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For a reliable design of components made of textile composites, a deep knowledge of their failure behaviour and of realistic damage models is necessary. Such models require the onset of damage and the evolution of different damage phenomena to be determined experimentally. In this context, an experimental damage analysis strategy is proposed here that combines crack density measurements, acoustic emission analysis and optical microscopy with the recording of stiffness degradation by ultrasonic wave speed measurements. The correlation between the results of these quasi-static tests is discussed for two selected examples of textile composites: multi-layered flat bed weft-knitted glass fibre-epoxy composites and woven glass fibre-polypropylene composites made of hybrid fabrics.

Introduction

Textile-reinforced composites in combination with adapted manufacturing technologies provide promising alternatives to conventional composites made of unidirectional plies. Besides classical composites with woven or braided reinforcement, composites with non-crimp reinforcement (multi-layered flat bed weft knitted fabrics, non-crimp fabrics or tailored fibre placement fabrics) are counted among this new material group. The failure behaviour of such textilereinforced composites has been widely analysed in recent years. Most of the existing theoretical approaches to describe the damage behaviour of textile composites are based either on micromechanical modelling of representative volume elements or on modelling the non-linear response of unidirectional or bidirectional layers on the mesoscale. Latter models usually use continuum damage mechanics (CDM) in conjunction with (stress-based) failure criteria [START_REF] Thollon | A general damage model for woven fabric composite laminates up to first failure[END_REF][START_REF] Iannucci | Progressive failure modelling of woven carbon composite under impact[END_REF][START_REF] Böhm | A phenomenologically based damage model for textile composites with crimped reinforcement[END_REF]. Beside an accurate description of the textile geometry, micromechanical models require consitutive laws for the used materials. For this purpose, CDM models and failure criteria are widely used as well [START_REF] Ivanov | Failure analysis of triaxial braided composite[END_REF][START_REF] Haasemann | Multi-scale modelling and simulation of textile reinforced materials[END_REF][START_REF] Adden | Stiffness degradation under fatigue in multiaxially loaded non-crimped-fabrics[END_REF][START_REF] Gagel | On modelling the mechanical degradation of fatigue loaded glass-fibre non-crimp fabric reinforced epoxy laminates[END_REF].

The need to provide an experimental concept for parameter identification and model validation follows from both types of approaches. On the one hand, such a concept requires the relevant damage mechanisms to be identified. On the other hand, the effect on the mechanical properties must be measured.

Due to the fact that matrix cracking plays the most important role within the degradation process of composites, a lot of experimental studies focus on the determination of crack densities [START_REF] Knops | Gradual failure in fiber/polymer laminates[END_REF][START_REF] Böhm | Bruchmodebezogene Beschreibung des Degradationsverhaltens textilverstärkter Verbundwerkstoffe[END_REF]. Novel textile composites like noncrimp fabric composites (NCFs) or multi-layered flat bed weft knitted fabric composites (MKFs) have been analysed by crack density measurements as
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well [START_REF] Böhm | Bruchmodebezogene Beschreibung des Degradationsverhaltens textilverstärkter Verbundwerkstoffe[END_REF][START_REF] Adden | Damage propagation in non-crimp fabrics under bi-axial static and fatigue loading[END_REF][START_REF] Gagel | On the relation between crack densities, stiffness degradation, and surface temperature distribution of tensile fatigue loaded glass-fibre non-crimp-fabric reinforced epoxy[END_REF]. The recording of distributed cracks is usually not easy to perform in non-transparent composites. That is the reason why experimental techniques like acoustic emission (AE) analysis are alternatively used to identify damage mechanisms in composites [START_REF] Ivanov | Failure analysis of triaxial braided composite[END_REF][START_REF] Hufenbach | Application of acoustic emission analysis for damage investigation in fibre and textile reinforced composites[END_REF]. Because AE analysis mostly delivers qualitative results only, it is often combined with other experimental techniques like optical microscopy or crack density measurements [START_REF] Böhm | Bruchmodebezogene Beschreibung des Degradationsverhaltens textilverstärkter Verbundwerkstoffe[END_REF].

