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This review paper gives an overview of test methods for multiaxial and out-of-plane strength of composite laminates, with special consideration of non-crimp fabrics (NCF) and other textile systems. Tubular and cruciform specimens can provide arbitrary inplane loading, while off-axis and angle-ply specimens provide specific biaxial loadings.

Tensile and compressive out-of-plane strength may be determined by axial loading of specimens with a waisted gauge section, while bending of curved specimens allow determination of the out-of-plane tensile strength. Tests suited for out-of-plane shear strength include the short beam shear test, the inclined double notch test and the inclined waisted specimen. Testing of arbitrary tri-axial stress states using tubular or cruciform specimens with superimposed through-the-thickness loading is highly complex and significant problems have been reported in achieving the intended stress states and failure modes. Specific tri-axial stress states can be obtained by uniaxial loading of specimens with constrained expansion, as in the die channel test.

Introduction

High performance fibre composites are used extensively in the aerospace sector, where they traditionally have been used in relatively thin laminates made from prepreg material. The stresses in such structures are typically dominated by in-plane loads and stresses, Figure 1a, although failure sometimes occurs due to large local out-of-plane stresses at flange-web transitions, Figure 1b.

Growing confidence in composite materials and new and cheaper manufacturing methods based on resin infusion of dry fibre preforms, e.g. Non-Crimp Fabrics (NCF), have resulted in increasing use of composites in components with more complex geometry and loading, and a correspondingly more complex stress state, Figure 1c.

Examples of aircraft components with complex shape where composite materials are considered or are being used include guide vanes and fan blades for aeroengines, spars for wings, and window/door frames for the fuselage. This development necessitates three-dimensional (3D) failure criteria and tests to determine strength data for accompanying out-of-plane and multiaxial loading. A general overview of available 3D failure criteria, with focus on composite materials, was given in [START_REF] Marklund | Literature survey of 3D failure criteria[END_REF].

Composites generally have an inhomogeneous microstructure, e.g. involving fibres and matrix, while the macrostructure usually is considered homogeneous. Conventional unidirectional tape prepreg systems tend to have a homogenous structure also at the meso-scale (ply level). In contrast, composites with textile fibre architecture, e.g. NCF 3 materials, are inhomogeneous at the meso-scale, which involves fibre bundles and resin rich pockets.

The out-of-plane strength of these new thick composite materials with a complex mesostructure must clearly be considered, particularly as it usually is significantly lower than the in-plane strength. Due to the previous focus on thin laminates under primarily inplane loads the tests for strength under out-of-plane and triaxial loads are not well developed and the experience of using them is small, particularly in the industry. This limitation has been tolerable for traditional unidirectional (UD) prepreg systems, which often can be approximated as transversely isotropic perpendicular to the fibres. In contrast, NCF systems and other textile fibre architectures result in an orthotropic material on the mesoscale (ply level), where dedicated out-of-plane tests are necessary for a correct material description.

The aim of this review is to give an overview of available test methods for the strength and stiffness of composite laminates under uniaxial and multiaxial out-of-plane loading.

It should be stressed that the current paper does not aim to provide an exhaustive review, but rather to illustrate approaches by a selection of available test methods and to highlight problems associated with the various methods.

Biaxial in-plane testing

"Multiaxial" and biaxial testing of composites was reviewed in [START_REF] Chen | A review of multiaxial/biaxial loading tests for composite materials[END_REF], but a careful examination of the paper clarifies that "multiaxial" solely refers to various combinations of in-plane loads. Furthermore it should be recognised that since the publication of the review a fair amount of additional research has been done in the area. Biaxial test 4 methods, with particular focus on issues with tubular specimens, have also been discussed in a review of biaxial failure criteria for polymer composites [START_REF] Thom | A review of the biaxial strength of fibre-reinforced plastics[END_REF].

