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Investigations of the effect of size on the tensile strength of composite laminates containing circular holes
show that there is a large difference both in failure stress and mechanism due to changes in test config-
uration. This is particularly true of the ply and laminate thickness, and hole diameter. Interrupted tests
have been performed on open hole tensile specimens at different load levels to determine the progressive
damage development, evaluated through non-destructive testing (X-ray and C-scanning). The tests were
also analysed using a novel Finite Element Modelling technique. This was able to accurately predict the
wide range of ultimate strengths measured with variation in test parameters, principally through incor-
poration of the sub-critical damage in the analysis. A significant damage mechanism was seen to be
delamination at the hole edge which generally occurred at a lower stress for a smaller hole diameter
to ply block thickness ratio. Delaminations allowed damage to join up through the thickness of the lam-
inate and propagate. In ply-level scaled specimens, the delamination propagation was the ultimate failure
mode of most of the specimens. In sub-laminate level scaled specimens, localised damage relieved stress
in the 0� fibres at the hole edge, delaying the onset of fibre failure. Less damage was seen for larger holes,
thus leading to a decreasing failure stress with increasing hole diameter.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The scaling effect and notched behaviour of composite materi-
als has been investigated in detail over the past 30 years, in both
experimental and modelling programs. As the size and structural
importance of composite components have increased recently, so
the understanding of the extent of the size effect present in com-
posite materials, the mechanisms behind it, and the ability to accu-
rately account for it during the design process have become
increasingly important areas of research [1].

Early work in the field, as summarised by Awerbuch and
Madhukar [2], focussed on understanding the effect from a global
point of view. For hole diameters under 25 mm, a deviation in
the tensile strength from the unnotched strength divided by the
stress concentration factor was noted. Predictive methods for
notched strength were based on the experimental programs per-
formed, resulting, for example, in the average stress criterion of
Whitney and Nuismer [3] which uses an empirical parameter to ac-
count for the change in mechanical behaviour with hole size.
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In their review, Awerbuch and Madhukar suggested that notch
sensitivity must be determined by the damage occurring at the
notch edge. Subsequent work has focussed on understanding this
damage occurring at the notch, including this in damage progres-
sion models that predict the damage occurring prior to failure,
and accounting for its effect on mechanical behaviour. Various
authors have conducted detailed experimental research into the
damage mechanisms occurring in notched composites. Chang
and Chang [4] produced one of the first damage progression mod-
els, taking account of in-plane damage mechanisms. The damage
patterns and mechanical behaviour predicted for (0/ ± 45/90)2s

specimens was similar to that observed experimentally, where
damage initiated through matrix cracking in the 90� plies before
propagating through the 45� plies. When the cracking reached
the 0� plies, failure followed by fibre rupture. Failure in (02/
± 45)2s specimens occurred through fibre-matrix shearing and fibre
breakage.

Kortschot and Beaumont [5–7] developed a numerical model
[5] based on the shape of the damage zones observed in (0n/
90n)ns graphite/epoxy specimens [6]. The damage was predicted
using a 2-layer finite element (FE) model, with delamination dam-
age directly embedded through coincident nodes and fibre failure
based on a Weibull stress analysis [7]. The experimental strength
and damage zone size at failure correlated well with the predic-
tions. Hallett and Wisnom [8] carried out a similar experimental
investigation using glass/epoxy specimens, extending it to

mailto:stephen.hallett@bristol.ac.uk
http://www.sciencedirect.com/science/journal/1359835X
http://www.elsevier.com/locate/compositesa


614 S.R. Hallett et al. / Composites: Part A 40 (2009) 613–624
quasi-isotropic laminates. This tracked in considerable detail the
development of the damage in the form of splits emanating from
the notch tip and their associated delaminations.

Numerical models such as those presented by Chang and Chang
[4] and others [9,10] do not take account of this delamination be-
tween the plies. More recent numerical models have started to use
cohesive interface elements to model the sub-critical damage
which occurs at the notch tip [11–14]. These are able to account
for the local damage occurring at the point of stress concentration
which in turn alters the magnitude of that stress concentration,
thus affecting ultimate failure. Most of these detailed models have
however not managed to combine the local damage development
and global ultimate failure prediction.

A previous experimental investigation by the authors [15] com-
prehensively investigated the effect of specimen size for open hole
tensile tests. This varied the thickness, in-plane dimensions and
full 3D scaling. It also looked at the variations in strength obtained
with two thickness scaling methods, either blocking plies of the
same orientation together or using multiple blocks of sub-lami-
nates. The current paper is focussed on further experimental work
on interrupted tests to capture in detail the process by which the
damage develops in such specimens. This has informed develop-
ment of finite element models to predict the failure of the speci-
mens. The prediction of this damage is included in models
through the use of cohesive interface elements [16]. When com-
bined with a statistically based fibre failure criterion it is able to
very successfully predict the full range of scaling effects for open
hole tension tests presented in [15].