The field of measuring the mechanical properties of textile composites contains experimental strength analyses and techniques to record the non-linear stiffness degradation. Within the strength analysis, multi-axial tests with tube specimens play a decisive role. Detailed general specifications regarding questions about the experimental procedures can be found in [START_REF] Knops | Gradual failure in fiber/polymer laminates[END_REF][START_REF] Böhm | Bruchmodebezogene Beschreibung des Degradationsverhaltens textilverstärkter Verbundwerkstoffe[END_REF]. Using multiaxial tests, a lot of results have been published in recent years, see e.g. [START_REF] Soden | Biaxial test results of strength and deformation of a range of E-glass and carbon fibre reinforced composite laminates: failure exercise benchmark data[END_REF][START_REF] Schmachtenberg | Faserbruch in CFK unter mehrachsiger Beanspruchung[END_REF][START_REF] Hufenbach | Theoretical and experimental investigation of anisotropic damage in textile-reinforced composite structures[END_REF][START_REF] Hufenbach | Manufacture, design and testing of piping elements from braided composites[END_REF].

When damage is analysed, strength analyses need to be combined with stiffness measurements. For that purpose, ultrasonic wave speed measurements can be used as in-situ technique. This method was introduced by Markham [START_REF] Markham | Measurement of the elastic constants of fibre composites by ultrasonics[END_REF] and since then it has been gradually improved [START_REF] Castagnede | Optimal determination of the elastic constants of composite materials from ultrasonic wave-speed measurements[END_REF][START_REF] Solodov | Damage and its evolution in fiber-composite materials: Simulation and nondestructive evaluation[END_REF]. This ultrasonic technique has been used to identify the stiffness degradation in composites. Baste et al. analysed and verified this method for woven ceramic composites [START_REF] Audoin | Ultrasonic evaluation of stiffness tensor changes and associated anisotropic damage in a ceramic matrix composite[END_REF][START_REF] Bouazzaoui | Development of damage in a 2D woven C/SiC composite under mechanical loading: II. Ultrasonic Characterization[END_REF][START_REF] Camus | Development of damage in a 2D woven C/SiC composite under mechanical loading: I. Mechanical Characterization[END_REF].

Hufenbach et al. have shown that this technique is also applicable for composites with thermoset or thermoplastic matrices [START_REF] Hufenbach | Ultrasonic evaluation of anisotropic damage in textile multi-axial reinforced thermoplastic composites made from hybrid yarns[END_REF][START_REF] Hufenbach | Ultrasonic determination of anisotropic damage in fibre and textile reinforced composite materials[END_REF].

All the mentioned experimental methods have one thing in common: they deliver results with limited significance for a complete verification of damage models for textile-reinforced composites. To overcome this drawback, this article introduces a combined experimental strategy in order to verify such damage models with an acceptable effort.

In general, the application of phenomenological damage models require three types of parameters to be determined experimentally: initial engineering constants or stiffnesses, strengths and parameters describing the damage evolution [START_REF] Thollon | A general damage model for woven fabric composite laminates up to first failure[END_REF][START_REF] Iannucci | Progressive failure modelling of woven carbon composite under impact[END_REF][START_REF] Böhm | A phenomenologically based damage model for textile composites with crimped reinforcement[END_REF][START_REF] Knops | Gradual failure in fiber/polymer laminates[END_REF]. Due to the complex damage phenomena in textile composites and the related large number of model parameters, the experimental effort is usually much higher compared to classical composite laminates.

For in-plane loading, four engineering constants (either for unidirectional or bidirectional layers) and five strength values (tensile and compressive strength in the axes of orthotropy and shear strength) need to be determined. Depending on the modelling approach, whether textile composites are modelled with unidirectional or bidirectional layers, the number of parameters to describe the damage evolution varies. This fact implicates that using a single experimental method is not purposeful to determine the full set of required parameters.

