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Abstract 

Lightweight materials with high stiffness and damage tolerance are requested for 

aerospace, marine and automotive industries. Many types of composite materials 

are today used in various types of load carrying structures, due to their excellent 

strength and stiffness to weight ratio. Simplicity, reliability and low cost of the 

material processing are important factors affecting the final selection. In the last 

years new types of composites; Non-crimp-fabric (NCF) reinforced composites, 

where the cost-efficiency is reached by using dry preforms which are impregnated by 

resin infusion, resin transfer molding etc.; have made a break-through and have 

been widely used. 

As its names indicates, NCF composites consist of layers with ideally straight fiber 

bundles oriented in different directions, knitted by secondary yarn and separated by 

resin. This technique of dry preforms impregnated by resin infusion or RTM combine 

a perfect placement of reinforcement with easy, cheap and automated 

manufacturing. It produces a composite that can be formed easily in complex 

shapes, with improvement in damage tolerance as well as the out-of-plane fracture 

toughness.  

However, the stitching distorts and crimps the fiber bundles, which leads to large 

out-of-plane waviness. This deviation affects the mechanical properties of NCF 

composites. The bundle crimps reduces the stiffness and causes incorrect predictions 

of the laminate elastic properties employing assumption of the classical laminate 

theory (CLT). 

In the present study, the fiber tow waviness is assumed as sinusoidal and the 

undulation effect on the stiffness reduction is analyzed using Finite Element Method 

(FEM). The waviness parameters i.e. wavelength and amplitude as well as 

geometrical parameters like bundle thickness are used in modeling the elastic 

properties of the representative volume element of the waved structure using meso-

scale FEM analysis. 
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The possibility of applying CLT for cross-ply NCF composite stiffness determination is 

approved, by replacing the curved structure by idealized straight one using effective 

stiffne - - layers. The cross-ply NCF stiffness reduction is 

- -layer effective stiffness 

can be determined either by modeling a single curved tow subjected to distributed 

load, to reproduce its interaction with the neighboring layers, together with 

symmetry boundary conditions, or using a master curve approach, where a knock 

down factor is introduced to characterize the stiffness reduction and analytical 

expression is suggested. This expressions allows for determination of knock down 

factor for any given wavelength and amplitude of the waviness.  
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1. Introduction 

1.1. Fiber reinforced composites 

The quest of weight gain using materials with superior specific properties, engages 

the interest of many researches to explore composite materials. Each year, 

composites find their way into hundreds of new applications from golf clubs and 

tennis rackets to jet skis, aircraft, missiles and spacecraft.  

Composite materials are widely used in different areas such as aeronautics 

(helicopter blades, pressure bulkhead, cargo door, etc), maritime transport (boats, 

etc), automotive industry (car roof, car carline, etc), electronic (insulation, mounting 

printed circuit, boards, etc), buildings (furniture, roofing, etc), industry (tanks, pipes, 

wind turbine blades, etc) and even in sports and entertainment (skis, fishing rods, 

helmets, etc)… 

A composite material consists of an assembly of different immiscible materials which 

complement each other and bring about a material whose physical properties are 

better than those of the individual constituents working separately. 

Polymer composites are formed with reinforcement in the form of particles or fibers 

embedded in a matrix. The matrix is often a thermoplastic or a thermoset polymer. 

The matrix preserves the geometric arrangement of fibers, protects them from the 

environmental attack and damage, to which the sample can be exposed. The fibers 

can have inorganic or organic nature such as carbon fibers, glass fibers, oxide fibers, 

silicon carbide fibers, etc. They can be continuous or discontinuous filaments. The 

high stiffness and strength of polymer composite materials stems from the high 

stiffness and strength of fibers. Their geometry allows them to have minimal defects 

and their composition gives them a high strength. The fibers work as reinforcements 

since the load is transferred to them from the matrix. The volume fraction of fibers 

for a structural composite is typically 45%-65%. The maximum theoretical value is 

79% for square array and 91% for a hexagonal array [1]. 
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The fibers can be arranged in different ways: homogenously or uniformly dispersed 

like in pre-impregnated tape laminates or in form of bundles like in the woven 

reinforced composites or the non-crimp fabric composites. 

The pre-impregnated tape laminate, shown in Figure1 [2], is a stack of unidirectional 

plies in which the layers are perfectly bonded to each other and the mechanical 

properties depend on their orientations.  

 

Figure1. Internal structure of pre impregnated tape based cross ply laminate [2] 

The main advantage of this material is the high fiber volume fraction that can be 

obtained with well aligned fibers, showing an excellent in-plane stiffness and 

strength. The problem with this material is that it is expensive. The high costs 

combine the high labor costs and the high storing costs (pre-impregnated tapes 

require low temperature to prevent curing). Another drawback is the sensitivity to 

inter-layer delamination cracking under impact loading due to their poor 

interlaminar fracture toughness [3].  

This problem is solved with woven composites shown in Figure2 [4], the reinforcing 

fibers are assembled in bundles in different directions and form a fabric.  

 

Figure2. Images of E-glass (left) and basalt (right) woven fabrics [4] 
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This composite has two-directional reinforcement and its manufacturing cost is 

lower than that of the pre-impregnated tape based composite. The woven structure 

shows high waviness in the out-of-plane direction. This waviness brings advantages 

to the material by improving its fracture toughness and its mechanical properties in 

the out-of-plane direction. But, it brings also significant drawbacks to woven 

composite by reducing the in-plane properties. 

Some drawbacks of the pre-impregnated tape based composites and of the woven 

composites are overcome with new type of textile composite called non-crimp-fabric 

composites (NCF) presented in Figure3 [5]. 

 

Figure5. Schematic diagram showing a multi-axial non-crimp fabric [5] 

NCFs are relatively new class of textiles in which a fabric is constructed of layers of 

fiber bundles aligned in specific directions [6]. The layers of fibers are produced by 

laying tows next to each other in a specified direction and subsequently employing a 

secondary fine yarn knitted around the tows to hold the fabric in place. The use of 

through-thickness stitching allows for improvement in damage tolerance and in the 

interlaminar fracture toughness. The manufacturing technique provides a dry 

preform which can be used in complicated shapes before it is consolidated into the 

final composite by resin transfer molding with low manufacturing costs comparing to 

the pre-impregnated tape based composite. NCF composites, ideally, would combine 

a good in-plane response, like pre-impregnated tape based composites and the good 

through-thickness stiffness and strength due to the stitching in the thickness 

direction [7].  
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NCFs show heterogeneities in the micro- and the meso –scale as shown in Figure4 

[8]. The micro-scale heterogeneity can be seen from the microstructure of the fiber-

matrix inside the bundles, the meso-scale heterogeneity is due to the structure of 

layers where the fiber bundles are separated by the matrix. 

 

Figure4. Hierarchical structure of the NCF composites [8] 

 As it is shown in Figure4, the 0°-tows are far from being ideally oriented and present 

waviness in the out-of-plane direction.  The stitching yarn induces waviness which 

leads to the in-plane stiffness reduction. The waviness occurring in NCF composites 

are similar to that can be seen in woven reinforced composites with lower 

amplitudes. 

1.2. Modeling approaches 

In order to study the mechanical properties dependence on the architecture 

parameters, finite element analysis and theoretical analysis methods are more 

convenient than the experimental techniques because of the complex geometry. 

Finite element method (FE) started with Ritz who developed an effective method for 

an approximate solution of problems in the mechanics of deformable solids [9-10]. 

FE is a numerical method for finding approximate solutions to boundary value 

problems for differential equations. It uses variational methods to minimize an error 

function and produces a stable solution. The problem is transformed to an 

equivalent one in terms of properties and geometry and the method is based on the 
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discretization principle which is translated by the choice of a mesh that occurs by 

dividing the studied area into sub-domains with simple geometry (triangle, 

quadrilateral, etc) and with finite dimensions, hence the finite element method’s 

name. Results are determined for each element. The accuracy of the results is 

directly related to the mesh quality realized (number of element, their distribution in 

the structure, form of element, etc). In FE analysis many errors can be produced, 

such as wrong interpretations of the physical model, mechanical modeling errors 

due to many assumptions like geometric simplifications and resolution errors which 

are due to problems of numerical accuracy. The engineer must be aware of the 

existence of these errors and must be able to estimate a level of confidence in the 

results. 

Many researches have been conducted for predicting the mechanical properties of 

textile composites. The basic principle to determine the elastic properties of a textile 

composite using FE is to divide the structure into unit cells and then mechanical 

properties are calculated for the unit cell. 

Since the textile composites have a complex architecture it is not easy to incorporate 

all geometrical parameters and simplifications needed in the FE modeling [11]. 

