laminates subjected uniaxial tension and compression but
they are not sufficiently validated in multiaxial load cases. The experimental procedures
described in this paper have the potential to enable more comprehensive model validations
based on more challenging and thus valuable high-fidelity experimental data for

multidirectional laminates subjected to multiaxial loading conditions.
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2  Design of new MAF and experimental set-up

The development of a Modified Arcan Fixture (MAF), based on the original Arcan’s fixture
[21], was described in [30],[19]. The original Arcan fixture is limited to testing composite
materials loaded in shear with superimposed tension or moderate compression loads. The MAF
overcomes this limitation by the addition of anti-buckling rails which stabilise the rig against
out-of-plane displacements when compressive loading is applied, thus enabling unlimited
testing of specimens subjected to tension, compression, shear, combined tension/shear and
combined compression/shear loadings. Gan et al. used the MAF in [19] to characterise
composite laminates. However, the rig was limited to testing low strength laminates ([90], [+/-
60]) exhibiting low energy matrix driven ultimate failure modes. Strong laminates with high
energy delamination or fibre driven ultimate failure modes could not be investigated due to
specimen slippage in the grips leading to premature bolt shear out failure at the specimen tabs.
Therefore, to test the laminates proposed in Fig. 1, a new MAF design was needed. Fig. 2
provides an overview of the new MAF, which is similar in concept to the previous version of
the MAF in [19],[20], but with important key design alterations that allow larger loads to be
applied for general composite materials testing. Premature failure of the specimens at the grips
was successfully eliminated by upsizing the clamping bolt diameters (from M6 to M12) to
induce greater clamping and thus friction forces to delay specimen slippage. Furthermore, the
clamping bolts were positioned outside of the specimen tabs as shown in Fig. 2 (b) to eliminate
premature shear out failure at the bolt holes.

The new MAF as shown in Fig. 2 (a) consists of two boomerang shaped arms with loading
holes positioned at increments of 15°, the anti-buckling rail assembly, the top and bottom
connector assemblies, the grip attachment bolts, and the friction grips shown in detail in Fig. 2
(b). By connecting the new MAF via the connector assemblies to a tensile test machine as
shown in Fig. 3, using the different pairs of loading holes designated by the loading angle, «,
different combined tension/compression-shear stress states can be induced in the specimen,
ranging from tension (a = 0°) to tension-shear (o = 15° - 75°), to shear (a = 90°), to
compression-shear (o = 105° - 165°) and to compression (a = 180°).

5
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The MAF arms are made from 40 mm thick high strength aluminium alloy Alumec 89. The
top and bottom connector assemblies consist of two pin joint lugs made from P20 tool steel, two
24 mm diameter shoulder bolts and a M20 threaded steel rod. The connectors allow the MAF to
freely rotate in both the xy- (in-plane) and yz- (transverse) planes due to the two integrated
shoulder bolts per plane. This ensures that the rig and specimen are free from out-of-plane
constraints, potentially arising from test machine misalignment, which may induce spurious out-
of-plane bending stresses/strains in the specimen. The grips are connected to the arms via the
three 24 mm diameter grip attachment bolts made from stainless steel 17-4HP-A. The knurled
friction grips are made from stainless steel 17-4PH-H900, hardened to Rockwell hardness C 45
to increase their durability in contact with the specimen. The knurls are 2 mm high pyramids
with square bases. The four M12 bolts per grip, shown in Fig. 2 (b), generate the required
apparent friction force by applying allowable torques up to 150 Nm. Out-of-plane displacements
are prevented by an anti-buckling rail assembly similar to the one used for the previous MAF in
[19]. All parts were designed to withstand a safe working load of 100 kN with a factor of safety
against yielding of 1.5. The arms, grips, grip attachment bolts and the connector lugs were
dimensioned using detailed Finite Element analyses. The threaded connector rod and the M12
clamping bolts were dimensioned analytically according to the tensile strength requirement in
[31], and the minimum thread engagement length requirement in [31],[32], whereas the
shoulder bolts were dimensioned according to [33].

Two pulleys were suspended from the test machine crosshead and attached to the MAF arms
to facilitate changing the loading angle « to set up different combined loading states as defined
in Fig. 2 (a). Further, a balance weight system (highlighted in green in Fig. 3) was installed to
counteract the moment generated by the weight of the two MAF assembly halves (17 kg per
combined arm and grip assembly), which otherwise would induce additional in-plane bending
stress/strains into the specimen.

