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Abstract The open hole tension strength is an impor-
tant parameter for composite structures since it is can
be a limiting factor in design. It is also difficult to char-
acterise and predict through analytical or numerical
methods since there exists a wide variation in experi-
mental results depending on testing configuration. Here
a range of such variations are presented and the
behaviour explained in terms of the development of
sub-critical damage in the form of intra-ply splits and
inter-ply delaminations and their interaction with each
other and also with fibre failure. A finite element based
numerical analysis technique has been developed and
applied to each case in turn, successfully predicting the
failure modes, trends and strengths. This is sufficiently
robust to form the basis for a virtual testing frame-
work for the open hole tensile strength of composite
materials.
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1 Introduction

The case for the requirement for predictive analysis
tools is now sufficiently strong that itis widely accepted
as being necessary to progress the development of
advanced composite structures. The shear scale of test-
ing required to go from simple coupon data to certified
aircraft structure using the typical pyramid of testing
(MIL HDBK 17 2002) means that predictive analy-
sis tools have clear benefits in terms of cost reduc-
tion. If analysis is to replace some of the testing in
this process however it is going to have to become
a truly representative virtual test. It is of course cru-
cially important that techniques making up any such
virtual testing procedure undergo a rigorous validation
to ensure accurate representation of test results. Virtual
testing is however more than just stress analysis (Davies
and Ankersen 2008; Cox and Yang 2006; Gonzalez
and Llorca 2007). In order to predict complex struc-
tural behaviour it requires efficient, accurate models for
material stress—strain behaviour. In the case of com-
posites this requires prediction of the onset of dam-
age and the evolution of material properties as damage
increases. It is only through such models that engineers
will be able to assess the true suitability of materials
for use at the component level.

The open hole tensile test is important in deriving
allowable stress levels for use in component design
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since open hole strength can be a limiting factor. It
is also one of the simplest tests that combines unavoid-
able geometrical interaction with material properties,
being cheap to undertake since it requires only limited
machining of flat laminates. Thus it is on the border
between a true materials test and a simple or small scale
structural test. For this reason it is also sometimes used
for material ranking to give an early indication of a
material’s structural performance. Also it is represen-
tative of common features in composite components
causing stress concentrations such as fastener holes and
cutouts. These attributes therefore make it a good test
to try and replicate through virtual testing techniques.
The complexities and variation in results obtained with
variation in testing configuration however mean that
this is a significant challenge.

Although standards exist for open hole tensile
strength (ASTM 2002; SACMA 1994), results can be
strongly dependent on testing configuration e.g. the
well known hole (notched) size effect (Awerbuch and
Madhukar 1985; Whitney and Nuismer 1974) or effect
of layup (Lagace 1986; Walsh and Ochoa 1993). This
creates difficulties for designers and modellers alike
since small changes in parameters will affect data val-
ues produced. There is thus an increased requirement
for predictive analysis to avoid expensive tests but par-
adoxically many predictive techniques require empir-
ically derived calibration factors. Models which take
account of the progressive damage development in the
specimen are able to overcome some of these limita-
tions (Chang and Chang 1987; Camanho et al. 2007).

Work at the University of Bristol has investigated
a number of the different factors causing variations in
open hole tensile strength and failure mode. A finite ele-
ment modelling technique has been developed which
has been able to capture variations both in terms of the
failure mechanisms and the absolute values of strength.
Having noted the success of this technique as a gen-
eral and robust virtual testing capability for open hole
tension loading of composites it should also be noted
that due to the complexity these models, they can be
extremely computationally intensive. The challenge
remains to implement this approach in a simplified form
which is able to model components at an industrially
relevant scale. This paper summarises a number of the
effects which have been investigated experimentally
and characterised as well as predicted using the finite
element analysis technique.
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Fig. 1 Baseline specimen geometry

