Biaxial test results on cruciform specimens
Overview of static tests with various load ratios
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1. Introduction

This report contains the test results of the static biaxial tests performed on
cruciform specimens carried out at the Department of Mechanics of Materials and
Constructions of the VUB (Vrije Universiteit Brussel/ Free University of Brussels)
within the framework of the Optimat Blades project for Task Group 2.

It consists of tests performed on five different cruciform geometries. These
geometries are numbered geometry 2, 3, 4, 5 and 7 and are described in [1] on the
Optimat website. The five geometries were first tested at one load ratio which was
equal to the ratio of the strengths of both material directions which was Fg/Fgo- =
3.85. This ratio was calculated based on the data reported in [2] on the Optimat
website where the average tensile failure strength in the 0°-direction was 553.79
MPa and the tensile failure strength in the 90°-direction 143.89 MPa. A detailed
description of the test results at this load ratio can be found in [3]. From these results
could be concluded that geometries 2, 3 and 4 would not be investigated more
detailed since they resulted in small failure strain values in the centre of the
specimen. For the two remaining geometries 5 and 7 tests were performed at various
load ratios afterwards. From these tests could be concluded that geometry 5 gave
the highest failure strain values. Tests on the cruciform geometries 5 and 7 were also
performed uniaxially loaded to be able to compare these results with results on
standard beamlike specimens. For geometry 5 a good correlation between the failure
strain values was obtained. In geometry 7 early failure occurred due to delaminations
at the inclined surface occurred before specimen failure, resulting in lower failure
strain values measured in the centre of the specimen.

2. Material and specimens

The test coupons were made of the Optimat MD material with a [(+45° -45°
0°)4(+45°-45°)]-lay-up for geometries 3, 4, 5 and 7 and with a [(+45° -45° 0°)3(+45°-
45°)]-lay-up for geometry 2 and were delivered by LM Glasfiber A/S Denmark. In the
central zone of the specimens of geometries 3, 4, 5 and 7 a layer of (0° +45° -45°)
was milled away at each side of the specimen resulting in a [(45° -45° 0°),(+45°-
45°)]-lay-up.

3. Test set-up

The biaxially loaded specimens were tested in tension/tension using a servo-
hydraulic biaxial test bench with a loading capacity of 100kN in both directions
(Figure l1a). A detailed description of the test bench and the principles of biaxial
testing using cruciform specimens can be found in [4]. In the central measurement
zone of each specimen a rosette type strain gauge was bonded with P2 adhesive on
both sides of the specimens or on one side if the other side was used for applying the
digital image correlation technique for full field strain measurements. Strain
measurements with the strain gages were obtained in the 0°-direction or east-west
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direction (direction of the UD fibers), the 90°-direction or north-south direction
(perpendicular to the UD fibers) and in the 45°-direction. The strain gauge type was
FRA-6 from Tokyo Sokki Kenkyujo Co., Ltd. The gauge length was 6 mm and the
gauge width 2.4 mm. These tests were performed load controlled to avoid load
misalignment due to slip of the specimen in the clamps or due to cracks appearing in
one arm of the cruciform specimen. The test rate was 5kN/minute in the east-west
direction, and was adapted in the north-south direction depending on the load ratio.

The uniaxially loaded specimens were tested using a standard INSTRON
4505 test bench with a loading capacity of 100kN in tension (Figure 1b). These tests
were performed displacement controlled with a rate of 0.5mm/minute. Beam like
specimens of the MD material were also tested with this test bench for comparison.

Figure la: Biaxial test bench. Figure 1b: INSTRON uniaxial test
bench.

4. Test results for different geometries

The failure loads (kN) and the failure strains (%) are given in Table 1 for all
tested specimens together with the applied load ratio. The failure loads are given in
the 0°-direction or east-west direction (direction of the UD fibers) and the 90°-
direction or north-south direction (perpendicular to the UD fibers). The average
between the loads measured with the two separate load cells in one direction is
given. Failure was considered at the moment that the maximum load for one of the
two directions was reached and is given in the first columns of Table 1. For some
load ratios, mainly the ones close to the uniaxial load ratios, additional load could be
taken in one direction, after failure in the other direction. This was the case for load
ratios 7.7/1, 5.775/1 where the 0°-direction failed first and 0.9625/1 where the 90°-
direction failed first. The ultimate failure values reached in both directions are given in
the next two columns in Table 1 for comparison with the other values. The failure
strains are given in the 0°-, 90°- and 45°-direction together with the calculated shear
strain using the formula y, = 2 4s5- ( 0c + 90°). These values are the averaged

values measured at the front side and the back side of the specimen if two strain
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gages were used or the value at the back side of the specimen if one strain gage was
used. One table is given for each tested geometry.

