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Thickness Effect on the Compressive Strength of T800/924C Carbon Fibre-Epoxy
Laminates

J. Lee’, C. Kong'~ and C. Soutis

ABSTRACT

In this study, the effect of laminate thickness on the compressive behaviour of composite materials is
investigated through systematic experimental work using the stacking sequences, [0i]ns, [45/0/-45/90]. and
[45,/04/-45,/90,]s (=2 to 8). Parameters such as fibre volume fraction, void content, fibre waviness and
interlaminar stresses, influencing compressive strength with increasing laminate thickness are also studied
experimentally and theoretically. Furthermore the stacking sequence effects on failure strength of multidirectional
laminates are examined. For this purpose, two different scaling techniques are used; (1) ply-level technique
[45,/0n/-45,/90,]s and (2) sublaminate level technique [45/0/-45/90].. An apparent thickness effect existes in the
lay-up with blocked plies, i.e. unidirectional specimens ([0s]s) and ply-level scaled multidirectional specimens
([45,/0,/-45,/90,])s). Fibre waviness and void content are found to be main parameters contributing to the
thickness effect on the compressive failure strength. However, the compressive strength of the sublaminate level
scaled specimens ([45/0/-45/90]s) is almost unaffected regardless of the specimen thickness (since ply thickness
remains constant). From the investigation of the stacking sequence effect, the strength values obtained from the
sublaminate level scaled specimens are slightly higher than those obtained from the ply level scaled specimens.
The reason for this effect is explained by the fibre waviness, void content, free edge effect and stress
redistribution in blocked 0° plies and unblocked 0° plies. The measured failure strengths are compared with the
predicted values.
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1. Introduction

As requirement for advanced composite materials in thick

structural sections subjected to compressive loading has
increased over recent years, understanding of the compressive
behaviour of thick composite laminates becomes necessary.
Few researchers have concentrated on studying the thickness
effects on compressive strength due to the notorious difficulty
of obtaining reliable test results. Existing test methods have
not provided precise compressive properties to date due to the
fact that all problems related with testing become more
serious and complicated with thicker composites[1,2].

As the specimen gets thicker, a higher percentage of the
load must be transmitted at the end, thus increasing the
chances of premature failure such as end crushing[3]. For
example, in considering composite cylinders subjected to
external pressure, scale model testing has been conducted on
un-stiffened cylinders nominally 203 mm in diameter with a
wall thickness of 15 mm[4]. The test results of the thick
cylinders have shown premature failure at stresses below the
compressive strength measured in thin composite laminates. In
addition Componeschil reported strength reductions of up to
35 % with

unidirectional

increasing thickness (up to

their

12 mm) in

laminates through experimental  work.
Although the above specimens failed prematurely, the test
results revealed the tendency that the failure strength
decreases with increasing thickness of composite laminates.
The tendency was again identified by Daniel and Barzant’s
experimental results[2,3,5].

In this study, the effect of laminate thickness on the
fibre
composites was investigated using the stacking sequences,
[04]as, [45/0/-45/90]s and [454/0./-45,/90,)s with and without
an open hole. Parameters influencing the compressive strength
with identified

experimentally and modelled theoretically. Finally the stacking

compressive  behaviour of  continuous reinforced

increasing laminate thickness were also
sequence effects on failure strength caused by two different
scaling techniques (ply level technique ([450,/04/-45,/90,]s) and
([45/0/-45/90]ws)) of  the

multidirectional laminates were examined and discussed in the

sub-laminate  level technique

following sections.