2 Experimental overview

All cases presented here have been tested using spec-
imens manufactured from unidirectional carbon fibre/
epoxy prepreg, IM7/8552. Most of these have a nomi-
nal ply thickness of 0.125 mm with the exception being
the directed layups (see Sect. 4.4 below). The simplest
quasi-isotropic laminate to be produced in this config-
uration is with one ply in each of the fibre directions
in a symmetric layup. The baseline stacking sequence
was chosen to be [45/90/-45/0]s. This was selected as
it is the stacking sequence least likely to fail by edge
delamination with a 45° ply on the surface as per indus-
trial practice. This was determined using a virtual crack
closure technique (VCCT) to examine all permutations
of +45, 0 and 90° plies (Hallett et al. 2008). Figure 1
shows the relative in-plane dimensions used. A spec-
imen hole diameter to width ratio of 5 was chosen as
at this width the linear elastic stress concentration has
reduced to the far field stress at the specimen edge.
For the baseline case a 3.175mm (1/8”) hole diame-
ter was used. Specimens were loaded quasi-statically
in tension in the 0° fibre direction. In all cases a load
drop of 5% or greater was taken to be the point of fail-
ure. This introduces the baseline configuration but in
the work presented here nearly all of these so called
baseline parameters have been varied and their effect
on strength investigated.

The sub-critical damage which develops at relatively
low load levels prior to ultimate failure in open hole ten-
sile specimens has been identified as being significant
for determining the specimen strength and final failure
mode. This has been described in some detail elsewhere
(Hallett et al. in press) but owing to its importance and
implications for virtual testing methods it is worth a
brief overview of the generic damage processes here.

The first damage to occur in a specimen is matrix
cracking. This starts at the free edge of the hole in the
form of splits within the plies. These form in the fibre
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directions, typically at a point tangential to the hole,
except in the case of the 90° ply where cracking is more
extensive. Initially these splits are isolated and distrib-
uted around the hole edge but as loading increases they
start to join up with each other by means of delamin-
ations occurring between adjacent plies. This forms a
typical triangular delamination area between the sur-
face 45° split and the split in the 90° ply below. Fig-
ure 2 shows the matrix crack and delamination forma-
tion process schematically as well as a typical C-scan
of a test interrupted before ultimate failure. The length
of the splits also increases with increasing applied load.
In the case of the 0° ply splits the growth in split length
causes a decrease in the stress concentration and hence
a blunting of the notch. In the case of the surface 45°
split this eventually crosses the full width of the spec-
imen and a triangular region of delamination is also
formed at the point where this split meets the speci-
men edge (also visible in Fig.2). A critical event in
the development of the sub-critical damage is the point
at which the delaminations at the hole and specimen
edge joint up. It is at this point that the delamination
can pass through the thickness of the laminate through
a 90° crack and continue propagating along the 90/45
interface and ultimately reach the 0° ply. At this point
the delamination can no longer continue to pass through
the thickness of the laminate due to the absence of full
width splits. It therefore propagates along the length of
the specimen causing a major delamination area which
is accompanied by a significant drop in load.
Although this is a generic description of the devel-
opment of sub-critical damage, not all specimens fol-
low this sequence through to completion, depending
on variations in the parameters described above. This
variation in geometric parameters also causes a varia-
tion in the rate of damage development and progres-
sion. As this damage is developing in the specimen,
so the load on the laminate is also increasing. Even-
tually this load causes sufficient fibre direction stress
in the load bearing 0° plies so as to cause fibre fail-
ure. The relative amount of sub-critical damage at the
point at which the fibre failure stress is exceeded is a
controlling factor on the strength and also failure mode
of a given configuration. Three distinct failure modes
have been identified for open hole tensile failure. The
first is a brittle failure mode in which sub-critical dam-
age development is limited and a relatively clean frac-
ture surface is obtained, failing all plies (except 90°)
by fibre fracture, perpendicular to the loading direc-

tion. The second is a pull out failure mode in which the
sub-critical damage has progressed across the full width
of the specimen and some of the off-axis plies are able
to pull out from between each other without failing by
fibre fracture. The third is a delamination failure mode
in which the sub-critical damage has reached the 0°
ply interface and propagates catastrophically back to
the specimen grips without fibre failure. These differ-
ent failure mechanisms are shown in Fig. 3.

Itis the interaction between the different sub-critical
damage mechanisms, ply splitting and delamination,
and their interaction in turn with fibre failure that give
the open hole tensile test the complexities which are
explored and compared in this paper. When specimen
parameters such as size, stacking sequence, layup or
width are varied, so the interaction between the differ-
ent damage mechanisms is varied too. This results in
variable behaviour with specimen configuration which
is what makes it such a notable challenge to predict
open hole tensile strength from first principals using
virtual testing techniques.