Tubular specimens

Tubular specimens are the obvious choice for material systems which normally are used in cylindrical components, e.g. components made by filament winding. They may also be suitable for testing of prepreg materials used in flat laminates, provided that sufficiently similar fibre volume fractions, meso-scale architecture and void contents can be achieved. The main advantage of tubular specimens is the absence of free edge effects. Main difficulties are more complex manufacturing and difficulties in controlling the manufacturing quality.

Unidirectional 90º ply cylindrical specimens under combined twisting and axial tension or compression, Figure 2a, have been used to test matrix-controlled biaxial failure, e.g.

in [START_REF] Swanson | Failure of carbon/epoxy lamina under combined stress[END_REF].

Arbitrary biaxial in-plane loading of laminates may be obtained by internally pressurised tubular specimens under combined twisting and tension or compression, Figure 2b. Such specimens have been extensively studied by Swanson and co-workers, and a review of this work was presented in [START_REF] Swanson | Multiaxial characterization of T800/3900-2 carbon/epoxy composites[END_REF]. Additional work using the same approach has been presented e.g. in [START_REF] Cohen | Multi-axial tube test method. Composite materials: Testing, design, and acceptance criteria[END_REF]. A common assumption in the analysis of internally pressurised tubes is that a plane stress analysis is applicable. For thin walled tubes this assumption is certainly satisfied when comparing the out-of-plane (radial) stress with the average in-plane stress over the thickness. In a multi-directional laminate the local in-plane ply stresses transverse to the fibres are, however, significantly smaller than the average in-plane stress. Thus, the stress state of the inner plies will be more or less three-dimensional, while the outer plies will be in a purely plane stress state. It is likely that the out-of-plane compressive stress will delay failure of the inner plies, so that failure initiates at the outside of the tube.

Cruciform specimens

Cruciform composite specimens have been developed using previous experience with similar metal specimens, and a correct design may allow testing under more or less arbitrary biaxial (in-plane) loads. Examples of their design and application to composites may be found in a paper by Welsh & Adams [START_REF] Welsh | An experimental investigation of the biaxial strength of IM6/3501-6 carbon/epoxy cross-ply laminates using cruciform specimens[END_REF], who also review their extensive previous work in this area. A more recent study of cruciform composite specimens involving full field optical measurements was published in [START_REF] Smits | Design of a cruciform specimen for biaxial testing of fibre reinforced composite laminates[END_REF], which provided an extensive review of previous work.

A major advantage of cruciform specimens is that they are representative for the material in existing flat laminates and comparatively easy to manufacture, although specimens often become relatively large and require extensive machining. Complicating factors are the needs for machining of a reduced thickness in the gauge section and a corner fillet, Figure 3, which are required to prevent premature failure outside the gauge section.

Figure 3 Typical cruciform specimen with reduced thickness gauge section

Compiled from [START_REF] Welsh | An experimental investigation of the biaxial strength of IM6/3501-6 carbon/epoxy cross-ply laminates using cruciform specimens[END_REF] © Elsevier. Reproduced with permission.
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Test machines for biaxial cruciform specimens are inherently complex. A minimum of two separate and orthogonal actuators are generally required. As pointed out in [START_REF] Smits | Design of a cruciform specimen for biaxial testing of fibre reinforced composite laminates[END_REF] the preferred option is four separate actuators, Figure 4a, and a control system with an appropriate feed back loop since only two actuators will lead to asymmetric deformation of the specimen, Figure 4b. [8] © Elsevier. Reproduced with permission

Specimens giving specific biaxial loads

Off-axis specimens

Axial loading of unidirectional coupons with the fibres at an angle to the loading direction can provide a certain range of biaxial stress states. The failure strains in various directions of a composite are usually of the same order, while the stiffness, and hence strength, varies by an order of magnitude. For this reason it is more convenient to compare strain ratios than stress ratios. Figure 5 shows the resulting strain ratios in the local (material) coordinate system for axial loading at different off-axis angles of typical carbon (CFRP) and glass (GFRP) reinforced unidirectional specimens. Note that Figure 5 uses the absolute value of γ 12 .