2. Experimental

2.1 Materials and Lay-ups

Table 1 Elastic Propertics of the T800/924C system|6]

En Ex Gz vi2 o onc Tiw
P Tt
TOPEY 1 GPa | GPa | GPa MPa | MPa | MPa
Value 168 9.25 6.0 0.35 1615 250 105

(Gnc=longitudinal compressive strength and G c=transverse compressive
strength)

The material used was T800/924C carbon fibre/epoxy
system. The material was in the form of pre-impregnated
tapes, which are 0.125 mm thick and commercially available
Composites Ltd. The tapes were
Toray 800 fibres,

pre-impregnated with Hexcel 924C epoxy resin. The standard

by Hexcel made of

unidirectional carbon which  are
cure cycle recommended by manufacturers was used for the
thin laminates less than 4mm thick. As the laminate thickness
increases, the laminate has to dwell in an autoclave for a
while to allow even heat distribution throughout the panel
and to diminish possibility of exotherm (heat energy, which
causes uncontrollable temperature rise within thick laminates).
The thick laminate tested in this study initially dwell in the
autoclave at 120°C using the following dwelling time: 30
minutes for 4 mm and 6 mm thick laminates and 45 minutes
for 8 mm thick laminates. The in-plane stiffness and strength
properties of the T800/924C unidirectional laminates are given
in Table 1[6].

For laminate configuration, in this study two different
approaches based on a quasi-isotropic stacking sequence were
({454/04/-45,/90,)s)  and
sub-laminate level scaling ([45/0/-45/90}.) lay-ups made from
the T800/924C system (n = number of plies 2, 3, 4, 6 and

used, namely ply level scaling

8) for increasing thickness size effects. In addition,
unidirectional laminates [0s4]s (n = 2, 3, 4, and 8) were
fabricated.

2.2 Specimen Geometry

Several specimens were cut from the panels of each
thickness and glass fibre-epoxy reinforcement tabs were bonded
giving gauge sections of 10 mm x 10 mm for the unidirectional
specimens and 30 mm x 30 mm for the multidirectional. After
tabbing, the specimens were machined to final tolerances by
grinding all sides parallel and perpendicular to within 0.025
mm. For open hole specimens, a hole with a 3 mm hole
(diameter/width ratio, /W = 0.1) was drilled at the

centre of the specimens using a tungsten carbide bit to minimise

diameter

fibre damage and delamination at the hole boundary. Penetrant
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Fig. 1 CFRP specimen dimensions.

enhanced X-ray radiography was used to inspect the quality of
drilling.

The dimensions were based on those recommended by
Airbus Industry Test method (AITM-1.008)[7]. The specimen
thickness were changed from 2 mm to 8 mm. At least five
specimens for ecach configuration were tested. A schematic
representation of the specimen geometry is given in Fig. 1.

2.3 Compressive Testing

Static compressive tests were carried out on a screw-driven
Zwick 1488 universal testing machine with a load capacity of
200 kN; a crosshead displacement rate of 1 mm/min was
used. Load introduction to the specimen was mainly by end

loading using an ICSTM fixture for unidirectional specimens

and a modified ICSTM fixture for muitidirectional
specimens[8-9]. For 2 mm and 3 mm thick specimens, an
anti-buckling device similar to that used by Soutis was

employed to prevent column buckling. It contains a window
at the device centre, allowing damage around the hole to
occur but restraining the specimen from general bending.
Frictional effects were minimised by lining the inner faces of
the the
anti-buckling device and the specimen face was less than 100

fixture with Teflon tape; the clearance between
pm. The column length of the device is slightly shorter (-4
than the
end-shortening of the specimen. Back-to-back strain gauges
the

bending and of course record the failure strain[6].

mm) specimen gauge length to allow for

were attached on specimens to monitor out-of-plane

Several of the tests were interrupted before final failure in
by
dye-enhanced X-ray radiography. Zinc iodide solution has been

order to examine damage growth. Examination was

(C) thick unidirectional specimens obtained from back-to-back
strain gauges.

shown to be an effective penetrant for highlighting damage
regions in composite laminates. The location and nature of
damage in individual plies was obtained by using the de-ply
technique and scanning electron microscopy (SEM). The de-ply
method was performed by burning off most of the resin,
while leaving just enough matrix to keep the fibres in
position. The resin was burnt off in an appropriately ventilated
furnace since the fumes that were released are toxic. For the
multidirectional stacking sequence of T800/924C used in this
study it was found that 30 minutes at a temperature of 400°C
yielded optimum results. Once the resin had been burnt off
the plies were carefully separated with a blade. These were
then attached to a plate and then placed in the vacuum
chamber of a JEOL JSM T220A scanning microscope, ready
to be viewed. It is to be noted that since carbon is a good
there was no need in

conductor to coat the specimens

conductive material once the resin had been removed.

