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Abstract 

Reinforcement angle orientation has a significant effect on the mechanical properties of composite materials. 

This work presents a methodology to introduce variable reinforcement angles into finite element (FE) models 

of composite structures. The study of reinforcement orientation variations uses meta-models to identify and 

control a continuous variation across the composite ply. First, the reinforcement angle is measured through 

image analysis techniques of the composite plies during the lay-up phase. Image analysis results show that 

variations in the mean ply orientations are between -0.5 and 0.5° with standard deviations ranging between 

0.34 and 0.41°. An automatic post-treatment of the images determines the global and local angle variations 

yielding good agreements visually and numerically between the analysed images and the identified parameters. 

A composite plate analysed at the end of the cooling phase is presented as a case of study. Here, the variation 

in residual strains induced by the variability in the reinforcement orientation are up to 28 % of the strain field 

of the homogeneous FE model. The proposed methodology has shown its capabilities to introduce material 

and geometrical variability into FE analysis of layered composite structures. 

1. Introduction 

Composite structures show a rather large inherent dispersion in their mechanical properties compared to 

metallic structures. The scatter in the mechanical properties on composite structures has multiple origins 

mainly related to the geometry and manufacturing. Yet, composite structures are typically analysed through 
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finite element (FE) models without including these variations (i.e. the calculations done assuming symmetric 

lay-ups, equal ply thicknesses and constant reinforcement orientation, constant volume fractions, etc.).  

To introduce local variations (point to point and ply per ply) into FE models that do not only have the 

same order of magnitude, but exhibit similar variation trends, an original methodology has been proposed [1]. 

This methodology uses meta-models that control the continuous spatial variations of the material properties at 

each element of the FE model as observed in real composite structures. To evaluate a broad set of scenarios, 

the measured property variations are not introduced into the FE models ‘as is’. Instead, variables in the meta-

models are described through their probability distribution functions (PDF). These PDF are obtained through 

the observation, measurement and analysis of the composite part before, during and after its fabrication. The 

present methodology was first used to assess thickness variations in a laminated composite plate [2]. The 

evaluation of a second source of variability, variations in the reinforcement orientation, is hereby presented. 

Variations in fibre orientation have an appreciable impact on the performance of a composite 

structure [3]. These variations, usually perceived as fibre misalignments. Fibre misalignments are present at 

different scales of the composite structure and are the result of several factors during the different 

manufacturing stages of the structure, and are present. A global misalignment is considered when the mean 

orientation of the ply, or fibre bundles, differs from the intended ply orientation. Local misalignments can be 

produced by the periodic undulation of the prepreg fibres and dry performs [4] and by the preform 

manipulation during the lay-up phase of the composite structure [5].  

The reinforcement misalignments and their effects in unidirectional composite parts have been subject 

of different studies. In these studies misalignment are determined by both indirect and direct measurement 

methods. Arao [6] obtained the fibre misalignments indirectly by comparing the numerical analysis to the 

experimental results composite plate paced into a moist environment obtaining a normal distribution of the 

fibre misalignments. For this study, the misalignments were found normally distributed with a mean of 0° and 

a standard deviation of 0.4°. However this method only describes overall fibre misalignments without 

producing any information on local misalignments. 
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Yurgartis [7] proposed a method to determine fibre orientations by examining the cross section of a 

unidirectional and 0/90 laminates. The fibre orientation is obtained by measuring the resulting ellipsoidal form 

of the cross-section of the reinforcement. This method allows the determination of both in-plane and out-of-

plane local fibre misalignments. The main inconvenient of this technique is that the variation in the fibre 

orientations must be calculated through the mean of several hundred to thousands fibres [8]. The measured 

zones are in the range of 0.015 mm² to 100 mm², the latter after the assembly of 6 624 micrographs. Automatic 

image treatment algorithms are introduced to  reduce the number of images needed and the analysis time [9]. 

The use of a fast Fourier transform (FFT) coupled with an autocorrelation function and filtering techniques 

permits the analysis of images taken with lower quality and resolution [10]. This allows the analysis of images 

obtained by microcomputed tomography (µCT) [11] . Other type of µCT technique, is to identify, at voxel 

size, an isolated fibre along its axis following its 3D reconstruction, of and obtaining its misalignments respect 

all major planes [12].  