Figure 5 Strain states for axial loading of UD off-axis specimens

It is evident that significant strains in the fibre direction can only be achieved for loading entirely along the fibres or in combination with relatively large shear strains, which are likely to control the failure. On the other hand off-axis angles between 30º and 90º allow virtually arbitrary combinations of shear strain and transverse normal strain, with negligible strain in the fibre direction. At an off-axis angle of about 8º for CFRP and 15º for GFRP, the transverse normal strain ε 2 is zero, while the shear strain is about 3-4 times the strain in the fibre direction. For this reason 10º off-axis specimens have been examined as a candidate for testing in-plane shear strength [START_REF] Chamis | 10-deg off-axis test for shear properties in fiber composites[END_REF][START_REF] Pierron | The 10º off-axis tensile test: a critical approach[END_REF].

A major problem with off-axis specimens is the deformation incompatibility at the loading clamps, which inevitably causes premature failure. This problem may be significantly alleviated by use of end tabs cut at an oblique angle, equivalent to the isodisplacement lines of the specimen [START_REF] Sun | An oblique end-tab design for testing off-axis composite specimens[END_REF]. The angle φ between these lines and the loading axis of the specimen is given by:

(

where S ij =A ij -1 are components of the compliance matrix of the laminate.

Angle-ply specimens

Axial loading of angle-ply coupons with the fibres in alternating angles to the loading direction can provide a certain range of biaxial stress states. Figure 6 shows the resulting strain ratios in the local (material) coordinate system for axial loading at different off-axis angles of typical carbon (CFRP) and glass (GFRP) reinforced unidirectional specimens. The strain states that can be achieved seem to be similar as for the off-axis specimens. At a ply angle of about 43º for CFRP and 39º for GFRP, the transverse normal strain ε 2 is zero, while the shear strain is much higher (about 13 times for CFRP and 5 times for GFRP ) than the strain in the fibre direction. For this reason ±45º angle ply specimens have been widely used for testing of in-situ in-plane shear strength.

Figure 6

Strain states for axial loading of angle-ply specimens

Biaxial in-plane Arcan test

The Arcan test was originally developed for shear testing of polymers and composites.

By adding a sequence of loading holes, Figure 7a, it is possible to achieve arbitrary combinations of shear and tension transverse to the fibres [START_REF] Voloshin | Failure of unidirectional fiber-reinforced materialsnew methodology and results[END_REF]. A recent study of biaxial tensile-shear testing indicated somewhat higher strength than in conventional off-axis tests [START_REF] El-Hajjar | In-plane shear testing of thick-section pultruded FRP composites using a modified Arcan fixture[END_REF]. Combined shear and compression is possible to achieve by addition of a fairly complex supporting rig as shown in Figure 7b [START_REF] Van Den Broucke | Failure and impact modelling of textile composites: ITOOL project[END_REF]. 

In-plane shear and normal stress with dual actuators

In recent years two tests with independent dual actuators for combined inplane shear and normal stresses have been developed. Vogler & Kyriakides [START_REF] Vogler | Inelastic behaviour of an AS4/PEEK composite under combined transverse compression and shear. Part I: experiments[END_REF] studied how the strain rate under combined in-plane shear and compressive loading in the fibre direction influenced the yielding and failure of an AS4/PEEK composite, Figure 8a. In [START_REF] Greve | Biaxial experimental determination of inplane matrix failure envelope of unidirectional composite[END_REF] the interaction between in-plane shearing and transverse tensile stresses on an NCF composite was studied using a similar device, Figure 8b. (a): [START_REF] Vogler | Inelastic behaviour of an AS4/PEEK composite under combined transverse compression and shear. Part I: experiments[END_REF] and (b): [START_REF] Greve | Biaxial experimental determination of inplane matrix failure envelope of unidirectional composite[END_REF]. Both © Elsevier. Reproduced with permission.