3. Test Strength Results

3.1 Unidirectional Specimens

Representative stress-strain curves of 2 mm (A), 4 mm (B)
and 8 mm (C) thick unidirectional specimens obtained from
back-to-back strain gauges are shown in Fig. 2. Plots B for
the 4 mm thick specimen and C for the 8 mm thick
specimen are offset by 0.5 % and 1.0 % strain, respectively,
so results can appear on the same graph.

The consistency of the two strain gauge readings up to
that
misalignment has been successfully minimized. The percent

failure in each curve indicates bending due to

difference of back-to-back strain gauges is 0.1 % for 2 mm,
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Fig. 3 Comyparison of the post failure mode of the unidirectional specimens.

0.01 % for 4 mm and 0.05 % for 8 mm thick unidirectional
These

behaviour, which is essentially linear up to an applied strain

specimens. three curves show similar stress-strain

of approximately 0.5 %. Thereafter, the material behaves
nonlinearly with a softening that increases with increasing
strain. The compressive modulus was determined by averaging
the initial slopes of the stress-strain curves from readings of
back-to-back strain gauges at 0.25 % strain. The results
indicate that the axial modulus for the T800/924C system
measured at 0.25 % applied strain varies very little (less than
4 %) with specimen thickness.

T800/924C

carbon-epoxy composite for all thicknesses was instantaneous

Compressive  failure of the unidirectional
and catastrophic and was accompanied by an audible acoustic
event but no cracking sound prior to the catastrophic failure.
When failure occurred, the specimen parted into two pieces
with fracture surfaces inclined at typical angles of between B
=10°~30° (B: kink band inclination angle) from the horizontal
axis as shown in Fig. 3.

After compression tests, some of the broken T300/924C
specimens were selected and examined in the SEM. Fig. 4
depicts the microscopic feature of a typical fracture surface,
in which the characteristic step features associated with
microbuckling of the fibre forming a kind band are clearly
evident as described in most publications. There is also little
reason to doubt that failure in general is by microbuckling

and kinking of fibres because the characteristic kink band

angle is similar to the
fragments (see Fig. 3),
observed that the fibres
band inclined at p=-~23°

fracture surface angle of test piece
though usually slightly larger. It is
break at two points, which create a
to the horizontal axis, where § is

Fig. 4 SEM micrograph of fibre kinking in a unidirectional T800/924C
laminate for 2 mm and 3 mm specimens.
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Fig. 5 Average ¢ i th as a function of specimen thick

for T800/924C unidirectional laminates,

defined in Fig. 4. Kink band starts at the free edge or
locations of stress concentration such as a pre-exiting material
defect and load introduction, i.e. at the end of tabs where the
specimen emerges from the band is propagated, keeping its
direction

In most of the 4 mm and 8 mm thick specimens, failure
occurred at the ends of the specimens at the load introduction
point. The most predominant failure characteristic was that
initiated at the top corner of the specimen and propagated
down and across its width. Only one 4 mm thick and 8 mm
thick specimen failed in the brooming failure mode. The
measured failure strengths were, however, almost similar to or
slightly less than those obtained with the more common
brittle shear plane failure.

In addition, a couple of 4 mm and 8 mm thick specimens
failed prematurely due to end crushing. This failure was not
observed with the thinner specimens in the present study. The
failure which failed by end
crushing were lower compared to that of the specimens that

strength of the specimens,
failed in a brittle shear plane failure mode.