Only the combination of different suitable methods allows a secured parameter identification on the one hand. On the other hand, the combination of different experimental techniques can be used for cross correlation. Hence, different direct and indirect methods to measure damage and degradation in textilereinforced composites must be combined. Fig. 1 reflects the used experimental methods together with their capability to determine the different types of parameters. Fig. 1 also qualitatively compares the different methods with respect to cost effectiveness and reliability. Beyond that, the proposed experimental strategy can be used in a modified way for the damage assessment of more complex scenarios (thick composites, impact loading, 3D-reinforcement).
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Multi-axial fracture tests

Uni-axial and multi-axial fracture tests are essential for the validation of damage models. Generally, uniaxial tests can be used to determine basic material parameters like engineering constants and basic strengths of textile layers. The non-linear stress-strain curves recorded in on-axis tests or off-axis tests can also be used to determine model parameters that describe the damage evolution.

However, off-axis tests can be problematic if large angles between fibre direction and loading direction appear [START_REF] Knops | Gradual failure in fiber/polymer laminates[END_REF]. In this case, torsion tests with tube specimens are recommended. By means of multi-axial fracture tests, it is possible to induce superimposed stress states selectively. Therefore, tension/compressiontorsion tests (T/C-T tests) with tube specimens have proven oneself to be appropriate [START_REF] Cuntze | Neue Bruchkriterien und Festigkeitsnachweise unter mehrachsiger Beanspruchung -Modellbildung und Experiment[END_REF]. In contrast to flat specimens, tube specimens have no free edges so that failure-critical boundary effects can be avoided. T/C-T tests are excellently suited for a damage model validation because different load paths with selected stress states can be defined. The load paths should be chosen according to the distinctive points of theoretical failure curves [START_REF] Böhm | Bruchmodebezogene Beschreibung des Degradationsverhaltens textilverstärkter Verbundwerkstoffe[END_REF]. Special attention has to be given to superimposed tension-shear and compression-shear loads.

If possible, it is very beneficial to use so-called basic lay-ups ([0/90] s or [±45] s ) for parameter identification and model validation. Moreover, it should be aspired to use the concept "test-layer/reinforcing-layer" which was introduced by Knops [START_REF] Knops | Gradual failure in fiber/polymer laminates[END_REF] for conventional composites made of unidirectional layers. The idea of this concept is to use relatively thick test-layers (mostly arranged in the middle of the composite) to characterise their damage behaviour. The test layer is supported by two reinforcing-layers to prevent a sudden-death
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failure and therefore to simulate realistic test conditions comparable to stress states in practical applications. Due to the textile manufacturing process, it is usually not possible to realise this concept one-to-one in textile composites.

Anyhow, this test concept should then be realised as best as possible.

Ultrasonic wave speed measurements

Beside the quality assurance as the classical application, ultrasonic measurements can be used for direct degradation measurement, too, see [START_REF] Camus | Development of damage in a 2D woven C/SiC composite under mechanical loading: I. Mechanical Characterization[END_REF][START_REF] Baste | On internal variables in anisotropic damage[END_REF].

The application of this ultrasonic method is based on some simplifying assumptions. In the following, elastic material behaviour with respect to the wave propagation process will be assumed. Following the recommendations of [START_REF] Markham | Measurement of the elastic constants of fibre composites by ultrasonics[END_REF][START_REF] Baste | On internal variables in anisotropic damage[END_REF], the coupled phenomena damping and dispersion will not be consindered. From this simplification follows that one doesn't need to distinguish between static and dynamic stiffnesses [START_REF] Böhm | Bruchmodebezogene Beschreibung des Degradationsverhaltens textilverstärkter Verbundwerkstoffe[END_REF]. By means of utilising the proportionality between ultrasonic wave speed and stiffness, the stiffness degradation of anisotropic materials can be determined directly from the eigenvalue prob-