Uniaxial out-of-plane testing

Tensile and compressive testing

The two basic methods for interlaminar tensile/compressive testing include various versions of waisted coupons for axial loading, Figure 9a, and coupons achieving interlaminar tensile stresses through flexure of curved beams, Figure 9b [START_REF] Kedward | Flexure of simply curved composite shapes[END_REF]. [17] © Elsevier. Reproduced with permission.

Axial loading

Axial loading, like that shown in Figure 9a, is straightforward, but requires that a number of conditions are satisfied while designing the specimen:

• Sufficient width to incorporate at least four representative volume elements of the material

• Sufficient height to width ratio to obtain uniaxial stresses in the gauge section

• Careful waisting to reduce stress concentrations and premature failure

The main drawback of these specimens is the relatively complicated manufacturing. Specimens of the type shown in Figure 9a have been tested for composites in [START_REF] Lagace | Test methods for design allowables for fibrous composites, Second volume[END_REF],

where several 3 mm laminates were bonded on top of each other to obtain a square gauge section. It was found that failure frequently occurred close to the bond lines, rather than within the composite material.

A similar specimen with rectangular gauge section was developed at DERA by Ferguson, Hinton and Hiley [START_REF] Ferguson | Determining the through-thickness properties of FRP materials[END_REF], Figure 10a. The geometry of this specimen was obtained through careful FE-analysis. A miniature (half scale) specimen was also developed and was found to provide similar results. The specimens were assessed in tensile and compressive tests on a wide range of fibre composites, including UD carbon/epoxy prepreg, glass/epoxy material manufactured through filament winding, press forming and RTM, as well as random short glass fibre systems involving various resins and manufacturing routes. Compression tests were uncomplicated, while the end tab extensions used in the tension tests (Figure 10b) were found to cause premature failure in some tensile tests due to difficulties with correct alignment.

Similar waisted specimens with 17 mm thickness and a square gauge section were developed in [START_REF] Mespoulet | Design, development and implementation of test methods for determination of through thickness properties of laminated composites[END_REF], where FE analysis also was used for improving the geometry. An interesting feature of these specimens was the use of thin epoxy end blocks, which reduced stress concentrations and had higher strength than the composite specimen. [19] © Elsevier. Reproduced with permission.
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A spool specimen was developed in [START_REF] Koudela | Static and fatigue interlaminar tensile characterization of laminated composites[END_REF]. The geometry is similar to the one shown in Figure 10, but the specimen cross sections are cylindrical rather than rectangular.

Careful selection of the geometry limited the peak stress in the gauge section to 1.1 of the nominal stress for the quasi-isotropic layup employed in the spool specimens. In addition to static tests these authors performed fatigue tests and made detailed comparisons with a unidirectional layup in U-shaped specimens loaded in bending. It was shown that the somewhat lower strength in the U-shaped specimens could be explained by the larger stressed volume in these specimens. Furthermore, the strengths of both the spool specimens and the U-shaped specimens could be directly linked to the transverse strength in conventional in-plane tensile coupons through a Weibull scaling law, using expressions presented in [START_REF] O'brien | Scale effects on the transverse tensile strength of graphite epoxy composites[END_REF].