Fig. 5 presents the uvltimate compressive failure strength as
a function of specimen thickness with scatter bars. The curve
shows a sharp decrease in compression strength with increasing
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Fig. 6 Stress-stmain curves of the multidirectional T800/924C laminates

with sublaminate level scaling [45/0/-45/90], (4 mm thick
specimen (A) and 6 mm thick specimen(B)) and ply level
scaling [45/0,/-45,/90,]; (4 mm thick specimen (¢) and 6 mm
tick specimen(D)).

thickness for the unidirectional specimens. The strength of the
T800/924C unidirectional laminates dropped by approximately 2
% to 36 % in going from 2 mm to 8 mm thick specimens
but near grip failures observed in the thicker specimens might
contributed to the bigger strength reduction. The average
failure strain of the 8 mm thick specimen was 0.72 %

compared to 0.97 % for the 2 mm thick specimen.

3.2 Unnotched Multidirectional Specimens

Typical stress-strain curves are shown in Fig. 6 for the 4
mm (A) and 6 mm (B) thick specimens laminated with
sublaminate level stacking sequence and the 4 mm (C) and 6
mm (D) thick specimens laminated with ply level stacking
sequences. Lines of B,C and D are offset by 0.5 %, 1.0 %
and 1.5 % strain, respectively, in Fig. 6.

The curves are linear up to a strain of approximately 0.5
% with to failure after that. The
nonlinearity of the multidirectional specimens is higher than

softening  behaviour

that of the O0°-unidirectional (sece Fig. 2) due to matrix
nonlinearity of the off-axis layers. The average failure strains
of the multidirectional specimens (~1.2 % to 1.4 %) are also
higher than that of the G°-unidirectional (~I %), suggesting
that the mechanism of failure in the axial plies is affected by
adjacent off-axis layers. The off-axis plies (+45°) provide
lateral support to the 0° axial plies and delay the initiation of
fibre microbuckling.

The measured elastic moduli at 0.25 % applied strain for
the multidirectional T800/924C laminates tested are between
52-57 GPa, Fig. 6, compared to 61 GPa estimated by the
laminate plate theory[25]. The difference may be due to

manufacture imperfections and variability in fibre volume
fraction, see later sections.

Test results for all thicknesses were valid and reproducible.

(a) Sublami: Level Scaled Speci ([45:0/-45/90]..}

(b) Ply Level Sealed Specimens ([45,/0,/-45,/90,],)

Fig. 7 Comparison of the ovenall failure mode of the multidirectional
specimens.

All specimens regardless of specimen thickness failed within

the gauge length. In the case of the multidirectional

specimens using the sublaminate level scaling technique

([45/0/-45/90]0s), failure was sudden and immediately prior to
heard.
multidirectional

catastrophic fracture distinct cracking sounds were

However, compressive failure of the

specimens using the ply-level scaling  technique
([45+/0,/-45,/90,);) was instantaneous and catastrophic and was
accompanied by an audible acoustic event without cracking
sound prior to the catastrophic failure. Figures 7 (a) and 7
(b) show the overall failure mode of the multidirectional

specimens with the difterent thickness ranging from 2 mm to

8 mm. Post failure examination of the sublaminate level
scaled specimens ([+45/0/-45/90).) showed similar failure
characteristics regardless of the specimen thickness. The

failure involved a combination of fibre microbuckiing in the
0° plies, delamination between 0° and +45° plies, splitting
to the fibres at 0° and +45°
cracking and crushing in the 90° plies.

parallel plies, and matrix
In addition, the
failure seemed to occur in a crushing failure mode without a
global buckling influence as shown at the side view in Fig. 7
(a). The ply level scaled specimens ([45,/0+/-45,/90,}) also
showed the above failure characteristics in macro-scale, but in
a more pronounced way. This includes clearer fibre splitting
in the 0° and +45° plies, more clear delamination between 0°
and +45° plies and more clear matrix cracking and crushing
in the 90° plies as shown in Fig. 7 (b). The kink band
angle, B, in the 0° plies is 10°-30° regardless of stacking
sequence, observed in the

which is similar to that

0°-unidirectional specimens.
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thick
specimen is quite different, compared with the failure mode