lem det Cijkl n j n l -V 2 δ ik = 0, (1) 
where describes the density of the material, V the phase velocities of ultrasonic waves, n j and n l their direction cosines describing the propagation direction of the waves, p i the vector of polarisation and δ ik the Kronecker symbol. When an ultrasonic wave is refracted at the interface between a coupling medium and a solid with anisotropic material behaviour, three different ultrasonic waves with different phase velocities can be formed: a so-called quasi-longitudinal wave (QL-wave), a fast quasi-transversal wave (QT1-wave)
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and a slow quasi-transversal wave (QT2-wave). Multiplied with the density , these three phase velocities of QL-wave, QT1-wave and QT2-wave are the eigenvalues of (1), Fig. 2. By changing the irradiation angle Θ e , a separated transmission with different wave modes can be controlled. For 0 < Θ e < Θ k1 , a QL-wave and a QT1-wave appear simultaneously. Within the angle spectrum Θ k1 < Θ e < Θ k2 , only a QT2-wave is induced.

To determine the effective stiffnesses from (1), a non-linear optimisation problem needs to be solved where the reduced stiffnesses Cijkl are the unknown values and the eigenvalues V 2 must be measured from experiments as input parameters. Resulting from measurements of N phase velocities under different angles Θ e , a system of N non-linear equations for the effective stiffnesses arises.

Because of its good convergence, the Levenberg-Marquard-algorithm can be recommended as solution procedure for that system of equations [START_REF] Hufenbach | Ultrasonic evaluation of anisotropic damage in textile multi-axial reinforced thermoplastic composites made from hybrid yarns[END_REF][START_REF] Hufenbach | Ultrasonic determination of anisotropic damage in fibre and textile reinforced composite materials[END_REF].

The phase velocities in damaged textile-reinforced composites have been measured using the immersion technique with a rotating device, see [START_REF] Hufenbach | Ultrasonic evaluation of anisotropic damage in textile multi-axial reinforced thermoplastic composites made from hybrid yarns[END_REF]. The experimental and mathematical effort can be reduced considerably if the velocity measurements are perfomed in the planes of material symmetry. For transversal-isotropic materials all stiffnesses can be determined from measurements in the 1-3 plane and the 2-3 plane. Orthotropic materials require measurements in all symmetry planes, Fig. 3a. Because ordinary specimens are not thick enough to perform measurements in the 1-2 plane, all stiffnesses can only be determined if additional measurements in non-symmetry planes are performed, Fig. 3b. It has to be mentioned that those measurements in non-symmetry planes are controversial due to practical problems.

The phase velocities are determined from the time deviation that results from
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two measurements: a normal measurement through water and specimen and a measurement without specimen. For every pair of values of phase velocity and angle of refraction, one equation with four stiffnesses and the corresponding experimental values arises:

V QL = 1 2 (a + b) + (b -a) 2 + 4c 2 , (2) 
V QT 2 = 1 2 (a + b) -(b -a) 2 + 4c 2 . (3) 
The coefficients a, b and c contain the unknown stiffnesses according to Tab.

1. The accuracy of the results strongly depends on the quality of the measurement of the phase velocities. In general, a high scatter of the velocity values leads to a high scatter especially for off-diagonal stiffness values. The scatter of the on-axis stiffnesses and shear stiffnesses is usually comparable to the scatter of the results of other test methods.

