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Stress concentrations in the vicinity of cut-outs can often be regarded as design drivers for the whole structure. Especially in thick-walled laminate composites not only the extension-bending coupling effects but as well the influence of the sheardeformation has to be taken into account. For analyzing stress concentration effects in the vicinity of circular cut-outs in thick-walled anisotropic composites, sophisticated semi-analytical solution methods based on a first-order shear-deformation theory have been developed at the Institut für Leichtbau und Kunststofftechnik. The comparison of the strains in the vicinity of cut-outs in textile-reinforced composites obtained by the new semi-analytical methods with experimentally measured and numerically determined strain values show a good agreement.

Introduction

Nowadays multilayered composites are used more and more often even for loadcarrying and safety-relevant structures in all kind of applications for aviation and space technology, for vehicles, for mechanical engineering as well as for the sporting and leisure goods industry. While up to now the reinforcing structure mostly is composed of uni-or bidirectional fibre-reinforced layers, currently textile semi-finished products in form of multi-axial knitted, woven or braided preforms are getting more and more into the focus of research and application.

In the past composites used in applications could mostly be considered as rather thin, but now more and more often thick-walled laminates are used. In the case of such thick composites besides the extension-bending coupling effects, as known from thin-walled laminates, the influence of the shear-deformations has to be taken into consideration. So it is of great importance to provide adapted calculation methods for critical areas like cut-outs to utilize the large lightweight design potential of thick-walled multilayered composites. The method presented in this study for the linear stress/strain analysis of thickwalled laminate composites with a circular cut-out can be regarded as one module of such a design method and enables the user to compare the influence or different composite designs on the stress/strain distribution.

In the literature (for instance in [START_REF]Konisch Whitney Approximate stresses in an orthotropic plate containing a circular hole[END_REF][START_REF] Hwu | Two-dimensional problems of the anisotropic elastic solid with an elliptic inclusion[END_REF][START_REF] Ukadgaonker | A general solution for stress resultants and moments around holes in unsymmetric laminates[END_REF][START_REF] Engels | Closed-form analysis of external patch repairs on laminates[END_REF][START_REF] Hufenbach | Advanced calculation methods for notched hybrid composites with textile-reinforced polymers[END_REF]), analytical solutions for the analysis of the stress concentration fields of fibre-reinforced single-and multilayered composite plates with cut-outs or inclusions can be found for various cases of geometry and loads. These solutions are mainly based on the classical laminate theory and the fundamental works of Lekhnitskii [START_REF] Lekhnitskii | Anisotropic Plates[END_REF]. Solutions for thickwalled multilayered composites based on a higher order laminate theory, for instance a first-order shear deformation theory, are not known to the authors.

The precise analysis of the stress and strain fields in the vicinity of cut-outs is often of great importance for the design of thick-walled composites in multimaterial design, since stress concentrations can often be regarded as design drivers for the whole structure. At the Institut für Leichtbau und Kunststofftechnik (ILK) sophisticated analytical solutions for basic problems concerning thin-walled notched single-and multilayered composites have already been developed during recent years [START_REF] Zhou | Beitrag zur Berechnung endlich berandeter anisotroper Scheiben mit elastischem Einschluss[END_REF][START_REF] Lepper | Kerbspannungsanalyse anisotroper Mehrschichtverbunde mit symmetrischem und unsymmetrischem Strukturaufbau[END_REF][START_REF] Hufenbach | Stress analysis of notched anisotropic finite plates under mechanical and hygrothermal loads[END_REF][START_REF] Grüber | Beitrag zur Strukturanalyse von anisotropen Schichtverbunden mit elastischen Einschlüssen und Bolzen[END_REF][START_REF] Grüber | Stress concentration analysis of fibre-reinforced multilayered compsosites with pin-loaded holes[END_REF]. Based on the experience gathered during these developments, it was reasoned that for a realistic stress concentration analysis of thick-walled generally structured multilayered composites (MLC), it is important to provide methods which enable a layer-by-layer precalculation of the entire stress and distortion field. Hereby it is necessary to pursue superordinate approaches in the expanded stress-deformation analysis, which not only take into consideration the extension-bending coupling effects occurring in non-symmetrical composites but which also account for the influence of the shear deformation and thus have less restrictions with regard to the lamina materials, the composite lay-up and the thickness.