(kN) (kN) (%)
geometry 2 ratio Fo-/Fgo- Fo- Foos Fo- Foo € €90° €45° Eshear
GEV207_S0100_002 3,85/1 54,26 | 14,21 | 5426 | 14,21 | 1,28 | -0,55 | 0,45 | 0,17
GEV207_S0100_003 3,85/1 63,17 | 16,52 | 63,17 | 16,52 | 1,56 | -0,61 | 0,63 | 0,30
GEV207_S0100_004 3,85/1 54,61 | 14,29 | 5461 | 14,31| 1,21 | -0,51 | 0,34 | -0,03
GEV207_S0100_007 3,85/1 57,34 | 14,98 | 57,34 | 14,98 not measured
GEV207_S0100_005 5,775/1 58,86 | 10,23 | 58,86 | 10,23 | 1,42 | -0,83 | 0,30 | 0,02
GEV207_S0100_006 2,57/1 53,49 | 20,74 | 5355 | 20,74| 1,07 | -0,18 | 0,49 | 0,08

Table la: Failure forces and failure strains for geometry 2.

(kN) (kN) (%)
geometry 3 Foo Fo- Foos Fo- Foo € €90° €15° Eshear
GEV207_S0100_002 3,85/1 60,60 | 15,77 | 60,60 | 15,77 | 1,53 | -0,71 | 0,43 | 0,06
GEV207_S0100_003 3,85/1 60,34 | 15,79 ? ? 1,52 | -0,61 | 0,47 | 0,04
GEV207_S0100_004 3,85/1 62,00 | 16,19 ? ? 1,25 | -0,51 | 0,32 | -0,02
GEV207_S0100_001 2,57/1 50,00 | 24,30 | 50,00 | 24,30 | 1,14 | -0,25 | 0,56 | 0,08
GEV207_S0100_005 5,775/1 59,84 | 10,43 ? ? 1,52 | -0,89 | 0,27 | -0,10

Table 1b: Failure forces and failure strains for geometry 3.

(kN) (kN) (%)
geometry 4 ratio Fo-/Fgo- Fooe Foo: Fo: Fooe € €90 €45° Eshear
GEV207_S0100_001 3,85/1 58,79 | 15,35 | 58,79 | 1535| 1,68 | -0,75 | 0,51 | 0,08
GEV207_S0100_002 3,85/1 61,11 | 1580 | 61,11 | 1580 | 1,79 | -0,86 | 0,48 | 0,00
GEV207_S0100_003 3,85/1 59,77 | 15,79 ? ? 1,71 | -0,76 | 0,42 | -0,11
GEV207_S0100_004 3,85/1 61,60 | 16,05 | 61,60 | 16,05| 1,54 | NOK | 0,47 | NOK
GEV207_S0100_005 5,775/1 62,75 10,89 | 62,76 | 11,21| 1,76 | -0,99 | 0,41 | -0,04