Naik et al. [12-14] proposed a 2D crimp model for the elastic analysis of a 2D plain 

weave. The unit cell in this model was divided into sections and then the series-

parallel models were used to estimate the lower and the upper bounds of the elastic 

constants.   

Ishikawa and Chou developed the “mosaic” model [15], the “fiber undulation” model 

[16] and further the “bridging” model [17] for analyzing the elastic behavior of 

woven hybrid composites. In these models a fabric composite was simply regarded 

as an assembly of blocks of cross-ply laminates neglecting the shear deformation in 

the thickness direction. 

Byström at al. [18] developed a homogenization method for stiffness matrix 

computation of woven composites; the method was called reiterated 

5 

 



homogenization. The authors studied the linear elastic problems with periodic 

microstructure, which justifies the use of representative volume element which is 

enough to represent the elastic properties of the whole material. 

More recent study was performed by Riccio et al. [19] who developed a 

representative volume element (RVE) for NCF composites under tension loading 

taking into account the tow’s waviness and the stitching. The classical 

micromechanical theory was used together with the stiffness averaging method. It 

was demonstrated that the exclusion of the tow’s waviness from the model leads to 

a big error of the stiffness comparing to the experimental data. However, the lack of 

stitching in the model is less relevant leading to a small error that can be neglected. 

The stiffness dependence on the tow’s waviness was investigated and it was shown 

that this stiffness strongly depends on the waviness. 

A mesoscopic FE model of the NCF structure was realized by Drapier [20] in order to 

investigate the interlaminar shear behavior of non-crimp fabric composites. The 

geometrical heterogeneity was taken into account. The tow’s crimp was considered 

large enough for the composite to be regarded between the pre-impregnated tapes 

and the woven structures. This waviness was assumed as sinusoidal shaped 

characterized by a wavelength and amplitude. The same assumption was used in 

[21] by Edgren et al. where the authors used Timoshenko beam theory in addition to 

FE to calculate the stiffness of a layer in the NCF composite considered like a single 

curved beam. In addition to this assumption, Mattsson et al. [22] demonstrated that 

the 90°-layer with bundle mesostructure can be replaced by homogenized 90°-layer 

without losing accuracy in the NCF laminate stiffness investigation.  

2. Summary of appended papers 

The assumptions mentioned in the previous paragraph helped for the NCF modeling 

in the present study. The objective of the work is to realize a model for the NCF 

composite mesostructure in the attempt to investigate the effect of the waviness on 

the stiffness reduction. Moreover, the stiffness calculation methods of for the 

6 

 



complex geometry are explained and justified and finally, the different geometrical 

parameters changes are taken into consideration and included in the calculation.  

For this purpose, the modeling is performed through different length scales (See 

Fig.5). Starting with the micro scale modeling, the fiber with transversely isotropic 

properties is embedded in the matrix with isotropic properties forming a 

micromechanics model for a unidirectional composite.  This model has certain fibers 

content and fibers are assumed hexagonally packed [23]. 

 

Figure5. Modeling stiffness properties for non-crimp fabric composites using multi-

scale analysis [23] 

 The elastic properties of the unidirectional composite are used as input in the 

second level of modeling. The 0°-tows and the 90°-bundles are considered as 

homogenized transversely isotropic material. The meso scale modeling of cross ply 

NCF composite is realized by following a sinus shaped functions for the geometry 

and by modeling a representative unit cell (RUC) that can represent a part of the 

structure after applying symmetry conditions (see Figure6).  
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Figure6.  A cross ply NCF composite with mid-plane symmetry, the representative 

unit cell is marked by dashed line [24] 

The stiffness of NCF composite is calculated using FE method. It is shown that it 

strongly depends on the geometrical parameters: the waviness’s amplitude and 

wavelength. The classical laminate theory cannot be directly applied to a curved 

cross ply NCF structures to calculate their axial stiffness, contrarily to the flat 

laminate where classical laminate theory can be reduced to a simple rule of mixture 

combining the longitudinal and the transverse stiffness of each layer. It is 

demonstrated in this thesis that classical laminate theory can be applied to calculate 

the NCF composite stiffness by replacing the curved structure with idealized straight 

one using what we called “effective stiffness” for each layer, the problem remains 

the determination of the effective stiffness for all amplitudes and wavelengths. 

Two approaches are developed in this work and are presented in two separate 

papers:   

In paper A, a single curved 0°-tow is modeled and is subjected to periodic distributed 

load as boundary conditions together with symmetry conditions in order to 

reproduce its interaction with the neighboring layers (in our case the 90°-layer). The 

local stress distribution at the interface between the layers in NCF composite is 

investigated. It is shown that the normal and shear stresses are changing according a 

sinus shaped functions. The same kind of function used in the geometry modeling is 

used to fit the stresses as a function of the coordinate. The fitting expressions can be 

used when applying boundary conditions in analytical models to calculate the 
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effective stiffness of the 0°-tow. The distributed load is deduced from the stresses 

expressions and considered as adequate boundary conditions which lead to an 

accurate calculation of the effective stiffness of the curved 0°-tow that can be used 

in classical laminate theory to find the NCF composite stiffness for any given 

amplitude and wavelength of the waviness.  

In Paper B, a new approach called “Master curve approach” is developed for 

determining the effective stiffness of the 0°-tow for any geometric parameters of the 

waviness. It is shown that the curve of the stiffness degradation for a given 

wavelength versus amplitudes can be considered as master curve for a 0°-tow with 

different wavelength. A simple fitting expression can be found for the master curve 

considered for a small wavelength. The fitting expression contains only one unknown 

fitting constant which depends only on the elastic properties of the material. 

In both approaches, it is demonstrated that the 90°-tow’s effective stiffness can be 

taken equal to the transverse properties of the unidirectional material without 

having significant error on the result of the NCF stiffness calculation using classical 

laminate theory and effective stiffness for the 0°-tow determined either from the 

“Boundary Condition” approach or from the “Master Curve” approach. 
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Abstract 

-tow waviness on axial stiffness of cross-ply non-crimp fabric 

(NCF) composites is analyzed -

layers are represented by flat layers with effective stiffness properties and classical 

-

layer stiffness is calculated a -layers subjected not only to 

end loading, but also to surface loads. The surface loads are identified in a detailed 

FE-analysis and approximated by a sinus shaped function with amplitude depending 

on the waves parameters. The sinus shaped surface loads are then applied to an 

-layer FE-model together with end loading to calculate the 

-layer stiffness was successfully 

used to calculate the macroscopic stiffness of the composite proving validity of the 

approach being used and showing that, without losing accuracy, elastic properties in 

-layers with bundle structure can be replaced by the transverse stiffness of 

-layer material. 

Keywords: Waviness, non-crimp fabric (NCF), boundary conditions, effective 

stiffness, classical laminate theory (CLT) 

1. Introduction  
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Due to high material costs and sensitivity to out-of-plane loads (e.g. impact damage) 

of prepreg tape based composites, new manufacturing methods and material 

architectures based on dry preforms have been employed in the last decade 

producing civil aircraft primary structures. Non-crimp fabric (NCF) reinforced 

composites are particularly attractive due to their relatively high performance with 

less drop in in-plane properties compared to traditional woven architectures, 

reasonable cost and ease of handling during manufacture. As a result there is a 

strong interest among aircraft manufacturers and within other sectors such as wind 

energy and automotive industry, to use NCF based composites in primary structures. 

NCF composites are manufactured from layered textile preforms consisting of fiber 

bundles with a certain orientation assembled by warp-knitted threads [1]. This 

production technique allows for substantial reductions in production costs compared 

to prepreg tape based materials. In addition improvements in damage tolerance as 

well as out-of-plane fracture toughness have been reported [2-4]. During composite 

manufacture, preforms are stacked in a mold and infiltrated by a thermoset resin to 

form the composite. Thus an NCF composite is created which is heterogeneous not 

only on microscale (fibers and resin) as for prepreg based composites, but also on 

mesoscale due to the appearance of distinct fiber bundles and resin pockets. The 

described heterogeneities on two very different length scales allow for 

homogenization of properties.    

Ideally, NCF composites would consist of perfectly aligned fiber bundles where the 

size of each bundle is determined by the stitching procedure. However, due to the 

complex manufacturing technique, NCF composites have both in- and out-of-plane 

waviness of the bundles which reduces the in-plane stiffness. In [5,6] experimental 

data regarding the measured out-of-plane waviness are discussed, and the waviness 

in terms of sinusoidal shape was used in a 2D FE-model of a composite with periodic 

structure in the thickness direction and a biaxial NCF as a repeating unit cell (RUC) in 

order to study the effect of the parameters defining the 2D mesoscopic model on the 

NCF compressive strength. It has been shown that the NCF compressive strength is 

-tow geometrical instability and by the resin shear plastic flow. 
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In the sense of the out-of-plane waviness the architecture of real NCF composite 

described above and shown in Figure 1a has similarities to woven fabric composites, 

see Figure 1b. Therefore, methods and theoretical models for woven fabric 

composites [7] have been applied also for NCF composites. For woven composites 

Ishikawa and Chou [8, 9] proposed the mosaic and fiber undulation models.  In these 

models, an assumed representative volume element (RVE) is divided into 

infinitesimal strips and the classical laminate theory (CLT) is used to calculate elastic 

properties of the strip. The mosaic model disregards the waviness of the bundle 

whereas the fiber undulation model also includes the waviness. In [10], the 3D RVE 

consists of flat matrix pockets as well as in-plane and interlaced bundle regions. The 

iso-strain assumption was used in the in-plane directions and constant stress 

assumption in the out-of-plane direction. 