Stereo DIC was used for the assessment of the full-field deformation of the specimens,
where u is the horizontal, v the vertical and w the out-of-plane displacement, respectively. The

strain state (vertical yy and horizontal & normal strains and shear strain yyx) was derived by the
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DIC software in terms of the logarithmic strain tensor. The full field deformation data was used
to assess the load response of the specimens as well as to identify the initial failure sites and
subsequent damage evolution. The stereo DIC system was positioned approximately 500 mm
away from the specimen’s front side and was realigned and calibrated for each combined load
case such that the camera xy- coordinate system corresponded with the principal axes of the
undeformed specimen. Camera 1 was thereby always aligned perpendicular to the specimen
surface whereas Camera 2 was positioned at an angle of approximately 20°. The DIC system
specifications are listed in Table 1.

To perform the DIC, the specimens were spray painted with white speckles on a black
background. Using a black instead of a white background requires less paint to be applied to the
already black carbon/epoxy specimens, thus resulting in a thinner layer of spray paint on the
surface of the specimens. Five static images were taken before each test, which were averaged
and used as the first image in the image sequence of the loaded specimen to reduce the influence
of camera noise on the displacement and strain measurements. To spatially resolve the small
diameter hole, a small step size of 10 pixels was selected. To select an appropriate subset size,
the first image of the loaded image sequence was correlated against the averaged static image
using subset sizes of 21, 31, 51 and 71 pixels. The reported noise floors were then determined as
the standard deviation of the correlated static displacement and strain fields [34]. At a subset
size of 51 pixels, the critical noise in the strain fields was reduced to the commonly adopted
acceptable level of approximately 100 pe. A subset size of 51 pixels and a step size of 10 pixels

were therefore chosen for the analysis.

3  Specimen design and manufacturing

Plates were laminated according to the lay-ups in Fig. 1 using an out-of-autoclave UD
carbon/epoxy prepreg system. The laminate lay-ups were selected so that ply thickness and fibre
orientation effects could be investigated. To this purpose Laminate 1 consists of 8 ‘thick’ plies,
whereas Laminates 2 and 3 consist of 16 ‘thin’ plies, where the ‘thin’ plies are approximately

half the thickness of the ‘thick’ plies. The plies in Laminates 1 and 2 are orientated at the
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standard quasi-isotropic fibre orientation angles, 0°, 90° and +/- 45°, so that any differences in
their failure behaviour can be related to the effect of ply thickness (tpy = 0.291 mm versus tpy =
0.144 mm). To study the effect of the relative ply orientation angle, also referred to as the pitch
angle, Laminate 3 features more dispersed fibre orientation angles with the addition of the non-
standard fibre angles, +/— 22.5° and +/— 67.5°. As Laminate 2 and 3 have the same ply
thicknesses, differences in their failure behaviour and multiaxial strengths can be attributed to
the relative fibre orientation angle (45° versus 22.5°).

The nature of damage initiation and evolution in multidirectional laminates makes the
identification of an ideal specimen design for multiaxial testing challenging. The severity of
stress concentrations and their locations are influenced by the combined load case, while the
initial failure modes, strengths and the evolution of damage is strongly dependent on the
laminate lay-up. Therefore, it is difficult to find a specimen shape which enables the
comparative assessment of the failure loads across all laminate lay-ups and load cases
investigated in this work. The specimen shape should promote failure at an observable location
within the gauge section away from the tabs in all lay-ups (see Fig. 1) and loading
configurations. A way of increasing the chance of failure initiation at a preferable location
regardless of laminate lay-up and load case is the use of an artificial stress raiser such as a small
hole in the gauge of the specimen [35]. Apart from the work in [18], [22], where straight-sided
open-hole specimens were used for combined tension-shear testing, there are no guidelines on
an ideal open-hole specimen design used with an Arcan fixture for combined
tension/compression-shear testing of multidirectional laminates.

A preliminary stress/strain and failure analysis has therefore been conducted using the
commercial finite element (FE) code Abaqus 6.14 [36] to study the effect of specimen shape
and to find a specimen geometry which promotes failure at the hole. Failure initiation was
predicted using the LaRCO3 failure criterion [37]. Different specimen shapes were considered
ranging from the butterfly specimen, inspired by the original Arcan tests [21], to lightly waisted
specimens, to straight-sided specimens. The overall conclusion was that straight-sided

specimens subjected to shear dominated load cases are prone to damage occurring at the top
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right and bottom left corners of the specimen due to the high y-direction normal stresses/strains
developing (see Fig. 7 (b)) and that the predicted probability of failure at the hole for lightly
waisted specimens is improved. It is concluded that the lightly waisted specimen with a hole
offers the best compromise with respect to promoting failure initiation at the hole across all
laminate lay-ups and load cases. Pilot tests were carried out, which confirmed the findings of
the FEA, hence the specimen shape as shown in Fig.4 was adopted.