Analytical calculation methods for multilayered composites using a first-order shear deformation theory

Generalized plate equation for thick-walled laminates

Starting point for the derivation of a generalized plate equation for thickwalled laminates is the deformation law for the single lamina. In this study, Hooke's law for orthotropic materials

σ ij = C ijkl ε kl (1)
is used to describe the stress-strain-relationship, with the stress and strain tensors σ ij and ε kl and the stiffness tensor C ijkl (i, j, k, l = 1 . . . 3). The use of this deformation law implicates, that the single lamina shall be deemed to be made up of a homogeneous orthotropic material by using homogenization techniques, while in reality the single lamina is inhomogeneous as it is composed of fibres and matrixmaterial. Since in this study neither temperature nor moisture effects are taken into consideration, the terms describing these effects have been omitted in [START_REF]Konisch Whitney Approximate stresses in an orthotropic plate containing a circular hole[END_REF].

For the incorporation of the shear deformation effects, the following kinematic assumption, which are well known from the Mindlin-Reissner plate theory, are made1 u(x, y, z) = u 0 (x, y) + zψ x (x, y), v(x, y, z) = v 0 (x, y) + zψ y (x, y), (2) w(x, y, z) = w 0 (x, y).

The displacement functions u 0 , v 0 and w 0 describe the displacements of the midplane of the plate and ψ x and ψ y the rotations of cross-sections, that were normal to the midplane before deformation. This formulation of the displacement functions was first given by Reisner [START_REF] Reissner | On the theory of bending of elastic plates[END_REF][START_REF] Reissner | The effects of transverese shear deformation on the bending of elastic plates[END_REF] and Mindlin [START_REF] Mindlin | Influence of rotatory inertia and shear on flexural motions of isotropic elastic plates[END_REF] in their plate theories. Some examples for theories of even higher orderincluding not only the shear deformation effects but also, e. g., warping of crossections -can be found in [START_REF] Christensen | Mechanics of Composite Materials[END_REF].

With the kinematic assumption (2) the strain-displacement relationships for small displacements can be written in the form

⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ ε x ε y γ xy γ xz γ yz ⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ = ⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ ∂u 0 ∂x ∂v 0 ∂y ∂u 0 ∂y + ∂v 0 ∂x ∂w 0 ∂x + ψ x ∂w 0 ∂y + ψ y ⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ + z ⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ ∂ψ x ∂x ∂ψ y ∂y ∂ψ x ∂y + ∂ψ y ∂x 0 0 ⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ =: ⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ ε 0 x ε 0 y γ 0 xy γ 0 xz γ 0 yz ⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ + z ⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ κ x κ y κ xy 0 0 ⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ . ( 3 
)
Based on the strain-displacement-relations (3) and Hooke's deformation law

(1), finally the structural law for thick-walled multilayered laminates according to the first-order shear deformation theory is derived 

⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ N x N y N xy M x M y M xy ⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ = ⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ A 11 A
D 66 ⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ ⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ ε 0 x ε 0 y γ 0 xy κ x κ y κ xy ⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ , ⎡ ⎢ ⎢ ⎣ Q x Q y ⎤ ⎥ ⎥ ⎦ = ⎡ ⎢ ⎢ ⎣ -k 2 2 A 55 -k 1 k 2 A 45 symm. -k 2 1 A 44 ⎤ ⎥ ⎥ ⎦ ⎡ ⎢ ⎢ ⎣ -γ 0 xz -γ 0 yz ⎤ ⎥ ⎥ ⎦ , (4) 
with the shear correction factors 2 k 1 , k 2 , the stress resultants and moment resultants

⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ N x N y N xy ⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ = h/2 -h/2 ⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ σ x σ y τ xy ⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ dz , ⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ M x M y M xy ⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ = h/2 -h/2 ⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ σ x σ y τ xy ⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ z dz , ( 5 
) ⎡ ⎢ ⎢ ⎢ ⎣ Q x Q y ⎤ ⎥ ⎥ ⎥ ⎦ = h/2 -h/2 ⎡ ⎢ ⎢ ⎢ ⎣ τ xz τ yz ⎤ ⎥ ⎥ ⎥ ⎦ dz ,
the extensional, extension-bending coupling and bending stiffnesses, as known from the classical laminate theory

⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ A ij B ij D ij ⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ = h 2 -h 2 C ij - C i3 C 33 C 3j ⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 1 z z 2 ⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ dz (i, j = 1, 2, 6) , ( 6 
)
and the additional shear stiffnesses due to the incorporation of the shear deformation effects

A ij = h 2 -h 2 C ij dz (i, j = 4, 5) . ( 7 
)
In multilayered textile-or fibre-reinforced composites, a separation of the plate-bending and membrane problems often is not possible due to coupling of force resultants and curvatures as well as coupling of moment resultants and strains occurring in non-symmetrical composites. Therefore, the Mindlin-Reisner plate theory is expanded in such a way, that a unified approach for the solution of both, the plate bending and the membrane problem is found.