2. Tensile strength experimental results

The previously published experimental results [15] cover an
extensive program investigating the extent of the size effect on
open hole tensile strength. Quasi-isotropic [45/90/ � 45/0]s carbon
fibre/epoxy (IM7/8552) specimens with a centrally located circular
hole were tested in tension. Specimens were scaled from the base-
line specimen size by a factor of 2 each time, up to a maximum of 8.
Three different scaling routines were used: 1D, where only the
specimen thickness was increased; 2D, where in-plane dimensions
(specimen length, width, and hole diameter) were increased; and
3D, where all dimensions were simultaneously increased. The in-
crease in specimen thickness was achieved in two ways: sub-lam-
inate level scaling, where the basic sub-laminate is repeated as
often as is required ([45/90/ � 45/0]ns); and ply-level scaling,
where plies of the same orientation are stacked together to in-
crease the effective ply thickness ([45n/90n/ � 45n/0n]s). Results
from this testing programme are summarised in Table 1.

In each case a load drop of 5% on the load–displacement curve
was taken to represent specimen failure. As well as the differences
in strength, there were three distinct failure mechanisms observed
in the testing program, termed pull-out, brittle and delamination,
as shown in the Table. The brittle failure mechanism was domi-
Table 1
Experimental strength results (MPa) for scaled open hole tensile tests [15].

Laminate thickness t
(mm)

Hole sizes (mm)

Sub-laminate level scaling Ply-level scaling

3.175 6.35 12.7 25.4 3.175 6.35 12.7 25.4

1 570 570
2 500 438 396 498a

4 478 433 374 331 275 285 362 417
8 476 332 202 232

Bold font values indicate pull-out, italicized values indicate brittle, and underlined
values indicate delamination type failures.

a Multiple failure modes were observed within this series of tests but the dom-
inant one is pull-out.
nated by fibre failure with little evidence of delamination and
the failed specimens were characterised by a relatively clean break
across the width, perpendicular to the direction of loading
(Fig. 1a).The pull-out failure mechanism was also dominated by fi-
bre breakage but this was characterised by large amounts of
delamination and ply cracking, such that the off axis plies were
able to ‘‘pull-out” from the adjacent plies, giving the characteristic
failure pattern shown in Fig. 1b. In the case of the delamination
failure mode, fibre failure was not always present. At failure a sig-
nificant delamination propagated back from the hole to the grip-
ping region at the �45/0� interface, causing a load drop greater
than 5%. Whilst the remaining 0� could carry some load, the spec-
imen had to all intents and purposes lost structural integrity and
could be deemed to have failed.
3. Interrupted tests

Selected tests from the full experimental program from [15] were
repeated using virgin specimens and interrupted at pre-determined
load levels prior to failure. 4 mm thick specimens with hole diame-
ters of 3.175, 6.35, 12.7 and 25.4 mm were tested for sub-laminate
level scaled specimens and 3.175, 6.35 and 12.7 mm hole diameters
for ply-level scaled specimens. A plan view of the specimen geome-
try is shown in Fig. 2. All specimens had cross-ply glass–epoxy tab-
bing of length 50 mm. Sub-laminate level scaled specimens were
interrupted at 40, 70 and 95% of their nominal failure load (one for
each hole size at each load level). Ply-level scaled specimens were
interrupted at 40, 60, 80 and 95% of their nominal failure load. The
nominal stresses at which loading of the different specimen sizes
was stopped are given in Table 2, as determined from the previous
testing program. The specimens were all loaded at displacement
rates equivalent to a constant strain rate of 0.5%/ min.

After stopping the loading at the prescribed stress level, the
specimens were examined via X-radiography and C-scanning to as-
sess their damage development. The specimens for X-ray were first
soaked in a bath of zinc–iodide dye-penetrant. Specimens for
C-scanning were immersed in a water bath, and scanned at a rate
of 2 mm/s, with a resolution of 0.25 mm.
4. Experimental results – damage growth

The interrupted test programme described above has been able
to characterise typical damage development sequences for both
sub-laminate and ply-level scaled specimens. Below, the damage
is explained for a generic [45/90/ � 45/0]s laminate, with any dif-
ferences between sub-laminate and ply-level scaled specimens
highlighted.