Prior to bonding the end tabs, a large batch of specimens was water jet cut following the
dimensions in Fig. 4 (a). Water jet cut tabs as shown in Fig 4. (c), made from 2 mm thick quasi-
isotropic glass/epoxy circuit board material [38], were bonded to the carbon/epoxy using
aerospace grade epoxy adhesive Araldite 2015 [39]. To facilitate the bonding process, slots
were integrated into the specimen shape as shown in Fig. 4 (a) and (c). The tabs were aligned
using M6 bolts as shown in Fig. 4 (), ensuring an accurate alignment and bond line thickness.
The alignment bolts were removed prior to testing.

The fibre orientation was defined with respect to the y-axis perpendicular to the waistline as
shown in Fig. 4 (e) of the undeformed specimen, such that the surface ply was orientated at an
angle of § = +45° for Laminates 1 and 2 and at 6 = +22.5° for Laminate 3. After water jet
cutting, the central hole was drilled using a tungsten carbide drill bit on a pillar drill. Due to the
limited amount of material supplied in combination with the large number of tests needed for
multiaxial testing, the specimens were pre-screened using X-ray Computed Tomography (CT)
with a voxel resolution of 30 um. Based on visual inspection of the scans, the best specimens
with the least manufacturing induced defects (e.g. inter/intra ply voids from lamination process
or damage to edges due to the water jet cutting and drilling of holes) were selected for testing, to
reduce the expected experimental scatter and thus justifying reduced numbers of test specimens
per load and laminate configuration.

To improve the precision of the DIC measurements, an attempt was made to remove the peel
ply pattern on the specimen surface which can adversely influence the correlation algorithm.
Both sides of Laminate 2 specimens were therefore carefully sanded, but the attempt was

stopped upon realisation that it is impossible to remove the peel ply pattern completely without
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damaging the fibres of the surface plies. The surface plies of Laminate 2 specimens are
therefore thinner than the rest of the plies. The total laminate thickness, tiam, Variation is reported

in Table 2 as measured using a micrometre at three locations along the gauge section.

4  Load-extension curves derived from DIC based biaxial

extensometer measurements

Load-extension curves provide a direct means of assessing the specimen load and failure
response. In biaxial experiments such as in the MAF experiment, the test machine extension is
only of limited use because the combined tension/compression and shear deformation is not
separated. Furthermore, the test machine extension measurement is affected by the compliance
of the test machine and additionally of the MAF assembly, which varies for the different
loading angles, a, thus making direct comparisons between test cases difficult. Therefore, an
alternative method of measurement of the specimen deformation is required that decouples the
tension/compression and shear responses, and further is not affected by the compliance of the
test set-up. In the following, a DIC based biaxial extensometer which overcomes these
limitations is described. The derived load-extension curves are then used in Section 5 to discuss
the load and failure response of the tested laminates.

Fig. 5 illustrates the principle of the biaxial extensometer based on DIC measurements.
Vertical, v, and horizontal, u, displacements are extracted from the corresponding displacement
fields near the top and bottom edges of the specimen averaged within 2 mm x 2 mm reference
areas (red squares in Fig. 5 (a)). The positions of the reference areas are defined with respect to
the centre of the hole, which is also the spatial origin of the DIC data. Thereby, three separate
load-extension curves are derived on the left, on the centreline and on the right of the specimen
as shown in Fig. 5 (a). The potential of exploiting the full field data and of deriving several
load-extension curves is a further advantage of the DIC based extensometer, which allows a
more detailed assessment of the specimen deformation in comparison to a conventional

extensometer which only provides an averaged deformation measurement.
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The extracted displacements u and v at the top and bottom edges, denoted by the superscript
‘top’ and ‘btm’, respectively, are then used to derive the vertical extension (normal response)

and the horizontal extension (shear response) as follows:

top btm
tup btm (1)

where the subscript i denotes the horizontal position of the virtual extensometer, i.e. left, centre
and right, as illustrated in Fig. 5 (a). The extensions are then used to plot the normal and shear
load-extension curves; a typical example is shown in Fig. 5 (b).

To extract the extensions from the DIC displacement fields, the global x,y,z position
coordinates and the corresponding u, v, w displacements were exported from the DIC software
and post-processed with a purpose-written Python code. Firstly, the position and displacement
vectors were transformed so that the origin of the data corresponded to the centre of the hole
(via translation transformation) and that the global z-axis was perpendicular to the specimen’s
surface, while the top and bottom edges were parallel to the global x- axis (via rotation
transformation). In the next step, the transformed data, highlighted grey in Fig. 6 (a), was
interpolated on a grid of 0.05 mm x 0.05 mm indicated by black dots in Fig. 6 (a) [40].