Flexural loading

A number of specimens have been developed for using flexure to obtain an interlaminar tensile stress, and reviews of such tests have been given in [START_REF] Kedward | Flexure of simply curved composite shapes[END_REF] and [START_REF] Cui | Interlaminar tensile strength (ILTS) measurement of woven glass/polyester laminates using four-point curved beam specimen[END_REF]. Extensive work was done by Jackson and Martin [START_REF] Jackson | An interlaminar tensile strength specimen[END_REF], who developed an interlaminar tensile test using tensile loading of an L-shaped coupon, Figure 11a. A very similar specimen was presented in [START_REF] Shivakumar | Interlaminar tension strength of graphite/epoxy composite laminates[END_REF], and the only major difference appears to be that the moment arms have been extended by aluminium tabs. Subsequently a four-point bend version of the test by Jackson and Martin was developed in [START_REF] Jackson | Through-the-thickness tensile strength of textile composites[END_REF], Figure 11b. This version has been implemented in the test standard ASTM D6415. One advantage of the four-point bend configuration is that no axial load is superimposed in the specimen arms, but the influence on the specimen stress state is very minor, Figure 12. The main advantages of the four-point bend test pointed out in [START_REF] Jackson | Through-the-thickness tensile strength of textile composites[END_REF] are the self-aligning specimen and the simplified specimen preparation and setup. [26] © ASTM International. Reproduced with permission.

Comparisons with FE analysis confirmed that the stress state in the specimen by

Jackson & Martin [START_REF] Jackson | An interlaminar tensile strength specimen[END_REF] could be accurately described by modification of an elasticity solution by Lekhnitskii, and that the axial (in-plane) stress σ θ in the curved section was zero in the critical interface with peak interlaminar (through-the-thickness) stress σ r , [26] © ASTM International. Reproduced with permission.

Figure 13 gives a comparison of the interlaminar tensile strength obtained with the hinged and four-point bend versions of the L-shaped specimen for different prepreg tape and textile RTM systems. Similar fibre volume fractions were used and the prepreg resin 3501-6 was considered similar to the RTM resin RSL-1895/W, but the out-ofplane tensile strength of the textile systems was significantly lower than for the prepreg specimens. The strength of the textile systems was, however, relatively independent of fibre architecture and unit cell size and consistent results were obtained even for unit cell sizes less than the specimen width.

Figure 13 Out-of-plane tensile strength of different material systems.

[26] © ASTM International. Reproduced with permission.

The main conclusion from the tests in [START_REF] Jackson | An interlaminar tensile strength specimen[END_REF] was that the interlaminar tensile strength was highly dependent on the laminate quality and void content. The measured strength varied by a factor of four depending on geometrical factors of the specimen, such as thickness and radius of curvature at the bend, Figure 14. (σ 2c is in-plane tensile strength, σ 3c is out-of-plane tensile strength and r i inner radius) [START_REF] Jackson | An interlaminar tensile strength specimen[END_REF] © ASTM International. Reproduced with permission.

The decreasing strength was linked to an increasing ply thickness in the region under high radial stress (0.3-0.4 normalized radial distance, c.f. Figure 12). Figure 15 illustrates that the increasing ply thickness in this region could be linked to an increasing inner radius and thickness of the laminate. The increasing ply thickness was assumed to correspond to an increasing amount of porosity and defects, which was supported by microscopic observations. There is also a volumetric effect, which in Figure 14 is illustrated by differences in strength between the 16, 24 and 48 ply laminates and between 12.7 and 25.4 mm wide specimens. Similar effects have been observed in [START_REF] Koudela | Static and fatigue interlaminar tensile characterization of laminated composites[END_REF] and in [START_REF] Shivakumar | Interlaminar tension strength of graphite/epoxy composite laminates[END_REF]. In [START_REF] Jackson | Through-the-thickness tensile strength of textile composites[END_REF] it was demonstrated that the differences in strength between specimens of different width could be fully accounted for by using a Weibull volume scaling law, as suggested in [START_REF] O'brien | Scale effects on the transverse tensile strength of graphite epoxy composites[END_REF].

Figure 15 Geometry influence on ply thickness.
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(r is radial position, r i inner radius and t laminate thickness, c.f. Fig. 11a) [START_REF] Jackson | An interlaminar tensile strength specimen[END_REF] © ASTM International. Reproduced with permission.

It may be concluded that L-shaped specimens are not suitable for studying "perfect" materials, but could be very useful in testing the material properties associated with typical components where interlaminar failure is common, e.g. spar-web transitions etc.