The damage can be divided into four separate stages, according
to its location in the specimen, as shown schematically in Fig. 3,
occurring in the following order:

1. Isolated damage at the hole and specimen free edge;
2. Interconnected damage at the hole (inner delamination regions)

and localised damage at the free edge resulting from full width
matrix cracks;

3. Damage across the width of the specimen in a ‘‘zone of influ-
ence” of the hole, i.e. the outer delamination regions, bounded
by + and �45� cracks emanating from the hole; and

4. Final catastrophic failure.

The extent of damage at each of the different stages varied quite
considerably with ply thickness and scaling methodology. The
stress levels at which each stage occurred relative to the fibre fail-
ure stress resulted in the different failure modes already identified.
In the brittle failure mode stages 2 and 3 were not present.



Fig. 1. Three different failure mechanisms observed depending on scaling regime and specimen dimensions (see Table 1).
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Fig. 2. Specimen configuration.

Table 2
Stress levels for interrupted testing program (MPa).

% Static load at
interruption

Hole sizes (mm)

Sub-laminate level scaling Ply-level scaling

3.175 6.35 12.7 25.4 3.175 6.35 12.7 25.4

40 191 173 150 132 110 114 145
60 165 171 217
70 335 303 262 232
80 220 228 290
95 454 411 355 314 261 271 344
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Fig. 3. Damage zones associated with [45/90/ � 45/0]s specimens.
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Fig. 4. X-ray image of the damage at the hole of a 4 mm thick ply-level scaled
specimen with a 12.7 mm diameter hole at 40% of the expected failure stress
(145 MPa).
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The first failure observed in the laminates was matrix cracking
in the 90� plies at the hole boundary. This was followed by isolated
matrix cracks occurring in the off-axis plies, within the bounds of
the inner delamination regions in the surface plies. All of the ma-
trix cracks in the off axis plies were accompanied by small local
delaminations at the adjacent interfaces. These occurred in an al-
most triangular pattern between the cracks and the hole edge, of
a size similar in magnitude to the ply thickness. Such delamina-
tions at the intersection of a matrix crack and free edge have been
reported in the literature previously [17], and are a result of the
high interlaminar normal and shear stresses occurring there. These
failure mechanisms can be seen in the X-ray image of a ply-level
scaled specimen with a 12.7 mm diameter hole loaded to 40% of
its ultimate stress (Fig. 4).

In the second stage of damage development, the isolated cracks,
splits and associated delaminations join together to cover the inner
delamination region, as shown in Fig. 5a. The delaminations initi-
ated at the interface nearest to the surface of the laminate and
propagated through the thickness by stepping down through ma-
trix cracks within the adjacent plies, although in the sub-laminate
level scaled specimens the delamination propagation through the
full thickness was obstructed by the 0� ply closest to the surface,
through which it could not pass without breaking fibres since it
does not contain any full width matrix cracks. Plies clearly pulled
apart from each other at the hole edge, and cracks were visible
through the thickness of plies where the delamination passed from
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Fig. 5. (a) 4 mm thick ply-level scaled specimen with a 12.7 mm diameter hole C-scan images showing delamination at the hole edge at 60% of failure load (217 MPa) and b)
at 95% of failure stress (344 MPa) with 45� splits extended to the free edge and associated delaminations.
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one interface to another. Since this delamination is asymmetric
with respect to the hole centre due to the adjacent �45� ply, it also
led to the asymmetric propagation of 0� splits which can be seen in
Fig. 5, for the ply-level scaled specimens. It is the 0� splits that
redistribute the stress away from the notch, as described in [18–
19], thereby delaying the onset of fibre fracture. The interrupted
tests have shown that where the delamination is reduced suffi-
ciently, as was the case in sub-laminate level scaled specimens,
the 0� splits will propagate in a symmetric manner, as shown in
Fig. 6, which was loaded to 95% of ultimate load. Although there
are also matrix cracks visible close to the hole in the off-axis plies,
neither the 0� nor off-axis ply damage was present at the lower
interrupted load level, thus suggesting that these damage events
occurred relatively close together at similar stress levels.

Damage then propagated across the width of the specimen,
through the outer delamination regions of Fig. 3 to the specimen
edge. The first damage to propagate across the width of the speci-
men was the main 45� matrix crack from the hole in the surface
ply. A small amount of delamination occurred at the intersection
of the matrix crack and specimen edge, similar to that which oc-
curred at the hole edge as seen in Fig. 5b. As loading continued,
the delaminations at the hole and specimen edge propagated to-
wards each other. When the delaminations became close enough
to interact, they joined together to form a delamination across
the full width of the specimen. This then is able to propagate via
intra-ply matrix cracks, through the thickness of the gauge section.
The delaminations remained within the region bounded by the
main 45� and �45� matrix cracks which propagated from the hole.

Final catastrophic fibre failure (stage 4) will occur at some point
during the sequence of damage described above, with the observed
0o splits 

Fig. 6. Symmetric 0� splits in an X-ray of a 4 mm thick sub-laminate level scaled specime
stress (454 MPa).
mechanism being determined by the extent of development of the
damage mechanisms in stages 1–3 which redistribute the local
stresses adjacent to the hole.