Crack density analysis by means of visual recording and optical microscopy

Many investigations have shown that a functional correlation between stiffness degradation and the phenomenological damage variable crack density can be found for various composites, see [START_REF] Böhm | Bruchmodebezogene Beschreibung des Degradationsverhaltens textilverstärkter Verbundwerkstoffe[END_REF][START_REF] Adden | Damage propagation in non-crimp fabrics under bi-axial static and fatigue loading[END_REF][START_REF] Gagel | On the relation between crack densities, stiffness degradation, and surface temperature distribution of tensile fatigue loaded glass-fibre non-crimp-fabric reinforced epoxy[END_REF][START_REF] Hufenbach | Textile Verbundbauweisen und Fertigungstechnologien für Leichtbaustrukturen des Maschinen-und Fahrzeugbaus[END_REF]. However, an easy determination of crack densities is only possible for transparent materials. For such composites, the crack propagation in the different layers as a function of the applied load can be determined using video control during tensile tests. Generally, the identification of cracks in the different unidirectional or bidirectional layers has to be carried out manually by analysing sufficiently small time increments and a selected representative specimen section. If splitting is observed (see Fig. 4), the counting of cracks can be inconclusive because in many cases different
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single cracks unify during load increase. In this case, it can be recommended to define characteristic crack length rather than counting single cracks [START_REF] Böhm | Bruchmodebezogene Beschreibung des Degradationsverhaltens textilverstärkter Verbundwerkstoffe[END_REF]. In general it can be concluded that cracking and splitting is detected at lower stresses by the video analysis compared to the evaluation of prepared parts by optical microscopy. Consequentially, crack density investigations are more suited for an exact identification of damage stages. However, the detection of the failure of stitching yarns as a characteristic failure mechanism in textilereinforced composites can be problematic with pure video investigations. For this purpose, the interpretation of micrographs can be more helpful.

The shown visual recording require transparent materials and can therefore only be used for glass-fibre reinforced epoxy composites. For non-transparent composites, micrographs can be used as an alternative to video investigations.

Moreover, so-called diffuse damage mechanisms on the microscale can often only be detected using optical microscopy [START_REF] Böhm | Bruchmodebezogene Beschreibung des Degradationsverhaltens textilverstärkter Verbundwerkstoffe[END_REF]. For that purpose, several test series have been performed with specimens with identical configuration (geometry, lay-up, load path). Those specimens have been loaded up to a certain stress level. Afterwards, characteristic cutouts have been taken. Then, micrographs analysed by optical microscopy document the damage stage depending on the reached stress level. If the micrographs are confronted with the corresponding stress-strain curves, continuative conclusions about the diffuse and discrete damage mechanisms can be found, Fig. 4.

Acoustic emission

Acoustic emission (AE) measurements are based on the analysis of the structureborne noise that occurs in a material during the damage process. In the mo-
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ment of damage initiation, elastic energy is released that causes acoustic emissions. Hence, by using AE measurements, an online-characterisation of damage in textile-reinforced composites is possible. Due to their high measuring sensitivity, even diffuse damage events on the micro-scale can be detected so that a detailed reconstruction of damage initiation and damage growth is possible.

Within this phenomenological study, mainly sound activity parameters (hit)

and sound intensity parameters (rate of amplitudes, rate of energy) as well as their added values have been evaluated using the modular four-channel AE system Vallen AMSY-5. During the performed fracture tests, the stressstrain curves were measured. This data is also recorded by the AE system and can be correlated with the AE signals afterwards. For transparent composites, the crack density curves have been recorded as well.

Selected test results and discussion

In order to find correlations between the results of the different direct and indirect degradation measurements, two different textile composites have been analysed exemplarily: multi-layered flat bed weft-knitted glass fibre-epoxy composites and woven glass fibre-polypropylene composites made of hybrid fabrics.

Multi-layered flat bed weft-knitted glass fibre-epoxy composites

Multiaxially reinforced flat bed weft-knitted fabrics (MKF) are uniquely produced by the Institute of Textile Machinery and High Performance Material Technology of the TU Dresden [START_REF] Diestel | Biaxially reinforced multilayer weft knitted fabrics -a new textile structure for composite reinforcement[END_REF]. Such MKFs are available with biaxial
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and with multi-axial in-plane reinforcement [START_REF] Hufenbach | Hybrid 3D-textile reinforced composites with tailored property profiles for crash and impact applications[END_REF]. The reinforcing warp and weft yarns are fixed to each other with one or two stitching yarn systems.