  

Figure1. Edge view of the mesostructure: (a) NCF composite (b) Woven 

composite 

Similar analytical models have been applied to NCF composites in [11, 12]. In [13] 

the stitching thread was included in the analysis. Stiffness expressions for NCF 

composites assembled by a warp knitting procedure were presented in [14] using 

the manufacturing parameters as input. In [15] the reduced volume fraction of the 

bundle and matrix due to the distortion created by the stitching yarn was analyzed. 

The reduced volume fraction was then used together with CLT to predict the 

mechanical properties of the laminate. Super-elements containing all details of the 

NCF architecture that necessarily requires numerical methods were introduced in 

[16]. More complex semi-analytical approaches are presented in [17, 18].  
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A different approach is using the assumption that the NCF composite stiffness 

problem can be reduced to CLT problem for laminate with “effective” elastic 

properties of layers. The effective stiffness is calculated considering an isolated 

curved beam (bundle, layer), replacing its interaction with the rest of the composite 

with proper boundary conditions. In [19] the effective modulus was calculated using 

a Timoshenko model for curved beams with different boundary conditions during 

axial loading: “free beam” (no restrictions on z-displacement); “simple support” (zero 

z-displacement in support points); “elastic foundation” represented by one spring 

leading to very similar result as in case with “simple support”. The reduction of the 

effective bundle modulus was described by a knock-down factor. 

Since the results were very sensitive with respect to the boundary conditions, we 

conclude that definition of surface conditions applied to curved tows to obtain 

effective stiffness representative for its behavior in the NCF composite remains an 

unresolved problem. 

The main objective of the presented paper is to develop and validate CLT based 

methodology for axial stiffness calculation of imperfect biaxial NCF composites with 

fiber tow waviness. In this approach the curved tows/layers are replaced by straight 

ones with effective elastic properties. Isolated curved layers with appropriate 

boundaries and end conditions are suggested for effective properties determination. 

-layer will represent 

its behavior in the NCF composite, FE-analysis of the stress/traction distributions at 

- -layer interface in the NCF composite are conducted and sinus 

shaped functions are introduced to represent the surface load distribution. This 

approximation is then used in further numerical modeling to calculate the effective 

-layer. It is demonstrated that a CLT based analytical model, 

-layer, the effective stiffness of the 

-layer and the effective stiffness of the 90 -layer with varying thickness are 

used, renders good accuracy. 
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It has to be noted that the observed trends and obtained results may be of relevance 

-bundle waviness, but also for woven 

composites.  

2. Theoretical background 

One of the approaches to keep relative simplicity and at the same time to account 

for out-of-plane waviness of tows (referred to as “bundle waviness” or “curved 

bundle” in following) is based on the use of an “effective” straight bundle which has 

the effective in-plane stiffness of the curved bundle. In this approach the laminate is 

made of layers containing “effective” bundles. In the next step the “effective” bundle 

structure in a layer is replaced by homogenized material and CLT is used to find the 

macroscopic stiffness.  

The CLT approach for calculating the axial stiffness of the NCF composites is very 

attractive due to its simplicity in application. For a symmetric and balanced laminate 

the macroscopic in-plane stress-strain relationship is 

( ) = ( ) + ( )         Eq. (1) 

In Eq. (1) direction 1 is the axial (loading) direction. Focusing on the laminate axial 

stiffness element ( )  we will perform FE numerical analysis for plane strain case 

( = 0). In this loading case ( ) is obtained directly dividing the calculated axial 

average stress by the macroscopic strain applied. The average stress is axial force  

divided by nominal (average) thickness of the laminate . Hence 

( ) =           Eq. (2) 

The laminate stiffness elements are related to the A-matrix of the laminate 

( ) =     =     Eq. (3) 

With  and  being the effective stiffness matrix of the layer in global coordinates 

and average layer thickness respectively. Using the CLT approach with effective 

layers in a cross-ply NCF composite we obtain 
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( ) = +        Eq. (4) 

 -layer with 

varying thickness (  is the average thickness),   is the effective axial stiffness 

-layer. The problem now lies in the correct definition and 

determination of the effective stiffness.   

3. FE modeling 

3.1 Materials 

The fiber bundle and the homogenized layer are considered as unidirectional (UD) 

composites. Their elastic properties were calculated from the assumed fiber and 

matrix properties by using an FE-approach with hexagonal unit cell, as explained in 

[20]. In the bundle case the fiber volume fraction was 0.7. In the homogenized layer 

the fiber volume fraction was always 0.6. The constituent properties used and the 

homogenized layer elastic constants are given in Table 1 for glass fiber and carbon 

fiber composites (GF/EP and CF/EP1). CF/EP2 composite properties were not 

calculated, they are assumed the same as for CF/EP1 except the longitudinal 

modulus which is lower (120GPa). 

-layer meso-structure with bundles (Figure 2a) was 

modeled, -bundle in Figure 2a was changed in order to keep the 

same fiber volume fraction = 0.6 -layer for models with different wave 

amplitudes and/or wave length. 

Table1 elastic constants of constituents and homogenized layers 
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3.2 Geometry 

In previous studies (e.g. [19] -bundle waviness was assumed sinusoidal in two 

possible cases: the in- -layers are in 

-layers are out of 

phase. These are the extreme cases and the real geometry is somewhere in 

between. As a matter of fact in a real composite the RVE is often much larger than 

the wave length of the individual bundle in one blanket: the NCF composite consists 

of several blankets of the fabric with a possible random shift in the horizontal 

directions. Therefore simple repeating units are not a good composite 

representation either in the thickness or in the in-plane directions. If any, then a 

-layer -layer are shown 

explicitly (this is the analyzed unit) and the rest of layers is replaced by effective 

macro-material (laminate), could be acceptable to analyze trends of meso-scale 

stress distributions. 

 

Figure2. NCF composites with (a) and (b) bundle structure and (c) -

layer 

Models in Figure 2a and 2b represent a 0/90 unit on the NCF composite surface and 

inside the composite, respectively for a particular case of cross-ply NCF composite 

with zero shift between blankets. In this case the stiffness of the unit is the NCF 

composite stiffness and also the stress distributions are representative. Figure 2a 

may be also considered as an approximate representation of the top part of a more 

general NCF composite where response of the rest of the composite is replaced with 

symmetry conditions.   
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In this paper the focus is on the 0/90 unit at the composite surface as shown in 

Figure 2a -layer is equal to the average thickness of 

-layer, =  -layer is traction free. The model 

shown in Figure 2c -layer.  

3.3  Mesh and boundary conditions 

The analysis was conducted using the commercial FE software ANSYS14.0. PLANE42 

elements with plane strain assumption were used. Two types of models were 

analyzed:  

a) -layer , see Figure 3 

b) NCF composite shown in Figure 2a and waved laminate Figure 2c 

The mesh was mapped so that each element’s coordinate syst -layer 

follows the sinusoidal shape of the layer. The area of each layer was meshed with 

quadratic elements with 200 divisions along the model length and 40 divisions along 

the thickness direction. 

The boundary conditions are presented in Figure 2 and Figure 3. For all models, 

symmetry condition is applied along the left vertical boundary and an x-displacement 

is applied along the right vertical boundary. The average strain in x-direction 

introduced by the applied displacement is equal to 1%. An additional symmetry 

condition was applied to the waved laminate along the bottom boundary which is 

the mid-plane of [0, 90]s NCF composite or the interface with the rest of the 

composite in a more general case. 

-layer with constant thickness subjected to load in x-

direction at ends and different combinations of loads on curved surfaces was also 

analyzed using FE (only half of the wavelength was considered). The boundary 

-layers are shown in Figure 3. In 

-layer, the displacement in the z-direction for the 

-layer 

with “fixed ends” the same displacement was zeroed for the first and the last nodes 
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-layer on “rigid foundation”, this displacement is 

zero for all nodes belonging to the bottom boundary. Finally, for the model in Figure 

3d -layer 

following a sinus shape function. 