To use DIC as a biaxial extensometer as described above, it is essential that the kinematics of
the MAF are accounted for during data post-processing. As load is applied, an in-plane rigid
body rotation of the specimen occurs, so a specimen reference x“y*- coordinate system is
defined that rotates with the specimen (see Figure 6 (b)), where k denotes the corresponding
load step. At P° (zero loading), the specimen reference coordinate system, i.e. the x%y°-
coordinate system, is equivalent to the global xy-coordinate system. The rigid body rotation
angle upon loading is denoted ¢*in Fig. 6 (b) and is dependent on the applied load. The rigid
body rotation angle is derived by fitting a straight line to the v- displacements along a line near
to the bottom edge of the specimen shown in cyan in Fig. 6 (a). Based on the slope of the fitted
line, a, the rigid rotation angle, ¢*, can be determined as shown in Fig. 6 (b) for every load step,
k. Corrected displacement fields in the specimen reference x*y*- frame were then obtained by

11
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superposition of the rigid body rotation fields corresponding to a rigid rotation, ¢*, and the
measured fields. The corrected fields are then used to derive the load-extension curves as shown

in Fig. 5 (b).

5 Failure initiation and evolution

The MAF/DIC approach was used to investigate the three laminate configurations (see Fig. 1)
subjected to tension (a = 0°), combined tension-shear (« = 15°, 45°), shear (a = 90°),
compression-shear (o = 135°, 165°) and compression (a = 180°). The detailed testing protocol is
attached in Appendix A. Fig. 7 shows the complex strain fields induced in specimens loaded in
tension (a = 0°) and shear (a = 90°), obtained using DIC. In the linear elastic part of the load
response, strain fields for combined load cases are simply linear superpositions of the strain
fields shown in Fig. 7. Failure modes and locations discussed later can in some cases be
attributed to the strain concentrations seen in Fig. 7. Further, the fields can be used to validate
model predictions for the elastic material response before failure initiation.

Fig. 7 (a) shows that in tension loaded specimens, vertical tensile normal strain
concentrations &yy develop on both sides of the hole, while shear strain concentrations yyx are
observed as a radial pattern around the hole. The strain fields agree well with similar data in the
literature for open-hole tensile tests [41]. Notably yyx and ex Strains also develop at the curved
specimen edges. Fig. 7 (b) shows the development of high yyx shear strain concentrations in a
radial pattern around the hole, while high compressive &yy and e« normal strains are observed
around the hole as well. Notably &,y strains also develop in the four corners of the specimen at
the curved edges.

Based on the DIC results, two distinct failure events were observed across the load and lay-
up configurations tested. Matrix cracks in the surface plies (+45° for Laminates 1 and 2, +22.5°
for Laminate 3) can accurately be located based on the maximum principal normal strain fields,
emax, S shown in Fig. 8. Here the maximum principal strain is used because it is invariant to
coordinate system transformation, thus simplifying comparison between specimens and with

model predictions.
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A second failure event can be determined from the out-of-plane displacement maps shown in
Fig. 9, where local out-of-plane displacement changes indicate the occurrence of sub-surface
damage. The local surface elevation indicates the formation of a displacement discontinuity in
the through-thickness direction. While the associated initial damage mode cannot be clearly
determined, it is confirmed by visual inspection that the out-of-plane displacement gradients
result in the initiation of delamination (cracks at the interfaces of the plies). This can be seen
through DIC camera 2 (see Fig. 3), through which the hole and the side edges of the specimen
can be observed.

In load cases with a dominant shear component, high out-of-plane displacement gradients in
the vicinity of the hole aligned with the +45° fibre direction are observed as shown for example
in Fig. 9 (a) for Laminate 1 loaded in shear. Delamination cracks open further in shear and
compression dominated load cases, which enhances their signature in the out-of-plane
displacement plots. In the out-of-plane displacement maps for the tensile load cases shown in
Fig. 9 (b), delaminated areas can also be identified: The dark red areas are clearly associated
with edge/hole induced delamination failure, verified by visual inspection of the specimen edges
through DIC camera 2 (see Fig. 3). A less pronounced change in the out-of-plane displacement
is observed at the top and the bottom of the hole. Based on similar experimental data in the
literature [42], this indicates delamination in the 0°/-45° ply interface between the two fibre
splits typically occurring in the 0° plies of quasi-isotropic OHT specimens at both sides of the
hole.

