Parametric analysis of different Compact Tension specimens for fracture toughness characterisation in woven composite materials
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Abstract

This report presents the results of the parametric analysis of the compact tension (CT) test specimen using the finite element (FE) method. The objective of the study is to ensure the crack progression for fracture toughness characterisation of woven laminated composite materials before the specimen fails by any other of the failure modes observed during previously carried out experimental testing. As a result of the analysis, four variations of the CT specimen are also analysed: extended compact tension (ECT), widened compact tension (WCT), tapered compact tension (TCT) and doubly tapered compact tension (2TCT). After the analysis, some conclusions are derived for the redesign of the CT specimen. 

Introduction

This report presents the results of the parametric analysis of the compact tension (CT) test specimen. Although the CT test was developed for the study of crack propagations in metallic materials, as considered in the ASTM E399-90 standard [
], this is the test specimen more commonly used for the determination of the intralaminar fracture toughness in composite laminates. The aim of this study is to characterise the test and propose modifications, if required, to use it for the fracture toughness characterisation of fibre reinforced polymer composites. The configuration of the specimen according to the ASTM E399-90 standard is given in Figure 1(a). According to this geometry, when the specimen is loaded with two opposite loads, the crack is forced to grow in the midplane under mode I due to the symmetry conditions. The current version of the ECT specimen, which can be seen as an extended version of the CT specimen, was designed by Piascik and Newman [
,
] and Piascik et al. [
] for studying the fatigue crack growth and fracture behaviour of metallic materials. This version was afterwards standardised by ASTM, ASTM E1992-04 [
], for the determination of the fracture toughness in laminated composites. According to Piascik and Newman [2], this type of specimen reduces the stress parallel to the crack surface (which has been found to be in accordance with the results included in the results section). The general dimensions of the ECT specimen, according to Piascik and Newman, are shown in Figure 1(b).
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Figure 1. Schema of the (a) CT specimen according to the ASTM E399-90 standard and (b) ECT specimen according to the ASTM E1992-04 standard (not to scale) 

The use of the CT specimen in composite materials was previously investigated by Minnetyan and Chamis [
] who studied damage initiation and propagation by means of a scaling computational methodology and a series of experimental tests on carbon-epoxy laminates. The authors identified the damage progression modes and physical locations that appeared during the experimental test of  AS-4/977-2 [02/90]6s graphite/epoxy CT specimens. The damage mechanisms found, in order of appearance, are: (I) matrix cracking at the crack-tip due to transverse tensile stress (22) in the 0 and 90° plies, (II) matrix cracking due to in-plane shear stress (12) in the 0 and 90° plies, (III) fibre fractures due to longitudinal compressive stress (11) in the 0° plies at the back face of the specimen and (IV) fibre fractures due to longitudinal compressive stress (11) in the 90° plies at the sides of the specimen. The location and sequence of the failure mechanisms observed by Minnetyan and Chamis are summarised in Figure 2.


[image: image3]
Figure 2. Schema of the CT specimen including the location of the failure mechanisms observed by Minnetyan and Chamis [6]

Although none of these damage mechanisms was observed by Pinho et al. [
] during the experimental investigation of T300/913 [0/90]8s graphite/epoxy laminates, the present study has investigated the influence of the different geometric parameters on the initiation and propagation of the damage mechanisms observed by Minnetyan and Chamis in the CT specimen for the intralaminar fracture toughness determination of woven composite laminates. With this purpose, a parametric analysis of different specimen geometries (compact tension (CT), extended compact tension (ECT), widened compact tension (WCT), tapered compact tension (TCT) and doubly-tapered compact tension (2TCT)) has been conducted using the finite element analysis commercial package Abaqus 6.6 [
] in combination with the virtual crack closure technique (VCCT) [
]. Some of the obtained results have been also compared to the results of a similar previous analysis carried out by Cher [
] using a different FE program, FE77 [
].

Parametric analysis

As mentioned in the previous section, a parametric analysis of the compact tension (CT), extended compact tension (ECT), widened compact tension (WCT), tapered compact tension (TCT) and doubly-tapered compact tension (2TCT) specimens has been carried out to ensure crack extension for fracture toughness characterisation of woven laminated composite materials before the specimen fails by any other failure mechanism. The parametric study has been carried out using the finite element method (FEM) in combination with the virtual crack closure technique (VCCT). The analysis has included linear and non-linear elastic analyses of the considered specimens to take into account most of the failure mechanisms reported by Minnetyan and Chamis [6] (see Figure 2), as well as the out-of-plane displacement of the specimen, or buckling, as reported by Cher [10]. During the analyses, different geometric parameters of the specimens have been varied in order to obtain and study the variation of the failure indices associated to each failure mechanism. The purpose of the non-linear analyses is to obtain crack propagation for fracture toughness characterisation of woven laminated composite materials avoiding the failure of the specimen and the use of guiding plates to prevent the buckling of the specimen as reported by Poe et al. [
] and Cher [10].

Material properties

For the analysis, the material so-called 5HS-RTM6 0-90° woven composite has been considered. This is a Class 3, Type 1, Style 6K-150-5HS Tenax five-harness satin carbon fibre fabric with an epoxy Hexcel RTM 6 resin. The in-plane mechanical properties of the cured lamina are summarised in Table 1 [
], where c stands for compression and u for ultimate strength. In this case, it has been assumed that the x-direction of the specimen corresponds to the fill direction of the fabric and the y-direction corresponds to the warp direction. The nominal thickness of the ply is 0.35 mm and the reference stacking sequence considered in the study has been [0-90]4s, where 0-90 stands for the principal directions of one layer (warp and fill, respectively). However, in order to take into account the effect of the thickness of the specimen during the non-linear buckling analyses, two more stacking sequences have been considered: [0-90]2s and [0-90]8s, as well as the unit thickness case. Therefore, the thickness of the specimens considered for the linear analyses has been t = 2.8 mm, whilst for the non-linear analysis the thicknesses considered have been t = 1, 1.4, 2.8 and 5.6 mm.

	Exx (MPa)
	Eyy (MPa)
	Gxy (MPa)
	xy
	Xcu (MPa)
	Ycu (MPa)
	Su (MPa)

	66537
	68467
	4571
	0.04
	657
	689
	103


Table 1. Mechanical properties of the 5HS-RTM6 carbon fibre composite [13] (x-direction corresponds to the fill direction and y-direction to the warp direction)

An earlier work by Osada et al. [
] pointed out that non-linear behaviour for a 4-harness satin composite laminate was identified at 36.77 % of ultimate strength when the composite was tested under unidirectional stress in the warp direction. This non-linear behaviour was identified with transverse matrix cracking in the fill fibre bundles followed by fibre fracture in the warp bundles. Thus, in this work a conservative factor of 3 has been considered and the following strengths, accordingly to the onset of matrix cracking, have been defined: Xc = Xcu/3 and Yc = Ycu/3. For the case of the in-plane shear strength, the ultimate strength has been considered as S = Su because this is the only data available in this case (no non-linear properties for the in-plane shear behaviour were not available).

Failure mechanisms

The damage mechanisms and associated failure mechanisms taken into account in this study are slightly different to those considered by Minnetyan and Chamis [6] and Cher [10]. The first damage mode reported in [6] has not been considered in this case as it has been considered to be associated to the propagation of the crack. In addition, three new failure mechanisms have been taken into account: bearing in the loading holes of the specimen due to compressive stresses, shear-out in the holes due to shear stresses and buckling due to the high compressive stresses at the end of the specimen. The latter has been included as a result of the experimental observations found by Cher [10] when testing CT specimens where the width of the specimen was doubled. Therefore, the failure mechanisms considered are: (1) fibre fractures due to longitudinal compressive stress (yy) at the back face of the specimen, (2) fibre fractures due to longitudinal compressive stress (xx) at the sides of the specimen, (3) matrix cracking due in-plane shear stress (xy), (4) bearing in the holes of the specimen due to compressive stress, (5) shear-out in the holes of the specimen due to shear stress and (6) buckling due to the high compressive stresses at the end of the specimen. Figure 3 shows the geometric parameters varied in this analysis as well as the location of the failure mechanisms considered. The objective is to find a combination of the geometrical parameters that ensures that, as load is applied to the specimen, the crack will propagate before the specimen fails by one of the failure mechanisms considered.


