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INTERNAL GEOMETRY VARIABILITY OF TWO WOVEN 
COMPOSITES AND RELATED VARIABILITY OF THE 

STIFFNESS  

1. ABSTRACT 

In this work the internal geometry measurement of two woven composites is analysed: 
cross section of the yarns, fibre volume fraction, crimp, misalignment of the samples, 
thickness of the plates, nesting value, etc. The chosen textile composites are produced 
using the same resin reinforcement and same architecture, but have different yarn size 
(3K and 12K). The dispersion of measured geometrical parameters is introduced in a 
numerical multi-scale modelling approach to evaluate the macroscopic stiffness values. 
A sensitivity analysis is performed for each geometrical parameter and laminate 
stiffnesses are derived.  These are linked to the experimentally obtained elastic 
properties by tensile tests. Finally the unit cell size scale effect for measured geometry 
variability and experimentally obtained elastic properties are evaluated. 
 

2. INTRODUCTION 

Woven textile composites are widely used in automotive or aeronautics 
applications due to their enhanced performance. Many authors have studied 
mechanical properties in textile materials from a micro (fibre/matrix de-bonding), meso- 
(transverse cracking of the fibre bundle or crack in the matrix) and macro scale 
(delamination at the fibre bundle boundaries) experimentally [1-4] and numerically [5,6]. 
The material data introduced to the mathematical models must be reliable in order to 
obtain solutions as close as possible to the real physical phenomenon. The importance 
of the internal geometry of the structure is crucial while analysing the behaviour of the 
material during loading conditions. The scatter of the geometrical structure in textile 
composite materials can lead also to a scatter of physical properties. This is the reason 
why the knowledge of the correlation between the source of variability and the resulting 
behaviour is essential for controlling the manufacturing process and consequently the 
final material properties. Significant features such as mechanical elastic properties, 
formability, permeability, initial failure and damage progression are very sensitive to the 
variability of the internal geometry structure. Many authors [7-10] found a direct relation 
between fabric structure and material permeability values. As an example Hoes [7] 
defined the nesting of layers as the major source of variations in permeability values for 
fabric composite materials. Endruweit et al. [8], investigated the influence of variability 
of reinforcement geometry (for example, variation of fibre orientations) on permeability 
measurements. Related to other properties, Skordos [11] found significant variations in 
the formability due to the effect of misalignment of yarns and local unit cell size in pre-
impregnated woven textiles. 

In most of the mathematical models an ideal repetitive unit cell for mechanical 
characterisation is used, without realising how important the difference between the 
real structure and a model can be. Variables such as fibre volume fraction, defects 
related to the manufacturing process or misalignment of fibres with respect to the load 
application axis create scatter in the mechanical properties that are measured 
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experimentally. Directionality and misalignment is the paramount factor for the scatter 
in the properties on the loading direction. John et al. [2] pointed to the orientation of the 
yarn relative to the loading axis as the most critical variable while calculating the tensile 
properties. When there is an unintentional misalignment of small angles between the 
applied load and the sample orientation, the stiffness and strength properties are 
affected. Vallons [12] found that stiffness and strength changes for a biaxial non-crimp 
fabric composite at small off-axis angles (below 5º). The observed changes were 
higher for the strength property than for stiffness values. Pinho [13] concluded that in 
advanced composites, local micro-structural defects, such as fibre misalignments seem 
to be initiation of kinking. Endruweit [14] calculated from the normally distributed fibre 
angle variations the permeability changes in textile materials. Increasing fibre angle 
variations for resin injection simulations, times for complete filling of the mould 
increase. Loendersloot [15] found that the impregnation and mechanical behaviour are 
affected by the misalignment of the fibre bundles, those initial misalignments can be up 
to 7–8º. Liu [16] evaluated the average and standard deviation of the misalignment 
angles in carbon-epoxy pultrusions for different fibre volume fraction values. Depending 
on the fibre volume fraction and the size of the mould used during the manufacturing 
process the mean value of the misalignment angle varied from -0.1º to 3.5º and the 
standard deviation from 1.2º to 4.3º.    

The internal geometry variability has been studied by several authors using 
mainly optical methods. Desplentere [17] compared the suitability of two methods, an 
optical microscopy and X-ray micro-CT, for measuring stochastic parameters of the 
geometry for 2D and 3D woven textile preforms. The conclusions showed no significant 
differences between both methods. The standard deviations found were close to 16% 
while measuring yarn thickness, width and spacing.  
 

Charmpis et al. [18] defined the lack of micromechanical data measurements as 
a big problem while evaluating the results for stochastic finite element methods. This 
work is an attempt to overcome the problem examining and evaluating the 
micromechanical characteristics of the material. The main objective of the present 
research is to analyse the variability of the internal geometry of two woven structures 
and to evaluate how this scatter affects the macroscopic mechanical properties. First 
the measurements of geometrical parameters are analysed by means of optical 
microscopy. The evaluation of how different an ideal geometrical model of a textile 
woven unit cell can be from the real inner structure is described. Then the elastic 
properties are evaluated from a numerical multi-scale model simulation having as input 
data the measurements carried out in the first part and taking into account their 
identified variability. The properties obtained are compared to the values obtained 
experimentally during tensile tests. 