Table 1c: Failure forces and failure strains for geometry 4.
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(kN) (kN) (%)
geometry 5 ratio Fo-/Fgo- Foe Fooe Fo- Fooe € ©90° €s5° Eshear
GEV207_S0100 006 5,775/1 48,75 8,46 |48,75| 9,04| 1,95 | -1,03 | 0,39 | -0,13
GEV207_S0100 014 5,775/1 44,45 7,73 | 4446 | 861 | 1,79 | -0,94 | 0,47 0,09
GEV207_S0100 015 5,775/1 50,28 8,76 | 50,29 | 9,67 | 212 | -0,79 | 0,79 0,28
GEV207_S0100 005 5,775/1 48,22 8,22 ? ? 0,93 0,18 | -0,59 | -0,37
GEV207_S0100_007 2.567/1 46,39 | 17,97 | 46,39 | 17,98 | 1,45 0,00 0,80 0,17
GEV207_S0100_020 2,567/1 47,89 | 18,58 | 47,89 | 18,58 | 1,43 0,10 0,78 0,03
GEV207_S0100 021 2,567/1 43,12 | 16,80 | 44,04 | 16,80 | 1,44 | -0,02 | 0,87 0,23
GEV207_S0100_008 7,711 48,12 6,27 | 48,12 | 7,79 | 2,01 | -1,20 | 0,40 0,03
GEV207_S0100_022 7,711 50,38 6,56 50,38 7,25 | 2,06 -0,99 0,59 0,11
GEV207_S0100_023 7,711 50,53 6,57 50,53 6,58 | 2,29 -1,24 0,71 0,36
GEV207_S0100 009 1,925/1 40,29 | 20,96 | 40,79 | 20,96 | 1,15 0,67 0,96 0,10
GEV207_S0100 024 1,925/1 39,20 | 20,11 | 39,20 | 20,11 | 1,06 0,54 0,84 0,08
GEV207_S0100 025 1,925/1 38,64 | 20,10 | 39,49 | 20,10 | 0,95 0,66 0,88 0,16
GEV207_S0100 010 1/0 46,77 0,00 |46,77| 000| 2,22 | -1,76 | 0,23 | -0,01
GEV207_S0100 016 1/0 54,29 0,00 |5429| 0,00 221 | -1,98 | 0,20 0,08
GEV207_S0100 017 1/0 54,47 0,00 |54,47| 000| 2,16 | -1,72 | 0,39 0,27
GEV207_S0100 027 1/0 48,39 0,00 |48,39| 000| 2,01 | -1,64 | 0,30 0,25
GEV207_S0100 011 0/1 0,00 18,82 0,00 | 18,82 | -0,81 | 2,17 0,74 0,12
GEV207_S0100 018 0/1 0,00 20,11 0,00 | 20,11 | -0,76 | 2,04 0,69 | -0,14
GEV207_S0100 019 0/1 0,00 19,45 0,00 | 19,45 | -0,85 | 2,24 0,57 | -0,25
GEV207_S0100 028 0/1 0,00 19,59 0,00 | 19,59 | -0,88 | 2,19 0,63 | -0,08
GEV207_S0100 026 3,85/1 49,03 | 12,79 ? ? 1,76 | -0,65 | 0,60 0,08
GEV207_S0100_ 001 3,85/1 48,83 | 12,73 | 48,83 | 12,73 | 1,66 | -0,45 | 0,59 | -0,09
GEV207_S0100_002 3,85/1 48,25 12,61 | 48,29 | 12,61 | 1,66 -0,41 0,57 -0,12
GEV207_S0100_003 3,85/1 46,02 11,56 ? ? 1,76 -0,59 0,51 -0,14
GEV207_S0100_004 3,85/1 48,67 12,74 ? ? 1,70 -0,44 0,63 -0,03
GEV207_S0100_034 0,9625/1 18,26 19,04 | 19,34 | 19,04 | 0,13 1,75 0,72 -0,41
GEV207_S0100_037 0,9625/1 19,26 20,03 | 20,25 | 20,03 | 0,18 1,71 0,94 0,05
GEV207_S0100 038 0,9625/1 1893 | 19,70 | 19,35 | 19,70 | -0,08 | 1,49 0,73 0,18
GEV207_S0100 036 0,9625/1 18,29 | 19,06 | 19,01 | 19,06 | NOK | 1,61 1,03 NOK

Table 1d: Failure forces and failure strains for geometry 5.
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(kN) (%)

geometry 7 ratio Fo-/Fgo- Fo- Foo: Foe Foo € ©90° €45° Eshear
GEV207_S0100 006 5,775/1 39,59 | 6,88 39,59 741 | 1,74 | -0,84 | 0,47 | 0,03
GEV207_S0100 012 5,775/1 39,74 | 6,92 39,74 760| 1,70 | -0,86 | 0,55 | 0,27
GEV207_S0100 013 5,775/1 42,68 | 7,43 42,68 7,46 | 2,19 | -1,07 | 0,48 | -0,16
GEV207_S0100 005 5,775/1 37,90 | 10,87 ? ? not measured