[image: image4]
Figure 3. Schema of the CT specimen including the location of the considered failure mechanisms 

To analyse the different versions of the compact tension specimen, a series of VCCT analyses has been carried out using FE models by applying a unit load to the specimen. From this analysis, the nominal strain energy release rate G has been evaluated. This value has been then compared with the mode I fracture toughness value, GIc, for the fibre failure modes which has been estimated here from Pinho et al. [7] as 100 kJ/m2. From this comparison, a load-index has been derived taking into account that G is proportional to the square of the load (G ( P2) and, therefore, to the square of the stress (G ( 2). In this way, when the strain energy release rate on the specimen equals the fracture toughness of the fibre, which implies crack propagation, the load and stress-state can be obtained as:
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where Pc and c correspond to the load and stress-state when G in the specimen is equal to Gc. Using these critical load and stress-state (Pc and c) to compute the failure indices related to the previous failure mechanisms allows to determine if the specimen would fail before crack propagation or not. Considering ijc as the value of the stress (where ij can be substituted by xx and yy for normal stresses and xy for in-plane shear stress) when the critical load Pc is applied, Xc is taken as the compressive strength of the material in the horizontal direction, Yc as the compressive strength of the material in the vertical direction, S as the in-plane shear strength of the material, Pb the tensile load to generate buckling in the specimen, t as the thickness of the specimen, d as the diameter of the holes and e as the distance from the centre of the holes to the side of the specimen, the failure indices can be formulated as indicated in Table 2. 

	Failure mechanism
	FM1
	FM2
	FM3
	FM4
	FM5
	FM6

	Failure index (FI)
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Table 2. Failure index definitions for the considered failure modes

Those cases in which any of the failure indices is higher than one, the specimen is envisaged to fail before crack propagation is achieved.

Finite element model

The compact tension specimens considered in the present study have been modelled using the Abaqus 3-D shell element S8R5 [8]. This is an 8-node doubly curved thin shell element with reduced integration and using five degrees of freedom per node. Due to the geometry of some of the specimens analysed, in some cases, triangular elements have been used in part of the FE models. In these cases, the used element has been the Abaqus 3-D shell element STRI65 [8]. This element can be seen as the 6-node triangular version of the S8R5 element.

As a first approximation, the simulations have been carried out using coarse meshes of square 1 mm × 1 mm elements. Despite of the use of relatively large elements, the results are believed to be accurate enough to give an idea on how the different parameters affect the behaviour of the specimen. Moreover, FE simulations carried out by Pinho et al. [7] show that accurate results can be also obtained in modelling the CT specimen using a square 1 mm coarse mesh. The real shape of the initial notch has not been taken into account since Jackson and Ratcliffe [
] showed that the stress intensity factor is not significantly affected by the morphology of the opening.

All the FE simulations carried out were linear-elastic except for those accounting for the buckling modes and loads. In this case, non-linear simulations have been carried out introducing an extra parameter in the study: the thickness of the specimen t. The thickness values that have been considered correspond to the unit thickness case plus the [0-90]2s, [0-90]4s and [0-90]8s laminates. Thus, t = 1, 1.4, 2.8 and 5.6 mm.

Due the symmetry of geometry and load of the specimens, during the FE linear analyses, only half specimen has been modelled in order to simplify the models, see Figure 4. Symmetry boundary conditions with respect the vertical axis were considered in the plane of the crack ahead of the crack tip. Thus, the vertical displacement and the x and z rotations of these nodes were restricted. The VCCT simulation of the crack propagation was achieved by accordingly reducing the number of nodes with symmetry boundary conditions. The loading holes of the specimens were also modelled although the contact in the loading zone between the specimen and the loading pin was not accounted for. Actually, the loading of the specimens has been modelled by considering stiff beam elements connecting the nodes on the edge of the loading hole to the node in the centre of the hole. Then, a vertical unit load has been applied to the centre node and the force transferred to the specimen through the stiff beam elements (see Figure 4). To take into account that the loading pins only can transfer the applied load to the specimen by contact, therefore, compression loads, only the nodes on the upper half of the hole have been connected to the centre node. For the node located in the centre of the loading hole, loading node, both horizontal displacements have been restricted, as well as the out-of-plane rotations. Although in general the loading holes are taken into account when modelling the compact tension specimen, in this study the loading holes have also been modelled because preliminary simulations have shown that the presence of the loading hole varies the stress distributions in the specimen, especially for the in-plane shear stress.


[image: image12]
Figure 4. Schema of the compact tension specimens for the VCCT analysis

For the simulations concerning the buckling failure of the specimen, the whole specimen has been modelled to obtain in the same simulation both the symmetric and antisymmetric buckling modes. The specimens have been modelled by considering that the two symmetric parts of the model are linked through multi-point constraints linking the nodes with the same coordinates on the un-cracked side of the top and bottom parts (see Figure 5). These multi-point constraints considered impose the same displacements in both linked nodes but allow different rotations. Then, the propagation of the crack is modelled by releasing the required multi-point constraints allowing the separation of the nodes on the crack area with the same coordinates on both parts of the model. To simulate the real loading system in the experimental tests, a unit load is applied to one of the loading holes while the other remains fixed. As in the case of the linear models, the unit load is applied to the centre node of the loading hole and transferred to the nodes on the edge of the hole through stiff beam elements. A similar disposition is employed in the loading hole that remains fixed. However, in this case, and in order to simulate the constraint imposed by the loading system employed in the experimental tests, the out-of-plane translation and rotations of the loading nodes have been restricted. Moreover, in order to simulate the restriction of the pin to the out-of-plane rotation of the specimen, all the nodes on the edge of the loading holes have been connected to the loading nodes through stiff beam elements.

All the models resulting from the different combinations of geometrical parameters and type of analysis, linear and non-linear, have been generated by using the Python programming capabilities of Abaqus.


[image: image13]
Figure 5. Schema of the CT specimen for the buckling analysis

Specimens and geometry

The specimens that have been initially considered in the analysis are the compact tension (CT) and the extended compact tension (ECT). Both specimens are usually employed to characterise mode I intralaminar fracture toughness in composite materials and have been standardised by ASTM ([1] and [5], respectively). However, and as it will be shown in the results section, both specimen geometries can present some issues when characterising intralaminar fracture toughness in woven composite laminates. Therefore, different specimen geometries have been also considered in order to find the most suitable geometry. The other specimen geometries considered are the widened compact tension (WCT) and tapered compact tension (TCT), both introduced by Cher [10], and, finally, the doubly-tapered compact tension (2TCT). The latter, as it will be shown later on in the results section, has been introduced because with none of the previous geometries it has been possible to ensure intralaminar crack propagation previous to any other failure mechanism for the material considered in this study as it has been possible with the 2TCT specimen.