 

Figure3. Curved layer subjected to different boundary conditions 

3.4  Meso-scale homogenization 

An important step towards using CLT is replacing the bundle mesostructure of the 

layer with a homogenized layer. In [18] the axial stiffness of a flat layer with bundle 

mesostructure was analyzed showing that without losing accuracy, the 

mesostructure can be replaced by homogenized layer with elastic properties 

corresponding to the average volume fraction of fibers in the layer. The difference 

between the longitudinal modulus of the homogenized layer and the layer with 

bundle mesostructure is extremely small. This result is not surprising since rule of 

mixtures (RoM) is very accurate for longitudinal modulus). It justifies the use of 

- -bundles in NCF composite stiffness 

investigation. 

Here we will inspect the validity of the assumption that the bundle structure in the 

-layer can be replaced by a homogenized curved layer, in other words, we 

will compare the axial stiffness of models in Figure 2a and Figure 2c. In a similar 

investigation Mattson et al. [18] demonstrated that the mesoscale details on the NCF 

-bundles. 
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In calculations both models (Figure 2a and Figure 2c) have the same fiber content 

0.6 -layer and = = 0.3 . The change in the amplitude A of the 

-layer. It is equal to the 

thickness when there is no waviness. The z-coordinates of the points which belong to 

the interface are related to the x-coordinate as follows: 

= sin =      Eq. (5)      

The results in Figure 4 for different combinations of amplitude and the wave length 

show that the stiffness is just marginally affected by the mesostructure of the 

bundl -layer homogenization is justified. In the following only the 

model in Figure 2c is analyzed. The possible waviness of this layer is neglected 

because its effect on NCF composite axial modulus, studied here, is small.  

 

Figure4. Axial stiffn -layers bundles 

-layer 

4. Numerical analysis 

4.1 Effect of wavelength and amplitude on laminate stiffness 

Results for CF/EP1 laminate with elastic properties in Table 1 are shown in Figure5a. 

Parameters , ,  are defined in Figure 2c. In this figure  is the thickness of the 
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-layer, -layer, = + . It is clear that ( ) is significantly reduced with increasing amplitude 

and decreasing wavelength of the waviness.  

 

 

 Figure5. Effect of the waviness on the CF/EP1 NCF composite axial stiffness ( =( )):  (a) Using the FE-model in Fig 3c; (b) CLT with effective stiffness of the curved 

layer according to different boundary conditions 

One can see very large reduction of ( )with increasing amplitude and decreasing 

wavelength of the waviness. 
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4.2 Predictions based on isolated curved layers  

The three curves in Figure5b showing the laminate stiffness were obtained using Eq. 

(4) -layer  was calculated for isolated curved 

layer shown in Figure 3 -layer 

-layer material transverse stiffness 

using data in Table 1. These curves may be compared with direct FE results (symbols 

in Figure 5b) taken from Figure 5a. The comparison demonstrates the failure of 

these boundary conditions used to give values of 0 -layer effective stiffness relevant 

for using in Eq. (4).  

4.3 Dependency of the effective stiffness of the layer on A/t0 and 

L/t0 

The effective in-plane axial stiffness of the curved layer is lower than the stiffness of 

a straight layer mainly because the fibers are not oriented in-plane. However, as 

shown in [19], the effective stiffness strongly depends also on the interaction with 

the adjacent material (tows of different orientations, resin).  

Calculating ( ) according to Eq. (2) we use the total force  which due to force 

balance is the same in any cross-section. For example, in Figure 2c  =( = 2) is equal to = ( = 0). In other words, using Eq. (2) and FE it is not 

important in which cross-section the reaction force is obtained before dividing it 

with the average composite thickness  . 

If instead the CLT based Eq. (4) is used, the effective layer stiffness has to be found 

first. Similarly as was done for the whole laminate stiffness case, we would for this 

purpose divide the calculated force acting on some arbitrary cross-section of the 

layer by its cross-section area and then by the applied strain. However, the force on 

a cross-section of a layer depends on which cross-section we consider. For example (0°) (0°)  (90°) (90°) (0°) + (90°) =  Eq. (6) 
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The numbers 0° and 90° in parenthesis indicate the layer under consideration. 

Because of Eq. (6) effective layer stiffness calculated on the left and the right edge of 

the model differ (0°) (0°)  (90°) (90°)     Eq. (7) 

where   

(0°) = ( )  (0°) = ( )  

(90°) = ( ) ( )   (90°) = ( ) ( )     Eq. (8) 

Due to interaction, layers are not subjected to uniaxial loading and strictly speaking 

the calculated numbers are not stiffness matrix elements. This explains the two 

different values. The situation will be similar analyzing isolated curved layers with 

traction boundary conditions. Therefore, it has to be clarified which layer stiffness  and  to be used in the CLT Eq. (4). 

For this purpose we may formally write that the force is distributed between 0 -layer 

and 90 -layer according to: = (0°) + (90°)        Eq. (9) = (0°) + (90°)        Eq. (10) 

And 

 = =           Eq. (11) 

Averaging gives: 

= = ( ) ( ) + ( ) ( )      Eq. (12) 

Substituting Eq. (12) in Eq. (2) and using Eq. (8): 

( ) = ( ) ( ) + ( ) ( )     Eq. (13) 
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Comparing Eq. (13) with the CLT expression in Eq. (4) the correct expressions for 

effective stiffness of layers considering them as “isolated” is given by: 

= ( ) ( )        Eq. (14) 

  = ( ) ( )
       Eq. (15) 

Forces for using in Eq. (8) were calculated from the model in figure 2C by summing 

the reaction forces acting on the nodes along the corresponding edge of the layer. 

The reaction force on the node shared by both layers is replaced by half of the 

reaction force of the neighboring node, by analogy with the reaction force on the 

upper-right node in the free upper boundary, which is also equal to half of the 

reaction force of its neighboring node. Figure 6 shows how the effective stiffness of 

-layer, and the effective stiffnes -layer  decrease due 

to the waviness described by A/t0 for several values of L/t0.The difference between (0°) and (0°)  calculated on both edges is rather small. In contrast the 

transverse effective stiffness parameters of -layer, (90) and (90) 

have very different trends: one (calculated at = 0) is increasing, the other one is 

decreasing. The combined effective stiffness  calculated according to Eq. (15) 

decreases from about 9 GPa to 7 GPa. 

 

Figure6. Axial stiffness for (a) -layer and (b) -layer, CF/EP1 composite 
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We can introduce knock down factors for the laminate and the layers by dividing the 

effective stiffness with the stiffness corresponding to a reference case having 

straight tows (A=0). Figure7 shows for CF/EP1 that for L/t0=10 the decrease in 

-layer effective stiffness.  

 

Figure7. - -layer and 

the laminate 

-

layer stiffness due to waviness. A simplified form of the laminate stiffness 

expression, Eq. (4) -layer effective stiffness is assumed equal to the 

-layer material stiffness may be therefore be motivated: 

=          Eq. (16) 

The accuracy of the simplification in Eq. (16) will be verified in following calculations. 

4.4 Approximation of tractions at the 0/90-layer interface 

In line with the objectives of this study, the task is to find the effective stiffness of 

-layer analyzing an isolated curved layer subjected to relevant 

boundary conditions. These include not only end loads applied to the layer, but also 

surface loading shown as “distributed load” in Figure 3. Only in the presence of 

“distributed load” forces (0°) and (0°) may differ. 
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Knowledge regarding the distributed load is conveniently obtained by analyzing 

- -layer interface using FE. The results and the observed 

trends used to define shape functions for the interface stresses from fitting a limited 

number of FE-calculations are presented in this section. The methodology suggested 

for finding coefficients in these shape functions is described in more detail in 

-layer stiffness analysis 

with an arbitrary amplitude or wavelength. 

Local stress distribution at the 0/90-layers interface has been analyzed: The normal 

stress  and the shear stress  were determined in each node along a path on the 

interface. In the FE-analysis those stress components are slightly different on both 

sides of the interface. The value along the path on the interface which is given by the 

code is the average of the stresses calculated for the closest element to the interface 

- -layer. In Figure 8, the normal stress  is plotted as a 

function of the normalized distance along the x-axis for different A/t0 and L/t0. The 

curves show large variation of the normal stress along the interface. This stress is 

equal to zero when there is no waviness. The waviness contributes to the 

appearance of tensile normal stress in the left part and compressive normal stress in 

the right part on the interface. The maximum value of the tensile and the 

compressive normal stress is increasing with decreasing L/t0 and with increasing A/t0. 

For simplicity, this behavior was fitted with a sinusoidal function, Eq. (17), with 

amplitude depending on the waviness parameters and the elastic properties of the 

material. 

   = =   = , , ,  Eq. (17) 
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Figure 8.Normal stresses at layer interface in CF/EP1 composite and fitting (a) for 

L/t0=10; (b) for L/t0=25, applied strain 1%. 