GEV207_S0100_007 2.567/1 35,44 | 13,77 | 35,81 | 13,77 | 1,25 0,06 | 0,58 | -0,15
GEV207_S0100_020 2,567/1 37,16 | 14,44 | 37,27 | 14,44| 1,34 | -0,26 | 0,65 | 0,23
GEV207_S0100 021 2,567/1 36,13 | 14,03 | 36,64 | 14,03 | 1,33 0,08 | 0,61 | -0,18
GEV207_S0100_008 7,711 43,10 | 5,61 43,10 6,13 | 2,10 | -1,12 | 0,53 | 0,09
GEV207_S0100_022 7,711 43,23 | 5,63 43,23 6,31 | 1,90 -1,08 | 0,42 0,02
GEV207_S0100_023 7,711 41,70 | 5,45 41,70 6,02 | 2,06 -1,22 | 0,48 0,18
GEV207_S0100 024 1,925/1 27,21 | 1416 | 27,75 | 14,16 | 0,77 0,45 | 0,54 | -0,14
GEV207_S0100 025 1,925/1 29,54 | 1536 | 29,84 | 15,36 | 0,79 0,53 | 0,53 | -0,26
GEV207_S0100 010 1/0 39,23 | 0,00 39,23 0,00 | 2,11 | -1,77 | 0,17 | 0,00
GEV207_S0100 016 1/0 39,35 | 0,00 39,35 0,00 | 2,36 | -1,87 | 0,18 | -0,23
GEV207_S0100_017 1/0 45,50 | 0,00 45,50 0,00 | 2,23 -1,86 | 0,32 0,26
GEV207_S0100 027 1/0 44,07 | 0,00 44,07 0,00 | 2,37 | -1,64 | 0,44 | 0,21
GEV207_S0100 011 0/1 0,00 | 14,00 0,00 | 14,00 | -0,65 | 1,60 | 0,48 | 0,00
GEV207_S0100 018 0/1 0,00 | 14,44 0,00 | 14,44 | -0,67 | 1,75 | 0,56 | -0,04
GEV207_S0100 019 0/1 0,00 | 14,77 0,00 | 14,77 | -0,68 | 1,87 | 0,60 | -0,07
GEV207_S0100 028 0/1 0,00 | 13,62 0,00 | 1362 | -0,62 | 1,53 | 0,44 | -0,05
GEV207_S0100 026 3,85/1 42,50 | 11,09 ? ? 1,83 | -0,53 | 0,36 | -0,59
GEV207_S0100 001 3,85/1 37,15 | 9,69 37,16 9,72 | 1,72 | -0,52 | 0,57 | -0,05
GEV207_S0100_ 002 3,85/1 32,97 | 8,76 3297 | 10,48 | 1,39 | -0,39 | 0,50 | -0,02
GEV207_S0100_003 3,85/1 37,06 | 9,40 ? ? 1,57 -0,49 | 0,44 | -0,20
GEV207_S0100_004 3,85/1 35,27 | 9,23 ? ? 1,55 -0,55 | 0,49 -0,02

Table 1e: Failure forces and failure strains for geometry 7.

For specimens GEV207_S0100 007 geometry 2 and GEV207_S0100_005
geometry 7 no strains were measured with a strain gage glued in the centre of the
specimen. For specimens GEV207_S0100_004 geometry 4 and
GEV207_S0100 036 geometry 5, part of the strain gage was damaged before
testing, not being able to measure strains in certain directions.

In graph 1 the failure forces are shown for each geometry and loading ratio.
The horizontal axis gives the forces measured in the 0°-direction, the vertical axis in
the 90°-direction. Each load ratio is indicated with a separate colour and each
geometry with a different marker. The uniaxial load ratio Fo-/Fgo- =0/1 is indicated in
dark blue, the uniaxial load ratio Fo-/Fgo- =1/0 in blue, the biaxial load ratio Fo-/Fgo-
=7.7/1 in dark green, Foe/Fgo- =5.775/1 in orange, Fo-/Fgo- =3.85/1 in black (the ratio of
the strengths), Fo/Fgo- =2.567/1 in red, Fo/Fgo- =1.925/1 in green and Fo/Fgp-
=0.9625/1 in purple. Geometry 2 is indicated with the marker ‘-, geometry 3 with ‘+’,
geometry 4 with ‘x’, geometry 5 with * " and geometry 7 with * .