The main failure events are chronologically identified in the load-extension plots in Fig. 10
to 14 for specimens loaded in tension (a = 0°), tension-shear (a = 45°), shear (« = 90°),
compression-shear (o = 135°) and compression (o = 180°), respectively. All load-extension
curves, as given in Figs. 10 to 14, display linear behaviour for most part of the load response
regardless of the applied combined load case. Only the shear responses for all load cases display
nonlinear behaviour close to the maximum load. It is also noted that all laminates show the
same compliance within the linear elastic load regime, confirming that the homogenised elastic

properties of the three laminate configurations are equivalent. Most of the load-extension curves
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obtained for a given specimen at the left, centre and right are in close agreement. However, for
some cases, the normal load extension curves (P - Av;) obtained at the different horizontal
locations deviate slightly (see e.g. Laminate 2 in Fig. 11). This indicates that damage does not
necessarily occur simultaneously on both sides of the specimens but that one side cracks first,
leading to stiffness reduction on one side of the specimen. This may be due to material
variability or due to a slightly asymmetrical load introduction to the specimen. Further, it is
observed that failure events detectable in the DIC fields are not necessarily reflected as a load
drop in the load-extension plots, nor can the failure events be easily detected by visual
inspection alone. This makes DIC an effective identification tool to characterise damage events
that otherwise would be overseen. However, it should be noted that DIC is a surface-based
technique, and although some internal damage events or internal nonlinearities as in [43] may
be observed on the surface, not all internal failure events are detectable on the specimen
surfaces. Detecting such damage events would require the use of e.g. X-ray CT [18], which is
beyond the scope of this paper. Nevertheless, the obtained data is useful to visualise failure
locations and governing failure mechanisms of the laminate which provide means to validate
failure models. By assessing initial failure events across all load and lay-up configurations, the
following can be concluded:

e For tensile dominated load cases (o = 0°, 15°) the first detectable failure events in all
laminates are inter-fibre matrix cracks in the surface plies starting at the hole and the edges
(Fig. 10). The cracks initiating at the hole can clearly be attributed to the high tensile
vertical normal strain concentrations shown in Fig. 7 (a).

e For tension-shear (a = 45°) loading, the first failure initiation in Laminates 1 and 2 are
inter-fibre matrix cracks on the surface whereas Laminate 3 delaminates at the hole (Fig.
11).

e For shear (a = 90°) and combined compression-shear (o = 135°, 165°) loading, failure
initiates in all laminates at the hole (Fig. 12 and 13). Damage initiation is firstly observed

in the out-of-plane displacement maps and results in delamination failure at the hole. The
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damaged region can clearly be attributed to the high vertical compressive normal strain
concentration above and below the hole shown in Fig. 7 (b).
e Failure in compression (a = 180°) occurs suddenly and without any notable prior failure

events on the surface of the specimen (Fig. 14).

6  Ultimate multiaxial open-hole specimen strength

To compare the ultimate multiaxial open-hole specimen strength among the three laminates
with respect to the different load cases, tension/compression-shear failure envelopes were
derived. Therefore, the normal, N;‘“, and shear, N2t component of the ultimate failure load,

yx o

PU" were obtained using the corresponding loading angle, ¢, as illustrated in Fig. 15, as follows:

N}t = pU¥ltcos(a)

@)

N}t = P¥sin(a)

©)

PU" is expected to be influenced by the specimen shape and hole size, which is also intrinsic to
uniaxial open-hole tests [9], [10], and it has been shown in Section 5 that damage has not in all
cases initiated at the hole. The measured ultimate failure load (or average failure stress) is

therefore best regarded as the failure load (or strength) of the specimen. Furthermore, mean

representative stress based ultimate failure envelopes (a;glf - r},‘}f) were also defined as follows:

Nult
ult — Y
Iy = ¢ (4)
nettlam
Nult
T;,‘,lf -y (5)
Wnettlam

where wnetand tiam are the measured net width and thickness of the gauge cross section,
respectively. Note that the mean stresses do not represent the actual stresses which govern
failure, but instead serve as a convenient averaged (across specimen cross section) quantity to

compare the performance of all laminates for different combined loading in this study.
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The ultimate failure loads, P"", as measured by the load cell of the test machine and
corrected for the weight of the MAF and the balance system (see Fig. 3) are reported in Table 3
for all specimens. For the case of compressively loaded specimens (« = 180°), an additional
failure load is reported which can be associated with the onset of laminate crushing which is
characterised by the start of regular small load drops in the test machine load-displacement
curves.

Table 3 shows that all laminates are strongest when loaded in tension (a = 0°), and that the
addition of shear reduces the maximum load carrying capability. The ultimate failure load
increases again when compressive loading is applied and reaches about half of the ultimate
tensile failure load in compression (o = 180°). Fig. 16 shows the tension/compression-shear
failure envelopes derived using Equations (2) to (5) based on the ultimate failure loads in
Table 3 in load space (a) and stress space (b), respectively.