In Figure 9, the shear stress   on the interface is plotted as a function of the 

normalized position along the x-axis for different A/t0 and L/t0. In a straight layer 

cross-ply laminate this stress component would be equal to zero. However, the 

rather complex  -layer amplitude. 

Calculations on isolated curved layers showed that the significance of the applied 

shear stress on the boundary is small (most important is the normal stress  ), 

justifying the use of the same rough sinus function approximation to fit the shear 

stress in the whole parameter region 

 =  =    =  , , ,  Eq. (18) 

As one can see in Figure 9a the fitting is obviously not good for small L/t0 and 

sufficient for larger L/t0 (Figure 9b). 
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Figure 9 Shear stresses at layer interface in CF/EP1 composite and fitting (a) for 

L/t0=10; (b) for L/t0=25, applied strain 1%. 

Thus, performing FE-calculations for a limited number of L/t0 and A/t0 cases we can 

find approximate interface stress expressions for a given material to be used for any 

practical combination of these geometrical parameters. 

The main objective of this part was to find simple expressions for further analytical 

application. The expressions for  and   dependence on L/t0 and A/t0 are given 

in Appendix. 

4.5 Composite stiffness based on effective stiffness of an isolated  

0 -layer with surface loads 

In this subsection we use the calculated and approximated normal and shear stress 

-layer 

model shown in Figure 10. The approximate expressions for the normal and the 

shear stresses given in Appendix are used. The surface load is obtained by 

multiplying the stress components by the element length which is assumed equal to 

the distance dx between two neighboring nodes. The calculated load is applied in the 

local coordinate system related to each element on the bottom surface of the curved 

layer. This new boundary condition is introduced in addition to the symmetry on the 

left edge and the displacement applied in the right edge. Since the loading applied to 

-layer is not uniaxial the     calculated using Eq. (14) is, strictly speaking, 
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-layer mechanical 

behavior in the composite. 

 
Figure10. -layer surface 

In Figure 11, -layer is 

-layer determined from the 

waved cross ply laminate, see Section 4.3, good agreement between both solutions 

is demonstr -layer stiffness calculated 

using the rest of boundary conditions in Figure 3 is also presented. Effective stiffness 

in the case of fixed/free ends is unrealistically low, while rigid foundation is too high. 

The most accurate results are given by the beam with distributed surface load. Thus, 

-layers in the 

laminate by a distributed load applied to the curved beam is validated. The accuracy 

can be improved by more accurate fitting of the interface stresses; the simplicity can 

be improved by more rough approximation that, probably, would not affect the 

calculated stiffness too much. 

33 

 



 

Figure11. -layer with different boundary conditions 

Finally, CLT, see Eq. (4), is used to determine the laminate stiffness utilizing the 

-layer with distributed load, and the effective 

- -layer stiffness is used in two approximations: 

a) With varying thickness with values from Figure 6b (this requires FE calculations of 

the cross-ply composite); b) using Eq. (16), i.e. =   (which is not 

accurate, but simple for use).  In Figure 12 to Figure 14 the laminate stiffness is 

presented as a function of A/t0 for different L/t0. In Figure 12a, 13a and 14a the 

-layer is used whereas in Figures 12b, 13b and 14b the 

-layer with varying thickness is represented by its transverse stiffness  

calculated using data in Table 1.These results show good agreement between the 

-layer and FE calculation 

-

layer effective stiffness is represented by its material transverse stiffness, proving 

that this approximation may be used. 

34 

 



  

Figure12. CLT using effective stiffness compared to FE-analysis for CF/EP1  

  

Figure13. CLT using effective stiffness compared to FE-analysis for GF/EP 

  
Figure14. CLT using effective stiffness compared to FE-analysis for CF/EP2 
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5. Conclusions   

-bundle waviness on stiffness of cross-ply NCF composites was 

modeled. Multiscale approach was used by first calculating the homogenized bundle 

material properties from its constituents by using an assumed hexagonal fiber 

-layer and the bundle structure of the 

-layer with varying thickness are then replaced with homogenized materials. 

- -layer with varying thickness were replaced by 

flat layers with effective stiffness and classical laminate theory was used to calculate 

the macroscopic stiffness. The presented paper focused on the axial macroscopic 

stiffness. 

The macroscopic axial stiffness was expressed through the effective stiffness of the 

- -layer with varying thickness. It 

was shown that the effective stiffness of a layer in the composite can be calculated 

averaging the apparent stiffness, which are on the right and the left edges of the 

layer. These two forces to layer are different due to varying layer thickness and due 

to the interaction between layers resulting in normal and shear stresses at the 0/90-

layer interface. 

-layer stiffness was calculated analyzing isolated 

-layer subjected not only to end loading, but also to surface loading. To 

identify the surface loads to be applied, a detailed FE-analysis of the interface 

stresses was performed. It is concluded that these stresses can be approximated by a 

sinus shaped function with amplitude dependent on the wave length and amplitude 

of the curve normalized with respect to the layer nominal thickness. Fitting 

expressions for the stress amplitude dependence on these layer waviness 

parameters were obtained, and are given in Appendix. 

The described sinus shaped surface loads were applied to isolated curved -layer 

FE-model together with end loading showing that the calculated effective stiffness of 

-layer extracted 

from the cross-ply composite analysis. This proves that further efforts are 
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meaningful to develop analytical approximate models for curved beams with 

sinusoidal surface tractions. 

Finally, the calculated effective 0-layer stiffness was successfully used to calculate 

the macroscopic stiffness of three different composites proving validity of the used 

multiscale approach. It was also shown that without losing accuracy the effective 

-layer (which generally speaking should be calculated numerically 

-layer with varying thickness and applied surface and end loads) can 

-layer material. 
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Appendix A 

Interface stress amplitude approximate dependence on A/t0 and L/t0 

Fitting the interface normal and shear stress with Eq. (17) and Eq. (18) respectively, 

the stress amplitudes  and   are found. The monotonously decreasing values 

were fitted with the following function 

( ) =        Eq. (A.1) 

Constants determined by fitting 

= + +        Eq. (A.2) 

=          Eq. (A.3) 

The determined values of constants , , , , ,  for layers made of 

composite materials CF/EP1, CF/EP2 and GF/EP are given in Table A.1.  
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Table A.1 Values of constants for fitting maximum value of the interface normal 

stress ( = 1% ) 

 

Amplitudes of shear stress are also fitted using the same type of expression:  

( ) =        Eq. (A.4) 

Parameters   ,   and   are described by following functions: 

= +   exp ( )      Eq. (A.5) 

 = +   exp ( )     Eq. (A.6) 

= +   exp ( )       Eq. (A.7) 

The constants for layers made of the different composite materials found by fitting 

are given in Table A.2.  
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Table A.2 Values of constants for fitting maximum value of the interface shear stress 

( = 1% ) 
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Abstract 

The effect of 0 -tow out-of-plane waviness on the biaxial Non-Crimp-Fabric (NCF) 

composite axial stiffness is investigated. Homogenizing, the bundle mesostructure of 

the NCF composite is replaced by layers. Then the composite is represented by a 

laminate with flat layers with effective stiffness properties representing the curved 

0 -layer and the 90 -layer with varying thickness. It is shown that the NCF composite 

knock-down factor characterizing the stiffness degradation has almost the same 

dependence on wave parameters as the knock-down factor for the curved 0 -layer. 

Numerical analysis showed that 90 -layer knock-down factor versus amplitude 

curves for different wavelength can be reduced to one master curve which can be 

described by a one-parameter expression with the parameter dependent on the 

used material. This observation is used to obtain high accuracy for analytical 

predictions for knock down factors for cases with different wavelength and 

amplitudes based on two FE calculations only.  

Keywords: Waviness, knock-down factor, stiffness, master curve, classical laminate 

theory (CLT) 

1. Introduction  

New manufacturing methods and material architectures had been employed over 

the last decade using dry woven or Non Crimp Fabric (NCF) preforms with following 

resin infusion.  NCF based composites ideally would have in-plane stiffness similar to 
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prepreg tape composites. In addition, improvements in damage tolerance as well as 

out-of-plane fracture toughness have been reported [1-3].  That’s why the interest in 

the wind energy and car industry as well as among European aircraft manufacturers 

to use NCF based composites in primary structures is so strong. 

NCF composites are manufactured from layered textile preforms consisting of fiber 

bundles with a certain orientation assembled by warp-knitted threads [4]. Thus a 

NCF composite is heterogeneous not only on fiber/matrix scale as prepreg tape 

based composites, but also on mesoscale (impregnated fiber bundles and resin 

pockets). Since the bundle scale is much larger than the fiber scale, homogenization 

over the fiber/matrix scale is possible representing the bundle as transversally 

isotropic material. 