For every specimen considered, different geometric parameters have been defined and their influence on the different failure mechanisms has been investigated. In this way, for each type of specimen, a base geometry has been defined (reference specimen) and only one of the parameters has been varied at the time in order to investigate its influence on the different failure mechanisms. For all the specimens considered, the diameter of the loading holes, d, has been set to 8 mm and, as previously said, the thickness of the specimen during the linear analysis has been set to t = 2.8 mm. The crack length for all the geometries has been set as the perpendicular distance between the crack tip and the axis of application of the force, which in this case is vertical and defined by the centres of the loading holes. Different crack lengths have been taken into account in order to observe the influence of the geometric parameters on the failure mechanisms as the crack progresses. Actually, it has been considered that the crack has to be extended about 25 mm in order to allow the correct determination of the intralaminar fracture toughness of the material, not only for initiation but also for propagation. In most of the geometries analysed, the initial crack length has been taken as a0 = 20 mm and incremented by 5 mm per step to a final crack length a = 45 mm.

Figure 6(a) shows the geometric parameters that have been considered for the parametric analysis of the CT specimen. The reference specimen in this case is defined by a width w = 65 mm, a height h = 60 mm, and the position of the loading holes in the horizontal and vertical directions, x = 14 mm and e = 16 mm, respectively. This geometry is compliant with the geometry described in the ASTM E399-90 standard [1] (see Figure 1(a)). The geometric parameters considered for the ECT specimen are shown in Figure 6(b). The reference values for these parameters are defined by w = 65 mm, h = 240 mm, x = 14 mm and e = 23 mm. This geometry is compliant with the geometry described in the ASTM E1992-04 standard [5] (see Figure 1(b)). For both specimens, CT and ECT, the reference value for the crack length has been taken as a = 35 mm.
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Figure 6. Schema of the (a) CT specimen and (b) ECT specimen with the geometric parameters considered in the parametric analysis (not to scale)

The widened compact tension (WCT) specimen is a variation of the CT specimen in which the width of the specimen has been increased while the rest of the geometric parameters remain the same. This variation of the CT specimen was first introduced by Cher [10] in order to reduce the failure index associated to the compression damage of the fibres due to the high compressive stresses present at the back of the specimen (FI1). During the parametric study of the WCT specimen, only one of the parameters has been varied at the time in order to investigate its influence in the failure mechanisms. The nominal values considered for each parameter are w = 130 mm, h = 60 mm, x = 28 mm and e = 16 mm. Therefore, the geometric parameters in the width direction (w and x) have been doubled with respect to the CT analysis while the rest of the geometric parameters considered (h and e) have been kept the same. In addition, the crack lengths considered have been also doubled. Therefore, the initial crack length has been set to a0 = 40 mm, the final crack length to a = 90 mm and it has been incremented 10 mm per step.

The tapered compact tension (TCT) specimen is a variation of the CT specimen also proposed by Cher [10] in which the back of the specimen has been tapered. The aim of this modification is to reduce the compressive stresses generated at the back of the CT specimen and, consequently, reduce the associated failure index (FI1). The design proposed by Cher includes two new parameters with respect the standard CT specimen which define the shape of the taper. These parameters are the horizontal indent for the taper, f, and the vertical indent of the taper, g. A general schema of the TCT specimen is shown in Figure 7. In this case, only the parameters that define the shape of the taper and external geometry of the specimen are varied in the parametric study. The rest of the geometric parameters, x and e, remain fixed to the reference values of the CT specimen. The reference values for the horizontal and vertical indent of the taper have been set to f = 30 mm and g = 20 mm, while the reference values for w and h have been set to 65 and 60 mm, respectively. The finite element models and the procedures followed during the parametric analysis of the TCT are basically the same than the ones considered for the analysis of the CT, ECT and WCT specimens. Only the height of the elements with the vertical coordinates comprised in the tapered area is modified in order to ensure a regular mesh for all the combinations of f and g. This modification of the height of the element in the areas away from the crack is deemed to have little effect in the results.


[image: image16]
Figure 7. Schema of the TCT specimen with the geometric parameters considered in the parametric analysis (not to scale)

As a consequence of the results obtained from the parametric analyses of the CT, ECT, WCT and TCT specimens (see the results section), a new specimen geometry is proposed in this study. The new geometry considers a tapered zone near to the loading holes in addition to the tapered zone included in the TCT specimen. Therefore, this new specimen geometry has been named as doubly-tapered compact tension (2TCT) specimen. A general schema of the 2TCT specimen is shown in Figure 8. The purpose of this modification is to increase, with respect to the TCT specimen, the reduction in the compressive stresses generated at the back of the specimen and the associated failure index (FI1) as well as to reduce the compressive stresses generated in both sides of the specimen and the associated failure index (FI2). Actually, as in the case of the TCT specimen, the taper at the back of the specimen is intended to reduce the vertical compressive stresses in the area, and, consequently, reduce the probability of specimen failure due to vertical compressive fibre breaking. Additionally, the tapers close to the loading holes are intended to reduce the overall bending stiffness of the beams of the specimen. In this way, the specimen becomes more flexible and the horizontal compressive stresses generated at both sides of the specimen are reduced. As a result, the probability of specimen failure due to horizontal compressive fibre breaking is reduced. In order to simplify the geometry of the specimen, the tapered areas have been defined in a symmetric way and similar to the tapered areas of the TCT specimen.


[image: image17]
Figure 8. Schema of the 2TCT specimen with the geometric parameters considered in the parametric analysis (not to scale)

Also as a consequence of the parametric analyses of the CT, ECT, WCT and TCT specimens, the reference values for the 2TCT specimen have been set to w = 85 mm, x = 14 mm, e = 7 mm, f = 25 mm and g = 20 mm. In this case, the height of the specimen, h, has been defined by the height of the untapered area, h1, plus two times g in order to ensure the correct modelling of the geometry and a regular mesh. The reference value for h1 has been set to 44 mm and only w, h1, f and g have been varied in the parametric analysis of the 2TCT specimen.

Analysis of the stability of the crack growth 

As a complement to the parametric analysis, an analysis of the crack growth stability has been also carried out in order to ensure that the crack growth is stable. This stability analysis is carried out considering two basic assumptions: the specimen is loaded by applying a (i) constant load, P, and (ii) constant displacement, d. In the first case a unit load is considered to be applied to the specimen independently of the crack length. For the second, a unit displacement is considered to be applied to the specimen, also independently of the crack length. In both cases, the strain energy release rate, G, in the specimen is evaluated as a function of the crack length.

Usually, in delamination tests a practical criterion is commonly accepted for the stability of the crack growth in a certain type of test. The criterion is based on the fact that the value of the derivative of the total energy release rate respect to the crack length (dG/da) must be lower than the value of the derivative of the material fracture toughness as a function of the crack length (R-curve). In most cases, the fracture toughness of the material as a function of the crack length can be considered nearly constant. Then, the general criterion for the stability of the crack growth is that dG/da must be negative (Williams [
] and Hashemi et al. [
]). The same criterion will be adopted here to analyse the stability of the different compact tension specimens under constant load and constant displacement.

Results and discussion

Results for the CT specimen

The following figures summarise the results obtained after the FE simulations of the parametric study of the CT specimen as defined in the ASTM E399-90 standard. The xx, yy and xy stress distributions obtained with the linear simulations and the buckling mode and out-of-plane displacements obtained with the non-linear simulations for the reference specimen when the crack length is 30 mm are shown in Figure 9. In the figure it can be observed that apart from the expected stress concentrations around the crack-tip, the linear FE simulations predict high compressive xx stresses just in the vertical projection of the crack tip on the side of the specimen, high compressive yy stresses at the back of the specimen in the plane of the crack and xy stress concentrations between the crack-tip and the end of the specimen. Figure 9 also shows that the non-linear FE simulations predict a buckling mode where the back of the specimen twists forcing the back corners to move in opposite ways in the out-of-plane direction. Therefore, the stress concentration shown in the figures and the out-of-plane displacements agree well with the failure indices considered.
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Figure 9. Finite element results for the reference CT specimen when a = 30 mm: (a) xx, (b) yy, (c) xy stress distributions and (d) buckling mode and out-of-plane displacements

The results for the CT specimen obtained with the linear and non-linear analyses when only one of the parameters defined in Figure 6(a) is varied at a time are shown in Figure 10. In all the cases the thickness of the specimen is t = 2.8 mm. In the figures, the horizontal axis represents the percentage in the variation of the geometric parameters with respect to the reference value. The variation of each failure index with the crack length is also included for the reference specimen so the tendency of every failure index with the crack length can be observed. In the results presented in Figure 10 it can be observed that the most critical failure indices are FI1 and FI2. Especially the first one is the one that requires more attention as this one can achieve values higher than 5 for the combination of parameters considered. This indicates that the CT specimen would exhibit extensive fibre fractures due to longitudinal compressive stress (yy) failures at the back of the specimen and eventually fail before crack extension. 