3 Analysis overview

If any analysis technique is to be sufficiently robust so
as to be able to capture the variation in strength caused
by variation in testing configuration using indepen-
dent material parameters then it is necessary to include
in the analysis such mechanisms as are causing this
variation. It is with this in mind that a procedure has
been developed in the finite element software LS-Dyna
that explicitly accounts for the intra-ply splits, inter-
ply delaminations and fibre failure and their associated
interaction for predicting open hole tensile strength of
composites (Hallett et al. in press; Jiang et al. 2007,
Hallett and Wisnom 2006). This uses a solid element
model with cohesive interface elements inserted both
within the plies to model the ply splits and between each
ply to model the delaminations. The ply split locations
are chosen from a knowledge of the critical locations
in experimental results and are generally inserted tan-
gentially to the hole and at the point of highest stress
concentration in the 90° ply. This results in a num-
ber of highly deformed elements around the hole edge
which are subsequently removed. This does not affect
the results since the development of the intra-ply splits
sufficiently reduces the local stress concentration at the
hole such that its exact shape is not significant. Figure 4
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Fig. 2 Schematic showing
development of damage at
hole edge and c-scan of a
specimen interrupted during
loading

Fig. 3 Three different
failure modes identified
from experimental results
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shows a typical mesh and the insertion of the inter-
face elements into the model. Each ply block has been
modelled with a single element through the thickness.
Although this is not sufficient to capture the case of a
tunnelling crack, the modelling of matrix cracks here
is important only in so far as they are related to the del-
aminations. Previous work (Jiang et al. 2007) has indi-
cated that results using this technique are not sensitive
to the number of elements through the thickness in this
case. Load was applied by means of linearly increasing
prescribed displacement at the end of the specimen. In
each case a model was run to find the stress at which
significant delamination was predicted. With increas-
ing displacement this occurred in all cases since the
fibre failure prediction capability was implemented by
post-processing of the stress results from the LS-Dyna
model. The individual failure patterns are described in
more detail later in this paper.

Fibre failure is predicted using a statistically based
Weibull failure criterion. This is based on the assump-
tion of equal probability of survival between two spec-
imens of different size being related through Eq. 1.

/am-dV:/am-dV (1)

Vi \%]

Using a set of reference values from tests on unidi-
rectional material (m = 40.1 and o0,,;; = 3131 MPa
for 1 mm? of the IM7/8552 material used here) the fibre
failure stress of any other volume of material can be pre-
dicted (Hallett et al. in press). This was implemented as
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a post-processing routine on analyses that had been run
to predict the delamination stress. Those analyses for
which the Weibull criterion was satisfied before sig-
nificant delamination were deemed to be either brit-
tle or pull out failure modes i.e. those dominated by
fibre failure. Those analyses in which there was signif-
icant delamination and an associated load drop greater
than 5% before the Weibull criterion was satisfied were
deemed to have failed by the delamination failure mode.

4 Experimental results and virtual testing
predictions

A range of experimental cases have been studied which
show a very clear variation in open hole tensile strength.
In each case the variation in strength can be explained
by the effect of the development of sub-critical damage.
Each configuration was modelled using the technique
described above with a single set of input parameters
across all analyses, summarised in Table 1. This allows
a greater insight to be gained into the role that the sub-
critical damage plays in the variation in strength which
in all cases was correctly predicted.

4.1 Thickness scaling regime

A comprehensive testing programme was carried out to
fully investigate the effect of scaling on notched tensile
strength (Green et al. 2007). In order to more clearly
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Table 1 Material IM7/8552 individual ply properties (I = fibre direction)
properties used in finite
element analyses En Ex=E3 Gn=Gi3 Gx Vi =Vi3 13 ol o = 33
161 GPa 11.4GPa 5.17GPa 3.98GPa 0.32 0436 0.0°C~! 3 x 1075°C!
Interface element properties
Gic Gric o o' o™
02N/mm 1.ON/mm 1.0 60MPa  90MPa

show the different sources of variation in strength and
hence challenges that this poses for virtual testing this
is examined as a series of individual cases here.