Ideally, NCF composites would consist of perfectly aligned fiber bundles where the 

size of each bundle is determined by the stitching procedure. However, NCF 

composites have both in- and out-of-plane waviness of the bundles which reduces 

the in-plane stiffness. The out-of-plane waviness was measured in [5,6]. A sinusoidal 

shape of the waviness was assumed and used in a two-dimensional finite element 

model (FE) of the composite that had periodic structure in the thickness direction 

with a bi-axial non-crimp fabric as a repeating unit cell. 

Assuming periodic out-of-plane waviness the architecture of NCF composite has 

similarities to woven fabric composites and therefore methods and models for 

woven fabric composites [7] have been applied for NCF composites as well. For 

woven composites Ishikawa and Chou [8, 9] proposed the mosaic and fiber 

undulation models. The mosaic model disregards the waviness of the bundle 

whereas the fiber undulation model also includes the waviness. For example in [10], 

the 3-D representative volume element (RVE) consists of flat matrix pockets as well 

as in-plane and interlaced bundle regions. The iso-strain assumption was used in the 

in-plane directions and constant stress assumption was used in the out-of-plane 

direction. Similar models have been applied to NCF composites in [11, 12]. In [13] 

the stitching tread was included in the analysis. Stiffness expressions for NCF 
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composites assembled by a warp knitting procedure were presented in [14] using 

the manufacturing parameters as input. In [15] the reduced volume fraction of the 

bundle and matrix due to the distortion created by the stitching yarn was analyzed. 

The reduced volume fraction was then used together with CLT to predict the 

mechanical properties of the laminate. Super-elements containing all details of the 

NCF architecture that necessarily requires numerical methods were introduced in 

[16]. More complex semi-analytical approaches are presented in [17, 18].  

Another group of models relies on classical laminate theory (CLT) using assumption 

that the curved bundle with out-of plane waviness can be replaced by “effective” flat 

layer. In [19] the effective modulus was calculated using analytical Timoshenko 

model for curved beam, applying several boundary conditions in thickness (z) 

direction during axial loading: “free beam” (no restrictions on z-displacement); 

“simple support” (zero z-displacement in support points); “elastic foundation” 

represented by one spring leading to very similar result as in the case with “simple 

support”. The reduction of the effective bundle modulus was described by a knock-

down factor. The results were not satisfactory and in [20] a detailed FE-analysis was 

performed finding that the loads on the tow surface have to be accounted for. For 

sinus-shaped tow they can be described by sinus function with amplitude dependent 

on the wave length and amplitude of the curve.  

In the presented paper we are demonstrating that the axial stiffness of biaxial cross-

ply NCF composite described by knock-down factor is almost the same as the knock 

down factor for the curved layer stiffness obtained in the same FE calculation. Then a 

novel “master curve approach” is presented which allows calculating the knock down 

factor of curved layer of arbitrary wave amplitude and length. The master curve for 

the given NCF composite material is obtained fitting FE knock-down factor values for 

one (preferably relatively short) wavelength and at least two values of amplitude. 

Only one additional FE calculation is required to cover all possible amplitude cases 

for a different wavelength. The curved layer knock-down factor is used to calculate 

the NCF composite knock-down factor. The very high accuracy of this approach is 

demonstrated in comparison with direct FE calculations.  
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2. Homogenization 

In a previous study [19] a two blanket cross-ply NCF’s 0 -tow waviness was assumed 

sinusoidal and two possible geometrical configurations were analyzed numerically: 

the in-phase case, when the waves of the two outer 0 -layers are in phase, and the 

out-of-phase case, when the waves of the outer 0 -layers are out of phase. These are 

the extreme cases and in a real composite the RVE is often much larger than the 

wave length of the individual bundle in one blanket because the blankets of the 

fabric are randomly shifted in horizontal directions. In this paper we analyze the 

stiffness of a simple 0/90 unit of the NCF composite. The rest of the composite is 

roughly replaced with symmetry condition. Two units are analyzed, a unit with a 

surface 0 -layer, see figure 1a and 1b, and another with an embedded 0 -layer, see 

figure 1c.  The units correspond to a particular case of cross-ply NCF composite with 

zero shifts between blankets.  

Bundles in the NCF composite are considered as unidirectional (UD) composites with 

certain fiber volume fraction and their elastic properties may be calculated using 

hexagonal unit cell as it was explained in [21] or simple rule of mixture based on iso-

strain assumption, Halpin-Tsai expressions etc.  

Bundles or layers with out-of-plane waviness are referred in following as “curved 

bundles” or “curved layers”. First we assume that the structure of curved bundles in 

a layer may be replaced by homogenized layer with average fiber content which was 

kept 0.6 in the current investigation. The elastic constants of the layers and the 

constituents are given in Table 1 for glass fiber- and carbon fiber- epoxy composites 

(GF/EP and CF/EP).  

Table1 Elastic constants of constituents and homogenized layers  
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The error introduced by replacing the layer with bundles by homogenized layer was 

analyzed before, for example, in [18] showing that the axial stiffness of a flat 0 -layer 

does not change if the bundle mesostructure of the 0 -layer is replaced by 

homogenized layer with elastic properties corresponding to the average volume 

fraction of fibers in the layer. This result justifies the use of curved 0 -layer instead of 

curved 0 -bundles in NCF composite stiffness investigation. The same study [18] 

demonstrated that the 90 -layer meso-scale details on the NCF laminate stiffness 

can be neglected in cross-ply NCF with straight 0 -bundles and constant 90 -layer 

thickness. The validity of the assumption that in NCF composite with curved 0 -layer 

the 90 -layer bundle structure can be homogenized (“smeared out”) was checked in 

[20] comparing axial stiffness of models in figure 1a and figure 1b with sinusoidal 

shape of the waviness. 

In calculations both models had the same fiber content. Changing the amplitude A of 

the waviness the average thickness of the 90 -layer was not changed.  The results 

showed that the stiffness is just marginally affected by the mesostructure of the 

bundles and the 90 -layer homogenization is justified.  

In the next step we adapt the CLT approach to NCF composite stiffness calculation 

replacing the curved layer with a straight layer which has the “effective” in-plane 

stiffness of the curved layer. Thus, the laminate is made of “effective” layers.  

 

Figure1. NCF composites units (a) surface 0 -layer with bundle structure (b) surface 

0 -layer with homogenized 90 -layer (c) embedded 0 -layer with homogenized 90 -

layers. 
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3. Theoretical background 

The CLT approach for calculating the axial stiffness of the NCF composite specimen is 

very attractive due to its simplicity in application. The stiffness elements of a 

laminate with flat layers (NCF composite with zero waviness) are related to the A-

matrix of the laminate =     =      Eq. (1)  

For the NCF composite represented by laminate with effective layers we have 

 =    =    Eq. (2) 

with ,  and   being the effective stiffness matrix of the layer in global 

coordinates, average layer thickness and average laminate thickness respectively. 

For the axial stiffness of a cross-ply laminate and the NCF composite analyzed in this 

paper we obtain 

= +          Eq. (3) 

= +        Eq. (4)  is the effective transverse stiffness of the homogenized 90 -layer with 

varying thickness (  is the average thickness),   is the effective axial stiffness 

of the curved 0 -layer.  

The stiffness knock-down factors for the 0 -layer, for the 90 -layer and for the NCF 

composite (represented by laminate) are introduced as follows 

=    =   =    Eq. (5) 

From Eq. (5) and Eq. (4) we obtain 

= +          Eq. (6) 

Using Eq. (3) to replace  , Eq. (6) can be rearranged in the form 
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= +      = ( )    Eq. (7)  

The second term in Eq. (7) depends on the layer stiffness and thickness ratio and on 

the difference between the knock-down factors for the 0 - and 90 -layer. Results 

presented in Section 5 show that this term can be neglected without introducing any 

noticeable error. Certainly, to find these knock-down factors, we have to start with 

proper definition and methodology for determination of the effective stiffness. 