5. Finite element model

The experimental results shown in Table 1 have clearly shown
the effect of variation of specimen size for 1D, 2D and 3D scaling
on strength. A more detailed examination of the failure process
has shown the importance of sub-critical damage, which takes
the form of intra-ply splitting and inter-ply delamination, on deter-
mining the failure mode and hence specimen strength.

In order to capture the size effect for the specimens which failed
by the delamination failure mechanism in finite element models it
has been found necessary to include the sub-critical damage devel-
opment in some detail [16]. This is done using cohesive interface
elements to account for the intra-ply splitting and inter-ply delam-
ination. For the fibre dominated failure modes a fibre failure crite-
rion is additionally required. For this a statistical criterion based on
Weibull theory is used. The splitting and delamination failures
influence the fibre directions stress which in turn affects the pre-
dicted fibre failure thus explicitly taking account of the damage
modes interaction. These failure models are described in more de-
tail below.

5.1. Interface elements

Interface elements based on cohesive zone models are becoming
increasingly used for modelling of delamination in composite mate-
rials [20–22]. They can also be used for modelling splitting within
0o splits 

n with a 3.175 mm diameter hole having been loaded to 95% of its predicted failure
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the plies [11,12]. The interface elements used for this study take the
form of discrete elements between initially coincident nodes. Their
constitutive behaviour is governed by a bi-linear traction–displace-
ment law. Full details of the formulation are given in a previous pub-
lication [16] and so only a brief overview is provided here.

The formulation can be illustrated in a single 3D map, by repre-
senting the normal opening mode (mode I) on the 0–r–dnormal

plane, and the transverse shear mode (mode II) on the 0–r–dshear

plane, as shown in Fig. 7. The triangles 0—rmax
I —df

I and
0—rmax

II —df
II are the bilinear responses in the pure opening and pure

shear modes respectively [16]. Any point on the 0–dnormal–dshear

plane represents a mixed-mode relative displacement.
The mixed-mode damage onset displacement, de

m, and interfa-
cial strength, rmax

m , are calculated using a quadratic damage onset
criterion [23]:ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

maxðrI; 0Þ
rmax

I

� �2

þ rII

rmax
II

� �2
s

¼ 1 ð1Þ

The mixed-mode failure displacement corresponding to com-
plete decohesion is calculated using the following power law fail-
ure criterion:

GI

GIC

� �a

þ GII

GIIC

� �a

¼ 1 ð2Þ

where a e (1.0–2.0) is an empirical parameter derived from mixed-
mode tests, GIC and GIIC are critical energy release rates for pure
mode I (opening) and pure mode II (shear), respectively, corre-
sponding to the areas under the pure mode traction displacement
curves. Eq. (2) allows the fully debonded locus, represented by
the relative displacement corresponding to complete interface fail-
ure, to be determined (see Fig. 7).

5.2. Fibre failure criterion

In order to predict fibre failure in the laminates a criterion
based on Weibull statistics has been used. The decrease in strength
with increasing specimen size for brittle-like materials may be well
explained using Weibull volumetric statistical strength theory [24–
26]. This theory supposes that the strength of a brittle-like material
is controlled by flaws which are statistically distributed. The sim-
ple two-parameter model states that the probability of survival,
P, of a specimen subjected to a stress field r over a volume V can
be represented by Eq. (3),
Fig. 7. Mixed-mode traction displacement r
PðrÞ ¼ exp �
Z

V

r
r0

� �m

dV
� �

ð3Þ

where r0 is the characteristic strength and m the Weibull modulus.
Using the assumption of equal probability of survival at the fail-

ure load level, we have:Z
V

r
runit

� �m

dV ¼ 1 ð4Þ

where the constant, runit, is the unidirectional failure stress of a unit
volume of material. Using results from scaled unidirectional tensile
tests [27], from a least squares fit of the results from a plot of lnr vs.
lnV, we can derive the material constants as m = 40.1 and
runit = 3131 MPa for 1 mm3. To keep the numerical model simple,
instead of incorporating the fibre failure criterion directly in the fi-
nite element material model, a sequential checking of the Weibull
failure criterion through the loading history has been performed
in a post-processing routine. The 0� ply fibre direction stresses at
each load increment are integrated and checked against the crite-
rion. The integration in the failure criterion becomes a summation
over all the elements in the finite element model, using the stress
at the centroid of each element.Z

V

r
runit

� �m

dV ¼
XTotal No of Solid Elements

i¼1

ri

runit

� �m

Vi P 1 ð5Þ

The predicted fibre failure stress level can be taken to be the
loading point where the criterion is first met.