In order to increase the thickness of a laminate it
is necessary to increase the number of plies. This can
be done either by repeating the baseline sub-laminate
block, i.e. [45/90/-45/0]ns which is termed sub-lam-
inate scaling, or by increasing the number of plies in
each direction which are laid down together, i.e. [45m/
90m/—45m/0Om]s, for which the term ply level scaling
has been used. From the baseline 1 mm thick specimen
with a single ply block thickness and single sub-lami-
nate, m and n = 1, both scaling methods were used to
increase the thickness by factors of 2, 4 and 8.

The 1 mm specimen failed with a pull out type mode
and a strength of 570 MPa. Increasing the number of
sub-laminates in the half laminate to two (n=2,
2 mm thick) caused a reduction in strength to 500 MPa.
For n =4 and 8 the strength further reduced to 478 and
476 MParespectively. Increasing the thickness from the
same 1 mm baseline specimen by the ply level scaling

method caused a more substantial and continued reduc-
tion in strength; 396, 275 and 202 MPa form = 2, 4 and
8 respectively. All of these cases failed by the delami-
nation mode.

Looking at the predictions from the analysis it can
be seen that these trends are well captured. Figure5
compares the results with those from the tests. To more
clearly understand the variation in strength with dif-
ferent thickness scaling regime one must look to the
development of the sub-critical damage. This is shown
from the analysis for the 4 mm thick cases of both the
sub-laminate (Fig.6) and ply level scaled specimens
(Fig.7). The 4mm thick sub-laminate specimen was
predicted to fail by fibre failure. Figure 6 shows a plot
of the predicted delamination at each interface in the
half model at the point at which the Weibull criterion
was satisfied. The dark areas represent each of the fully
failed interface elements at a given ply interface. Also
shown is the splitting within all plies of each sub-lam-
inate. It can be seen that the sub-critical damage is
largely restricted to the first sub-laminate from the
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Fig. 5 Effect on strength for different thickness scaling regimes

surface. This is because the presence of the first 0° ply
obstructs its passage through the thickness of the lami-
nate. It was noted that there must be some small amount
of damage in the other 0° plies, otherwise the strength
would be lower—presumably softening but not com-
plete failure of the interface elements. Even though
the amount of sub-critical damage is relatively small
it still has some notch blunting effect, thus causing a
strength greater than the basic material strength multi-
plied by the linear elastic stress concentration factor. As
the number of sub-laminates is increased so the effect of
this notch blunting is reduced since it is restricted to the
first sub-laminate. For the 4 mm ply level scaled spec-
imen the analysis predicted a delamination type fail-
ure. In Fig. 7 the development of sub-critical damage is
shown with increasing applied load. It can be seen that
the first damage predicted to occur is the small trian-
gular regions of delamination at the intersection of the
surface 45° split and the hole and free edge. This devel-
ops into a full width delamination. This is the point of
maximum stress after which the delamination is able
to progress through the thickness of the laminate and
reach the 0° ply interface where it propagates back to
the grips. All of the 2, 4 and 8 mm ply level scaled
specimens failed by delamination and were predicted
to do so by the analysis. The decreasing strength can
be explained through simple fracture mechanics argu-
ments showing the increase in available energy to drive
the delamination with increasing ply block thickness.

4.2 In-plane scaling

Further tests were done in which the open hole tension
specimens were scaled in the in-plane direction only
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(Green et al. 2007). In this case the 4-mm thick spec-
imen was taken as the baseline, with a 3.175 mm hole
diameter (and hence w and 1) scaled by factors of 2, 4
and 8 up to 25.4 mm keeping thickness constant. This
was done for both the sub-laminate and ply level scal-
ing methods. The smallest sub-laminate scaled spec-
imen (3.175 mm hole diameter) exhibited the pull-out
failure mechanism. As specimen size increased so there
was a transition to the brittle failure mode. Results for
the sub-laminate level scaled specimens followed the
well documented hole size effect and were shown to
have a good fit to the Whitney—Nuismer average stress
criterion (Whitney and Nuismer 1974). This reduction
in strength can be explained in terms of the reduction
in notch blunting from the sub-critical damage at the
hole which reduces in relative terms as the ply thickness
to hole diameter ratio decreases (Wisnom and Hallett
2009). The increasing volume of material also causes a
reduction in fibre direction strength as captured by the
Weibull statistical effect.