The axial stiffness  of symmetric and balanced NCF composite can be obtained 

from the macroscopic in-plane stress-strain relationship = +         Eq. (8) 

In Eq. (8) x-direction is the specimen axial (loading) direction, see Figure 1. The NCF 

composite axial stiffness element   is obtained performing FE-analysis for plane 

strain case ( = 0). In this loading case  is obtained directly dividing the 

calculated axial average stress by the macroscopic strain applied. The average stress 

is axial force  divided by nominal (average) thickness of the laminate . Hence 

=           Eq. (9) 

The effective in-plane axial stiffness of the curved 0 -layer is lower than the stiffness 

of a straight layer mainly because the fibers are not oriented in-plane. However, as 

shown in [20], the curved layer in addition to end loading (applied displacement) is 

subjected to large normal and tangential tractions at the layer interface. In other 

words the loading to the curved layer is not uniaxial and as a consequence the force 

calculated at the right end of the layer (index R) is not equal to the force on the left 

end (index L) ,  (0°) (0°) . This makes the determination of the effective 

stiffness uncertain, because different values are obtained using different cross-

sections. The same applies to the 90 -layer with varying thickness (90°)(90°). The numbers 0° and 90° in parenthesis indicate the layer under 

consideration. Certainly, on both ends the total force is the same, for example (0°) + (90°) =          Eq. (10) 
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Because of the described reason the effective layer “stiffness” calculated on the left 

and the right edge of the model differs (0°) (0°)  (90°) (90°)      Eq. (11) 

(0°) = ( )   , (0°) = ( ) 
, (90°) = ( )( ) , (90°) = ( )( )    Eq. (12) 

In fact none of these numbers is stiffness, because the loading to the layer is not 

uniaxial. For the purpose of employing the CLT, the effective layer stiffness  and  have to be defined in a way that using Eq. (2) gives exactly the 

same values for NCF composite as direct FE calculation. 

In [20] it was demonstrated that the following definitions of effective stiffness give 

this result  

= ( ) ( )        Eq. (13) 

  = ( ) ( )
       Eq. (14) 

These definitions together with Eq. (5) will be used in all calculations. 

4. FE modeling 

In this paper the 0/90 units shown in Figure 1b and Figure 1c are analyzed. The 

thickness of the 0 -layer is equal to the average thickness of one 90 -layer, =  

.The top surface of the 0 -layer in Figure 1b is traction free and all node belonging to 

the top surface of the unit in Figure 1c are coupled.  The finite element code 

ANSYS14.0 with PLANE42 elements in plane strain assumption was used. The 

coordinate system of each element in the 0 -layer followed the sinusoidal shape of 

the layer. The area of each layer was meshed with quadratic elements with 200 

divisions along the model length and 40 divisions along the thickness direction. 

Symmetry condition was applied along the left vertical boundary and a constant x-
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displacement was applied along the right vertical boundary leading to average strain 

in x-direction equal to 1%. Symmetry condition was applied along the bottom 

boundary. 

Forces for effective stiffness determination according to Eq. (12)-(14) were 

calculated by summing the reaction forces acting on the nodes along the 

corresponding edge of the layer. The reaction force on the node shared by both 

layers is replaced by half of the reaction force of the neighboring node, by analogy 

with the reaction force on the upper-right node in the free upper boundary which is 

also equal to half of the reaction force of its neighboring node.  

5. Numerical analysis: Results and discussion 

5.1. NCF stiffness knock-down factor 

In order to investigate which term (   or  ) is affecting more the NCF knock down 

factor in Eq. (7), calculations are performed for two different ratios of wavelength L 

and  the layer thickness t0 : L/t0=10 and L/t0=15 and for both CF/EP and GF/EP 

materials for the unit with surface 0 -layer. Results are presented in Figure 2. 

Although the knock down factors in the case of CF/EP are decreasing more than for 

the case of GF/EP, both figures present similar behavior of the curves and the same 

conclusions can be deduced for both materials. The term  in Eq. (7) can be 

neglected since it is almost equal to zero in the figures. Thus, the NCF composite 

knock down factor defined by Eq. (5) can be assumed equal to the 0 -layer knock 

down factor defined by Eq. (5) and Eq. (13),  . In other words, in order to 

know NCF cross-ply composite knock down factor, it is enough to know the 0 -layer 

knock down factor. 
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Figure2. Comparison of   and   in the expression of NCF knock- down factor in 

Eq. (7) for unit with surface 0 -layer (a) CF/EP and (b) GF/EP 

In the following, the focus will be mostly on the determination of knock down factor 

of the 0 -layer. An important observation deduced from Figure 2 is that the curves of 

k0 corresponding to L/t0=10 and L/t0=15 look similar and have similar shape. This 

leads to assumption that both curves may coincide by performing proper 

“deformation” of both axis (changing scales). As a consequence the curve 

corresponding to L/t0=15 could be obtained as a part of the curve corresponding to 

L/t0=10. More generally: Is it possible to predict the knock down factor for any L/t0 

ratio  as a function of A/t0 based on known relationship for one given L/t0 ratio which 

could be considered as a master curve? As shown in the next section the answer is 

“yes”.  It is suggested to determine the master curve by performing accurate FE 

calculations for the case of short wavelength L/t0 and to fit it with analytical function.  

5.2. Master curve approach 

5.2.1. Knock down-factor curve and fitting function  

The case of L/t0=6 is considered as extreme case where the same amplitude can lead 

to a steep angle of the waviness. The 0 -layer knock-down factor is decreasing more 

than in cases with larger ratios. The knock-down factor dependence on the wave 

amplitude at L/t0=6 will be considered as master curve for the rest of calculations. 

The analytical fitting of the case of L/t0=6 will be used to calculate the knock-down 
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factors for the other cases of the higher ratios of L/t0. The calculated values and the 

fitting curves are presented in figure 3 for both materials and for the unit with 

surface 0 -layer. The same fitting expression in Eq. (15) is found for both materials.  

=  ( / )         Eq. (15)      

 

Figure3. Fitting function for Master curve (L/t0 =6) (surface 0 -layer) (a) CF/EP and 

(b) GF/EP 

The fitting constants “b” and “c” are given in Table 2 for both CF/EP and GF/EP 

materials and for both surface and embedded 0 -layer cases. 

Table2. Fitting constants 

 

The fitting constant c is weakly dependent on the material system and in following it 

is considered as a material independent and set equal to 2. The new constant “b” is 

then found according to the new c (c=2) in order to get the best possible fitting. This 

means that only one parameter “b” depending on the material properties is 

remaining in the Eq. (15). The Eq. (15) seems to be rather “universal” for all 

materials. Then, for instance, even one single FE calculation is enough to determine 

this parameter.  
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5.2.2. Validation and application of the master curve approach 

In this section the aim is to demonstrate and identify the relationship between 

knock-down factor curves for different combinations of L/t0 and A/t0. Then we will 

explain how the master curve is used to predict the 0 -layer knock down factor 

degradation for any case of L/t0.  

The procedure as it is illustrated in Figure 4 is the following.  We consider the knock-

down factor curves for two different wavelength values L/t0. . We assume that one 

of them is the master curve (in our selection it is the curve for L/t0=6, denoted k  

(Index M is for Master) and the other one corresponds to a different wavelength 

L/t0=n, denoted k . We select an arbitrary value of the knock-down factor, k  on 

both curves and denote the corresponding values of the amplitude (A/t0)  and (A/t0) . (( / 0) ) =    (( / 0) ) =     Eq. (16) 

Using data in Figure 4 we can produce a new figure where on the horizontal axis we 

have 

a = ( / )( / ) ( / 0)         Eq. (17) 

In Eq. (17) (A/t0)  is the variable value of the amplitude for k   curve. In the new 

figure each knock-down factor curve is differently “deformed” in the horizontal 

direction according to the first term in Eq. (17). In new coordinates (a, k ) the two 

considered points ((A/t0) , k ) and ((A/t0) , k ) coincide (the a coordinate is 

the same). Generally speaking, there is no reason to expect that other points on 

these curves would coincide too. However, the results presented in figure 5 for CF 

and GF for the case of unit with surface 0 -layer show that the curves coincide. The 

extremely high degree of agreement of numerical results for all inspected materials 

and also embedded layers (Figure 1c) as well, indicates that there may be an exact 

correlation which we do not know at present.  These results imply that knock down 

factor  curves for all possible wavelength =  values coincide when they are 
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plotted against  a = ( / )( / ) . ( / 0)  . Applying Eq. (17) to the master curve we have  a = ( / 0)  . Hence, Eq. (17) can be written as 

( / 0) = ( / )( / ) ( / 0)        Eq. (18) 

The numerically established relationship Eq. (18) between both curves allows for a 

simple recalculation routine: for any selected knock-down factor  and ( / 0)  on 

the master curve we can find the value of amplitude ( / 0)  that would give the 

same knock-down factor for wavelength L/t0=n 

( / 0) = ( / )( / ) ( / 0)         Eq. (19) 

To use Eq. (19) we first have to find ( / 0)  and ( / 0) . 

An illustration of the procedure is shown in the following figures for CF composite 

and for surface 0 -layer case. The knock-down factor curve for   =6, shown in 

Figure 3, is a master curve represented by fitting expression (15). It is used to find  ( / ) for n=10.  

We perform FE calculation for n=10 waviness with one chosen value of the 

amplitude  ( / 0) = 0.7 . The calculated knock-down factor is  = 0.536 . From 

Eq. (15) 

  = ( / )   
 

   ( / ) =0.312  

Then a set of values of ( / 0)  is chosen (first row in Table 3). The corresponding 

values of   (second row) are calculated from Eq. (15). Finally Eq. (19) is used to 

calculate corresponding values of ( / 0) . 