In the figure it can be also observed that FI1 increases with the crack length. For these two failure indices, the parameters that have more influence, apart from crack length, are the width (w) and height (h) of the specimen. The rest of the parameters have a minor influence in the variation of the failure indices, except the vertical distance from the centre of the loading hole to the side of the specimen (e), which, as expected, has a relatively great influence in the variation of the failure index related to the shear out damage in the holes (FI5), but almost no influence in the rest of the failure indices. Observing the variation of the failure index FI1 when w is varied, it can be concluded that the compression failure at the back of the specimen can be considerably reduced by increasing the width of the specimen. Although an increment in w implies an increment in all the failure indices except for FI1 and FI3, the variation value of the failure index with w seems to be limited by a plateau for FI2, FI4 and FI5. However, when the width of the specimen is increased, the failure index associated to the buckling of the specimen increases monotonically. Therefore, while the reduction in FI1 with w is important, the increment of FI2 and FI5 is limited. On the other hand, the variation of h has no effect on the variation of FI1 but a considerable reduction of FI2 and FI3 can be achieved by increasing the height of the specimen, as well as certain reduction of the failure index associated to the twisting of the specimen, FI6.
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Figure 10. Variation of the failure indices for the CT specimen

As mentioned before, the non-linear simulations have been carried out introducing the thickness t of the specimen as an extra parameter in the study. The thickness values that have been considered correspond to the unit thickness case plus the [0-90]2s, [0-90]4s and [0-90]8s laminates. Thus, t = 1, 1.4, 2.8 and 5.6 mm. Figure 11(a) shows the variation of the FI6 failure index with respect to the crack length for the reference CT specimen when the thickness of the specimen is varied. In this case, the failure index FI6 is higher than 1 for the whole crack range considered when the thickness of the specimen is 1 mm and only below the limit for very long cracks when the thickness is 1.4 mm. Oppositely, for a specimen with a stacking sequence [0-90]4s or [0-90]8s, the value of FI6 is always bellow the limit value, especially for the latter. In the case of the specimen with thickness equal to 5.6 mm, the failure index could not be calculated for crack lengths shorter than 40 mm due to the fact that only negative buckling modes were found.

In order to complement the parametric study, an analysis on the stability of the crack growth has been carried out. Figure 11(b) shows the variation of the energy release rate predicted for the reference CT specimen when a constant unit load P or unit displacement  is applied to the specimen. It can be seen in the figure that for a unit displacement the values of G are much higher than the values of G for a unit load. This is due to low compliance of the specimen. Moreover, while for a constant value of P the energy release rate increases with the crack length, for a constant value of , G decreases with a. Therefore, and according to the stability criterion adopted, the crack growth would be stable for the CT specimen provided that the test is carried out under displacement control.
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Figure 11. Variation as a function of the crack growth of (a) the out-of-plane failure index and (b) crack growth stability for the CT specimen

After the variation of the failure indices according to the different geometric parameters shown in Figure 10, it can be concluded that the CT specimen is not an appropriate specimen for the determination of the intralaminar fracture toughness of woven composite laminates. Actually, with the CT specimen the extension of the intralaminar crack without additional failure mechanisms cannot be guaranteed. Moreover, after the results of the parametric analysis presented in Figure 10, it can be also anticipated that both the ECT and the WCT specimens have some of the major disadvantages of the CT specimen.

Results for the ECT specimen

The following figures summarise the results obtained after the FE simulations of the parametric study of the ECT specimen as defined in the ASTM E1992-04 standard. Figure 12 shows the xx, yy and xy stress distributions obtained with the linear simulations as well as the buckling mode and out-of-plane displacements obtained with the non-linear simulations for the reference specimen when the crack length is 30 mm. In this case, the specimen has been rotated 90º counter clock wise for a better resolution. Moreover, and in order to simplify the analysis, reduce computation time and avoid memory size problems, the height of some of the elements in the non-linear analysis has been modified. Actually, after checking that the obtained results were precise enough, the areas comprised between the 10 mm away from the crack plane and the loading hole have been meshed using elements 1mm long per 2mm in height (see Figure 12(d)). 

In the figure, apart from the expected stress concentrations around the crack-tip, it can be observed that the linear FE simulations predict the compressive xx stresses are concentrated just in the vertical projection of the crack tip on the side of the specimen but also relatively close to the crack tip in the same vertical projection. Moreover, and in comparison with respect to the CT specimen, the value of this compressive stress is considerably lower, which is in agreement with the observed variation of the failure index FI2 with h for the CT specimen. As in the CT case, the high compressive yy stresses are concentrated at the back of the specimen in the plane of the crack in a similar way to the CT specimen, as expected after the observed variation of the FI1 with h for the CT specimen. The xy stress concentration between the crack-tip and the end of the specimen is similar to that observed for the CT specimen except that the values are significantly lower in this case. This is also in agreement with the observed variation with h of the failure index, FI3 in this case, observed for the CT specimen. Figure 12 also shows that the non-linear FE simulations predict a buckling mode where the back of the specimen twists forcing the back corners to move in opposite ways in the out-of-plane direction.
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Figure 12. Finite element results for the reference ECT specimen when a = 30 mm: (a) xx, (b) yy, (c) xy stress distributions and (d) buckling mode and out-of-plane displacements (the specimens have been rotated 90° ccw)

The results of the parametric analysis for the ECT specimen obtained when only one of the parameters defined in Figure 6(b) is varied at a time are shown in Figure 13. In the figures, the horizontal axis represents the percentage in the variation of the geometric parameters with respect to the reference value. In order to observe the variation of the failure indices with the crack length, the variation of these with the crack length is also included for the reference specimen. In all the cases the thickness of the specimen has been set to t = 2.8 mm. 
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Figure 13. Variation of the failure indices for the ECT specimen

In the results presented in Figure 13 it can be observed that the most critical failure index is FI1. Actually, this failure index can achieve values higher than 5 for the combination of parameters considered. This indicates that the ECT specimen, similarly to the CT specimen, would exhibit extensive fibre fractures due to longitudinal compressive stress (yy) failures at the back of the specimen and eventually fail before crack extension. In the figure it can be also observed that the failure index increases with the crack length. This is in agreement with the fact that for the CT specimen the effect of increasing the height of the specimen, h, on FI1 is negligible, as previously discussed. On the other hand, and also in comparison to the CT specimen, a larger height of the specimen has a huge effect in the reduction of the failure index associated to the compressive fracture of the fibres at the sides of the specimen due to the yy stress. In fact, while for the combination of parameters considered for the CT specimen FI2 is around 1.5, for the combination of parameters considered for the ECT specimen this failure index falls to around one-tenth of that value. Thus, failure index FI2 is no longer critical for the ECT specimen. This is in agreement with the assumption of Piascik and Newman [2] that this type of specimen reduces the stress parallel to the crack surface. As expected, the failure index related to the in-plane shear stress, FI3, has been slightly reduced with respect to the CT specimen. A similar situation can be observed for the out-of-plane failure, FI6, although in this case a further increment of h would have the opposite effect. For the failure indices related to the failure of the loading hole, FI4 and FI5, a larger value of h only has a minor effect in reducing FI5 while FI6 exhibits similar values to the CT case. Considering the six failure indices, the width of the specimen is the parameter that has a higher influence. For larger values of w the value of FI1 is reduced but FI2, FI5 and FI6 increase considerably. In general, the horizontal and vertical locations of the loading hole, x and e, have a minor influence in the variation of the failure indices except for the failure index associated to the loading holes, as expected. Finally, increasing the height implies further reduction in FI2 but increasing values for FI6.