3. MATERIALS AND EXPERIMENTAL METHODOLOGY 

The material used is made using HexPly® M10.1 prepregs [19] with T700S 
carbon fibres, curing them in an autoclave based on the conditions defined by the 
supplier: pressure 5 bar at 120°C for 1 hour. The selected textile composites are built 
using the same resin, same fibres and same twill 2/2 woven architecture, but having 
different yarn size (Table 1 and Fig.1). One fabric has 3000 filaments per yarn (3K) and 
the other 12000 filaments per yarn (12K). The repetitive unit cell for 12K material is 
more than two times bigger than the repetitive unit cell for 3K. The reason why two 
structures are chosen is that we want to analyse the scale effect on the variability of the 
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geometrical properties of the measured inner structure. 3K material has 13 layers and 
12K material 9 layers. The approximate thickness value from the specifications of the 
supplier is 3mm.  

Table 1 : Properties of the reinforcements 

 Areal density*  Filaments per 
yarn* 

Unit cell Fibre volume 
fraction**  

3K 200 g/m2 3000 ~ 8x8 mm 53  0.08% 

12K 285 g/m2 12000 ~  22x22 mm 55  0.17 % 

* specifications of the supplier 

** measured by burn-out test 

                   

Fig. 1 : Surface scans of the prepregs: left 3K, right 12K. The square designates a unit cell of 
twill 2/2 weave 

 
The specimens for cross section observations are cut out of the composite plate 

using a diamond saw with the 0º cut plane orientation (warp direction). The samples 
are polished using sandpapers with roughnesses from 320 to 4000 in the automatic 
polishing machine (TF250). The prepared cross sections are observed under an optical 
camera (Microscopio Leica). The images are post-processed and analysed using 
image manager software of the microscope and in-house developed programs. 

Tensile tests are performed using an INSTRON 4505 test bench at 1 mm/min 
test speed. Dimensions of the specimens are 25 mm wide and 135 mm gauge length. 
Strain measurement is done by strain mapping, which is based on a digital image 
correlation technique (LIMESS). Nine Samples are tested for 12K structure and 14 
samples for 3K (the number of tests for 3K was larger due to availability of the 
material).  The specimens were cut along the warp direction. 

In most cases the number of measurements of the internal geometry 
parameters (yarn cross section dimensions etc) carried out for 12K material is lower 
than for 3K material. The main reason is the unit cell geometry scale difference 
between both structures; the number of unit cells suitable for measuring is more than 
two times lower at the same specimen dimension for 12K than for 3K.   
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4. GEOMETRY VARIABILITY MEASUREMENT 

The parameters measured in two textile structures are specimen thickness, yarn 
cross section shape and dimensions, fibre volume fraction, crimp, nesting value, 
misalignment of the samples and spacing between yarns. Warp direction is the loading 
direction during tensile test and the perpendicular direction is the nominal weft 
direction. Cross section of the yarns and fibre volume fraction parameters are 
measured for the weft yarns, while crimp, misalignment and spacing between yarns are 
measured for yarns in warp direction. As the structure of the fabric is symmetric, we 
assume that the geometry variability is the same in both directions. For assuring this 
assumption the comparison between ends/picks in weft and warp directions is done, 
showing differences close to 1%. All data measured are summarised in Table 2, 
presented at the end of this section.  

4.1 Thickness of the plates  

The manufacturing process is the major source of variability of the thickness in the 

samples. In our samples the thickness for 12K is 2.550.2 mm and for 3K 2.60.22 mm 
(200 measurements per material in several samples); the autoclave process gives a 
standard deviation of about 0.2 mm to our woven material. Coleman [20] defined the 
variance of ±7% to the thickness of graphite/epoxy woven fabric materials for autoclave 
curing manufacturing process. This value is close to the values obtained for the 12K 
(7.8%) and for 3K (8.4%). Karahan et al in [21] defined a deviation in the thickness of 
the composite material around 0.11 mm for a similar average thickness carbon/epoxy 
non-crimp 3D woven composite manufactured using VARTM under pressure; the lower 
variation can be explained by the more stable structure of the 3D woven reinforcement.  

In any case the thickness variability measured for 12K and 3K materials 
manufactured in the autoclave seems high in comparison to other manufacturing 
processes. In order to evaluate the real thickness distribution on the plates 
manufactured in the autoclave the thickness is measured on the plates (dimension of 
the plates: 300x300mm). Fig 2 shows a concave geometry for both materials with a 
thicker value in the middle and thinner values on the edges. In the autoclave process 
the layers were positioned without using a frame, the lack of this element made 
possible the movement of the resin from the edges to the outside.  

 

 

    

                         a)                                                                           b)  

Fig. 2 : Axial thickness variation on a) 3K and b) 12K plates 
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4.2 Yarn cross section area and fibre volume fraction inside the yarns 

In most of the numerical models of woven structures cross sections of the yarns 
are modelled as symmetrical shapes (elliptical or lenticular), they remain constant 
along the fabric [22]. The more advanced recent models introduce more a complex 
shape description [23,24]. The analysis of several yarns inside the two woven 
structures (12K and 3K) shows that they have not an elliptical cross section as 
expected in an ideal structure. The measurements take into account the wider and 
thicker dimensions of obtained yarn´s envelopes (Fig.3, Fig 4). Yarn thickness for 12K 

is 0.1770.031 mm and for 3K it is 0.1160.013 mm. Yarn width for 12K is 5.650.38 

mm and for 3K it is 2.070.11 mm (number of yarns measured: 72 yarns for 3K, and 22 
yarns for 12K). The geometry variability between different yarns is quite high, the 
shape from one yarn to the other changes considerably. The same conclusion was 
found by Hivet [23] analysing the geometry of carbon twill yarns using optical methods. 
The yarns in observation did not show lenticular shapes and depending on the situation 
of the yarn (in contact or not with other yarns) the cross section was different. Lomov 
[25] measured the variability of a woven glass/ PP (Twintex ®) material sample using 
optical microscopy of the cross-sections for the woven fabrics and the results showed 
lower scatter in yarn dimension than the ones measured in our material. For the woven 
glass/ PP material, deviation in yarn width in warp direction is 0.6%, and 2.6% in weft 
direction. For thickness values, the deviation is 4.9% in warp direction and 6.8% in weft 
direction. In our materials the yarn width deviation is 6.7%-5.3% and yarn thickness 
deviation 17.5%-11.2% (12K-3K). Although 12K and 3K show higher scatter in the 
measurements, the common tendency is for the thickness in all measurements to be 
more variable than the width. Saunders [26] found 13% of scatter between the 
minimum and the maximum measured yarn width value and 22% for yarn height 
measurements in a plain weave glass fabric. 