Table3. Calculation results (For CF/EP) (Unit with surface 0 -layer) 
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Figure4. Master curve approach  

 

Figure5. Figure 4 after calculation using Eq. (17) for the case of LM/t0=6 and Ln/t0=8, 

for CF/EP and GF/EP and for the unit with surface -layer. 

-layer knock down factors  given in the second row in Table 3 are plotted as 

a function of ( / 0)   -layer 

knock down factor curve is obtained for the case of L/t0=10 using the fitting 

expression of the master curve and only one FE calculation for amplitude A/t0=0.7 

for L/t0=10. The results presented in Figure 6a are for CF/EP material as well as for 

GF/EP. The fitting constant c in Eq. (15) is assumed equal to 2 for both materials. The 

obtained knock-down curve is plotted at the same figure with knock down facture 
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curve calculated using FE for the same case of L/t0=10. The master curve approach is 

thereby shown to give a good agreement within the considered range of amplitude 

and wavelength. 

The same procedure is applied for L/t0=15 composite (see Figure 6b). And the same 

is done for the unit with e -layer as well (see Figure 7a and Figure 7b). 

The assumption of making c=2 is working well for both units and the only remaining 

unknown constant is “b” in the fitting expression. Which means few FE calculated 

data points can be enough to determine the unknown constant “b” in the equation 

of the master curve and another FE-calculation data point to predict the whole 

behavior of the knock down factor at a different wavelength.  

  

Figure6. Comparison of  calculated using FE with  calculated using master curve 

-layer (a) L/t0=10 and (b) L/t0=15. 
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Figure7. Comparison of  calculated using FE with  calculated using master curve 

-layer (a) L/t0=10 and (b) L/t0=15. 

Finally  is calculated in Eq. (7) using  determined from the master curve 

approach together with  calculated from Eq. (5) and Eq. (14). The results are 

presented in Figures 8-9 and are compared to direct FE calculation for NCF knock 

down factor. If  -

layer is considered equal to the transverse stiffness of the UD composite material, 

-layer effective 

stiffness is neglected. The results corresponding to this case in Figures 8-9 are close 

to the results using Eq. (7) and  calculated using Eq. (5) and Eq. (14). On the other 

hand,    determined using master curve approach is rather close to the NCF knock 

down factors calculated directly from FE. . Since k < k  , it can be used as a 

conservative estimation of the NCF composite axial stiffness reduction. 

60 

 



  

Figure8. NCF composite knock down factor with surface 0 -layer (a) CF/EP (b) GF/EP. 

 

Figure9. NCF composite knock down factor with embedded 0 -layer (a) CF/EP (b) 

GF/EP. 

Conclusions 

Numerical parametric FE-analysis showed that the axial stiffness reduction (knock-

down factor)  of a cross-ply type NCF composite made of carbon fiber (CF) or glass 

fiber (GF) bundles with out-of-plane waviness of a surface 0- layer or embedded 0-

layer is almost the same as the effective stiffness reduction of the curved 0 -layer. 

This conclusion holds for a large variety of wavelength and wave amplitudes of 

imperfections. 
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Analyzing the calculated 0 -layer knock-down factor versus the wave amplitude 

curves for NCF composites with different wavelength we observed that these curves 

for different wavelength can be reduced to one master curve by changing the scale 

of the wave amplitude axis. 

It was found analyzing results for CF and GF cases that the numerical data building 

the master curve can be fitted by a very simple one-parameter function. Thus, for a 

given material only a few FE calculations for a selected wavelength and amplitude is 

all what is needed to construct the master curve. More calculations would serve the 

validation purpose. 

To construct the 0 -layer knock-down factor versus wave amplitude curve for a 

different wavelength only one FE calculation is required for arbitrary selected 

amplitude. Predictions performed for CF and GF NCF composites show a very good 

agreement with direct FE calculations. Without losing accuracy, transverse stiffness 

of the 90-layer material can be used to represent the effective transverse stiffness of 

the 90-layer. The knock-down factor of the 0-layer is as a lower bond of the NCF 

composite stiffness reduction. 

The observed features used in the master curve approach require further 

investigation regarding their mechanical origin and potential of application to more 

complex NCF composites with 0 -layer waviness. 

Acknowledgements 

It is gratefully acknowledged that the work performed in this paper is partly funded 

by the Swedish 5th National Aeronautical Research Program (NFFP5) through the 

project ReFACT, and also through the Joint European Doctoral Program in Material 

Science and Engineering (DocMase). 

References 

[1] Dransfield K, Baillie C, Yiu-Wing M. Improving the delamination resistance of 

CFRP by stitching – a review. Composites Science and Technology 1994; 50: 305-317. 

62 

 



[2] Dransfield K,  Jain L, Mai, Y-W. On the effects of stitching in CFRPs- I. Mode I 

delamination toughness. Composites Science and Technology 1998; 58: 815-827. 

[3] Jain L, dransfield K, Mai, Y-W. On the effects of stitching in CFRPs- II. Mode II 

delamination toughness. Composites Science and Technology 1998; 5: 829-837. 

[4] Leong KH, Ramakrishna S, Huang ZM, Bibo GA. The potential of knitting for 

engineering composites- a review. Composites: Part A 2000; 31: 197-220. 

[5] Drapier S, Wisnom MR. Finite-element investigation of the compressive strength 

of non-crimp-fabric based composites. Composite Science and Technology 

1999;59:1287-1297. 

[6] Drapier S, Wisnom MR. A finite-element investigation of the interlaminar shear 

behaviour of non-crimp-fabric-based composites. Composite Science and Technology 

1999;59:2351-2362. 

[7] Miller AJ. The effect of microstructural parameters on the mechanical properties 

of non-crimp fabric composites. M. Phil. thesis, Cranfield University, School of 

Industrial and Manufacturing Science 1996. 

[8] Ishikawa T, Chou TW. Elastic behaviour of woven hybrid composites.  Journal of 

Composite materials 1982; 16: 2-19. 

[9] Ishikawa T, Chou TW. One-dimensional micromechanical analysis of woven fabric 

composites. AIAA Journal 1983; 21(12):1714-1721. 

[10] Kurath P, Karayaka M. Deformation and failure behaviour of woven Composite 

Laminates.  Journal of Engineering Materials and Technology 1994; 116: 222-232.   

[11] Wang Y, Li J, Do PB. Properties of composites laminates reinforced with E-glass 

multiaxial non-crimp fabrics. Journal of Composite Materials 1995; 29(17): 2317-

2333. 

[12] Bibo GA, Hogg PJ, Kemp M. Mechanical characterisation of glass- and carbon-

fibre-reinforced composites made with non-crimp fabrics. Composite Science and 

technology 1997; 57(9-10): 1221-1241. 

[12] Chun H-J, Ryu KS, Byun JH. Predictions of Elastic Properties of Multi-axial Warp 

Knitted Fabric Composites. Key Engineering Materials 2004; 261-263(II): 1499-1504.  

[13] Robitaille F, Clayton BR, Long AC, Souter BJ, Rudd CD.Geometric modelling of 

industrial preforms: warp-knitted textiles. Proceedings of the Institution of 

63 

 



Mechanical Engineers Part L, Journal of Materials: Design and Applications 2000; 

214: 71-90. 

[14] Klopp K, Veihelmann B, Kolkmann A, Laourine E, Gries. Use of reinforcement 

textiles in fiber reinforced plastics. Tech Text 2003; 46: 59-63. 

[15] Tessitore N, Riccio A. A novel FEM model for biaxial non-crimp fabric composite 

materials under tension. Computers and Structures 2006; 84: 1200-1207 

[16] Byström J., Jekabsons N, Varna J. An evaluation of different models for 

prediction of elastic properties of woven composites. Composites: Part B 2000; 31: 7-

20. 

[17] Mattsson HD, Varna J. Average strain in fiber bundles and its effect on NCF 

composite stiffness.  Journal of Engineering materials and technology 2007; 129: 

211-219. 

[18] Edgren F, Asp LE. Approximate analytical constitutive model for non-crimp fabric 

composites. Composites: Part A 2005; 36: 173-181.    

[19] Zrida H, Marklund E, Varna J, Ayadi Z. -layer for stiffness 

determination of cross-ply non-crimp fabric composites. Journal of reinforced 

plastics and composites 2014 (submitted) 

[20] Marklund E, Asp LE, Varna J. Modelling stiffness and strength of non-crimp 

fabric composites semi-laminar analysis. Woodhead publishing in materials,Non-

crimp fabric composites: manufacturing, properties and application 2011; 17:403-

438.    

 

 

 

 

 

 

 

 

 

64 

 



 

 

 

 

 

 

 

 



 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Impact
    /LucidaConsole
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