Figure 14(a) shows the variation of the FI6 failure index with respect to the crack length for the reference ECT specimen when the thickness of the specimen is varied. The variations observed in this case are very similar to those observed for the CT specimen. FI6 is higher than 1 for the whole crack range when t = 1 mm and only below the limit for very long cracks when the thickness is 1.4 mm. For thicker specimens, the value of FI6 is always bellow the limit value and for t = 5.6 mm the failure index could not be calculated for crack lengths shorter than 40 mm due to the fact that only negative buckling modes were found. Figure 14(b) shows the variation of the energy release rate predicted for the reference ECT specimen when a constant unit load P or unit displacement  is applied to the specimen. As for the CT specimen, the values of G are much higher for a unit displacement than the values of G for a unit load, due to low compliance of the specimen. Moreover, while for a constant value of P the energy release rate increases with the crack length, for a constant value of , G decreases with a. Thus, the crack growth in the ECT specimen would be stable if the test is carried out under displacement control.
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Figure 14. Variation as a function of the crack growth of (a) the out-of-plane failure index and (b) crack growth stability for the ECT specimen

In conclusion, after the variation of the failure indices according to the different geometric parameters shown in Figure 13, the ECT specimen cannot be seen as an appropriate geometry for the determination of the intralaminar fracture toughness of woven composite laminates. 

Results for the WCT specimen

The results obtained after the FE simulations of the parametric study of the WCT specimen as defined by [10] are summarised in the following figures. The xx, yy and xy stress distributions obtained with the linear simulations and the buckling mode and out-of-plane displacements obtained with the non-linear simulations for the reference specimen when a = 30 mm are presented in Figure 15.
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Figure 15. Finite element results for the reference WCT specimen when a = 30 mm: (a) xx, (b) yy, (c) xy stress distributions and (d) buckling mode and out-of-plane displacements

In the figure it can be observed that apart from the expected stress concentrations around the crack-tip, the linear FE simulations predict compressive xx stresses concentrated just in the vertical projection of the crack tip on the side of the specimen, high compressive yy stresses concentrated at the back of the specimen in the plane of the crack and a concentration of xy stress between the crack-tip and the end of the specimen. These stress distributions are very similar to those observed for the CT specimen as it could be anticipated from the results obtained for the CT specimen. In Figure 15(d) it can be seen that the non-linear FE simulations predict a buckling mode where the back of the specimen twists forcing the back corners to move in opposite ways in the out-of-plane direction, which coincides with the situation observed for the CT and ECT specimens.

The results of the parametric analysis obtained for the WCT specimen when only one of the parameters defined in Figure 6(a) is varied at a time are shown in Figure 16. The variation of the failure indices with the crack length for the reference specimen has been also included in the figure. The horizontal axis in the figures represents the percentage in the variation of the geometric parameters with respect to the reference value. The thickness of the specimens has been set to t = 2.8 mm in all the cases. 
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Figure 16. Variation of the failure indices for the WCT specimen

According to the results summarised in Figure 16, the most critical failure indices for the WCT specimen are FI1 and FI2, as for the CT specimen, but in this case, also the failure index associated to the buckling or twisting of the specimen is critical. In most of the combinations of parameters reported in the figure, the value of the three failure indices is higher than one. In comparison with the results obtained for the CT specimen, a widener specimen achieves lower values for FI1 but larger values for FI2 and FI6, as anticipated. In addition, and opposite to the CT and ECT specimens, in this case the worst results correspond to FI2 and FI6. Especially for the latter, the effect of increasing the width of the specimen is very negative as the values of FI6 obtained for the WCT specimen are around four times the values obtained for the CT specimen. In fact, the reduction observed in FI1 is not enough to avoid this failure mechanism prior to crack extension while the increment in FI6 is sufficient for the buckling failure of the specimen. For the rest of the failure indices, FI3 to FI5, the obtained variations are similar to those obtained for the CT specimen. As expected, the horizontal and vertical locations of the loading hole, x and e, have a minor influence in the variation of the failure indices except for the FI5. On the opposite, the width of the specimen is the geometric parameter with a major influence in the variation of all the failure indices, but especially for FI1 and FI6.

The variation of FI6 with a for the reference WCT specimen when the thickness of the specimen is varied is summarised in Figure 17(a). In comparison with the results for the CT and ECT specimen, the variations of FI6 in this case are much higher. The value of FI6 is only lower than the limit when the thickness is 5.6 mm or for very long cracks when t = 2.8 mm. Actually, FI6 can be up to 19 when t = 1mm. Figure 17(b) shows the variation of the energy release rate predicted for the reference WCT specimen when a constant unit load P or unit displacement  is applied to the specimen. As for the CT and ECT specimens, G is much higher when a unit  is applied. Concerning the stability of the crack growth, for a constant value of P, the energy release rate increases with the crack length, while for a constant value of , G decreases with a, although for long crack lengths the slope of the curve tends to zero. Thus, the crack growth in the WCT specimen would be stable if the test is carried out under displacement control and the crack length is not too long.
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Figure 17. Variation as a function of the crack growth of (a) the out-of-plane failure index and (b) crack growth stability for the WCT specimen

In the design of the WCT specimen proposed by Cher [10], the geometrical parameters in the horizontal direction, w and x, as well as the initial crack length, a0, have been doubled with respect the original dimensions of the CT specimen. If the influence of the crack length on the variation of the failure indices reported in Figure 16 is analysed, it can be observed that FI1 increases with a, while FI2 decreases slightly and FI6 increases until a maximum is reached, from where it also decreases a little. It can be also observed in the figure that when the width of the specimen is increased, the failure index related to the compressive failure at the back of the specimen (FI1) is considerably reduced whilst the specimen is more prone to fail by global instability (FI6). In addition, FI1 is slightly reduced when shorter values of x are considered, although in this case FI6 increases. Thus, it can be concluded that in order to minimise these two failure indices, not only the value of a, w and x is important but also their relative value. From the figure it can be anticipated that if a and x are kept the same while w is increased with respect to the values considered for the CT specimen, the reduction in FI1 will be more important than the reduction in FI1 with the geometry proposed by Cher for the WCT specimen. In addition, the failure index related to the global instability of the specimen will be also reduced.