5.3. Open hole tension model details

Models of the open hole tensile tests were created in the expli-
cit finite element code LS-Dyna. The cohesive interface element de-
scribed in Section 5.1 has been embedded as a user material. Fig. 8
shows a typical mesh created from fully integrated solid elements
and also the location where interface elements were inserted. In all
cases a single element was used through the thickness of each ply
block. Although this is not sufficient to capture the case of a tun-
nelling crack, the modelling of matrix cracks here is important only
in so far as they are related to the delaminations. Previous work
[16] has indicated that this is sufficient to achieve a satisfactory
solution which is not sensitive to the number of elements through
the thickness in this case. The in-plane mesh was refined such that
a converged solution was also obtained. The element in-plane size
elationship for interface elements [16].



Table 3
Material properties used in finite element models.

IM7/8552 individual ply properties (1 = fibre direction)

E11 E22 = E33 G12 = G13 G23 m12 = m13 m23 a11 a22 = a33

161 GPa 11.4 GPa 5.17 GPa 3.98 GPa 0.32 0.436 0.0 �C�1 3 � 10�5 �C�1

Interface element properties

GIC GIIC a rmax
I rmax

II

0.2 N/mm 1.0 N/mm 1.0 60 MPa 90 MPa
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was kept approximately constant in the critical regions (about one
to two ply thicknesses, �0.125–0.25 mm) as the model dimensions
were increased in size for the scaled specimens. This is necessary in
order to preserve a sufficient number of interface elements in the
process zone ahead of a predicted crack tip, see [28] for further de-
tails. A half model through the thickness was used due to the sym-
metry of the layup. Interface elements were inserted between each
ply block to predict the delamination. Also at selected locations
within each ply block, lines of interface elements were inserted
to model the intra-ply splitting (matrix cracking). From the exper-
imental programme it was observed that the major splits occur
starting tangential from the hole edge, propagating in the fibre
direction of each ply. In the case of the 90� ply, the split was in-
serted at the point of maximum stress concentration. Inserting
these lines within the ply mesh resulted in small degenerated ele-
ments around the hole which were removed, resulting in a slightly
misshapen hole. Although this will effect the linear elastic stress
concentration, once the splitting initiates (as it does in all cases
examined here) the stress concentration is relieved and the exact
geometry of the hole does not affect results. Thermal residual
stresses were included in the model by applying a �160 �C temper-
ature reduction prior to mechanical loading to simulate cool down
from the 180 �C processing temperature to a room temperature of
20 �C. Mechanical loading was applied using a prescribed displace-
ment on the nodes at the end of the gauge section at a rate suffi-
ciently slowly so as not to induce dynamic effects. The material
properties used for the plies were obtained from [29] and the inter-
face element fracture properties from a best fit to experimental
data from [30]. For the interface element maximum stresses, typi-
cal values for epoxy matrix material were used. Since it is the prop-
agation of the matrix cracks and delaminations that are the
significant events, rather than their initiation, the exact value used
for these latter parameters is not critical. These input properties
are summarised in Table 3.

5.4. Results and determination of failure mode

After the initial thermal loading, the increasing mechanical load
eventually starts to induce damage in the specimens through fail-
ure of the interface elements. Fig. 9 shows a typical sequence of the
damage development, in this case for the 4 mm thick, ply-level
scaled specimen with a 25.4 mm diameter hole. Each row shows
a plan view of the specimen with the predicted damage at an
increasing applied displacement. The far field stress is calculated
from the nodal reaction forces. Predicted delamination at each of
the three interfaces is shown separately. The coloured areas indi-
cate completely failed interface elements. In areas far away from
Spli
eleme

Small degenerated a
are neglected to avo
degenerated elemen

Fig. 8. Typical mesh (2 mm thick, ply scaled specimen) a
the hole this can appear as a series of lines or points instead of con-
tinuous colour due to the coarser mesh used in these areas. The
predicted splitting in all plies is shown simultaneously in a single
image at each load on the right hand side. The sequence of damage
development is discussed in some detail in the following sections,
here it is sufficient to note the significant delamination that prop-
agates back towards the ends of the specimen at the �45/0 inter-
face. Just prior to this is the point of maximum stress before a
significant drop on the load displacement curve.

This load drop signifies the point of delamination failure. All of
the analyses conducted predicted this delamination failure point
eventually since there was no fibre failure embedded in the
numerical analysis. The point of fibre failure was predicted by
post-processing the analysis results using the Weibull based crite-
rion described in Section 5.2. Comparison of the relative position of
these two events on the load–displacement curve has enabled the
analysis to be used to predict the specimen failure mode (see
Fig. 10). If the Weibull failure criterion was only satisfied after
the point at which the delamination caused the significant load
drop then it was classified as a delamination failure. If the Weibull
criterion was satisfied before the load had reduced then it was clas-
sified as a fibre failure. It was not possible to discriminate between
the pull-out and brittle fibre dominated failure modes shown in
Fig. 1 from the analysis. The specimens from the scaled testing pro-
gramme shown in Table 1 [15] were modelled using the method
described here. In each case a failure stress and failure mode could
be predicted. The results are summarised in Table 4.