MKFs combine the advantages of stitched structures and reinforcing yarns with almost no ondulation and are characterized by a stretched fibre arrangement, which leads to very good in-plane properties with regard to stiffness and strength. Additionally, the knit thread offers a reinforcement in z-direction, which significantly improves the delamination behaviour of the composite [START_REF] Hufenbach | Hybrid 3D-textile reinforced composites with tailored property profiles for crash and impact applications[END_REF].

The investigated GF/EP laminate consists of two [0/90]-MKF layers (notation : [0/90//90/0]). These layers are infiltrated using RTM technology with the resin L1000. Further textile and manufacturing parameters can be found in [START_REF] Hufenbach | Hybrid 3D-textile reinforced composites with tailored property profiles for crash and impact applications[END_REF]. By means of a NDT-based quality assurance, it has been shown that the laminates are free of defects [START_REF] Hufenbach | Textile Verbundbauweisen und Fertigungstechnologien für Leichtbaustrukturen des Maschinen-und Fahrzeugbaus[END_REF]. For the MKF-GF/EP composite, nonlinear stress-strain curves have been determined from uniaxial tests in different loading directions. The tensile tests have been perfomed according to DIN EN ISO 527 (250 x 20 mm flat specimen, 2 mm/min test speed). The strain measurement was realised using strain extensometers. The tensile tests have been accompanied by ultrasonic wave speed measurements, crack density analysis, optical microscopy and acoustic emission. Fig. 4 summarises the results of all these tests for a [0/90//90/0]-MKF-GF/EP composite loaded in 90 • -direction.

It becomes clear that only a combined evaluation of all data allows to find meaningful conclusions about the damage processes in that material. Generally, the mechanical behaviour of the MKF-GF/EP composite can be subdivided into three stages: a linear-elastic stage, a diffuse damage stage and a discrete damage stage. The linear-elastic stage is characterised by a linear stress-strain curve together with no significant acoustic emissions (Fig. 4 a and b). At a certain load level (here at:

σ x =72 MPa or ε x =0.3 %), a clear
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jump in the AE curve up to an approximately constant level occurs. This indicates the onset of diffuse damage. The jump in the AE curve corresponds to a significant stiffness drop that has been recorded by ultrasonic measurements (Fig. 4 a). The stiffness decreases to ca. 95 % of the initial value before the first macrocrack is recorded by the video analysis. Additional micrographs show that the stiffness loss can be mainly attributed to the debonding of fibre bundles and matrix or to cracks occuring in the fibre bundle, see Fig. A more elaborate problem arises if one imagines non-transparent composites.

In this case, crack densities and video data are not available. The question that needs to be solved is if the onset of damage in the different textile layers can be determined only by acoustic emission. This theoretical experiment has been investigated on the MKF-GF/EP composite, too, in order to demonstrate the potential of AE measurements. Further AE investigations regarding the composition of the rates of amplitudes enable these conclusions. Therefore, the amplitudes have been subdivided into intervals with different sound levels. 
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by diffuse damage. From a certain load level, these rates of amplitudes reach a relatively constant level with occasional peaks. The increase of the rates of amplitudes with 60-80 dB corresponds to the initiation of macrocracking and can therefore be taken as an indirect criterion for the crack initiation. The rates of amplitudes with a sound level of 80-100 dB are constantly low during the whole test. When cracks are initiated, their absolute values reach a significantly higher level. Therewith, an alternative criterion for crack initiation can be formulated. Shortly before total failure, the absolute values of the rates of amplitudes increase again and announce total failure induced by fibre failure.