 

a)                                                                                               b) 
Fig. 3 : Yarn geometry differences between the real and ideal elliptical areas, a) 3K   b) 12K. 
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a)                                                                            b) 
Fig. 4 : Numbered yarns for the geometry measurements, a) 3K, b) 12K. 

 

The volume fraction in the yarn is obtained by dividing the cross section of the fibres by 

the yarn area. The supplier gives 7 m as the average value of the fibres and we 

assume this value is the average diameter. Multiplying the fibre area by the fibre 

number per yarn, the total area of fibres is calculated. The yarn cross section area A is 

obtained by two methods:  

a) By applying the ellipse formula with yarn width and thickness values (Eq.1). 

  Eq.1 

b) By measuring yarn areas using CoCreare ME10 (2D CAD software system). 

Surface contour is reproduced point by point and area is evaluated by the 

software. 

In both materials the ellipse-approximated yarn cross section area is bigger when 

the area is obtained using the CoCreare ME10 2D CAD software, which takes into 

account the real contour of the yarn. As the area is bigger, the fibre volume fraction is 

lower. Measured area for 3K is 0.191 mm2 and the calculated elliptical area is 0.188 

mm2 (1.5% lower). Measured area for 12K is 0.83 mm2 and calculated elliptical area is 

0.8 mm2 (3.75% lower). Desplentere [17] measured a variation of 15% for the yarn 

cross section value. In our material the variation is lower for the yarn area, 12.5-12.6% 

for 12K and 9.4-11.7% for 3K (a-b methods). The obtained yarn volume fractions are 

proportional to yarn areas, for 3K they are 62%-60.8% and for 12K 58.1%-56.3% 

(method a-method b). 

The difference between the values obtained by an ellipse approximation and actual 

shape measurement is small compared with the coefficient of variation. This leads to a 

conclusion, that for the similar materials the ellipse approximation can be cautiously 

used for estimation of fibre volume fraction inside the yarns. 
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Fig. 5 : Uneven local fibre volume fraction inside yarn in 12K, variations of between 20% and 
75%. 

 

Looking into the fibre distribution inside the yarns in detail, we can clearly observe 

important in-homogeneities in most of the yarn cross sections. Karahan [21] analysed 

this scatter and found differences of between 58% and 74% in yarn volume fractions in 

a non-crimp 3D orthogonal woven fabric. In 3K and 12K materials the measured fibre 

volume fraction varies between 20% and 75% (Fig.5). Very low fibre density areas 

(20%-40%) are found near yarn boundary zones, which are more common in 12K than 

in 3K. Other authors as Summerscales [27] also found highly non-uniform fibre 

distribution within a yarn of a plain woven composite. Koissin [28] found fibre 

distribution reductions of 15% at yarn edges for tri-axial carbon-fibre braid material. 

 

4.3 Average Waviness of the yarn centre line 

Crimp (waviness) of the yarn is measured from the microscope images using 
CoCreare ME10 2D CAD software.  The applied formula is: 

     Eq.2 

where Lf is the curved length of the yarn centre line, L0 is the corresponding 
distance along the mid-plane of the fabric (Fig 6). These values must be obtained for 
several zones inside the microstructure to ensure that we obtain the global average 
value from the samples. 
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For 12K, average crimp of the yarn is 0.13%0.067% and for 3K it is 

0.220.11%. The 3K woven structure shows higher crimp percentage than the 12K.  

 

Fig. 6 : Crimp percentage is obtained by Lf and L0 measurement. 

 
 

4.4 Orientation and Misalignment 

The layer orientation is measured using microscopic images to evaluate the 
misalignment of the fibre bundles with respect to a reference direction along which the 
load is applied. Several authors have evaluated the fibre orientation measuring the 
geometry of fibres from the cross section of the specimens [29,30]. The studies are 
divided into two areas: some dealing with continuous fibres and others dealing with 
short fibres. Mlekusch [31] described a methodology for measuring fibre orientation in 
short fibre reinforced thermoplastics. The method proposes to cut the samples using a 
section that forms an angle for about 30º to overcome the problems coming from angle 
orientation ambiguities (positive or negative angles from the expected average 
orientation). After polishing the cross sections, elliptical cross sections of the fibers are 
evaluated with an image analysis system. The average misalignments for continuous 
fibres have usually smaller angles than the fibre alignment in short fibre materials. 
Yurgatis [29] evaluated the samples sectioning the specimen such the average 
misalignment angle is 5º, in order to avoid the definition of the misalignment angle error 
between positive and negative angle values.  

For the evaluation of the misalignment in the 3K and 12K specimens, the 
samples are cut in warp direction (load direction) and we analyse cross section of 
fibres in warp direction (Fig. 7). When the textile composite material is well oriented, 
the cross sections show a line along the longitudinal dimension of the sample. By 

contrast, when an elliptical cross section shape is observed, a misalignment angle ( ) 
can be calculated between the load applied direction and the orientation of warp yarns 
(Eq 3).  