Fig. 16 reveals a strong effect of ply thickness on the load carrying capability when the
specimens are subjected to tension-shear loading. The effect is most pronounced at o = 15°,
where specimens made from ‘thin’ ply Laminates 2 and 3 carry up to 150% of the load carried
by specimens made of ‘thick’ ply Laminate 1. The ply thickness effect in combined tension-
shear is therefore also considerably greater than for tensile loaded specimens. The observed
behaviour for tension-shear loading can be related to the in-situ strength effect that states that
matrix cracking in UD plies is delayed in ‘thin’ plies compared to ‘thick’ plies [2], as well as to
the higher delamination onset stresses in the ‘thin’ plies [6]. Moreover, matrix cracking and
delamination failure in open-hole tests are interacting, thus supressing matrix cracking in the
‘thin’ plies will also delay the onset of delamination [11] and subsequent fibre failure, which
both govern the ultimate strength.

In contrast, the effect of ply thickness on the open-hole specimen strength is not evident for
compression-shear loading. The in-situ effect on the transverse compressive strength is smaller
than on the transverse tensile strength [44], resulting in similar crack initiation stresses for the
‘thin’ and ‘thick’ ply laminates loaded in the compressive loading regimes. Furthermore, the

load-carrying capability in compression-shear of all laminates is limited by the relatively low
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compressive UD fibre strength. Thus, delaying the onset of matrix cracking and delamination
has not such a significant effect on the ultimate open-hole specimen strength in compressive
loading regimes as in the tensile loading regime where delamination dominates ultimate failure.

Furthermore, no significant effect of the relative fibre orientation angle (45° versus 22.5°) on
the ultimate load carrying capability can be seen by comparing the load based failure envelopes
in Fig 16 (a) of the ‘thin’ ply Laminates 2 and 3, with an average difference in failure load of
only 1% between the laminates. However, based on the mean stress based failure envelope in
Fig. 16 (b), Laminate 2 sustains on average 10% higher stresses than Laminate 3. This
difference may at first glance indicate the existence of a minor effect of the relative ply
orientation angle on the ultimate load carrying capability. However, because Laminate 2 is on
average 10% thinner than Laminate 3 due to the sanded surface plies (as described previously),
it cannot be concluded that this phenomenon is attributed to the ply orientation effect alone.
Instead, it is more likely that the surface 45° ply has only a minor influence on the ultimate
strength of the laminate. Hence, partial removal of the Laminate 2 surface plies does not
significantly reduce the ultimate failure load of Laminate 2 as evidenced in Fig. 16 (a).
However, it increases the derived mean stresses in Fig. 16 (b) due to the reduced overall
laminate thickness. It can therefore be concluded that if an effect of the relative fibre orientation
on the ultimate failure load does exist, it will be much smaller than the effect of ply thickness
for the laminates and load cases investigated here.

Photographs of selected specimens after ultimate failure are presented in Table 4. Where the
specimens have not fractured into two halves, schematics of the through-thickness crack paths
are presented for clarity. It should be noted that, although some initial failure events can be
distinguished (see Figs. 10- 14), a cascade of various interacting failure events (transverse
matrix cracks, fibre breaks, delamination) happen suddenly and within a fraction of a second.
This means that the ultimate failure pattern is influenced by highly dynamic events inducing a
considerable degree of variability in the patterns observed. Nevertheless, from visual inspection,

the following observations can be made that will facilitate the validation of predictive models:
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For tensile dominated load cases (a = 0°, 15°), all specimens fail in the typical open-hole

tensile test pattern as reported in the literature [9]. All specimens break in two halves,

indicating that final failure involves complete fracture of the 0° plies and in the case of
Laminate 3 also the +/-22.5° plies.

For combined tension-shear loading (o = 45°), the specimens no longer fail in the typical
open-hole tensile specimen pattern [9]. Instead, macroscopic fracture planes (i.e. areas of
major damage accumulation in the form of matrix cracks, delamination and fibre failure)
run from the bottom left corner through the hole to the top right corner, where both corner
areas are largely delaminated. The opposite corners instead show only little damage.
Specimens of Laminate 2 break in two halves while specimens of Laminate 1 and 3 do not
disintegrate completely but develop a series of through-thickness cracks forming
effectively a wedge centred by the mid 0° plies.

For shear and moderate combined compression-shear loading (a = 90° - 135°), all
specimens exhibit a macroscopic fracture plane running diagonally from bottom left to top
right corners accompanied by large delamination in the same corners, while the opposite
corners show little damage. For Laminates 1 and 3 a through-thickness wedge shaped crack
path is evident, while Laminate 2 shows a dispersed crack pattern.