The ply level scaled specimens in contrast all failed
by the delamination mode. In this case an increase
in strength with increasing in-plane dimensions was
observed which has not been reported by other authors.
The explanation for this is however still consistent with
other results presented here. The same effect of decreas-
ing sub-critical damage at the hole edge with decreasing
hole diameter to specimen width ratio occurred as for
the sub-laminate level scaled specimens. In this case
since the final failure mode is caused by delamina-
tion, which is a propagation of the sub-critical damage,
the delay in onset of this damage caused the specimen
strength to increase.

Since the numerical analysis predicts the sub-critical
damage that occurs in the specimen, which is important
in driving the observed size effects, the models cap-
ture very well both the traditional hole size effect of
the sub-laminate level scaled specimens and the newly
observed trend for the ply level scaled specimens as
shown in Fig. 8.

4.3 Stacking sequence

Since it has been shown that the progression of the
damage through the thickness of a laminate is impor-
tant, it can be expected that the order in which the
ply directions are orientated through the thickness will
affect results. Using the virtual testing technique all
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12 permutations of 45, 90, —45 and 0° plies in a 1 mm
thick symmetric laminate were analysed to predict their
strength (Hallett et al. submitted). All laminates were
predicted to fail by fibre dominated failure modes (pull-
out or delamination). The analysis did however show
two distinct groups of failure strength. Laminates with
0° plies on the surface or centre-line had about 20%
greater strength than those that didn’t. Again this can
be explained by the sub-critical damage development.
The reduced constraint of the 0° plies on the surface
or the thicker ply blocks created by having the 0° plies
symmetric about the centre-line allowed greater split-
ting and hence notch blunting which led to an increased

strength. This could be clearly seen on plots of the
splitting damage in these laminates (Hallett et al. sub-
mitted). For all cases a delamination stress could also
be calculated since the Weibull failure criterion was
only applied after the analyses were complete as a
post-processing routine. Since the interaction between
delamination and fibre failure is of interest, two stack-
ing sequences showing different ratios between stresses
for these modes were selected for thickness scaling to
2mm thick by the ply level scaling method. The first,
[—45/45/90/0]s, had the highest predicted fibre fail-
ure stress and the smallest difference to the predicted
delamination stress and the second, [90/—45/0/45]s,
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Fig. 8 Effect of in-plane scale factor on strength for sub-lami-
nate and ply level scaled specimens

had one of the lowest predicted fibre failure strengths
and the greatest difference to the delamination stress.
By increasing the ply block thickness the propensity to
delaminate was increased thus enhancing the interac-
tion between the delamination and fibre failure. In the
case of the first stacking sequence, due to the small dif-
ference between the failure stresses in the two modes,
increasing the ply block thickness brought the pre-
dicted delamination strength below that of the pre-
dicted fibre failure stress and thus it exhibited a change
in failure mode and also an associated reduction in
strength. In the case of the second laminate there was
initially a greater difference between predicted fibre
failure stress and delamination. When the ply block
thickness was increased it did reduce the predicted
delamination stress but not to below that of the fibre
failure stress, thus there was no significant decrease in
strength. Each of these stacking sequences was tested
at 1 and 2 mm thick as per the virtual test cases and the
corresponding results and failure modes can be seen in
Fig. 9.

4.4 Layup

As well as changing the order of the plies within a
stacking sequence it is of course possible to change
the relative percentages of plies in the given orienta-
tions. This will naturally cause a change in both stiff-
ness and strength. Whilst these changes in laminate
properties perhaps have a more obvious relation to the
changes in testing configuration than those presented
for scaling and stacking sequence effects, there remains
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Fig. 9 Effect of stacking sequence on strength for 1 and 2mm
thick ply level scaled specimens

a substantial challenge to virtual testing due to the com-
plex nature of the damage evolution. In this case it will
be seen that the generic description of damage devel-
opment previously given for a quasi-isotropic laminate
does not necessarily hold true and the virtual testing
should be sufficiently robust to take account of this.