       Eq.3 

When a 2D optical microscopy is used for the orientation measurement it is not 
possible to assure if the angle is positioned with a positive angle or with a negative 
angle respect to the cutting surface. The procedure proposed by Yurgatis [29], cutting 
the samples at 5 degrees instead of in the direction of the applied load, would 
overcome this problem without the need of applying any assumption.  
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Fig. 7 : Misalignment of warp yarns to the load orientation. 

At this point it is necessary to distinguish two types of misalignment variability: 
misalignment scatter between layers (MSBL) and sample misalignment (SM). The 
MSBL can find its way into the material during the manufacturing process. When the 
prepreg layers are cut for the lay-up preparation before the autoclave process, the 
positioning of the layers is carried out manually. At this step a direction misalignment is 
introduced between layers. During the autoclave process the pressure and temperature 
can change the orientation of the fibres in some places. For our material this effect is 
not very significant, because the epoxy has already been impregnated into the fibres 
and resin flow is not expected to take place inside the layers during curing process. 
The resin flow might have more effect in other manufacturing processes such as RTM. 
SM is a consequence of cutting samples from the manufactured plate with the only 
reference being the outer layer geometry. The samples to be tested are cut from the 
plate without any clear reference as to the best orientation. For our measurements it 
will be assumed that the cutting misalignment error (SM) is bigger than the lay-up 
misalignment error (MSBL) and all measured angles will be defined at the same side 
with the same positive sign for obtaining the mean value and the deviation.  

For variability characterisation 38 cut fibres are measured for 3K and 32 fibres 

for 12K. The measured average misalignment is 2.88º1.23 for 12K and 1.71º0.69 for 
3K material. The misalignment mean value may be mainly related to the cutting of the 
samples from the plates (SM). The deviation value may be related to the MSBL. 

4.5 Warp and fill yarn spacing 

The spacing of yarns in the woven structure is measured from the outer layer: 

the widths of 10 end/pics are measured and the yarn spacing is obtained by dividing 

the width by 10. Yarn spacing is 5.470.07 mm for 12K and 1.990.04 mm for 3K. 

Another way of showing the spacing is by means of the number of end/picks per cm: 
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for 12K this is 1.820.02 end-pics/cm and for 3K 5.010.12 end-pics/cm. Desplentere 

[17] found a 5% variation coefficient for the spacing within a 3D textile. In a Woven 

Glass/PP (Twintex ®) Lomov [25] measured deviations of between 1.4% and 4.8%, 

depending on the direction (warp or weft). In our materials the variations are lower than 

in Desplentere´s data and similar to the data obtained by Lomov, 1.3% for 12K and 

2.4% for 3K.  

4.6 Nesting 

Crimp, spacing and other geometrical property values can be affected by the 

nesting effect between advanced layers; the accommodation of yarns between each 

other can lead to a repositioning of the yarns in the other direction. Yarn thickness, 

yarn width and spacing length between advanced yarns are also important for 

specifying the nesting effect in the woven structure (Fig 8). Lomov [32] specifies the 

nested position using a dimensional parameter, which is calculated from the minimum 

distance between centre planes of the layers. Lomov considers two identical layers, 

with one layer shifted relative to the other. When there is no nesting between layers, 

the nesting distance is equal to the layer thickness. The maximum nesting value is the 

one that gives the minimum thickness of the laminate. The formula used by Lomov for 

the calculation of the nested position defines the repetitive unit cells between advanced 

layers as equal, but the measurements made for the 3K and 12K show differences 

between the yarn and spacing dimensions. For this reason a new definition for the 

nesting percentage will be used in experimental measurements. The ideal thickness of 

the ply is assumed to be the double of the average thickness of the yarn. The nesting 

value ( ) between two layers is obtained dividing the real thickness ( ) of two 

layers by the ideal thickness  ( ) of both layers (Eq.4). 

     Eq. 4 
 

 

Fig. 8 : Non-nested woven laminate and a nested laminate. 

The ideal thickness of a laminate can be obtained by multiplying the ideal layer 

thickness with the number of layers ( ). The nesting percentage obtained ( ) is 

related to the whole laminate thickness ( ) (Eq.5). As the nesting value is higher, there 

is more nesting effect on the laminate, but at lower values the nesting is lower (when 

the value is 1 there is no nesting). 

     Eq. 5 
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The ideal thickness of the layer for 3K is 0.232 mm and 0.354mm for 12K (obtained 

from average thickness values of yarns measured). For 3K material the nesting value is 

1.16 and for 12K 1.24. The nesting value is larger for 12K material than for 3K.  

 
Table 2 : Measured parameters of the internal geometry variabilities for 12K and 3K 

 3K 12K 

Value Std. 
dev. 

Coefficient of 
variation [%] 

Number 
of 

measurements 

Value Std. 
dev. 