The failure mode and strength of the 8 mm
of the thinner specimen (Fig. 7 (b)). Fig. 8 shows the
ultimate compressive strength as a function of specimen
thickness for the multidirectional specimens of both stacking
sequences with scatter bars. The average failure strength
values of the specimens using the sublaminate level scaling
technique ([45/0/-45/90],s) are almost constant regardless of
the specimen thickness, indicating that no significant thickness
effect exists.

The strengths of the ply level scaled specimens
([451/0,/-45,/90,)s) are almost unaffected by thickness changes
up to 4 mm, but drop by 10 % in going from 4 mm to 6
mm, showing a thickness effect. The 8 mm thick specimen’s
average strength is significantly lower than that of thinner
specimens due to material brittleness (6 year old pre-preg)
that caused premature failure. Finally when compared with
the average failure strengths of both stacking sequences, the
strength of the sublaminate level scaled specimens is slightly
higher than that of the ones fabricated by using the ply level

scaling technique

3.3 Fibre Volume Fraction

The influence of fibre volume fraction on the mechanical
properties of composites under compressive load is reasonably
well understood. When plates get thicker, the curing cycle
should be
investigated

section, it is
with

changed accordingly. In this
whether the different
increasing plate thickness have an influence on the fibre

curing  cycles
volume fraction of the plates.

The fibre and void content in T800/924C laminates were
measured by using the resin acid digestion test suggested by
BAE Systems. To achieve this four experimentally obtained

parameters (specimen mass, fibre mass, specimen density, and

~=—-&— : Unidirectional - [0}
40 —-© —: Multidirectional - [45/0/-45/90],,
--~~Ar~ -+ : Multidirectional - {45,/0,/-45,/90,],

20 -

Fibre volume fraction (%)

0 . e e e ot i ot i e -

0 2 4 6 8 10
Thickness (mm)

Fig. 9 Comparison of fibre volume fraction versus specimen thickness
(unidirectional ([04].) and Itidirectional (sublaminate level
scaling of |45/0/-45/90],; and ply level scaling of
[454/0,/-45,/90,]s) - T800/924C laminates)

fibre density) are required. Three specimens were tested from
each test sample and the results were averaged.

Fig. 9
unidirectional ([0s]n) and multidirectional (sublaminate level
scaling -  [45/0/-45/90],s and ply
[45,/04/-45./90,15)
thickness. In the present study, 2 mm, 4 mm, 6 and 8§ mm
thick
selected to measure the fibre volume fraction. It is noticed

shows the average fibre volume fraction of

level  scaling -

specimens as a function for specimen

unidirectional and multidirectional specimens were
from the figure that the fibre volume fraction measured for
the 8 mm thick unidirectional specimen drops by about 7 %
when compared to 2 mm thick specimen. No such changes
are observed in the sublaminate or ply level scaled specimens
with increasing specimen thickness. The fibre volume fraction

is independent of the specimen thickness.

3.4 Void Content

It is well known that the possibility of finding voids in a
composite laminate increases with increasing laminate volume
and the presence of voids greatly affect the apparent stiffness
and strength of composite laminates. In addition, voids can
also significantly reduce the shear strength of composite
materials{16]. When the void content is high in the matrix,
the stiffness of the
When

a weak or

matrix is reduced and stress

concentrations  exist. voids are trapped at the
debonded

contributes to the reduction of composite strength properties.

fibre/matrix  interface, interface

A few studies, however, have been performed to measure the
voids with increasing material volume.