However, these techniques only allow a post-mortem characterisation of the fibre orientations with 

specimens that need to be cut and prepared for micrograph inspection. Taking into account factors such the 

image size, image resolution and the number of images needed to characterise a millimetre size specimen, it is 

evident that a broad study becomes time and resource intensive. 

The identification of reinforcement misalignments can be also done on the prepreg before the curing 

phase. Skordos [13] and by Mesogitis [14] used a mounted a digital camera placed on a coordinate measuring 

machine to take a set of photos of a woven prepreg. 630 images were necessary to cover a surface of 

103 500 mm² (300 x 345 mm). Each image is processed using a FFT coupled with an autocorrelation function 

to determine the angle of the warp and weft orientation and as well as the length of each unit cell.  

Potter et al. [4], [15] identified that the reinforcement of UD prepreg present an undulation in form of 

a sinusoidal wave. This effect is due that the composite prepreg is stored in rolls. The identified sin wave has 

a mean amplitude of 0.03 mm and a wavelength of 3 mm. 

The present study of the reinforcement orientation and its impact on the structural behaviour of a 

composite plate here presented is divided in two main phases. The first phase concerns the identification and 
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measurement of actual fibre orientation at different composite scales (local and complete ply) by means of 

optical image analysis. The second phase is the introduction of a representative set of values of the previously 

identified trends into a FE model that assess the structural behaviour of a composite plate with variable 

reinforcement angles.  

 

2. Materials and fabrication process description 

Six composite plates are produced by manually stacking the unidirectional carbon/epoxy prepreg 

HexPly® M10.1/38%/UD300/CHS, furnished by Hexcel Composites. The dimensions of the manufactured 

plates are 615 mm long and 300 mm wide. The 16 ply stratification is chosen to be quasi-isotropic. The lay-up 

sequence is [90/-45/0/(+45)2/0/-45/90]s.  

The fabrication of the composite plate starts with cutting the plies from the prepreg roll into different 

shapes to fit different ply orientations. The plies are cut following a pattern designed to reduce material waste. 

Due to the staking sequence, some plies need to be assembled from two or more shapes so that fibres run 

continuously in the desired angle. The lay-up is done manually by two operators. To reduce the variability 

induced by the operators, all composite plies were laid by the same operators using the same technique. For 

each composite plate, after the placement of the first eight plies the uncured preform is moved to a debulking 

area. This step is needed to ensure that the entrapped air between plies is removed to reduce inter laminar 

porosity in the cured plate. To continue the lay-up of the last eight plies, the repositioning of the uncured 

composite plate at the exact same position in the working zone cannot be assured. For this reason, the lay-up 

must be self-referenced in any moment during fabrication. The first ply (oriented at 90°) is 10 mm larger than 

the rest of the plies, being 625 long and 310 mm wide. Plies # 2 to # 16 are thus referenced to ply # 1. 

The six plates, labelled C-11, C-12, C-13, C-21, C-22 and C-23, are cured in the autoclave using the 

recommended cure cycle, with a consolidation dwell at 90°C with a pressure of 2 bar for 15 minutes and a cure 

dwell at 120°C with a pressure of 5 bar for 60 minutes. The heating and cooling rates are 2 °C min-1.  
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3. Optical analysis and image treatment 

3.1. Experimental setup 

During the lay-up process, a series of images are taken using a Canon® EOS 550D digital camera with 

an EF 50MM/macro lens. The digital camera is mounted 1.7 m above the working area (cf. Figure 1). The goal 

of this setup is to take a single image of each complete prepreg ply. This eliminates the need to move the 

camera across the composite surface and eliminate errors due to image stitching during post-treatment.  

 

Figure 1. DSLR camera mounting. 

The working area is comprised of a reference grid of 700 x 400 mm made to place the prepreg lay-up 

(cf. Figure 2). This reference grid serves to three purposes. The first is to correlate the pixel size to the actual 

dimension of the composite plies. The second is to control the image distortion. And the third is to determine 

the position of punctual defects in the lay-up.  

Barrel and perspective distortions on the acquired images are the result of the positioning and 

alignment of the digital camera relative to the grid, as well as the optics of the camera and lens. These image 

distortions were corrected using the commercial software DxO Optics Pro®. 
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Figure 2. Working area (reference grid). 

 

3.2. Description of the Image treatment 

An in-house automatic measurement method is developed to determine the fibre orientation angles. 