In this case two laminates were considered, one fibre
dominated and the other matrix dominated. These had
percentages of fibres in the 0/£45/90 directions in the
ratios of 50/40/10 and 10/40/50 respectively. The actual
stacking sequences were [45°/0°/0°/—45°/90°/45°/0°/
0°/—45°/0°]s for the fibre dominated layup and [45°/
90°/90°/—45°/0°/45°/90°/90°/—45°/90°]s  for the
matrix dominated layups. The test specimens were
manufactured from the same layup but rotating the
panel through 90° before cutting the test specimens. In
this case a pre-preg with a nominal 0.25 mm ply thick-
ness was used. This layup gave a Smm panel thick-
ness. It should be noted that in order to get the required
directional layup some blocking of the plies is inevi-
table. As was seen for the quasi-isotropic layups this
will have knock on effects for the failure process. Here
specimens with a 3.175 mm hole diameter were tested,
giving a width of 16 mm to preserve w/d=5.

The failure mechanism of the fibre-dominated lam-
inates was classed as delamination as the specimens
showed a characteristic drop on the load-displacement
curve associated with large scale delamination but still
had residual load carrying capacity due to the remain-
ing 0° ply ligaments. In general these fibre-dominated
laminates showed considerably different delamination
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characteristics compared to the quasi-isotropic ones,
due to the large number of 0° plies present. Figure 10
shows the free edge of a specimen immediately after the
first load drop. The extensive delaminations can clearly
be seen, but in this case there are multiple delamina-
tions throughout the thickness, either side of the 0°
ply blocks, compared the single delamination interface
(symmetric) in the quasi-isotropic specimens. Delam-
ination generally occurred very suddenly, without the
preceding stable propagation of the damage to the spec-
imen edge and through the thickness seen in the quasi-
isotropic laminates. The average failure stress was
824 MPa with a 2.17% coefficient of variation.

The matrix-dominated laminates behaved very sim-
ilarly to the quasi-isotropic ones. The damage initiated
at the hole in the form of isolated cracks and delamin-
ations, before joining up to form more extensive del-
aminations between the off-axis plies around the hole
edge. As with the fibre-dominated lay-up, the damage
was more evenly distributed through the thickness of
the laminate at the hole boundary, with the 0° plies not
arresting the propagation of the damage as much as in
the quasi-isotropic laminates. The damage then propa-
gated across the width of the specimen, and was visible
at the specimen edge prior to failure (Fig. 11). The fail-
ure mechanism can be described as pullout. The full
width delamination did cause a drop on the load curve
but not sufficient to trigger the 5% criterion imposed. It
should however be noted that two out of six specimens
tested showed an ability to carry a small amount of load
post-failure; the other four showed a complete, instan-
taneous failure. This indicates that there is a significant
amount of sub-critical damage and that this configura-
tion is probably on the transition between delamina-
tion and pullout failure. The average failure stress was
249 MPa with a 2.38% coefficient of variation.

The analysis was applied to these tests. For the fibre
dominated layup this predicted a delamination failure at
765 MPa. As with the experimental results the nature of
the delamination failure was noted to be considerably
different to the quasi-isotropic case. This is shown in
Fig. 12 for the fibre dominated layup and the delamina-
tion pattern should be compared back to that shown in
Fig.7 for a quasi-isotropic laminate. It can be seen that
the major delamination event causing the drop in the
load propagated away from the hole in the direction
of loading. Prior to this there is little stable damage
growth across the width of the specimen which may
explain the apparent sudden failure in the experimental

result. It should also be noted that this delamination
occurs at all interfaces adjacent to the 0° ply blocks as
was observed in the tests.

The matrix dominated layup was also predicted to
fail by delamination, at 272 MPa. The test result was
described as a pullout type failure, but as noted, was
thought to be on the transition between pull out and
delamination. It can also be noticed that the analysis is
similarly on a transition point. The Weibull failure cri-
teria is satisfied at 210 MPa, after the maximum load of
272 MPa, but before the delamination has propagated
fully back to the grips (104 MPa), as can be seen in
Fig. 13. Whilst the analysis result has predicted failure
to occur on the wrong side of the delamination/pull-
out transition, the quantitative results are still in good
agreement, see Fig. 14. Also shown in Fig. 14 for com-
parison is the result for the sub-laminate level scaled
quasi-isotropic laminate with the same hole size. In this
case the thickness is 4 mm since 5 mm was not tested or
analysed but as can be seen from Fig. 5 once this thick-
ness is reached results are independent of thickness.