Fig. 10 shows the average void content of unidirectional
([04}ns) and  multidirectional level

{sublaminate scaling -
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Fig. 10 Comparison of void content versus speci hicl idirectional
(104]s) and Itidirectional (sublaminate level scaling of
{45/0/-45/90),, and ply level scaling of [45,/0,/-45,/90,];).

[45/0/-45/90] [450/0,/-454/90])
specimens versus specimen thickness. Unidirectional specimens

and ply level scaling -
2 mm, 4 mm, and 8 mm thick were used to measure the

void content. Void content as shown in Fig. 10 clearly
increases with increasing specimen thickness. From the figure,
it can be inferred that test data show an inverse relationship
between void content and the respective strength. Bazhenov et
alf17). studied the effects

strength of a unidirectional composite. They found that the

of voids on the compression

compression strength decreased with increasing void content.
Like the unidirectional specimens, 2 mm, 4 mm and 8 mm
thick fabricated  with  the

sublaminate level scaling technique were used to measure the

multidirectional ~ specimens
void content. It is shown that void content is dependent to
the specimen thickness change but the increasing rate of void
content for each thickness is not as high as the unidirectional
ones. For 2 mm, 4 mm and 6 mm thick multidirectional

specimen fabricated with the ply level scaling technique
(blocked plies), the void content in the figure is rapidly
increased with increasing specimen thickness. This trend is
quite similar to the unidirectional specimens, indicating that
the type of stacking sequence affects the laminate void
content. Blocked lay-ups are expected to contain a higher

number of defects resulting in bigger strength reductions

3.5 Fibre Waviness

Fibre waviness is a manufacturing defect caused by the

manufacturing technique used such as filament winding,

weaving, braiding, etc. Fibres are misaligned further during
identified that the
process can change the fibre misalignment distribution or

the curing process. Yugartis lamination

g
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N

Fig. 11 Fibre waviness distribution for 2 mm, 4 mm, 6 mm and 8
mm  thick unidirectional (]04]n) and multidirectional
(sublaminate level scaling of [45/0/-45/90., and ply level

scaling of |45,/04/-45,/90,]s) specimens.

different resin flow fields found in different composite
systems could lead to changes in the distributions and
ultimately  differences in  mechanical properties. The

misalignment angle associated with fibre waviness has been
reported to significantly influence
strength[2,11,18,19].

In the present study, the extent of the fibre waviness was

longitudinal compressive

investigated according to the specimen thickness (2 mm, 4
mm, 6 mm and 8 mm) and compared with the standard
deviation, g, of the fibre angle distribution. The major axis
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lengths of 1000 fibres for each sample were measured to
calculate the in-plane fibre misalignment angle. Method and
procedure to measure the waviness angle are explained in the
references of 6 and 19.

Fig. 11 shows fibre waviness distribution as a function of
specimen thickness (2 mm, 4 mm, 6 mm and 8 mm) and
stacking sequence ( [O4]ns , [45/0/-45/90].s and [45/0/-45/90)s
In Fig. 11 (a), the comparison of fibre waviness distribution
between unidirectional specimens with different thickness is
presented. The distribution for the 8 mm thick specimen is
clearly wider (0 = 1.90°) than those for 2 mm (0 = 0.90°)
and 4 mm thick specimen (6 = 0.92°). The wider distribution
means poor fibre alignment in the specimen.

Fig. 11 (b) shows that the distribution of the fibre
waviness in the [45/0/-45/90}, specimens is independent of
specimen thickness but this is not the case for the blocked
laminate [45/0/-45/90]., Fig. 11 (c), where the fibre waviness
distribution becomes wider corresponding to a bigger fibre
misalignment. This may be caused by the movement of fibres
during the curing process i.e. more likely to move due to the
factors such as the fibre nesting and resin flow or resin
release in the blocked 0° plies. Therefore, the compressive
strength of the sublaminate level scaled specimens will not be
affected by increasing specimen thickness since fibre waviness
remains unchanged.