Coefficient 
of variation 

[%] 

Number 
of measure-

ments 

Spacing warp (mm) 1.99 0.04 2.4 40 5.47 0.07 1.3 40 
Spacing weft (mm) 2.00 0.02 1.4 40 5.54 0.06 1.1 40 
End/pics warp  (1/cm) 5.01 0.12 2.5 40 1.82 0.02 1.3 40 
End/pics weft  (1/cm) 4.98 0.07 1.4 40 1.80 0.02 1.1 40 

Crimp (%) 0.22 0.11 50.4 14 0.13 0.06 51.8 10 

Yarn thickness (mm) 0.116 0.01 11.2 72 0.177 0.03 17.5 22 
Yarn width (mm) 2.07 0,11 5.3 72 5.65 0.38 6.7 22 

Yarn area  
a) method (mm2) 

0.188 0.02 11.7 72 0.8 0.1 12.5 22 

Yarn Fibre volume 
fraction a) method 

62 7.3 11.7 72 58.1 7.4 12.7 22 

Yarn area  
b) method (mm2) 

0.191 0.01 9.4 72 0.83 0.1 12,6 22 

Yarn Fibre volume 
fraction b) method 

60.8 5.9 9.7 72 56.3 7.2 12.7 22 

Misalignment (º) 1.71 0.69 40.3 38 2.88 1.23 42 32 

Nesting value 1.16 --- --- --- 1.24 --- --- --- 

 

4.7 Distribution types 

Table 2 summarised the geometrical property variability using the standard deviation 

and consequently assuming that the data are normally distributed. In order to evaluate 

the distribution types of the internal geometry parameters, histograms are drawn and 

skewness and curtosis values are evaluated using Eq.6 and Eq 7 (Fig 9, Fig 10, Fig 11, 

Fig 12, table 3).  

     Eq. 6 

     Eq. 7 

= data 

= Mean value 

= standard deviation 

= number of data points 



 13 

 

a)                                                            b) 

Fig. 9 : Yarn thickness distribution, a) 3K, b)12K 

 

a)                                                           b) 

Fig. 10 : Yarn width distribution, a) 3K, b)12K 

 

a)                                                           b) 
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Fig. 11 : Real yarn area distribution, a) 3K, b)12K 

 

a)                                                           b) 

Fig. 12 : Laminate thickness distribution, a) 3K, b)12K 

Table 3 : Skewness and curtosis values for 3K and 12K measurements 
 3K 12K 

Skewness Curtosis Skewness Curtosis 

Yarn thickness 0.13 2.43 -0.70 2.16 

Yarn width 0.25 3.84 0.71 2.89 

Real area of the yarn measured 
by a  CAD software 

0.13 2.66 0.01 1.85 

Laminate thickness -0.63 2.28 -0.47 2.33 

A normal distribution shows 0 as skewness value (evaluates the asymmetry of 

the probability distribution) and 3 as curtosis value (evaluates the flatness of the the 

probability distribution). The yarn thickness, yarn width and yarn area distributions are 

closer to a normal distribution for 3K material than for 12K material. The reason might 

be the data population, for 3K material more measurements are done than for the 12K. 

As the number of measurement is increased, the distribution might be closer to a 

normal distribution. For the laminate thickness the distribution shows a tendency of 

having higher probability for thicker laminates than for thinner values in both materials.  

5. STIFFNESS EVALUATION BY MULTI-SCALE MODELLING APPROACH 

A numerical model is proposed to quantify the macro-level stiffness variation due to 
geometrical variability. Results of the Young's modulus statistics are presented with a 
sensitivity analysis in order to identify the structural parameters which have a dominant 
effect on the resulting macroscopic stiffness values. The section concludes with a 
critical view on the uncertainty in sampling parameters. 

5.1 Multi-scale modelling methodology 

The developed methodology is illustrated by figure 13. The composite plate is 

simplified as a laminate where each ply consists of identical unit cells. The overall build 

up of the laminate can be outlined by the following consecutive procedures: (i) random 
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construction of distinct unit cells at meso-scale, (ii) homogenisation of each unit cell 

from meso- to macro-scale and (iii) construction of the structural laminate based on unit 

cell randomness with additional randomness at the macro-scale. In-house developed 

software and programmed Matlab® routines are applied for this analysis. The 

procedures are elaborated in detail below with the assumption of perfect impregnation 

of the matrix material without any void formation or defects. Bonding between plies is 

considered to be perfect.  

The Classical Laminate Theory [33] is used to derive the mechanical properties of the 

orthotropic composite plate, which is in a plane stress condition.  

 

 

Fig. 13 : Methodology of the stiffness evaluation by multi-scale modelling 

5.1.1 Random unit cell description 

A unit cell model is constructed with random parameters yarn width w, thickness t and 
spacing sp. The WiseTex software [22] computes this generalised description of the 
internal structure of the textile reinforcement on the unit cell level based on the random 
parameters. Figure 14 shows the WiseTex model for the considered topology; the 
cross sections are assumed to be elliptical.   

 

Fig. 14 : WiseTex model of the twill woven unit cell compared with optical view of surface 
and cross-section 

 
A set of these random meso-scale parameters is obtained by sampling parameters 
yarn width w, yarn area Awt and yarn spacing sp from its experimental statistical 
distributions, of which the statistical parameters are presented in table 2.  
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The yarn thickness is determined from the dependency relation between randomly 
sampled yarn width w and thickness t. The estimated elliptical area Awt of both 
parameters must equal the prescribed randomly sampled elliptical yarn area.  

         Eq.8 

In a nominal weave structure a dependency exists between the yarn spacing sp and 
the yarn cross sectional variables. The dataset is however insufficient to establish a 
relation between yarn spacing on the one hand and cross sectional area, with 
corresponding yarn width and thickness, on the other hand. Although, the sampling 
distribution is truncated in a way to account for that consecutive yarn tips at least touch 
each other or overlaps. 
 
A total of 100 unit cells are constructed using the WiseTex software, based on 100 
random sets of meso-structural parameters. These unit cell models are stored and 
used as database for the random laminate build-up. 

5.1.2 Homogenisation technique 

A multi-inclusion Eshelby approach (Mori-Tanaka method) [34], is applied to derive the 

macroscopic stiffness value Ei, corresponding to the lower scale random structure of a 

unit cell UCi.  