For compressive load cases (o = 165°-180°), the fracture planes align approximately with
the minimum gauge section. In the through-thickness view, the cracks are dispersed, and

the plies are crushed accompanied by matrix cracking, fibre breaks and delamination.

Conclusions and future work

A novel experimental procedure based on a new Modified Arcan Fixture (MAF), stereo Digital

Image Correlation (DIC) and a lightly waisted open-hole specimen has been devised to

investigate multidirectional laminates subjected to combined tension/compression and shear

loading. The new MAF has enabled the characterisation of multidirectional composite laminates

subjected to both combined tension-shear and compression-shear loading, which has not been

possible before. Using the developed experimental procedure, three quasi-isotropic
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carbon/epoxy laminates were tested to investigate the effect of ply thickness and relative fibre
orientation angles on the failure initiation and ultimate multiaxial open-hole specimen strength
of multidirectional laminates.

Based on the DIC measurements, two macroscopic failure events were distinguished, i.e.
matrix cracking of the surface plies and delamination at the hole. For specimens loaded in
tension and combined tension-shear, initial failure events (matrix cracking in the surface ply)
occurred simultaneously at the hole and the edges, while for the shear, combined compression-
shear and compression load cases, the first failure events occurred at the hole. Load-extension
curves were constructed based on the full-field displacement maps, which enabled the
visualisation of the combined tension/compression-shear deformation and failure evolution. The
experimental data obtained showed laminate lay-up effects on failure evolution and ultimate
failure. Moreover, it revealed significant dependencies of the magnitude of the laminate lay-up
effect on the applied combined load case. For combined tension-shear loading, ply thickness has
a strong effect on the ultimate specimen failure strength, where the ‘thin’ ply specimens were up
to 150 % stronger than the ‘thick’ ply specimens. However, for combined compression-shear
loading no significant ply thickness effect was observed. Furthermore, no significant effect of
the relative fibre orientation angle on the ultimate strength was observed regardless of the
combined loading regime.

The overarching conclusion from the work in the paper impacts on the design of high-
performance composite materials and structures, in that the use of laminates with thinner but
increased numbers of plies may be preferential in areas of combined tension-shear loading,
despite the increased manufacturing cost. However, for the material systems investigated, no
significant benefit is apparent for using the ‘thin’ plies for laminates subjected predominantly to
compression-shear loading. Moreover, according to the experiments conducted there is no
significant gain of using non-standard fibre orientation angle laminates in terms of ultimate
strength for the investigated load cases. However, further investigation is needed to ascertain if
these findings are applicable for different hole sizes or stress raiser geometries, i.e. different

specimen shapes.
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The work conducted provides a definitive demonstration of the usefulness of the developed
MAF/DIC procedure to study multidirectional composite laminates subjected to combined
tension/compression-shear loading. Based on the promising test results, it is recommended for
future work to investigate the possibility for an improved specimen design to encourage failure
initiation at the hole to improve comparability of the multiaxial open-hole strength.
Furthermore, the use of X-ray CT in combination with the MAF test is recommended for future
work which would enable the clear identification of sub-surface damage events which could be
corelated against surface-based observations.

Furthermore, the complex material behaviour captured in the MAF test results stemming
from the various lay-up and load configurations investigated, makes the extracted high-fidelity
experimental data well suited for the validation and development of novel numerical and
analytical tools to predict failure in composite laminates. Thorough validation against
challenging and high-fidelity experimental data, as successfully delivered by the research
described in the paper, is crucially important to raise confidence in numerical tools for
composite failure analysis. Future work will focus on assessing the agreement between the
experimental observations presented in this paper, and numerical predictions made using the
meso-scale FE modelling framework proposed in [29], with the aim of establishing its maturity

and its readiness for industrial design and certification.
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Appendix A: Testing protocol

The uniaxial tension tests (o = 0°) of Laminates 2 and 3 were conducted on an Instron Schenck

630 kN servo-hydraulic universal test machine, whereas all other tests were conducted on an

Instron 8502 100 kN servo-hydraulic test machine. The following testing protocol for the MAF

tests was strictly adhered to:

1)

2)

3)

4)

5)

6)

7)

The MAF was connected to the test machine crosshead using an appropriate pair of loading
holes by the aid of the pulleys as illustrated in Fig. 3.

The specimen was mounted and the clamping bolts (see Fig. 2 (b)) were torqued up to 75
Nm for a = 45° - 180° and up to 120 Nm for & = 0° and 15°, respectively. A 3D printed jig
was used to ensure accurate alignment of the specimen within the grips.

The balance weight system was installed to eliminate the spurious stresses/strain induced
into the specimen by the weight of the MAF as shown in Fig. 3.