3.6 Free Edge Effects of Multidirectional Specimens

It is well known that interlaminar stresses develop at free

edges in composite laminates because the individual
anisotropic plies have different stiffness properties (E, G, V).
Free-edge delamination is mainly attributed to the existence
of interlaminar stresses. In some laminates, it leads to
premature failure initiating at the free edge, and the failure
stress will then depend on the ply thickness[20]. For example,
Lagace et al and Kellas er al[21,22]. presented results that
showed that each of the ply level scaled laminates exhibited
with

authors

a different tensile strength degradation increasing

laminate thickness. In conclusion, these have

attributed the problem of strength degradation to interlaminar

stress effects. Furthermore, Kim e al[23]. investigated
numerically interlaminar stresses using sublaminate level
scaled laminates ([45/0/-45/90)) and ply levet scaled

laminates ([454/0,/-45,/90,)s) under tensile load. They reported
that interlaminar stresses were mainly governed by stacking
sequence but were also sensitive to thickness changes at the

ply level.

the effect of thickness and

stacking sequence on interlaminar stresses in laminates under

In this section, laminate

compressive load were investigated using finite element
analysis (FE77)[12]. Sublaminate level scaled stacking
sequence ([45/0/-45/90Ins) and ply level scaled stacking

sequence ([45,/0,/-45,/90,]s) were analysed for n = 2, 3, 4, 6
and 8., ie. from 2 mm thick to 8 mm thick. A composite
thick shell element (HS16) containing 8 nodes on the top
surface and 8 nodes on the bottom surface is available in
FE77. This element, like a conventional 3D finite element,
has three degrees of freedom per node although, like a plate
element, the strains are defined in the local directions of the
mid-plane surface. The stress-strain property matrix of this
element was modified to decouple the stresses in the local
mid-plane and the strains normal to this plane thus preventing
the element from being too stiff in bendingf24]. A main
advantage of this element is to improve the computational
efficiency associated with the calculation.

Because of the symmetry of the problem, only a quarter
of the laminate was analysed under uniform axial compressive
load. One element per ply was used through the thickness.
Refer to a representative finite clement mesh model of a 4
mm thick specimen of reference 26.

From the results of the numerical analysis, maximum
calculated o, values (through thickness normal stress) were
found at 0/-45 ply interfaces of the first sublaminate for the
sublaminate level scaled laminates, while the maximum @,
values of the ply level scaled laminates are observed at
90/-45  ply of the
sublmainate level scaled laminates are 11.9 %, 11.5 %, 12.7
%, 12.7 % and 12.6 % of the applied stress (¢”) for 2 mm,

3 mm, 4 mm, 6 mm and 8 mm thick laminates, respectively.

interfaces. The maximum 0, values

The maximum ¢, values of the ply level scaled laminates are
26 %, 31.7 %, 31.7 %, 34.5 % and 37.4 % of the applied
stress (07) for 2 mm, 3 mm, 4 mm, 6 mm and 8 mm thick
laminates, respectively.

The peak values of interlaminar shear stress T, for the
sublaminate level scaled laminates were shown in the 0° plies
of 2 mm and 3 mm thick laminates and at -45°/90° ply
interfaces for 4 mm, 6 mm and 8 mm thick laminates. For
the ply level scaled laminates, the peak interlaminar shear
stresses Ty, were found at 90°/45° ply interface for 2 mm
and 3 mm thick laminates and 45°/0° ply interface for 4
mm, 6 mm and 8 mm thick laminates. The peak T., values
obtained for the ply level scaled laminate increase
continuously from 4.7 % to 18 % of the applied stress (0”)

with increasing laminate thickness like the interlaminar normal
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Fig. 12 Varation of longitudinal c ive strength with initial fibre

waviness for the unidimclionalrcomposite laminate,
stresses, while the values from the sublaminate level scaled
laminates are nearly constant regardless of the thickness change.
It is found that the free edge interlaminar shear stress T, is also
sensitive to the stacking sequence like the interlaminar normal
stress. These interlaminar normal and shear stresses can lead to
edge delamination that under uniaxial compressive load may
reduce the lateral support of the 0° plies triggering fibre

microbuckling and premature laminate failure.