5.1.3 Random laminate build-up 

A simulated laminate (one random realisation) is described by its thickness H, ply unit 

cells UCi, ply thicknesses hi and ply orientations θi.  An arbitrary unit cell, from the 

constructed unit cell database, is randomly appointed to each ply in the laminate. The 

effective stiffness Ei is normalised to the corresponding ply fibre volume fraction Vf,i to 

obtain Ei,n. The other structural laminate parameter values are obtained as follows: 

 Laminate thickness : The laminate thickness H histogram presents a high 

variability due to the spatially distributed local dimension fluctuations resulting 

from the autoclave curing process. To sample a feasible unique value of 

thickness H, a volume-averaged thickness interval is proposed which is 

indirectly derived from measurement data of Vf,L. The latter data is obtained by 

burn-out experiments and is related to H by: 

         Eq.9 

With ρA the areal density, ρf the carbon fibre density and hi the ply thickness. 

This adapted thickness interval ensures that the generated composite lamínate 

will have a realistic fibre volume fraction. 

 Ply thickness : The ply thicknesses hi are randomly sampled, with the only 

restriction that the sum of ply thicknesses must comply with the prescribed 

laminate thickness: Σhi=H. The sampled values are used to quantify the Vf,i of 

each ply by the relation given in eq. 9. 
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 Ply orientation : The ply orientation θi is sampled from an adapted database of 

measured orientations, since the sign of measured angles cannot be 

determined from the images (section 4.4). In the original database orientation 

angles are arbitrarily switched between positive and negative values using a 

random generator. 

Interdependencies are present between the laminate structural parameters and the unit 

cell geometrical parameters: e.g. the ply thickness value depends on the yarn 

thicknesses within a unit cell due to compression in the production step. Due to a lack 

of a large dataset, these dependencies cannot be determined for application in the 

numerical model. However, the sensitivity analysis in the next section will show that the 

correct representation of the laminate parameter values is more important than the unit 

cell parameters. Omission of this interdependency is thus expected to have a low 

influence on the resulting stiffness values. 

5.2 Statistical analysis strategy 

Monte Carlo simulation is used as stochastic solver to derive the laminate Young’s 

modulus mean value and zero-mean variation. Each deterministic run calculates the 

stiffness value of the generated random panel using the methodology described in the 

previous section 5.1. 

5.3 Young’s modulus statistics 

A Monte Carlo sequence of 500 deterministic runs is performed for (i) each single 

random parameter as a sensitivity analysis and for (ii) a case where all parameters are 

random. The effect of uncertainty on evaluated stiffness values in the present 

methodology is discussed in section 5.3.3. 

5.3.1 Sensitivity analysis of the considered parameters on the stiffness values 

A sensitivity analysis is performed for each random parameter: 

 the general unit cell UC (effect of yarn spacing and cross-section),  

 thickness of the laminate H 

 thickness of the laminate H, including the ply thicknesses hi 

 orientation of each ply θi 
 

All other parameters are maintained at their mean value during each parameter 

analysis. 

Table 4 presents the result of the analysis on the laminate Young’s modulus in the x-

direction. Since the fabric is balanced in warp and weft, the y-direction has similar 

results which are not shown here. The presented values are non-normalised with 

respect to the overall fibre volume fraction. 

Table 4 : Sensitivity analysis of geometrical parameters on the stiffness values 

 Laminate with  

3K yarn 

Laminate with  

12K yarn 
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 Exx  

mean  

[GPa] 

Exx  

COV  

[%] 

Exx  

mean  

[GPa] 

Exx  

COV  

[%] 

Nominal 65.11 - 68.75 - 

UC  65.10 0.18 68.81 0.09 

H 65.14 0.78 68.76 0.72 

H, hi 65.11 0.80 68.69 0.74 

θi 64.91 0.19 67.96 0.78 

 

The mean value of the laminate stiffness decreases only slightly with a different ply 

orientation, when compared to the mean value of the nominal case and other cases.  

The distribution of orientation is the only structural parameter, in opposite to the 

laminate height and the general unit cell parameters, where a lower or higher 

parameter value than the mean evolve in a reduction of the stiffness value in the x-

direction. The random sampling in both sides of the distribution in the Monte Carlo 

analysis, will give an overall lower mean value. Due to the symmetric fabric, this also 

means a reduction in the y-direction of the laminate. 

The dispersion of the stiffness values, here described by the coefficient of variation 

(COV), is largely influenced by the random laminate thickness. The orientation variation 

for the 12K yarn also results in a large COV on the stiffness value. This is due to the 

sampling interval of the 12K which is larger than the 3K orientation. The random unit 

cell and random ply thicknesses are less important for the resulting stiffness statistics. 

5.3.2 Laminate stiffness values based on random structural parameters 

Table 5 shows results of the stiffness value statistics when the randomness of all 

structural parameters is taken into account. The stiffness distribution parameters 

describe the scatter due to inherent variability in the geometry. Comparison of the 

mean value of stiffness for the non-normalised result with the nominal value, indicates 

that the deviation between both mean values is small.  