Here the formulations of the equilibrium of force and moment resultants at the differential plate element is supplemented by the membrane force resultants and a so called generalized plate equation is derived. This system of coupled partial differential equations (PDES) can be written down by means of a differential operator matrix in compact and clear form as a matrix equation analogously to generalized plate equation for thin-walled laminate composites found in [8]

Δ ⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ A B 0 B D 0 0 0 K ⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ Δ T ⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ u 0 v 0 w 0 ψ x ψ y ⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ = -P ( 8 
)
with

Δ = ⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ ∂ ∂x 0 ∂ ∂y 0 0 0 0 0 0 ∂ ∂y ∂ ∂x 0 0 0 0 0 0 0 0 0 0 0 -∂ ∂x -∂ ∂y 0 0 0 ∂ ∂x 0 ∂ ∂y -1 0 0 0 0 0 ∂ ∂y ∂ ∂x 0 -1 ⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ , (9) 
A, B, D: matrices of extensional, extension-bending coupling and bending stiffnesses, q. v. ( 6), K: matrix of shear correction factors and shear stiffness, q. v. [START_REF] Zhou | Beitrag zur Berechnung endlich berandeter anisotroper Scheiben mit elastischem Einschluss[END_REF], P : vector of external loads.

Boundary conditions and solution method

Due to the structure of the PDES (8) it is not possible to transform it into a single partial differential equation in one function, where all derivations
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of the function are of the same order. So the solution method of complex valued displacement functions, as used for the solution of the generalized plate equation in context of the classical laminate theory (for example in [START_REF] Grüber | Beitrag zur Strukturanalyse von anisotropen Schichtverbunden mit elastischen Einschlüssen und Bolzen[END_REF]), is not applicable here.

In this study, an infinite plate with a finite circular cut-out is selected as a where a is the diameter of the circular notch. By application of the Ritz method the looked-after coefficients for the displacement functions can be computed. Hereby the summation limits are normally chosen in the following form

M 1 = M 2 = M 3 , M 4 = M 5 = M 1 + 1, N = free. ( 11 
)
The values for M 1 and N should be chosen with regard to the given problem.

In this study M 1 = 16 and N = 20 was sufficient for all problems. The (semi-)analytical calculation method developed here has finally been implemented into a calculation tool and can now be used on standard office PCs.

Experimental and numerical verification

For the verification of the developed semi-analytical solution method for thickwalled multilayered composites, extensive experimental and numerical finite 

Comparison to experimental results

In Fig. 3 the experimental set-up for the stress concentration analysis is shown.

In this test a textile reinforced GF/PP plate with an un-loaded cut-out is loaded in a unidirectional tension test. For the determination of the displacement and strain fields the grey-scale correlation method is used as a contactless optical 3D-field measurement method. From the experimental investigations the ε x and ε y strains along the 0 • , 90 • and the ±45 • radians (Fig. 3(b)) are determined and are compared to semi-analytically calculated results. In Fig. 4, some of the results for the calculated and experimentally determined strain decay behaviours along the 0 • , 90 • and the ±45 • radians are shown.

From the figures, an overall good correlation of the semi-analytical and experimental results can be observed. Never the less, the correlation seems to
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be not so good at the edge of the notch. This is mainly caused by the used 3D gray-scale measurement equipment used. Due to the limited resolution of the cameras used, the precipitous gradient of the strains near the edge of the cut-out can not be detected with adequate accuracy. Overall, it turns out that in case of all examined combinations of composite and load, the numerically determined results and the results calculated by use of the developed analytical methods show a high degree of agreement.
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Thus, the developed fundamentals for calculations of stress concentrations at notches in thick-walled multilayered composites represent a quick, dependable and easily manageable alternative to a time-consuming FE analysis.

with cut-outs

Comparison with classical laminate theory

In the first parameter study presented here the effect of a first-order shear In the case of pure membrane load and the symmetric multilayered composite, no differences between the results using the CLT and the SDT1 can be observed, as expected (see Fig. 7(a)). Naturally, the effects of the shear deformation (Fig. 7(b)) are only relevant in cases where force initiated bending effects occur, either caused by the material (non-symmetrical laminates) or caused by the loads(bending load). In these cases a great difference between the results calculated using the CLT or SDT1, respectively, can be observed.