4, Prediction of Strength

The most frequently considered compressive failure modes
in unidirectional laminates are fibre microbuckling and fibre
kinking. On this basis, theoretical models analyse compressive
failure using two major models, namely, the microbuckling
model and the kink model. In the present study the fibre
kink model

prediction based on the assumed initial fibre waviness and the

(Budiansky model) for compressive strength
in-plane shear characteristics of the composite was adopted.
The predicted compressive strength is matrix dominated and
intimately related to the in-plane shear stress-strain behaviour
of the lamina and the initial fibre waviness[18].

The experimentally - correlated compressive strengths arc
compared with the measured experimental values in Fig. 12.
The measured 2 mm thick compressive strength of 1625 MPa
corresponds to an initial fibre waviness of ¢o=1.17°, which
is similar to that determined by the graphical method (1.15°)
described by Bardorf and Ko[19]. For thick
specimens, the mcasured compressive strength of 1087 MPa

the 8 mm

is in accord with an initial fibre waviness of $o=2.31°. The
fibre

Yurgartis method varied from 0.90° to 1.90° with increasing

average misalignment measured in accordance with

specimen thickness (2 mm to 8 mm thick), Fig. 11 (a).

( : Experimentally-correlated Data)
1500
(Experimental Data)
7 1200 O : 2mm Thick
2 900 O : 3mm Thick
2 .
& 600 - o, < : 4mm Thick
3 w00 - -4 : 6mm Thic
0 . e o i .
¢} 1 2 3 4 5
Fibre Waviness, ¢y (deg)
Fig. 13  Varation of predicted longitudinal compressive strength with

initial fibre waviness for the multidirectional
laminate ([454/05/-45,/90,]5).

composite

For the T800/924C unnotched multidirectional laminates the

compressive strength were predicted by using equation
together with the maximum stress failure criterion. Fig. 13
shows the obtained failure strength as a function of initial
fibre waviness and compared to the measured values of the
ply level scaled specimens ([45./04/-454/90,}s). The measured
thick
specimens of 634 MPa and 553 MPa corresponds to an
fibre waviness of &,=1.24° and 1.6°
[19,20]. The fibre waviness angles measured by Yurgartis
method were 0.81° for 2 mm and 1.33° for the 6 mm thick
of the

scaled specimens ([45/0/-45/90],) are not presented in Fig. 13

compressive strength for the 2 mm and 6 mm

initial respectively

specimen. The failure strengths sublaminate level
since the specimens did not exhibit any thickness effect on

the measured strengths (see Fig. 5).

5. Conclusion

In order to show the thickness effect on the compressive
strength of composite laminates extensive static compressive
tests were performed on unidirectional and multidirectional
laminates 2 mm to 8 mm thick. In addition, parameters such
as fibre volume fraction, void content, fibre waviness and
interlaminar stresses, which influence the compressive failure
strength, were investigated experimentally and numerically.
Residual thermal stresses may also have an effect on strength
especially of thick specimens but this was not investigated in
the present study.

A thickness effect existed in the unidirectional specimens
([04]ns) and the ply level scaled multidirectional specimens
([454/04/-45,/90,].).

introducing the thickness effect on the compressive failure

It was found that the main parameters

strength are fibre waviness and void content. [t was also
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identified that fibre waviness is sensitive to the stacking
sequence of the laminate and it increases with increasing
thickness of the ply level scaled laminate. The compressive
strength  of the sublaminate level scaled specimens
([45/0/-45/90],s) was constant regardless of the ‘specimen
thickness (ply thickness remains constant) and the parameters
(fibre volume fraction, void content, fibre waviness and
interlaminar stresses) were quite independent of the specimen
thickness. No thickness effect was observed in this type of

stacking sequence.
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