Table 5 : Laminate stiffness variability for different normalisation approaches 
 Laminate with 

3K yarn 
 

Laminate with 
12K yarn 

 Exx  
mean  

[GPa] 

 

Exx  
COV  

[%] 

Exx  
mean  

[GPa] 

 

Exx  
COV  

[%] 

Nominal case 65.11 - 68.75 - 
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Non-
normalised 

64.89 0.84 67.94 1.11 

Normalisation 
to Vf,L=55%  
approach 1 

66.55 0.26 67.73 0.81 

Normalisation 
to Vf,L=55% 
approach 2 

66.55 0.84 67.73 1.11 

 

The COV-value shows that the dispersion of Ex is significant, and dependent on the 

normalisation approach: 

 Normalisation approach 1 : Each value of the dataset Ex is normalised to a 

Vf,L =55% with a specific normalisation factor. This factor is constructed using 

the apparent laminate fibre volume fraction. 

 Normalisation approach 2 : All values of the dataset Ex are normalised to a 

Vf,L =55% using a single normalisation factor. In this approach, the mean value 

of Vf,L of all laminates is used as the apparent laminate fibre volume fraction. 

The experimentally obtained COV, due to variability on geometry, will have an 

intermediate value. The reason can be found in the average value of Vf,L, which is 

given to distinct tensile specimen cut from a certain composite plate. 

Comparison with table 4 also demonstrates that the COV can be estimated from the 

sensitivity analysis. The COV must be larger than the influence as if the largest 

contributor to the COV stiffness value (here the thickness or orientation) is the only 

variability source, but smaller than the addition of each COV to the stiffness as if each 

single variability source is influencing the stiffness independently. 

The presented result of this statistical analysis does not explicitly take into account the 

randomness in geometry due to nesting and crimp of a woven fabric. Nevertheless, 

these effects are implicitly taken into account by tuning the fibre volume fraction of the 

nominal (average) WiseTex model to the measured one.  

5.3.3 Effect of uncertainties on evaluated stiffness values  

The stochastic analysis is performed with variable input parameters of which some are 

inevitably uncertain. The strongest assumption is the chosen normal truncated 

distribution type for each random variable. Nevertheless the histograms in section 4.7 

show that this assumption can be adopted for the yarn thickness and width; this is not a 

valid condition for the laminate thickness and ply orientation for the considered dataset 

which are both the most sensitive parameters for the resulting laminate stiffness. 

Uncertainty also exists in the correlations assumed between distinct parameters. This 

effect is difficult to quantify and is the topic of ongoing research of which results will be 

presented in future publications. 

 Uncertainty in laminate thickness values: 

The histograms in figure 12 of the laminate thickness show a large spread, 

resulting in a high coefficient of variation. The large uncertainty in defining an 
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appropriate mean value impedes the determination of one representative value 

for the total laminate thickness. Another approach can be chosen to filter out a 

part of this uncertainty by using the thickness specification of the ASTM norm 

D3039. This standard for tensile tests of composite samples prescribes an 

allowable thickness tolerance of ± 4%. If this tolerance is used as sampling 

interval of possible laminate thickness values H, a comparison can be made 

based on practical limits which cancels the uncertainty present in the standard 

deviation from the mean value of the thickness. Table 6 shows the obtained 

stiffness values with this new H interval. The larger sampling interval results in a 

high COV. 

Table 6 : Sensitivity analysis for a new laminate thickness sampling interval and extreme 
orientation positions   

 Laminate with 
3K yarn 

Laminate with 
12K yarn 

 Exx  
mean  

[GPa] 
 

Exx  
COV  

[%] 

Exx  
mean  

[GPa] 
 

Exx  
COV  

[%] 

Nominal 65.11 - 68.75 - 

H,hi ASTM 65.26 2.31 68.76 2.22 

Stiffness 
ASTM 

65.05 2.32 68.03 2.36 

θi extremes 60.33 - 55.59 - 

 Uncertainty in ply orientations within the laminate: 

The orientation data are uncertain due to the sign of measured ply angle, which 

cannot be determined from the optical cross-sectional images. To quantify the 

influence due to this uncertainty, the sensitivity analysis to the laminate stiffness is 

repeated for the extreme combination of orientation from the statistics of the 

dataset. From the results shown in table 6 it is concluded that the mean value 

decreases by 7.5% with respect to the nominal value.  

 

6. EXPERIMENTAL MECHANICAL PROPERTY MEASUREMENTS  

9 samples are tested for 12K structure and 14 samples for 3K. The results are 
listed in table 7. The deviation of elastic properties varies between 2.9-3.1% in 12K 
material and between 3.7-4.2% in 3K material. For the strength values the deviation is 
1.95% for 12K and 4.4% for 3K. The scatter percentages are within an acceptable 
range.  

Three elastic moduli at different strain values are obtained from the tests: the 
initial elastic modulus from 0 to 0.1% strain value, the second modulus from 0.1% to 
0.3% and the third elastic modulus from 0.3% to 1%. The initial increase in the elastic 
modulus up to 1% of applied strain is 7% for 12K, and 3% for the 3K material. This 
initial elastic modulus increase may be related to the effect of crimp, the inherent 
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stiffening of carbon fibres or layer misalignment straightening (MSBL and SM). The 
higher misalignment and scatter value on the orientation of the layer for 12K material 
may be the reason why the increase in the elastic modulus is more pronounced in 
these samples. The effect of the stiffening of carbon fibres at strains below 1% was 
already investigated by Curtis [35]. Increasing values up to 20% were evaluated being 
independent to the strain rate. This effect also can be the reason why the modulus 
changes, but the percentages obtained are much lower than the ones obtained by 
Curtis. The strength is sensitive to crimp percentages; a higher crimp value leads to a 
lower strength of the woven textile material. 