The highest failure forces are obtained for geometries 2, 3 and 4 since these
geometries have the largest biaxially loaded area. The corner fillets of 20 mm enlarge
the load bearing area in the biaxially loaded zone. Geometry 3 and 4 have a milled
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surface reducing the load bearing area in the thickness, but this has a minor
influence compared to the enlargement caused by the corner fillet. For geometries 3
and 4 end-tabs were glued on all the specimens; for geometry 2 this was done for
part of the specimens resulting in higher forces. For the specimens without end-tabs
smaller failure forces were obtained. Geometries 5 and 7 have a corner fillet at the
intersection of two perpendicular arms of 6.25 mm positioned inside the area of the
arms resulting in lower failure forces. Adapting the corner fillet from outside the arms
towards inside was necessary since the fibres at +/-45° carried the load directly from

one arm to a perpendicular one, effectively unloading the biaxial test zone. In
geometry 7 a larger surface is milled away in the central region than in geometry 5,

resulting in lower failure forces.
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Graph 1: Biaxial envelope of failure forces for all geometries and load ratios.

For geometry 3 tested at load ratio 2.567/1 load ratio was not maintained till
the end of the test: the load in the 0°-direction stopped increasing at a load of 50kN
while the load in the 90°-direction increased as foreseen.

The height of the failure forces doesn’t give information about the suitability of

a cruciform specimen. The failure forces however give an idea about the shape of the
biaxial stress failure envelope if we assume that the load bearing areas do not
change with the applied load ratio and if they are the same for the tested geometries
of one type. Small differences in dimensions from specimen to specimen are
neglected in this way. For geometries 5 and 7 and idea of the shape of the biaxial
stress failure envelope can be seen however. For a better idea about the shape of
the envelope, two more load ratios of 0.5/1 and 1.5/1 should be tested in the future.
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Information about the suitability of a cruciform specimen requires failure
stresses or failure strains. As the load bearing areas of the cross sections for
transmitting the loads are not known with a cruciform geometry, stresses cannot be
calculated from the applied loads. Therefore the failure strains are used to compare
the different geometries. A similar graph as graph 1 for the failure forces is shown in
graph 2 for the failure strains. Also results of failure strains obtained on the standard

OB beamlike specimens testes at load ratios 1/0 and 0/1 were added.
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Graph 2: Biaxial envelope of failure strains for all geometries and load ratios.

Although tests could only be performed in the tension/tension domain,
negative strain results were obtained due to the Poisson effect. Geometries 2, 3 and
4 give lower strain values than geometries 5 and 7 for the load ratios at which all
geometries were tested. For the selected geometries 5 and 7, tests were performed
at other load ratios too. The highest failure strains were obtained for geometry 5,
indicating this geometry is the most suitable one. The results for geometry 5 tested at
the uniaxial load ratios are in good comparison with the results obtained on standard
beamlike specimens, indicating no early failure of the specimen occurs. Pictures
recorded immediately prior to (upper frame) and during failure (lower frame) are
shown in Figure 2 for each of the geometries.
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56.5kN 60.05kN 48.7kN 42.0kN

failure, 57.4kN failure, 60.08kN failure, 48.7kN failure, 42.5kN

geometry 4 (similar

geometry 2 for geometry 3)

geometry 5 geometry 7

Figure 2. Failure of cruciform specimens.

Only for geometry 2, failure of the specimen occurred outside the bi-axially
loaded test zone. For all geometries, failure starts at the corner fillet between the two
arms —not from the middle of the specimen— but for geometries 3, 4 and 5 the
complete bi-axially loaded test zone was damaged. The high values for the
experimentally obtained failure strains for geometry 5 however, indicate that the
strain concentrations at the corner fillet between the two perpendicular arms do not
cause early failure of the specimen. For geometry 7 delaminations at the inclined
surface occurred before specimen failure, explaining why higher failure strain values
are obtained with geometry 5.