This phenomena is further studied in the next parameter study concentrating on the influence of the laminate thickness.

Influence of the laminate thickness

In a second parameter study, the influence of the laminate thickness on the strain distribution on the surface of the composite is examined. The platebending moment M x was chosen according to

M x = h h 0 2 • 100 Nm m ( 13 
)
with h as laminate thickness and h 0 = 1 mm as reference thickness. The investigated parameter combinations are shown in Table 1, the material parameter are chosen according to [START_REF] Reissner | On the theory of bending of elastic plates[END_REF]. With this choice of M x in the case of classical laminate theory the strain fields on the laminate top and bottom respectively are independent of the thicknesses and therefore should be comparable. Some of the results of this parameter study are presented in Fig. 8. As expected, the strain fields on the laminate top and bottom surface are independent of the laminate thickness in case of classical laminate theory and the chosen bending load. In the case of the SDT1, the situation is different.

In this case a great influence of the thickness on the strain distribution is observed. Hereby the thickness not only quantitatively influences the curves, especially the extreme values, but also can change the qualitative form of the curves (see Fig. 8). This change in the curve characteristic can be seen exceptionally well for the shear-stress curves in Fig. 8(b). Here the characteristic clearly changes from the curves for the laminate thickness of 1 mm over the curve for the thickness 2 mm to the final curve characteristic for a thickness of 8 mm. As a further result of the investigation, it is also found that even for a laminate thickness of 1 mm the influence of the shear deformation can clearly be observed in comparison to the CLT (q. v. Fig. 8(b)). Simular results were observed for other lay-ups and different materials.

Effects of FE mesh refinements

One of the greatest advantages of the developed semi-analytical calculation method compared with the FE method is, that no discretization -as for exam-ple the creation of a FE mesh -is needed. The developed methods are mesh independent. In the scope of this study, this advantage is proven by a vast number of comparative FE calculations with different mesh refinements. The FE calculation were carried out using the programm system I-Deas Master Series 11 with linear and quadratic 4-node and 8-node shell elements, respectively. Some selected results of this study are presented in Fig. 9 for a [±45 10 ] s GF/PP multilayered composite plate with a circular cut-out (diameter ∅ = 30 mm) under a plate-bending load M x = 1000 Nm/m. It is obvious that there is a great influence of the number of elements at the edge of the notch, i. e. the mesh density (q. v. Fig. 9). Generally the parameter studies on the influence of the FE mesh density lead to the conclusion, that in all cases there is a great influence on the stress and strain fields in the vicinity of the notch. In the case presented here, more than 360 elements on the notch edge are needed to at least qualitatively follow the curve of the analytically calculated strains, and even 1440 elements are not enough to quantitatively reach the analytical results. To overcome this disadvantage of the FE analysis, it is planned to combine the developed semi-analytical mesh-independent calculation methods (for the local stress concentration analysis) with the FE method (for the global structural analysis) by the means of analytical super

During recent years the application of thick-walled textile-and fibre-reinforced multilayered composites has expanded considerably. For the application of these materials, local stress concentrations, as they occur in the vicinity of notches, can often be regarded as design drivers for the whole structure. In this study, the mechanically equivalent model of an infinite plate with a circular cut-out, which is subject to combined membrane and plate loads, is dealt with by means of a expanded plate theory based on the Mindlin-Reisner plate theory and semi-analytical methods for a layer-by-layer stress/strain analysis of thick-walled multilayered composites. The presented methods not only calculate stresses, strains and displacements directly at the edge of the notch, but also their distribution throughout the entire area of the plate.

For the verification of the developed calculation method experimental and a vast number of numerical FE analyses were performed with symmetrical and non-symmetrical composite structures. The comparison of the experimental and numerical results, respectively, with the results obtained by means of the developed solutions show a good agreement and thus indorse the developed theory in an impressive way.