6. Experimental vs. modelling comparison

The comparison between the experimental and modelling work
has shown a very good correlation for predicted strength and fail-
ure mechanism, helping to explain the size effect observed in
notched composites, and giving confidence in the use of the com-
bined Weibull criterion and cohesive interface element technique
for detailed composite behaviour prediction.
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Fig. 9. Typical damage development in FE model at the different interfaces (4 mm thick ply-level scaled specimen with a 25.4 mm diameter hole).
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Fig. 10. Determination of the failure mode from the load/displacement curves.

Table 4
Finite element predictions for the scaled open hole tensile tests presented in [15].

Laminate thickness
t (mm)

Hole sizes (mm)

Sub-laminate level scaling Ply-level scaling

3.175 6.35 12.7 25.4 3.175 6.35 12.7 25.4

1 630 630
2 498 460 434 514
4 498 463 424 364 239 301 362 423
8 499 368 178 246

Bold font values indicate brittle or pull-out and italicized values indicate delami-
nation type failures.

Fig. 11. Relative size of delamination at the hole edge compared with hole size.
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6.1. Ply-level scaled specimens

6.1.1. Damage development
Damage development in the ply-level scaled specimens corre-

lated very well between experimental and modelling work in
terms of the damage patterns, the order in which damage occurred,
and extent to which it grew. The different stress at which the
delamination propagated back to the grips was controlled by the
development of damage at the hole edge and its propagation across
the width of the specimen. This in turn is controlled by the ply
block thickness and ligament width, which is related to hole diam-
eter in these scaled specimens. Localised delamination at the hole
occurred earlier for a smaller diameter, as seen in the experimental
investigation, because the initial cracking and delamination can
join up more easily due to the smaller distances between the indi-
vidual failures [31]. Since the size of the delaminations associated
with the intersection of matrix cracks and free edges is dependent
on ply thickness, it is easier for the delaminations to join up for
small hole sizes at constant ply block thickness, see Fig. 11. Dam-
age thus propagated through the thickness of the laminate at a
lower stress for the smaller hole diameter.

As well as splitting in the off axis plies, splitting also occurs in
the 0� plies. Since the damage propagation is dependent on the lo-
cal delamination at the hole and the way in which it follows the ply
orientation through the thickness of the laminate, the 0� splits
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develop asymmetrically. The analysis correctly predicted the
development of these splits, including the asymmetry. Fig. 12
shows the difference between the 0� splitting pattern of 4 mm
thick specimens with 3.175 and 12.7 mm diameter holes, compar-
ing the experimental results at 80% of their respective average fail-
ure loads with modelling results, at 80% of the predicted failure
load. In both the experimental and modelling cases, the asymmet-
ric splitting pattern is more pronounced for the smaller hole diam-
eter; for the larger hole diameter, the increase in failure stress (due
to reduced damage) means that splitting occurs in all four quad-
rants of the specimen, becoming more symmetric. The experimen-
tal results also show a number of other cracks which were not
modelled, but do not appear to affect the overall behaviour because
they do not interact with the stress concentration at the hole.

When the initial 45� matrix crack reached the specimen edge, it
induced a small area of delamination, as also seen initially at the
hole edge. For a smaller hole diameter (and therefore specimen
width in this case), the delamination at the specimen edge is rela-
tively larger than for a larger hole diameter, allowing it to more
Fig. 13. Finite element models of 4 mm ply-level scaled specimens with 3.175 mm (left)
hole specimen (right) showing 45/90 delamination and 45 ply split, all at 95% of their p

Fig. 12. X-ray and finite element split predictions for 4 mm thick ply-level scaled laminat
FE plots are at 80% of the predicted failure load.
easily propagate across the width of the specimen, leading to a
lower failure stress. Fig. 13 shows the delamination at the 45/90
interface from the analyses of the 4 mm thick ply-level scaled spec-
imens with a 3.175 and 12.7 mm diameter hole at 95% of their
respective failure loads. The specimen with the 12.7 mm diameter
hole (central image) however requires a considerably higher load
to achieve what is a larger delamination area. It can be seen that
the damage patterns are very similar and compare well with
Fig. 5b. The right hand image shows a 2 mm thick ply-level scaled
specimen with a 3.175 mm hole which has a reduced level of dam-
age when compared to the 4 mm thick specimen at the same diam-
eter and percentage of failure load (left hand image). This is a result
of the smaller ply thickness to hole diameter ratio.