4.5 Specimen width to hole diameter ratio

The final variation in specimen configuration to be dis-
cussed here is that of specimen width to hole diame-
ter ratio. In the baseline quasi-isotropic configuration a
width to diameter of 5 was chosen so as avoid any inter-
action between the stress concentration at the hole edge
and the specimen edge. Using linear elastic assump-
tions this is normally taken to be sufficient to allow the
stress at the free edge to be equal to the far field applied
stress. It has however been shown through the previ-
ous investigations that the assumption of linear elastic
behaviour is not necessarily correct. In a number of
cases it has been the event of the damage at the hole
edge and the specimen edge joining up which has pre-
cipitated ultimate failure. It could therefore be expected
that increasing this distance over which the damage has
to join up before it can propagate would increase the
strength of a specimen. This would most likely be the
case for the ply level thickness scaled specimens which
failed by delamination and specimens which exhibited
the pull out failure mode.

Tests were therefore carried out on specimens in
which the width to hole diameter ratio (w/d) was incre-
ased from the baseline value of 5 to 10 (Cheung and
Hallett 2008). For these tests 2-mm thick laminates
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Fig. 10 Free edge of a fibre
dominated layup specimen
interrupted after first load
drop showing significant
delamination

45° plyC

(-45°/90°/45° {
plies

[} 0° plies

P ; [+ 0° plies

< ! . .

o Bt et = ———— 0°p||es
- Centre-line

45° plyC , - .
Py *— Delaminations == [} 0° plies
(-45°90°/45° N
plles 1 0° plies
45° ply

Fig. 11 Free edge of a
matrix dominated layup
specimen showing
delaminations that have
propagated from the hole
prior to ultimate failure

Fig. 12 Predicted delamination patterns for fibre dominated
layup at maximum load prior to first significant load drop and
just after
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Location of hole

Machining damage

scaled in the thickness direction by both the sub-lami-

Fibre Dominated nate and ply level scaled method were used. The hole
Interface 765 MPa 728 MPa diameter was 3.175-mm. In order to compare results
= with different w/d it is necessary to use a finite width
45°/0° ‘ v~ ”“mwmm” ‘ correction factor, Y. All previous results discussed in
this paper have been the uncorrected experimental or
0°/0° ‘ ' | analysis results since w/d has been kept constant
E throughout. A closed-form solution for the finite width
0°/-45° || - TN ) ‘ correction factor of a circular hole in an isotropic plate
—— T, is given in the study of Peterson [1974] for a plate of

-45°/90° ; | widhw;

S . 24 (1 —d/w)?

90°/45° ; A 1‘ = 3(1—d/w) 2
For the case of w/d = 5 this gives ¥ = 1.05 and for
45°/0° o= | w/d = 10 it gives Y = 1.01. Using these values the
2mm thick sub-laminate specimens with w/d = 5
0°/0° ‘ ‘ (already shown uncorrected previously) and w/d = 10
gave strengths of 523 and 555 MPa respectively. The
0°/-45° 1x ‘ o ‘ w/d = 10 result shows a slight increase on the w/d= 5
baseline value but still within the scatter of the experi-
-45°/0° pe ‘ R ‘ mental data which was approximately 5% for both data

sets. It was noted that the w/d = 10 specimens showed
a more brittle type failure compared to w/d = 5 as
can be seen in Fig. 15a. This is indicative of the sug-
gested difficulty for damage to join up across the width
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Fig. 13 Predicted delamination patterns for matrix dominated
layup at maximum load prior to first significant load drop and
just after

of the specimen but in this case it did not have any
significant effect on strength. The 2 mm thick ply level
scaled specimens in contrast showed a marked increase
in strength for the w/d = 10 specimens which failed
at 611 MPa (finite width corrected) when compared to
414 MPa for the baseline with the finite width correc-
tion factor applied. This is an increase of 47.5%. With
the increase in width to hole diameter ratio the fail-
ure mechanism changes from delamination to pullout
(Fig. 15b). This again can be attributed to the increased
difficulty for the damage at the hole to join up with dam-
age at the free edge. This is a necessary precursor to
delamination at the 0° ply interface to occur. In the case
of w/d = 10 the stress at which this occurs increases
such that the fibre failure stress now is exceeded before
the delamination event occurs, resulting in a pullout
type failure.