A redesign of the WCT specimen is proposed in order to reduce the FI1 and FI6. The dimensions of the new version of the WCT specimen coincide with those of the CT specimen except for w, which has been doubled. The results of the parametric analysis for the redesigned WCT specimen obtained when only one of the parameters defined in Figure 6(a) is varied at a time are shown in Figure 18. As in the case of the original WCT specimens, the thickness of the redesigned WCT specimens has been set to t = 2.8 mm. The figures also include the variation of the failure indices with the crack length for the reference specimen. The percentage in the variation of the geometric parameters with respect to the reference value is represented in the horizontal axis of the figures.
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Figure 18. Variation of the failure indices for the redesigned WCT specimen

After Figure 18, it can be observed that for the redesigned version of the WCT specimen the most critical failure indices are FI2 and FI6. Comparing the results for the redesigned WCT specimen, Figure 18, with those for the original WCT specimen, Figure 16, an important reduction in the value of the failure index FI1 is observed. For the reference specimen and crack length, the value of FI1 reduces from 1.77 for the original design to 0.40 for the redesigned version, a reduction of about 77 %. But what is more significant is that the redesigned WCT specimen no longer fails by the compressive yy stresses present at the back of the specimen. The value of FI1 is lower than one for all the combination of parameters considered. In the case of the failure index FI2, a slight reduction is observed for the new WCT specimen with respect to the previous one. For the reference specimen and crack length, the value of this failure index is reduced from 2.63 for the original WCT specimen to 2.41 for the new one, a reduction of about 8 %. However, this reduction is not enough to avoid the non-linear behaviour of the material caused by matrix cracking in the affected areas, although the specimen would not fail due to the one-third safety factor adopted in the calculation of this failure index. A slight reduction is also observed for the failure index associated to in-plane shear stresses, although in this case FI3 is not critical. For the redesigned WCT specimen the failure indices FI4 and FI5 increase due to the fact that more material ahead of the crack-tip increases the value of the load required to obtain crack extension. Consequently, the indices related to damage in the loading holes increase. However, the increment for both failure indices is not high enough to become critical. Finally, an important reduction is observed in the value of FI6 with respect to the original WCT specimen. Actually, with the new design this failure index is reduced from 2.53 to 1.69 for the reference specimen and crack length, a reduction of about 33 %. Nevertheless, this reduction is not enough to avoid the failure of the specimen under global instability.

The variation of FI6 with a for the reference redesigned WCT specimen when the thickness of the specimen is varied is summarised in Figure 19(a). In comparison with the results for the previous specimens, the variations of FI6 in this case are different as the failure index increases monotonically with a. The value of FI6 is only lower than the limit when the thickness is 5.6 mm. As in the case of the original WCT specimen, the values of FI6 can be much higher. Actually, FI6 can be up to 18 when t = 1mm. Figure 19(b) shows the variation of the energy release rate predicted for the reference redesigned WCT specimen when a constant unit load P or unit displacement  is applied to the specimen. As for the previous geometries, G is much higher when a unit  is applied. Concerning the stability of the crack growth, for a constant value of P, the energy release rate increases with the crack length, whilst for a constant value of , G decreases with a. Thus, the crack growth in the redesigned WCT specimen would be stable if the test is carried out under displacement control.
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Figure 19. Variation as a function of the crack growth of (a) the out-of-plane failure index and (b) crack growth stability for the redesigned WCT specimen

In conclusion, neither the original design of the WCT specimen nor the redesigned one can ensure enough crack extension for fracture toughness characterisation prior to any other damage mode. So, the WCT specimen cannot be considered an appropriate specimen geometry for the characterisation of intralaminar fracture toughness of woven composite materials.

Results for the TCT specimen

The results of the FE simulations for the parametric study of the TCT specimen as defined by Cher [10] are summarised in the following figures. The xx, yy and xy stress distributions obtained with the linear simulations for the reference specimen when the crack length is 30 mm are shown in Figure 20. The figure also includes the buckling mode and out-of-plane displacements obtained with the non-linear simulations. It can be observed in the figure that the tapered area has been modelled using triangular elements and varying the height of all the elements which vertical coordinate is in the tapered area. Actually, the height of these elements, and consequently their aspect ratio, has been modified so their horizontal dimension is kept equal to 1 mm ensuring a regular mesh. The number of elements in the vertical direction employed to model this area has been adjusted for every combination of the geometrical parameters of the taper, f and g, in order to ensure a regular mesh. The effect of the change in the height and number of elements in this zone is deemed to be negligible.
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Figure 20. Finite element results for the reference TCT specimen when a = 30 mm: (a) xx, (b) yy, (c) xy stress distributions and (d) buckling mode and out-of-plane displacements

As in the previous cases, it can be observed in Figure 20 that apart from the expected stress concentrations around the crack-tip, the linear FE simulations predict high compressive xx stresses around the vertical projection of the crack tip on the side of the specimen, high compressive yy stresses at the back of the specimen in the plane of the crack and xy stress concentrations between the crack-tip and the end of the specimen. Figure 20 also shows that the non-linear FE simulations predict a buckling mode where the back of the specimen twists forcing the back corners to move in opposite ways in the out-of-plane direction. Consequently, the failure indices considered agree well with the stress concentrations and the out-of-plane displacements shown in the figure. Comparing the stress distributions for the CT and TCT specimens, it can be observed that for the TCT specimen the high compressive xx and yy stresses are located in a wider area due to the effect of the taper.

Figure 21 summarises the results of the parametric analysis of the TCT specimen defined by Cher [10]. During the parametric analysis, only one of the parameters considered and defined in Figure 7 has been varied at a time. The value of the parameters related to the location of the loading holes, x and e, has been set to 14 and 16 mm, respectively. In the figures, the horizontal axis represents the percentage in the variation of the geometric parameters with respect to the reference value. The variation of the failure indices with the crack length is also included for the reference specimen. The thickness of the specimen has been set to t = 2.8 mm in all the cases.
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Figure 21. Variation of the failure indices for the TCT specimen

In Figure 21 it can be observed that the critical failure indices for the TCT specimen are FI1 and FI3. Except for some combinations of parameters in FI2, the rest of the failure indices are lower than limit value. Considering the variation of FI1, for certain combination of parameters the resulting value of the failure index can be higher than five, especially for low values of w or long cracks. However, in comparison with the results obtained for the CT specimen for the same failure index, Figure 10, the TCT specimen achieve lower values than the CT specimen for FI1. While, for the reference specimen and crack length, FI1 is equal to 2.71 for the CT specimen, for the TCT specimen this value is 1.93, a reduction of about 29 %. The parameters that have a major influence in the variation of this failure index are the width of the specimen and the crack length. The rest of the geometrical parameters have a lower influence, although FI1 increases if the height of the specimen, h, is increased or the height of the taper, g, is reduced.

It can be observed in Figure 21 that the variation of the failure index related to the compressive stresses in the horizontal direction at the sides of the specimen, FI2, is highly dependent on the geometrical parameter considered. Whilst for the parameters related to the vertical dimensions of the specimen, h and g, the variation of FI2 is monotonic; the variation of this failure index for the rest of the parameters presents inflexion points. This non-monotonic tendency is due to the different behaviour of the specimen once the crack-tip is located under the taper area.

Opposite to what has been observed for the CT, ECT and WCT, both the original and the redesigned versions, the FI3 failure index is critical for the TCT specimen. Thus, the TCT specimen would exhibit matrix cracks due in-plane shear stresses prior to intralaminar crack extension. This matrix cracks would imply a non-linear behaviour of the material and an incorrect estimation of the intralaminar fracture toughness of the material. The increment in the value of this failure index with respect to the previous specimens is due to the fact that the redistribution of the in-plane shear stresses is more difficult under the taper area. Actually, in the figure it can be observed that at the beginning the failure index for the reference specimen decreases with the crack length, but this tendency is inverted when the crack-tip is located under the taper area. This is confirmed by the fact that for a fixed value of a, FI3 increases when the horizontal size of the taper, f, increases or when the vertical size of the taper, g, or the width of the specimen are reduced. In the figure it can be also observed that the value of this failure index is reduced when the height of the specimen is increased.

For the failure indices related to the failure of the loading holes, FI4 and FI5, the observed tendencies are very similar to those observed for the previous specimens. The value of the failure index is increased when the width or the height of the specimen are increased, although it increases with the crack length. In both cases, the value of the failure index is also reduced when the size of the taper in the vertical or horizontal direction is increased.