6.1.2. Failure stress and mechanism
All of the ply-level scaled specimens with the exception of the

very smallest were predicted to fail by the delamination failure
mode. In all cases the analysis was able to correctly predict the fail-
ure mode with the exception of the 2 mm thick specimen with a
and 12.7 mm (centre) diameter holes and 2 mm ply-level scaled 3.175 mm diameter
redicted failure load.

e with 3.175 mm (left) and 12.7 mm (right) holes loaded to 80% of their failure loads.



Fig. 15. X-ray of 4 mm ply-level scaled specimen with a 3.175 mm diameter hole
after first load drop and predicted delamination at all interfaces, also after the first
load drop.
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6.35 mm diameter hole which was classified overall as pull-out in
the experimental work. These specimens in fact also showed some
delamination failures in a minority of tests, thus indicating that it
is at the transition point between the two modes. The point at
which delamination occurs is characterised by a distinctive drop
in load. Fig. 14a shows a typical experimental curve from 4 mm
thick specimens with 3.175 and 25.4 mm hole diameters and
Fig. 14b the respective analyses. It is not meaningful to compare
displacements directly as in the experimental case only cross-head
displacements were measured which includes any machine com-
pliance and grip deformation and slippage.

It can be seen that the graph for the smaller hole diameter has
two distinctive load drops. This is as a result of the asymmetric
damage development which was seen in Fig. 12. This asymmetry
is continued with the propagation of delamination at the 45/0
interface, first on one side of the specimen, causing the first load
drop and then on the other side, causing the second load drop. This
behaviour is captured well by the analysis which also shows two
peaks for the smaller specimen and a single peak for the larger
25.4 mm diameter hole specimen in which the 45/0 delamination
propagated symmetrically across the entire gauge section of the
laminate. Fig. 15 shows an X-ray of a 4 mm ply-level scaled speci-
men with a 3.175 mm diameter hole from the interrupted tests
after the first load drop. From the pattern of the zinc iodide pene-
trant the area of delamination can be clearly observed to be asym-
metric. The analysis from a similar point on the load curve can be
seen to show a very similar pattern of delamination.

Fig. 16 shows a comparison of the experimental failure stresses
compared with the predicted numerical results for thickness only
scaling (1D), in-plane only (2D) and full 3D scaling. It can be seen
that an extremely good level of correlation has been achieved, cap-
turing both the individual quantitative failure stress results and
the overall trends. This includes that of the increasing strength
for the in-plane scaling which can be explained in terms of the
sub-critical damage development described above. Indeed it is only
through the detailed modelling of the sequence of significant sub-
critical damage events that such a robust and accurate predictive
model can be created. This has been achieved using only indepen-
dently measured material properties without the need for any fur-
ther fitting parameters.

6.2. Sub-laminate level scaled specimens

6.2.1. Damage development and stress–displacement curve
For the sub-laminate-level scaled specimens damage follows

the same general trend as described in Section 4. However in this
case the development of the sub-critical damage is not as extensive
as that observed in the ply-level scaled specimens and in all cases
the specimens failed by either the pull out or brittle failure modes.
Two effects delay the onset of the local delamination at the hole
edge. Firstly, the thinner plies compared to the ply-level scaled
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Fig. 14. Typical stress-extension curves for 4 mm thick ply-le
specimens mean that the propensity to delaminate at the hole edge
is reduced for a given hole diameter. Secondly, damage occurs pre-
dominantly in the outermost sub-laminates because the outermost
0� plies interrupt the propagation of damage through the thickness
of the laminate. Fig. 17 shows a plot of the 2 mm sub-laminate le-
vel scaled specimen with a 3.175 mm diameter hole at the pre-
dicted fibre failure stress (498 MPa). Each row represents the
interfaces within a quasi-isotropic 45/90/ � 45/0 sub-laminate as
well as the splitting within each sub-laminate block superimposed.
There is a very small amount of delamination and splitting at the
hole edge, restricted to the inner delamination area. It can be seen
that the damage is restricted to the first sub-laminate from the sur-
face for delamination and that the inner sub-laminate sustains
only a reduced amount of intra-ply splitting damage. This level
of damage is generally consistent with the X-ray of the test of this
configuration, interrupted at 95% of ultimate load shown in Fig. 6,
except for the 0� splitting. The lack of 0� splitting in Fig. 17 when
compared to Fig. 6 may be accounted for by the softening zone
(i.e. interface elements which have initiated damage but not yet
reached complete failure) that develops ahead of the fully failed
interface elements and is not shown in the analysis figures. In
the case of mode II loading, which is predominant in the 0� splits,
the length of this softening zone can be quite significant (up to
4 mm [28]). This pattern of damage occurring only in the surface
sub-laminate is continued to the thicker laminates which contain
more sub-laminates but no further damage. This can explain why
there is no further strength reduction with increasing thickness.