 

Table 7 : Mechanical properties obtained in the tensile test (values normalised to 55% fibre 
volume fraction) 
 3K 12K 

Initial modulus (0-0.1%) [GPa] 68.49  2.9 61,54  1,84 

Modulus (0.1%-0.3%) [GPa] 69.94  2.6 65,3  2,6 

Modulus (0.3%-1%) [GPa] 70.9  3 66,27  2,06 

Strength [MPa] 996.87  43 1131,93  22,05 

Strain [%] 1.45  0.057 1,8  0,076 

 
By way of guidance, Hexcel [10] gives some mechanical property values 

normalised to 55% of fibre volume fraction of the material used for this research: an 
overall elastic modulus of 65 GPa for 12K and 71 GPa for 3K and a strength value of 
1220 MPa for 12K and 900 MPa for 3K. These values are very close to the values 
obtained in the measurements carried out in this paper.  

7. DISCUSSION 

The variability of measured geometrical values is higher for 12K material than 
for 3K material.  A possible reason for this is the scale factor. The linear dimension of 
the unit cell for 12K is 2.7 times bigger than for the 3K having the same thickness. As 
table 2 shows, there is a significant variation in the average fibre volume fraction 
among different yarns using two different methods for the area measurement. A 
difference of 12.7% for 12K and 11.2% for 3K is evaluated between average volume 
fractions. The fibre density inhomogeneity inside the yarn is very high in both materials, 
but for 12K it is more substantial.   

Table 8 summarises the obtained stiffness values with statistics from the numerical and 
experimental procedures. The second normalisation approach (normalisation of 55% 
with a single normalisation factor, see section 5.3.2) is applied to the result of the 
numerical model, since this corresponds best to the post-processing procedure applied 
to the experimental data. The main reason that the mean value of Young’s modulus 
differs from the manufacturer’s value is the higher fibre volume fraction of the tested 
plates. Table 1 shows a higher fibre volume fraction for the 12K material. The 
numerical model is based on these target volume fractions, which flattens out the 
differences between mechanical properties of 3K and 12K. The trend of higher 
variation for the 12K is however still present. 

 
Table 8 : Stiffness values obtained by numerical and experimental procedures 

 3K 12K 
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 Mean value Deviation Mean value Deviation 

Manufacturer [GPa] 71.00 - 65.00 - 

Initial modulus (0-0.1%) [GPa] 68.49  4.2% 61,54 2.9% 

Modulus (0.1%-0.3%) [GPa] 69.94  3.7% 65,3 3.9% 

Modulus (0.3%-1%) [GPa] 70.9  4.2% 66,27 3.1% 

WiseTex Average normalised to 
Vf,L=55% - approach 2 

66.5  0.83% 67.7 1.11% 

 

The experimental variability is higher than the geometrical variability obtained by 

numerical simulations. This implies that there must be other sources of variability that 

contribute to the resulting randomness of an experimentally obtained stiffness value 

and that are not included in the current analysis. An additional reason can be that the 

correlations between the yarn parameters and spatially distributed are not modelled 

correctly. Correlations between parameters, except for the yarn thickness and yarn 

width, are not considered since the experimental data do not allow the derivation of this 

relationship. Future work will tackle this problem to obtain a more realistic model. 

Among the former uncertainty sources are variations acquired by the (i) experimental 

preparation, set-up and/or testing conditions, (ii) post-processing computations on the 

dataset and (iii) manual errors. The effect of the normalisation approach on the results 

in table 5 is an example of the post-processing variability source.  At last, it is important 

to consider the step of manual, or even automated, measurement of each geometrical 

entity also as a source of variability. The measurement of each random parameter in 

the above analysis is influenced by this bias. This is a non-negligible factor, which is 

difficult to quantify but must be kept in mind throughout the analysis. 

Results from the numerical model exhibit an inherent bias with the real value due to the 

uncertainty in the input parameters which are based on the measured data where for 

each parameter a normal distribution is proposed as the traditionally most obvious 

representation.  The data set is however too small to confirm that the normal 

distribution is a realistic representation. More data would allow the derivation of the 

most realistic distribution (which can still be the normal distribution) and may also 

establish correlations between the parameters. 

Using the characterisation of the unit cell in WiseTex (applying an overall composite 

volume fraction of 55%) the volume fraction inside the yarn is 68.4% for 3K and 69.9% 

for 12K, higher values than the ones obtained from the experimental measurements. 

The reason may be the way the textile geometry is modelled. The calculations do not 

take into account possible nesting effects between advanced weft and/or warp yarns. 

This effect softens the crimp of the yarns and reduces matrix rich areas, showing lower 

yarn volume fraction at the same overall volume fraction of textile composite.  

8. CONCLUSIONS 

The internal geometry measurements carried out in carbon reinforced woven materials 
show high scatter values. The internal geometrical variability in the material is higher as 
the unit cell size increases due to the scale effect. 12K geometrical measurements 
statistics show a larger scatter for yarn thickness, width and yarn fibre volume fraction 
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than 3K statistics. The nesting effect between layers is also more pronounced for 12K 
than for 3K composite material.  
 
These geometrical deviations are afterwards introduced in the WiseTex software to 
generate a database of numerical models. The obtained modelling results also show 
the size effect, as the 12K statistics are higher than 3K statistics. Sensitivity analysis 
shows that the laminate thickness and orientation are the largest contributors to the 
stiffness dispersion. 
 
The stiffness values derived from the statistical numerical analysis show a lower scatter 
compared to the experimental stiffness. This comparison reveals that the variability in 
experimental stiffness is not only linked to the internal geometry, but also to other 
parameters. Geometrical variation is only a small contributor to the total experimentally 
obtained variability. The uncertainty during the manufacturing and experimental tests 
must be taking into account during stiffness evaluation.  
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