Finally, for the TCT specimen the failure index related to the global instability of the specimen is not critical as for the combination of geometrical parameters considered, the value of FI6 is always lower than one. However, and as expected, the value of this failure index increases when w is increased. As for the CT, ECT and original WCT, FI6 decreases for long the crack lengths. As in the case of FI4 and FI5, the value of FI6 is reduced when the size of the taper is increased, although for the horizontal size there is an inflexion point after which the value of FI6 increases slightly.

The variation of FI6 with a for the reference TCT specimen when the thickness of the specimen is varied is summarised in Figure 22(a). If compared with the previous specimens, the variation of FI6 for the TCT specimen is lower, although as in the previous cases, FI6 is only lower than the limit when the thickness is 5.6 mm or for very long cracks when t = 2.8 mm. Figure 22(b) shows the variation of the energy release rate predicted for the reference TCT specimen when a constant unit load P or unit displacement  is applied to the specimen. As for the previous specimens, G is much higher when a unit  is applied. Concerning the stability of the crack growth, G only decreases with a when a constant value of  is applied. Consequently, the crack growth in the TCT specimen would be stable if the test is carried out under displacement control.
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Figure 22. Variation as a function of the crack growth of (a) the out-of-plane failure index and (b) crack growth stability for the TCT specimen

After the results reported in Figure 21 for the parametrical analysis of the TCT specimen, it can be concluded that in general the behaviour observed for this specimen is better than the behaviour observed for the rest of the considered specimens. Actually, the failure indices obtained for this specimen are, in general, lower than for the CT, ECT and WCT (both original and redesigned versions) specimens. Therefore, the taper area helps to reduce the compressive stresses generated at the back and at the sides of the specimen. However, some of the failure indices for the TCT specimen, especially the critical ones (FI1 and FI3), can be further reduced by considering different values of the studied geometrical parameters.

With the purpose of reducing the value of the critical failure indices for the TCT specimen proposed by Cher [10], as in the case of the WCT specimen, the TCT specimen has been redesigned. Actually, after the results shown in Figure 21, it has been concluded that FI1 and FI3 can be reduced if a wider and shorter specimen is considered. Thus, a new parametric analysis has been carried out for the redesigned TCT specimen changing the reference values for the geometrical parameters considered in Figure 7. In this case, the reference value for the width of the specimen has been set to 85 mm and the horizontal and vertical size of the taper to f = 25 mm and g = 20 mm, respectively. Moreover, more values of f and g have been considered. The height of the specimen has been redefined as h = h1 + 2g, where h1 is the height of the specimen between the taper areas. The vertical location of the loading holes, e, has also been redefined as the vertical distance from the taper to the centre of the loading hole (see Figure 8 for reference). The reference value for h1 has been set to 44 mm, whilst the reference values for the location of the loading holes remain fixed to x = 14 mm and e = 7 mm. The reference crack length has been set to a = 30 mm. The results of the linear and non-linear FE simulations conducted during the parametric analysis of the redesigned TCT specimen are shown in Figure 23. 
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Figure 23. Finite element results for the reference redesigned TCT specimen when a = 30 mm: (a) xx, (b) yy, (c) xy stress distributions and (d) buckling mode and out-of-plane displacements

Comparing the yy stress distribution for the reference original and redesigned TCT specimens when the crack length is 30 mm (Figure 20(b) and Figure 23(b) respectively), the high compressive stress in the case of the redesigned version is concentrated in a smaller area. Moreover, as the redesigned specimen is wider than the original one, the crack tip area is further away from the back of the specimen and the relative value of the vertical stress is lower for the redesigned version of the specimen. A similar situation is found when comparing the xy stress distribution for the reference original and redesigned TCT specimens when the crack length is 30 mm (Figure 20(c) and Figure 23(c) respectively). On the other hand, a wider and higher specimen implies that the crack tip is more distant from the taper area, so the beams of the specimen are stiffer and the compressive xx stresses are comparatively higher.

The results obtained with the parametric analysis of the redesigned TCT specimen when only one of the parameters defined in Figure 7 is varied at a time are shown in Figure 24. As before, the thickness of the redesigned TCT specimen has been set to t = 2.8 mm and the percentage in the variation of the geometric parameters with respect to the reference value is represented in the horizontal axis. The figures also include the variation of the failure indices with the crack length for the reference specimen.
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Figure 24. Variation of the failure indices for the redesigned TCT specimen

As expected, it can be observed in Figure 24 that for the redesigned version of the TCT specimen the value of the failure index FI1 is reduced to a maximum value of 2.27 while the maximum value of this failure index for the original design of the TCT specimen was 5.62, a reduction of about 60 %. Moreover, failure index FI3 is also reduced with the redesigned version of the TCT specimen. Although for most of the combination of geometrical parameters this failure index is above the unity, the maximum value is lower than 1.13, whilst for the original TCT specimen, the maximum value is 1.48. Consequently, the redesigned version of the TCT specimen considerably reduces the compressive stresses at the back of the specimen with respect most of the previous considered specimens: CT, ECT, and original WCT and TCT. Only the redesigned version of the WCT specimen achieves lower values of FI1. Moreover, the redesigned version of the TCT specimen represents an improvement with respect the original TCT specimen for FI3.

On the other hand, the redesigned TCT specimen is worse than the original version for failure indices 2, 4 and 6. Actually these three failure indices become critical for the new version of the specimen. The variation of FI2 changes from being lower than one for the majority of the combinations to be higher than one for most of the cases with a maximum value of 1.95. Thus, in this case FI2 is more critical than FI3, although the redesigned TCT specimen represents an improvement with respect to the redesigned WCT version. A similar situation is observed for FI4 and FI6, which means that the redesigned TCT specimen would fail by bearing due to compressive stresses in the loading hole and global out-of-plane instability before crack extension. Although the values of FI5 reported in Figure 24 are higher than those obtained for the original TCT specimen, in this case this failure index is always under the limit value. After the results included in Figure 24, the most critical failure indices for the redesigned TCT specimen are FI1, FI2 and FI6.

The variation of FI6 with a for the reference redesigned TCT specimen when the thickness of the specimen is varied is summarised in Figure 25(a). The value of FI6 is only lower than the limit when the thickness is 5.6 mm. However, when t = 2.8 mm the value of FI6 is only slightly above the limit, the maximum value in this case is 1.35. In comparison with the results for the previous specimens, the variations of FI6 in this case are similar to those observed for the CT and ECT specimens, although higher values are observed for the redesigned TCT specimen as this specimen is wider. Figure 25(b) shows the variation of the energy release rate predicted for the reference redesigned TCT specimen when a constant unit load P or unit displacement  is applied to the specimen. As for the previous geometries, G is much higher when a unit  is applied. Concerning the stability of the crack growth, for a constant value of P, the energy release rate increases with the crack length, whilst for a constant value of , G decreases with a. Thus, the crack growth in the redesigned TCT specimen would be stable if the test is carried out under displacement control.
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Figure 25. Variation as a function of the crack growth of (a) the out-of-plane failure index and (b) crack growth stability for the redesigned TCT specimen

In conclusion, although the original and the redesigned TCT specimens represent an improvement with respect to the previous specimens, none of the two can ensure enough crack extension for fracture toughness characterisation prior to any other damage mode. So, the TCT specimen cannot be considered a specimen geometry suitable for the characterisation of intralaminar fracture toughness of woven composite materials.

Results for the 2TCT specimen

The following figures summarise the results of the FE simulations for the parametric study of the 2TCT specimen. The xx, yy and xy stress distributions obtained with the linear simulations for the reference specimen when the crack length is 30 mm and the buckling mode and out-of-plane displacements obtained with the non-linear simulations are shown in Figure 26. The figure shows that the tapered areas have been modelled using triangular elements and varying the height of all the elements which vertical coordinate is in the zone. Actually, the height of these elements, and consequently their aspect ratio, has been modified so their horizontal dimension is kept equal to 1 mm ensuring a regular mesh. The number of elements in the vertical direction employed to model these areas has been adjusted for every combination of the geometrical parameters of the tapers, f and g, in order to ensure a regular mesh. The effect of the change in the height and number of elements in these zones is deemed to be negligible.