Shear testing

From equilibrium considerations the through-thickness shear stresses are identical to the interlaminar shear stresses, and failure will obviously occur at the weakest plane. There Compiled from (a-d): [START_REF] Melin | Evaluation of four composite shear test methods by digital speckle strain mapping and fractographic analysis[END_REF] © ASTM. Reproduced with permission; (e): [START_REF] Mespoulet | Design, development and implementation of test methods for determination of through thickness properties of laminated composites[END_REF] © Maney Publishing. Reproduced with permission; (f): [START_REF] El-Hajjar | In-plane shear testing of thick-section pultruded FRP composites using a modified Arcan fixture[END_REF] © Elsevier.

Reproduced with permission.

The Iosipescu test

The Iosipescu test (denoted V-notched beam method by ASTM), Figure 16a, has long been considered the most reliable test for shear strength, although the slightly nonuniform stress distribution in the gauge section means that the true shear strength of the material never is achieved. Issues related to the analysis of the specimen include effects of material and geometric nonlinearity [START_REF] Ho | Non-linear numerical analysis of the Iosipescu specimen for composite materials[END_REF][START_REF] Odegard | Determination of shear strength of unidirectional composite materials with the Iosipescu and 10º off-axis shear tests[END_REF]. Issues with geometrical imperfections, resulting in e.g. out-of-plane bending, have been considered e.g in [START_REF] Pierron | Saint-Venant effects in the Iosipescu specimen[END_REF] and [START_REF] Melin | The modified Iosipescu shear test for orthotropic materials: Paper E[END_REF]. A study of strain fields and material nonlinearity in a modified Iosipescu specimen was presented in [START_REF] Neumeister | A modified Iosipescu shear test for anisotropic composite materials[END_REF].

There are significant differences in the strength obtained by testing the shear strength with fibres along or perpendicular to the notched gauge section, i.e. in the 90º or 0º directions, although these strengths should be equal for a linear elastic material. The differences have been explained by the fact that failure initiation with fibres in the 90º direction leads to more or less immediate failure, while fibres in the 0º direction allows significant damage growth and stress redistribution prior to ultimate failure [START_REF] Neumeister | A modified Iosipescu shear test for anisotropic composite materials[END_REF].

A drawback of the Iosipescu test is that the required specimen height primarily makes it suited for testing the intralaminar shear strength. Sufficient specimen height for testing interlaminar shear strength can only be achieved by manufacturing very thick laminates or by bonding a large number of thin specimens on top of each other. Rare examples of use for testing interlaminar shear properties may be found in [START_REF] Zhou | In-plane and interlaminar shear properties of carbon/epoxy laminates[END_REF] and [START_REF] Oh | Interlaminar shear behavior of thick carbon/epoxy composite materials[END_REF]. The study in [START_REF] Zhou | In-plane and interlaminar shear properties of carbon/epoxy laminates[END_REF] compared intralaminar and interlaminar shear properties, and used bonded dummy layers of woven prepreg to achieve sufficient height of the specimens for interlaminar testing. The study in [START_REF] Oh | Interlaminar shear behavior of thick carbon/epoxy composite materials[END_REF] focused on thick laminates and included a thorough analysis of stresses, manufacturing and curing issues, as well as an extensive review of previous work on the Iosipescu specimen.

The Short 3 Point Bend test

The S3PB test, Figure 16b, is frequently used by the industry for quality control, but the results at best only give a qualitative measure of the interlaminar shear strength. The reason is the complex stress state in the specimen, which in addition to interlaminar shear stresses also involves contact stresses at the points of load introduction and flexural stresses increasing towards the top and bottom surface. For these reasons it is common to observe invalid failure modes due to local contact crushing or flexural failure. The data reduction is based on an assumed parabolic shear stress distribution, which is only achieved under elastic conditions and in a small part of the specimen length. The assumed ratio between peak stress and average shear stress is 1.5, which is based on elastic conditions, but any material softening results in a decreasing ratio.