These increased width to hole diameter tests have
been modelled using the proposed virtual testing pro-
cedure. For the 2 mm sub-laminate thickness scaling a
very slight increase in strength from 512 to 521 MPa
(finite width corrected) is predicted. For the ply level
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=
=) i
g 400 +— N
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200 [ §>
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Fibre Dominated Quasi - isotropic Matrix Dominated

Fig. 14 Experimentally measured and predicted strengths for
fibre and matrix dominated as well as quasi-isotropic layups

scaled specimens the predicted increase is from 444 to
652MPa. In this case the failure mode is predicted to
remain as delamination. There is a significant change
in the 0° delamination pattern which no longer spans
the specimen width between the hole and free edge as
for w/d = 5 but now propagates from the hole in the
direction of loading, more similar to the fibre domi-
nated laminate shown in Fig. 12. Overall however, when
comparing the strengths, a reasonably good level of
correlation is obtained, see Fig. 16.

5 Conclusions

From the work presented here it can been seen that
there are a considerable number of parameters which
can affect open hole tensile strength; thickness scaling
regime, absolute thickness, in-plane dimensions, stack-
ing sequence, layup and specimen width to hole diame-
ter ratio. When the results are brought together and the
reasons behind these variations analysed in some detail
it can be seen that the one unifying factor is the effect of
sub-critical damage. One of the most significant param-
eters to affect this is the ply block thickness. Where
this is increased from the baseline of 0.125 mm it gen-
erally promotes intra-ply splitting and inter-ply delam-
ination. Where the failure mode is dominated by fibre
failure an increase in sub-critical damage will cause
an increase in the amount of notch blunting and hence
increase in specimen strength. Where the failure mode
is one of delamination, an increase in sub-critical dam-
age accelerates the progression towards ultimate fail-
ure and hence reduces the specimen strength. It is not
only the absolute ply block thickness that affects results
but also the ply block thickness to hole diameter ratio.
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Fig. 15 Typical 2 mm thick
failed specimens with
w/d =10 a sub-laminate

level scaled b ply level
scaled
B Test
700 Analysis

Strength (MPa)

w/d=5 w/d=10 w/d=5
Sub-laminate Ply level

w/d=10

Fig. 16 Experimentally measured and predicted strengths (finite
width corrected) for effect of w/d ratio

A decrease in this ratio results in a relative decrease
in sub-critical damage. Thus with constant ply block
thickness but increasing in plane dimensions, strength
decreases with size for sub-laminate level specimens
and increases with size for ply level specimens for the
same reasons as above.

Stacking sequence too can affect the sub-critical
damage since the location of the load bearing 0° plies
affects the amount of splitting that occurs adjacent to
the hole. Those stacking sequences that have larger
splitting are ultimately stronger due to the amount of
notch blunting. When the ply block thickness is incre-
ased the propensity to delaminate also increases. Due to
the relative amount of splitting in the different stacking
sequences this affects different laminates in different
ways. The resulting change in failure mode for one of
the laminates tested caused a significant reduction in
strength while the second laminate saw little change.
When the proportion of plies in the different fibre direc-
tions is varied from the quasi-isotropic layup it becomes
difficult to avoid a certain level of ply blocking. This
again affects the failure mode and for the laminates

@ Springer

tested here a delamination failure was observed in the
fibre dominated layup whilst it was shown that the fail-
ure of the matrix dominated layup was in a transition
region between delamination and pull out failure.

Finally since it is the joining up of the sub-critical
damage across the width of the specimen which is a
critical event for the pull out and delamination failure
modes it was shown that as this distance is increased
so the failure becomes more brittle. This also increases
the specimen strength when the failure mode changes
from delamination to pull out.

If an analysis technique is to be sufficiently robust to
be able to be used in a virtual testing framework, then
it must necessarily be able to capture complex effects
and variations in experimental results such as these.
All of the effects reported here have been explained in
terms of the development of damage within the speci-
mens prior to ultimate failure. This has been included in
the finite element modelling technique presented which
takes account of the interaction between intra-ply splits,
inter-ply delamination and fibre failure. These models
have been applied to a large range of experimental tests
and in all cases have been able to predict the failure and
trends observed. This has been achieved with a single
set of input parameters which are based on experimen-
tally measured data with no empirical or fitting factors.
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