5. Test results for the selected geometry 5

The results for the selected geometry should be compared with existing failure
criteria which are expressed in failure stresses. With the cruciform geometries
however only failure strains and failure forces can be measured. Therefore the failure
criteria should be adapted into failure strain criteria in stead of failure stress criteria or
alternative methods should be found to obtain experimental failure stresses. In this
section two methods for stress calculation are discussed.

The failure forces give first of all an idea about the shape of the biaxial failure
envelope if we assume that the load bearing areas do not change with the applied
load ratio and if they are the same for the tested geometries of one type. Small
differences in dimensions from specimen to specimen are neglected in this way. The
failure forces for geometry 5 are shown in graph 3.
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Graph 3: Biaxial envelope for geometry 5 of failure forces.

Quite some variation in the failure forces can be noticed between specimens
tested at the same load ratio. This is mainly the case for load ratio 1/0, 5.775/1 and
2.567/1. For the other load ratios the failure forces show less variation. From the
failure forces, failure stresses can be calculated if the load bearing area is known.
For a cruciform specimen this area cannot be measured. An alternative method was
used, assuming that for the uniaxially loaded cruciform specimens, the same failure
stresses should be obtained as for the uniaxially loaded beamlike specimens. From
these failure stresses, load bearing areas were calculated afterwards from the failure
forces obtained on the cruciform specimens. The average of these areas was then
used afterwards to calculate the stresses for the other load ratios. The properties of
the tested material are given in Table 2 and are averaged data from all test data
available in Optidat at this moment.

MD material [(+45° -45° 0°)4(+45°-45°)]-lay-up

Ey Ey Nyy Xt Xe Y Ye
(MPa) | (MPa) (-) (MPa) (MPa) (MPa) (MPa)
average 27,03 | 14,21 | 0,455 | 515,17 | -468,95 | 138,67 | -198,21
standard deviation 1,19 0,85 | 0,042 | 38,50 35,26 4,21 3,82

Table 2: Properties of the tested composite material obtained on standard
beamlike specimens.

The calculated load bearing areas for the cruciform specimens loaded
uniaxially in the fibre direction are given in Table 3; the calculated load bearing areas
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for the cruciform specimens loaded uniaxially perpendicular to the fibre direction are
given in Table 4.

Fo- X Area
Geometry 5 (kN) | (MPa) | (mm?)
GEV207 S0100 010 | 46,77 90,79
GEV207 _S0100 016 | 54,29 515 17 105,38
GEV207 S0100 017 | 54,47 ’ 105,73
GEV207_S0100 027 | 48,39 93,94
Average: 98,96
Table 3: Load bearing areas for specimens tested at ratio Foo/Fgo- = 1/0.
Fooe Yi Area
Geometry 5 (kN) | (MPa) | (mm2)
GEV207_S0100 011 | 18,82 135,73
GEV207_S0100 018 | 20,11 138 67 145,05
GEV207_S0100 019 | 19,45 ' 140,23
GEV207_S0100 028 | 19,59 141,28
Average: 140,57

Table 4: Load bearing areas for specimens tested at ratio Fo-/Fgo- = 0/1.

One would maybe expect the same load bearing area for specimens loaded
uniaxially in the fibre direction or perpendicular to it, but this was not the case. The
load bearing area perpendicular to the fibre direction was larger than in the fibre
direction. This can be explained as follows: for a uniaxially loaded cruciform MD
specimen in the fibre direction, fibres at +/-45° will fail first and then the 0° fibres will
carry the load alone resulting in a small area taking the loads. For a uniaxially loaded
specimen perpendicular to the fibre direction however, fibres at 90° will fail first and
then the +/-45° fibres will carry the load alone resulting in an enlargement of the
cruciform central zone taking the loads.

For the biaxially loaded specimens, the two load bearing areas were used: the
failure forces in the 0°-direction were divided by 98.96 mm? to obtain failure stresses
in that direction and the failure forces in the 90°-direction by 140.57 mm?. Also for the
uniaxially loaded specimens, these averaged areas were used afterwards to
calculate failure stresses. The results are shown in graph 4 and show a similar shape
as for the failure forces.
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Graph 4: Biaxial envelope for geometry 5 of failure stresses using derived
areas.