Woven glass fibre-polypropylene composites made of hybrid fabrics

A glass-fibre-reinforced polypropylene composite with woven reinforcement is used as an example for non-transparent composites. Here, a woven Twintex fabric by Saint Gobain-Vetrotex was used (2/2-twill weave made of hybrid glass-polypropylene yarns with 60 % glass content in weight and an areal density of 745 g/m 2 ). The composite was manufactured using press technology with four layers being pressed to plates with an average thickness of 2.2 mm and an average fibre volume fraction of 35 %. For the woven GF/PP composite, non-linear stress-strain curves have been determined from uniaxial and multi-axial tests together with ultrasonic measurements and micrographs.

By means of statistically secured micrograph analysis (evaluation of area portions), it can be shown that initial voids exist in the composite due to manufacturing restrictions. These voids start to grow at a certain load level. Fig. 6 indicates these points as damage initiation for multi-axial loading. A good agreement between these data and the theoretical damage model published
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in [START_REF] Böhm | A phenomenologically based damage model for textile composites with crimped reinforcement[END_REF] can be found. Additionally, the performed ultrasonic measurements show no significant stiffness loss up to this load level, see Fig. 7. When the onset of damage is exceeded, a significant stiffness degradation is observed. The degradation curves for the different stiffnesses in Fig. 7 can be used to calibrate parameters describing the damage evolution. Especially off-diagonal stiffnesses and shear stiffnesses are resonably easy to measure by the ultrasonic method. It becomes clear that for this type of woven composite a strong coupling between the degradation of different stiffness components exists even if the composite is loaded uniaxially.

Conclusion

Damage models for textile composites usually require engineering constants, strengths and damage evolution parameters to be determined experimentally.

Because one experimental method is not able to provide all these values, a multi-disciplinary verification strategy is needed. Moreover, due to the complexity of the damage phenomena in textile composites with a multitude of interaction effects, different experimental techniques should be used to calibrate each other. Hence, this research recommends a verification strategy with a combination of different direct and indirect experimental methods.

Beside classical deformation measurements with so-called tension/compressiontorsion tests, special non-destructive test methods like ultrasonics and acoustic emission have been utilised. The ultrasonic method is based on the measurement of longitudinal and transversal waves and uses the proportionality between ultrasonic wave velocity and stiffness. For the acoustic emission analysis, a system was used that allows the determination of frequency, amplitude 

  4 d. At this load level, no cracks can be observed on the macroscale. Small microcracks occur due to the edge effect, Fig.4 c. The onset of macro-cracking in the 90 • -layer recorded by video analysis (Fig.4 b and c) again corresponds to an increase in acoustic emissions. At a higher load level, cracking is also observed in the 0 • -layer. Total failure is determined by fibre failure from the video data. The combination of the shown methods enables the determination of the initial elastic constants and the basic strengths of the textile layer by inverse parameter identification[START_REF] Böhm | A phenomenologically based damage model for textile composites with crimped reinforcement[END_REF].

Fig. 5

 5 Fig. 5 shows the comparison of the rates of amplitudes in intervals of 10 dB with the crack densities of the MKF-GF/EP composite. It becomes apparent that rates of amplitudes with a sound level of 40-60 dB are primarily caused
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and energy of single or accumulated damage events. Additionally, a linear spatial resolution of the damage phenomena is possible. The ultrasonic data and the AE signals have been compared to crack density measurements and micrographs with the objective of correlating the relevant damage phenomena to the resultant stiffness degradation. The experimental results serve as input data for the design of tailored textile composites by means of phenomenological damage models. This builds the basis for a realistic assessment of three-dimensional states of stress and for the structural simulation of novel lightweight structures.
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Fig. 7. Stiffness degradation of the woven GF/PP composite [START_REF] Hufenbach | Ultrasonic evaluation of anisotropic damage in textile multi-axial reinforced thermoplastic composites made from hybrid yarns[END_REF] and the MK-F-GF/EP composite loaded in tension determined by ultrasonic measurements Table 1 Coefficients to determine the phase velocities (Stiffnesses in Voigt notation) symmetry plane coefficient direction of propagation