The limited amount of damage observed occurs at a lower stress
for a smaller hole diameter. The stress relieving 0� splits are also
relatively longer for a smaller hole diameter, thus delaying fibre
failure and increasing specimen strength. This can be seen by com-
paring the relative splits length seen in Fig. 18 with those in Fig. 6.
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Fig. 16. Comparison of experimental to analysis results for ply-level 1D, 2D and 3D scaling.

Fig. 17. Sub-critical damage development in 2 mm thick sub-laminate level scaled specimen with 3.175 mm diameter hole at predicted fibre failure stress (498 MPa).

5mm

0° fibre 
direction

Fig. 18. Damage development in a 4 mm thick sub-laminate level scaled specimen
with a 25.4 mm diameter hole having been loaded to 95% of failure load (314 MPa).
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6.2.2. Failure stress and mechanism
The load–displacement curves from the experimental pro-

gramme were all quite linear to failure. This was also the case for
the analysis which showed relatively little sub-critical damage
prior to failure. In all cases the analysis predicted a fibre failure
prior to delamination. It was not possible to discriminate between
the pull-out and brittle failure modes from the analysis. It was
however notable that for those configurations which exhibited a
brittle failure experimentally, the analysis predicted the fibre fail-
ure to occur at a lower percentage of the predicted delamination
stress (<50%) than those that failed by pull-out (>50% of delamina-
tion stress). As with the ply-level scaling a good level of correlation
between the experimental and analysis results was obtained
(Fig. 19), both for the individual quantitative results and the overall
trends.

6.3. Discussion

The difference in the tensile strength scaling effect between the
ply-level and sub-laminate level scaled specimens investigated can
be summed up as follows. In all cases delamination at the hole,
which allows damage to propagate through the thickness of the
laminate, occurs at a lower stress for a smaller hole diameter (for
a constant ply thickness). For the majority of ply-level scaled spec-
imens, this damage leads to delamination at the �45/0 interface
which is the ultimate failure mechanism. This results in an increas-
ing failure stress with increasing hole diameter. In contrast for sub-
laminate level scaled specimens, the reduction in the propagation
of damage through the gauge section with increasing hole diame-
ter reduced the amount of stress relief present and led to earlier fi-
bre failure. The analysis method presented here has been able to
capture each of these detailed mechanisms in turn and thus been
able to predict all of the experimentally observed trends in scaling
by changing thickness, in-plane dimensions and full 3D scaling for
both ply and sub-laminate level scaling.

7. Conclusions

Interrupted testing on carbon fibre/epoxy laminates containing
a circular hole has identified the damage progression within the
specimens as load is increased. Firstly, damage occurs at the hole
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edge, in the form of matrix cracking in the off-axis plies, with asso-
ciated delaminations. This is followed by more extensive damage
at the hole edge in the form of larger areas of delamination be-
tween plies, which in turn allows the damage to propagate through
the thickness of the laminate and provides stress relaxation by
splitting in the 0� plies. Finally, damage occurs throughout the
gauge section, away from the influence of the stress concentration
induced by the hole. Fibre failure will occur at some point during
this sequence, dependent on the relative 0� fibre stress and the ex-
tent of the delamination.

The damage sequence and pattern observed experimentally
correlated excellently with that predicted by an FE model using
interface elements to model splitting and delamination propaga-
tion, and a Weibull based statistical analysis for fibre failure. The
stress level at which the load drops occurred, caused by delamina-
tion failure also showed excellent correlation as did the predicted
fibre failure stress. The overall trends of the different scaling re-
gimes were therefore well captured by the model. These predic-
tions were all produced using independently measured material
data with no further fitting parameters.

A combination of the experimental and FE results was able to ex-
plain the size effect in composite laminates containing circular holes
reported in previous work, looking at both ply- and sub-laminate le-
vel scaled specimens. In both cases, the crucial damage event is local-
ised delamination at the hole edge. This was seen to occur at a lower
stress for a smaller hole diameter. For ply-level scaled specimens,
this allowed damage to propagate through the thickness of the lam-
inate at a lower stress for a smaller hole diameter, leading to an ear-
lier delamination failure (or an increasing failure stress for
increasing hole diameter). For sub-laminate level scaled specimens,
damage was constrained to the outermost sub-laminate, inhibiting
its propagation through the thickness of the laminate, thus leading
to a fibre failure. Small amounts of damage still propagated at a lower
stress for a smaller hole diameter, leading to greater stress relief for a
smaller hole. Thus as hole diameter increased, specimen strength de-
creased. By the means described above, ply and laminate thickness,
and hole diameter, control the extent to which damage grows in the
laminate, and hence the failure stress and mechanism, leading to the
previously observed size effect.
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