Thus, the shear strength may be overestimated by as much as 50%.

The Double Notch Compression test

The Double Notch Compression (DNC) test, Figure 16c, is associated with severe stress concentrations at the two notches and hence the interlaminar shear strength is severely underestimated for most unidirectional fibre composites.

The Inclined Double Notch Shear test

The Inclined Double Notch Shear (IDNS) test, Figure 16d, is ideally suited to test interlaminar shear strength, due to the use of a fairly thin specimen and a very uniform stress state in the gauge section. The uniform stress state is obtained by suppression of the stress concentrations in the traditional DNC test through two superimposed point loads. Two versions of the IDNS test have been designed, one involving a compressive test rig [START_REF] Pettersson | The inclined double notch shear test for determination of interlaminar shear properties of composite laminates[END_REF] and one involving a tensile test rig [START_REF] Pettersson | A tensile setup for the IDNS composite shear test[END_REF]. The shear strength measured in the IDNS test is significantly higher than for a corresponding failure along fibres (90º specimen) in the Iosipescu tests, as illustrated by the examples in Table 1 [START_REF] Melin | Evaluation of four composite shear test methods by digital speckle strain mapping and fractographic analysis[END_REF]. Note that the definitions of fibre directions in [START_REF] Melin | Evaluation of four composite shear test methods by digital speckle strain mapping and fractographic analysis[END_REF] here have been reversed to agree with the definitions in ASTM D5379, where the 0º direction represents the length axis of the specimen and 90º represents the thickness direction. The higher shear strength of the Iosipescu tests with 0º fibres was explained by extensive damage growth and stress redistribution after failure initiation. The high apparent shear strength in the S3PB test was associated with the assumption of an elastic stress distribution and the resulting overestimation of the peak shear stress. In fact, significant softening was observed in all the specimens [START_REF] Melin | Evaluation of four composite shear test methods by digital speckle strain mapping and fractographic analysis[END_REF].

Table 1

Shear strengths from different tests. Data from [START_REF] Melin | Evaluation of four composite shear test methods by digital speckle strain mapping and fractographic analysis[END_REF].

Inclined waisted specimen

The waisted specimen, Figure 16e [START_REF] Mespoulet | Design, development and implementation of test methods for determination of through thickness properties of laminated composites[END_REF], was developed in an attempt to reduce stress concentrations in a conventional rail shear test of a rectangular test block. The resulting out-of-plane compressive stress was found to be beneficial for preventing premature failure. The experimental results did, however, indicate an impure stress state in the specimen and the thoroughly analysed IDNS test appears to be a more obvious candidate for testing interlaminar shear strength.

Arcan specimen

The Arcan specimen, Figure 16f, was originally proposed for shear testing of polymers but has later also been applied to composite materials. In [START_REF] Hung | An evaluation of the Arcan specimen for determining the shear moduli of fiber-reinforced composites[END_REF] a comparison was made of both in-plane and out-of-plane shear properties of a unidirectional fibre composite. A thorough review of previous work on the specimen was also provided. One advantage of the test is a fairly uniform stress distribution in the test section but the uniformity depends on direction of fibres versus load axis.

Specimen manufacturing issues.

There are a number of practical problems associated with manufacturing of axially loaded through-the-thickness test specimens. The aim to get a uniform uniaxial stress state requires that the specimen is fairly long in the loading direction, which implies use of very thick laminates. Thick laminates usually have a higher void content and larger variation in fibre distribution than thin laminates, which frequently is reflected in a lower strength. Difficulties in achieving similar fibre fractions may also cause different strength and stiffness in thick and thin laminates. For thick laminates made by bonding several thin laminates on top of each other it is not uncommon that the specimens fail close to the bond line so that the measured strength is not representative of the material in the original laminate. The problem of thick specimens is further aggravated for textile composites, due to the need to include a sufficient number of unit cells over the specimen width, as an increased width requires a corresponding increase in laminate thickness to maintain a suitable constant length/width aspect ratio of the specimen.