The performed parameter studies demonstrate that very complex mechanisms are acting in thick-walled multilayered anisotropic composite plates in the areas of notches. In the case of pure membrane loads and symmetric laminates, the shear deformation effects don't have to be taken into account. In this case, the more easy-to-handle classical laminate theory should be used for the analysis of stress concentration effects in multilayered composites, for example according to [START_REF] Lepper | Kerbspannungsanalyse anisotroper Mehrschichtverbunde mit symmetrischem und unsymmetrischem Strukturaufbau[END_REF][START_REF] Hufenbach | Advanced calculation methods for notched hybrid composites with textile-reinforced polymers[END_REF].

From the studies carried out it must be concluded, that for dimensioning thick-walled multilayered composites in line with material and component characteristics, a precise layer-by-layer analysis of the distribution of stresses and distortions is absolutely indispensable and especially in the case of the occurrence of bending effects the influence of shear deformation has also to be taken into account. Starting from this layer-by-layer approach, the development of new failure criteria for notched multilayered laminates is currently one of the focal points of ongoing research work at the ILK. These failure criteria take into consideration so called physically based failure criteria (e. g. according to Puck [START_REF] Puck | Festigkeitsanalyse von Faser-Matrix-Laminaten: Modelle für die Praxis[END_REF] or Cuntze [START_REF] Cuntze | The predictive capability of failure mode conceptbased strength criteria for multidirectional laminates[END_REF]) and additionally consider the so-called microsupport effect according to Neuber [21].

  mathematical equivalent model for the notched plate and the following restrictions as for the loading conditions are introduced. The notched plate should be loaded at the infinite outer boundary by constant edge forces per unit length N x , N y , N xy (Fig. 1(a)) and constant edge moments per unit length M x , M y , M xy (Fig. 1(b)) in such a way, that the static equilibrium conditions are fulfilled automatically when looking on the overall plate. At the edge of the notch, the plate can be loaded by a constant normal edge force per unit length N i and a constant edge bending moment per unit length M i (Fig. 1(c)).

Fig. 1 .

 1 Fig. 1. Boundary conditions on cut-out and outer boundary

Fig. 2 .

 2 Fig. 2. Decomposition of the coupled membrane-plate problem by means of superposition, here shown for in-plane loading. notch edge results, III: an infinite notched plate with the corresponding loads at the notch edge.

  element (FE) investigations have been carried out. Within the scope of the Collaborative Research Centre SFB 639, these studies have been conducted on multilayered composites built from bidirectionally reinforced knitted layers made from hybrid yarn containing glass fibres and polypropylene matrix fibres (GF/PP). The material parameters (12) of the single lamina were determinedACCEPTED MANUSCRIPTexperimentally and by the means of X-FEM[START_REF] Haasemann | Multi-scale modelling and simulation of textile reinforced materials[END_REF][START_REF] Hufenbach | Ultrasonic evaluation of anisotropic damage in textile multi-axial reinforced thermoplastic composites made from hybrid yarns[END_REF] E 11 = 15.4 GPa, E 22 = 15.4 GPa, E 33 = 4.6 GPa, G 12 = 1.6 GPa, G 13 = 0.9 GPa, G 23 = 0.9 GPa, ν 12 = 0.134, ν 13 = 0.417, ν 23 = 0.417.[START_REF] Reissner | On the theory of bending of elastic plates[END_REF] 
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 3 Fig. 3. Experimental set-up and directions of result evaluation
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 0432 Fig. 4. Experimentally determined and analytically calculated strain decay behaviour
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 5 Fig. 5. FE model for a notched GF/PP plate with with a practically far-field plate-bending moment
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 6 Fig. 6. Strains on laminate top surface
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 7 Fig. 7. Strains on laminate top surface
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 9 Fig. 9. Shear distortion on laminate top surface for different FE mesh refinements (linear 4-node shell elements)
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Table 1

 1 Laminates and loading parameters for studying the influence of the laminate thick-

	ness		
	lay-up	thickness h plate bending moment
		[mm]	M x [Nm/m]
	[±45 2 ] s	1	100
	[±45 3 ] s	1.5	225
	[±45 4 ] s	2	400
	[±45 8 ] s	4	1 600
	[±45 16 ] s	8	6 400
	[±45 32 ] s	16	25 600
	[±45 64 ] s	32	102 400
	[±45 128 ] s	64	409 600
	[±45 256 ] s	128	1 638 400

x, y, z: global coordinates with x-,y-axis as in-plane axis and z-axis as out of plane axis

For details on the shear correction factors see e. g.[START_REF] Whitney | Stress analysis of thick laminated composite and sandwich plates[END_REF] 
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