As stated before, the inclusion of the tapered areas near the loading holes is intended to reduce the overall stiffness of the bending arms of the specimen and, consequently, reduce the horizontal compressive stresses generated at the sides of the specimen. As the second taper area reduces the vertical distance from the centre of the hole to the edge of the specimen, the failure index related to the shear-out of the loading hole should increase. In this way, with respect to the designed version of the TCT specimen, it is expected that the 2TCT specimen proposed here achieves similar results except for FI2, which is expected to be lower, and FI5, which is expected to be a bit higher.

It can be observed in Figure 26 that as for the previous specimens considered, the linear FE simulations predict, apart from the expected stress concentrations around the crack-tip, high compressive xx stresses around the vertical projection of the crack tip on the side of the specimen, high compressive yy stresses at the back of the specimen in the plane of the crack and xy stress concentrations between the crack-tip and the end of the specimen. The figure also shows that the buckling mode predicted by the non-linear FE simulations consists on the twisting of the back of the specimen forcing the back corners to move in opposite ways in the out-of-plane direction. Consequently, the stress concentrations and the out-of-plane displacements shown in the figure agree well with the failure indices considered.

Comparing Figure 23 and Figure 26, the xx, yy and xy stress distributions for the reference redesigned TCT and 2TCT specimens when the a = 30 mm are relatively similar, both in shape and value. Thus, it is expected that the resulting variations of FI1 and FI3, respectively related to yy and xy, for the 2TCT specimen are very similar to those obtained for the redesigned TCT specimen. However, as the double taper of the 2TCT specimen reduces the flexural stiffness of the beams of the specimen, a reduction is expected in the variation of the failure index to xx, FI2. Moreover, comparing Figure 23(d) and Figure 26(d), it can be advanced that out-of-plane stability of the 2TCT specimen will be similar to that of the redesigned TCT.
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Figure 26. Finite element results for the reference 2CT specimen when a = 30 mm: (a) xx, (b) yy, (c) xy stress distributions and (d) buckling mode and out-of-plane displacements

Figure 27 shows the results obtained with the parametric analysis of the 2TCT specimen when only one of the parameters defined in Figure 8 is varied at a time. The figure includes the variation of the failure indices with the crack length for the reference specimen and the percentage in the variation of the geometric parameters with respect to the reference value as the horizontal axis. The thickness for all the combinations has been set to t = 2.8 mm.

According to Figure 27, the most critical failure indices for the 2TCT specimen are FI1 and FI6. Actually, the reported variations of both failure indices with respect to the different geometrical parameters are practically identical to those observed for the redesigned TCT specimen. Therefore, as in the case of the redesigned TCT specimen, the 2TCT achieves a large reduction in the value of the vertical compressive stresses at the back of the specimen and the related failure index, FI1, with respect to the CT, ECT, original WCT and original TCT specimens. This reduction is up to about 60 % when comparing the 2TCT and original TCT specimens. On the other hand, and similarly to what has been observed for the redesigned version of the TCT specimen, the variation of FI6 is worst for the 2TCT specimen than for the CT, ECT or original TCT specimens.
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Figure 27. Variation of the failure indices for the 2TCT specimen

Similar to the variation of FI1 and FI6, the variation of FI3 and FI4 for the 2TCT specimen is practically identical to that observed for the redesigned TCT specimen. Thus, the value of these failure indices is very close to one for most of the parameter combinations. Actually, except for the variation of FI4 with the width of the specimen or the length of the crack, the rest of the curves are relatively flat and a variation in the value of one of these geometrical parameters has a minor effect.

Figure 27 shows that the variation of the failure index related to the horizontal compressive stresses, FI2, is significantly reduced if compared to the modified version of the TCT specimen. In fact, while for the redesigned version of the TCT specimen FI2 is critical, for the 2TCT specimen this failure index only is higher than the limit for one of the combination of parameters, the lowest value of f considered. Consequently, the 2TCT specimen can be regarded as an improvement with respect to the redesigned version of the TCT specimen.

As expected, another failure index that is affected by including a second taper area is FI5, the failure index associated to the shear-out of the loading hole. As the vertical distance from the centre of the loading hole to the side of the specimen is reduced with respect to the rest of the considered specimens, FI5 increases. However, the increment observed is not enough to consider this failure index as critical. Actually, after the variation of FI5 in Figure 27, only two of the reported values are higher than one. In addition, and although this failure index is calculated in an approximate way, the vertical distance considered in the calculation of FI5 (e in the equation for the calculation of FI5 in Table 2) is taken for simplicity as the minimum distance from the horizontal diameter of the hole to the edge of the specimen. Thus, and although the approximate way in which this index is calculated, the FI5 results shown in Figure 27 can be seen as conservative.

Figure 28(a) shows the variation of FI6 with a for the reference 2TCT specimen when the thickness of the specimen is varied. As expected, the variation of FI6 for the 2TCT specimen is very similar to that observed for the redesigned TCT specimen. Again, the value of FI6 is only lower than the limit when the thickness is 5.6 mm and only slightly above the limit when t = 2.8 mm. However, in this case, the maximum value is 1.43. Figure 28(b) shows the variation of the energy release rate predicted for the reference redesigned TCT specimen when a constant unit load P or unit displacement  is applied to the specimen. As for the previous geometries, G is much higher when a unit  is applied. Concerning the stability of the crack growth, for a constant value of P, the energy release rate increases with the crack length, whilst for a constant value of , G decreases with a. Thus, the crack growth in the redesigned 2TCT specimen would be stable if the test is carried out under displacement control.
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Figure 28. Variation as a function of the crack growth of (a) the out-of-plane failure index and (b) crack growth stability for the 2TCT specimen

In conclusion, the 2TCT specimen can be regarded as an improvement with respect to the CT, ECT, original and redesigned WCT and TCT specimens. Although some of the failure indices still are higher than the limit for some parameter combinations, this specimen geometry is envisaged as the better option among the considered specimens, especially if the thickness of the specimen is doubled with respect to the reference value. In this way, the failure of the specimen by global instability, FI6, is avoided.

Conclusions

A parametric analysis of the compact tension (CT) test specimen using the finite element method (FEM) in combination with the virtual crack closure technique (VCCT) has been carried out in this study. The objective of the study has been to ensure the crack progression for fracture toughness characterisation of woven laminated composite materials before the specimen fails by any of the failure mechanisms considered. The failure mechanisms considered are: (1) fibre fractures due to longitudinal compressive stress (yy) at the back face of the specimen, (2) fibre fractures due to longitudinal compressive stress (xx) at the sides of the specimen, (3) matrix cracking due in-plane shear stress (xy), (4) bearing in the holes of the specimen due to compressive stress, (5) shear-out in the holes of the specimen due to shear stress and (6) buckling due to the high compressive stresses at the end of the specimen.

As a result of the analysis, four variations of the CT specimen have also been analysed: extended compact tension (ECT), widened compact tension (WCT), tapered compact tension (TCT) and doubly tapered compact tension (2TCT). The analysis has also included two redesigned versions, one for the WCT specimen and one for the TCT specimen. After comparing the results for all the specimens, it can be concluded that the specimen geometry that best ensures crack progression for intralaminar fracture toughness characterisation of woven laminated composite materials is the so-called doubly tapered compact tension, 2TCT. Although this geometry cannot guarantee that any of the failure mechanisms would appear during a experimental test, the 2TCT is the specimen that, in general, achieves lower values, especially if the specimen is thick enough to avoid the failure of the specimen by global instability.
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