Triaxial testing

Tubular specimens

The in-plane and out-of-plane material stresses σ 1 , σ 2 , τ 12 and σ 3 at failure of tubular specimens loaded by combined internal pressure, axial tension or compression and axial torsion were presented in [START_REF] Cohen | Multi-axial tube test method. Composite materials: Testing, design, and acceptance criteria[END_REF]. It should, however, be noted that the out-of-plane stress σ 3 varies between a peak (negative) value at the inside of the pipe to zero at the outside, and that the reported stress σ 3 is just the interior peak stress. Thus, these tests do not represent a uniform triaxial stress state and are essentially comparable to the tests in [START_REF] Swanson | Multiaxial characterization of T800/3900-2 carbon/epoxy composites[END_REF],

where the tests were reported as biaxial.

Cruciform specimens

Triaxial loading of flat cruciform specimens has been considered by adding an additional set of load actuators in the specimen thickness direction. The design of such a test facility has been described in [START_REF] Welsh | Development of an electromechanical triaxial test facility for composite materials[END_REF], where cylindrical steel attachments were used to apply the load in the thickness direction of the gauge section. Experimental tests involving various combinations of tensile and compressive in-plane and out-of-plane loads on cross-ply laminates have been described in [START_REF] Welsh | Biaxial and triaxial failure strengths of 6061-T6 aluminium and AS4/3501-6 carbon/epoxy laminates obtained by testing thicknesstapered cruciform specimens[END_REF]. The out-of-plane compressive strength was found to be virtually insensitive to the in-plane loads, possibly due to the cross-ply layup which severely constrained the in-plane strains. The measurement of the out-of-plane tensile strength in combination with in-plane loads was unsuccessful, as the bonding of the out-of-plane load attachments to the gauge section failed prematurely. 20

Specimens giving specific triaxial loads

There appears to be a lack of standardised specimens providing specific uniform triaxial stress states. Complex specimen geometries provide a range of triaxial stress stresses, but the drawback of such specimens is the nonuniform stress state, which makes it difficult to study failure under a specified stress state. Thus, the stress state at failure has to be deduced from a stress analysis for the observed location of failure.

Constrained out-of-plane compression

A simple specimen providing a uniform triaxial stress state is the "die channel test" with constrained compression of a rectangular block of orthotropic material, Figure 17. In the figure a transversely isotropic material is loaded in the plane of symmetry, while it is free to expand in the axial direction. If friction is neglected this produces biaxial stresses with an approximate ratio of 3:1 in the 2-3 plane. A triaxial stress state is obtained if the expansion is also constrained in the axial direction of the material.

Tests of the type shown in Figure 17 were performed on unidirectional CFRP in [START_REF] Collings | Transverse compressive behaviour of unidirectional carbon fibre reinforced plastics[END_REF],

where a transition was shown from a failure plane parallel to the fibres in unconstrained specimens to a failure plane cutting through the fibres (as indicated in the figure) in the constrained specimen. This resulted in an almost tenfold increase in compressive strength. Very similar effects have been observed in out-of-plane compression of crossply CFRP laminates [START_REF] Henriksson | Transverse compressive behaviour of carbon-epoxy laminates and its influence of contact laws[END_REF]. 

Biaxial out-of-plane Arcan test

By using the sequence of loading holes on the Arcan specimen, Figure 16f, it is possible to achieve arbitrary combinations of shear and tension transverse to the fibres. This approach was originally proposed for in-plane testing of composites [START_REF] Voloshin | Failure of unidirectional fiber-reinforced materialsnew methodology and results[END_REF] but can in principle also be applied to out-of-plane testing, although specimen manufacturing becomes more complicated.
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