It's not clear that assuming no change of the load bearing areas with changing
load ratio is valid. The assumption of perfectly the same specimen dimensions is
resulting in an inaccuracy in the obtained failure stress values too.

A second method calculates failure stresses from failure strains using the
following formulas:
& = Sy/Ex — nyS,/Ey
€ = — NySx/Ex+ Sy/Ey

Sy = (& + Nyx&) Ey/(1- nyxnyy)
Sx = (& + NkySy/Ey)Ex = (6 + Nyy(y + Nyx&)/(1- Nyxiiy)) Ex

The stiffness moduli Ex and Ey and the Poisson’s ratio ny used, were the
average values on beam like MD specimens from Optidat as given in Table 2 since
they cannot be measured on the cruciform specimens. These values are the initial
material parameters, but from the tests on both beam like and cruciform specimens
could be seen that mainly for the 90° direction, material properties were non-linear. In
the 0° direction non-linearity is less pronounced. Graph 5a shows a force-strain curve
for a cruciform specimen loaded uniaxially in the fibre direction. Graph 5b shows a
force-strain curve for a cruciform specimen loaded uniaxially perpendicular to the
fibre direction. Only the strains in the 0° direction (blue line) for the specimen loaded
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in the fibre direction was almost linear. The strains in the 90° direction (green line)
were non-linear in both cases and the strains in the 0°-direction for the specimen
loaded in the 90° direction was non-linear too. Another inaccuracy occurs since
material properties were used for the standard MD [(+45° -45° 0°)4(+45°-45°)]-lay-up,
while the centre of the cruciform specimens have slightly other properties due to the
milling of one layer of (0° +45° -45°) at each side of the specimen thickness resulting
in a [(45° -45° 0°),(+45°-45°)]-lay-up. This can be seen when using classical laminate
theory for the calculation of material properties for a specific lay-up from properties of
the UD lamina.

force east-west (kN)

GEV207_S0100_027 geometry 5
biaxial TT ratio 1/0

— 56

—strain 0° lower
—strain 45° lower
—strain 90° lower
shear strain lower

stress north-south (MPa) 90°
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0,5 1
strain (%)

Graph 5 a: Force strain-curve for

ratio Fo°/Fgo° = 1/0.
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Graph 5 b: Force strain-curve for

ratio Fo°/Fgo° =0/1.

For the stress calculation however the initial values were used. Results are
shown in graph 6.
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Graph 6: Biaxial envelope for geometry 5 of failure stresses using strains.
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The obtained failure stresses in the 90° direction for the uniaxially loaded
cruciform specimens in that direction are much too high, while in the 0° direction
negative stresses occur although the ratio is pure uniaxial. For the biaxially loaded
specimens with a ratio close to this ratio the same problems occur. For the
specimens loaded uniaxially in the fibre direction or close to this ratio, failure stresses
in the 90° direction are negative, while they should be 0 for the uniaxial case and
slightly positive for the biaxial ratios. Using this method for stress calculation, using
the initial material parameters is not accurate due to non-linearities in the material
properties. Also the shape of the biaxial failure envelope obtained in this way is not
reliable.

6. Conclusions

Experiments performed on different cruciform geometry types, led to the
selection of a suitable geometry for bi-axial testing of fibre reinforced composite
laminates. This geometry has a reduced thickness in the central region of the
specimen, in combination with a fillet corner between two arms inside the material
and is indicated as geometry 5. The reduced zone is small avoiding delaminations
which occurred for geometry 7 with a large reduced thickness zone.

For comparison with failure criteria, stresses are needed while only failure
forces and failure strains can be measured using cruciform specimens. Two methods
for stress calculation are compared, one using a calculated load bearing area and
one using failure strains in combination with initial material parameters. The last
method is not accurate due to non-linearities in the material properties. The first
method gives acceptable results. Another option is using failure criteria expressed in
failure strains instead of in failure loads.

Two more load ratios should be tested statically for a good division of load

ratios over the entire failure envelope in tension/tension domain. These ratios are
0.5/1 and 1.5/1.
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