The load cell was balanced. Therefore, the load reading does not include the load carried
by the specimen generated by the lower half of the MAF assembly and the connected
balance weight. The load reading was therefore corrected in a post-processing step.

The MAF was connected to the test machine actuator at the bottom and was pre-tensioned
to approximately P = 0.1 kN to take up initial slack in the MAF assembly.

Five static images were taken with the calibrated stereo DIC system of the undeformed
specimen.

Image acquisition was started at a rate of 2 Hz. The specimen was loaded in displacement

control (1 mm/min) until ultimate failure.
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Fig 1. Quasi-isotropic carbon/epoxy laminates subjected to combined tension-shear and
compression-shear loading.
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Fig 2. (@) The new Modified Arcan Fixture (MAF), with indication of how different combined
tension/compression-shear loading can be induced in the specimen by the choice of the loading
hole pair designated by the loading angle «, and (b) the re-designed specimen friction grip
arrangement.
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Fig. 3. Experimental set-up showing the MAF attached to universal test machine, the alignment
pulleys, the balance weight system and the stereo Digital Image Correlation (DIC) system.
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Fig 4. Specimen design; (a) in-plane view and (b) side view of the assembled specimen, (c)
glass/epoxy tab, (d) definition of fibre orientation angle, 8, and (e) tabbing procedure using
alignment slots and bolts. Dimensions given in mm.
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Fig. 5. Principle of the DIC based virtual extensometer: (a) Location of displacement extraction
points and (b) example of derived load-extension curves for a Laminate 3 specimen loaded in
combined tension- shear (a = 45°). Dimensions given in mm.
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scattered data on regular grid (matrix) and (b) procedure to characterise rigid body rotation.
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Fig. 8. Maximum principal normal strain field used to characterise transverse cracking of the
surface plies. Example shown: Laminate 1 in tension-shear loading (a = 45°).
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Fig. 15. View through DIC camera and definition of the representative combined
tension/compression, N;“t, and shear,
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Fig. 16. Ultimate load carrying capability of the different laminate configurations and load
cases: (a) measured load based failure envelope, (b) net cross section mean stress based failure
envelope.
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Table 1. DIC system specification, processing parameters and system performance.

Hardware

Cameras 2 X Imager E-Lite 5M

Sensor and digitization 2448 x 2050, 12 bit

Lens Sigma 105 mm /2.8

Imaging distance [mm] / Stereo angle [deg] | ~500/20

Lighting 2 X NILA ZAILA LED Lights

Pixel resolution

~ 50.62 pixel/mm

Field of View [mm]

~40x 48

Analysis parameters

Software

DaVis 10, LaVision [45]

Subset size [pixels] / Step size [pixels]

51/10

Shape function / Correlation Criterion

Quadratic / LSM

Spatial pre-filtering of displacements

Gaussian smoothing (3x3 kernel)

Strain tensor

Logarithmic

System performance

Displacement noise floor [um]

u=0.443/v=0.288/w = 0.688

Strain noise floor [um/m]

Exx — 99/€yy: 87/8yx: 102

Table 2. Measured mean thicknesses of the specimens.

Laminate 1 | Laminate 2 Laminate 3
tiam [MM] 2.326 2.133 2.301
% COV 1.29% 2.71% 1.08%

Table 3. Ultimate failure loads, P"", sustained by each tested specimen.

Load case 0yy[Tyy Nr Lgm'[}fﬁ] 1 Lgml[\lfltﬁ 2 Lgm'Fsﬁﬁ 3
Tension o 1 51.58 55.16 54.84
o=0° 2 49.33 52.29 55.06
Tension-shear 373 1 30.96 43.89 45.35
a=15° 2 29.22 44.36 44.99
Tension-shear 1 1 16.80 22.29 22,51

o =45° 2 16.41 22.79 22.18
Shear 0 1 12.02 13.21 12.62
a=90° 2 11.92 13.18 12.53
Compression- 1 1 13.52 14.44 13.46
shear @ = 135° 2 12.39 14.07 13.44
Compression- 3732 1 20.95 20.71 19.01
shear a = 165° 2 20.71 20.86 19.60
Compression «a - 1 21.92/27.52 20.34 / 23.56 - 124.75
=180°* 2 20.92/29.77 21.42 [ 23.77 23.52/24.51
* Initiation of laminate crushing and maximum load sustained are reported if applicable.
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Table 4. Selected specimens after ultimate failure. Crack paths are highlighted as white lines in
through-thickness schematics in specimens that did not break in two halves.

Laminate 1 | Laminate 2 | Laminate 3

Tension dominated (a = 0° - 15°)

80°)

ression dominated (a = 165°-1
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