This procedure is based on the methodology for line detection of Shi and Wu [16] and uses a Hough transform 

on the fibre bundles at the surface of the prepreg to determine the fibre bundle angle. The different steps for 

obtaining the reinforcement orientation in the acquired images are illustrated in Figure 3. The image is cropped 

to exclude the ply edges because the latter disrupt the cut-off values of pixel intensity in the image treatment 

(cf. Figure 3a and Figure 3b). The images are segmented into a predefined number of elements that can be 

treated individually (cf. Figure 3b). To enhance the lines formed by the fibre bundles a Laplacian of Gaussian 

(LoG) kernel is used. The LoG filter is coupled with a series of convolution masks (Robinson type) [17] to 

refine the filtering of the image (cf. Figure 3c). An edge detection function [18] is applied to highlight the lines 

formed by the fibre bundles (cf. Figure 3d). Afterwards, the Hough transform is performed to extract the angle 

information of the treated fibre bundles (cf. Figure 3e).  
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Figure 3. Fibre orientation measurement in a composite prepreg a) ply laid over the working zone b) detail of an 

element image c) the image after the application of the LOG filter and convolution masks d) edge detection and 

e) Hugh lines along the fibre direction. 

Each 5184 x 3456 pixel image has a resolution of 6.48 pixel/mm with a pixel aspect ratio of 1. An 

element size of 30 mm per side (in a grid of 20 by 10 elements, thus 200 elements in total) is chosen as good 

compromise between measurement accuracy and processing time. Figure 4a shows that an element of 30 mm 

per side contains the largest amount of Hough lines. For all element sizes, the average of the Hough lines 

orientation is less than 0.4° (cf. Figure 4b). However, the standard deviation of the Hough lines orientations 

increases drastically when the size of the element is 20 mm per side or lower. The processing time for each 

ply, with an element size of 30 mm per side is approximately 40 s using a 64 bits Intel® CoreTM i3 processor 

running at 2.40 GHz.  
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a) b)  

Figure 4. Hough lines results comparison at different element sizes a) Number of lines and b) mean measured 

orientation. Error bars indicate ± 1 standard deviation. 

Hough lines with angles not within ± 7° tolerance are removed as they are considered as artefacts of 

the image treatment. The mean angle of the Hough lines is calculated for each element (image segment) to 

map local orientations. Figure 5 shows orientation maps for 4 different plies in the orientations of 0°, +45°, -45° 

and 90° respectively. Certain elements in the plies oriented at 0° and 90°are discarded since none of the Hough 

lines are within the ± 7° tolerance. In average, there are 48 discarded elements for the 0° angle plies and 

19 discarded elements for the 90° angle plies. There are not discarded elements for the ± 45° orientation plies.  
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Figure 5. Orientation maps from plate C-11 showing four different ply directions with a) 0° b) +45° c) -45° and 

d) 90°. 
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The main difference of the proposed methodology with the one proposed by Skordos [13], is the 

method used for capturing the images and the post-processing techniques to obtain the reinforcement 

orientation. In the proposed method, the complete surface of the prepreg is taken in a single image. The image 

is corrected for image distortions produced by the optical lens. By having one image, a positioning device for 

the camera is not necessary. Another difference is in the use of an autocorrelation function coupled with a fast 

Fourier transform (FFT). FFT algorithms best operate on square images with an area being a power of two, 

thus limiting the size of the image. The proposed method here uses a Hough transform of a filtered image, the 

image size is not restricted.  

From the orientation maps, variations in the reinforcement orientation across the ply can be noticed 

with the naked eye. These variations appear to be non-periodic and non-repetitive through the different plies. 

An identification algorithm is developed to quantify the variation trends in the local fibre orientations. 

 

4. Fibre in-plane misalignments meta-models 

It is assumed that the fibres do not move during the curing process. Although, this assumption is not 

completely true since there is resin flow and evacuation of entrapped air during the first temperature ramp of 

the curing cycle where the viscosity of the resin is drastically reduced, for practical reasons, it is considered 

that the shift in the reinforcement position is negligible. Further studies are required to quantify the shift in the 

fibre position before and after curing.  

A number of equations describe the changes in the reinforcement angle for an individual element 

taking into account a continuity in the values from one element to another (i.e. a maximum value cannot be 

beside a minimum value). 

The reinforcement orientation at any point θk (x,y) of the composite ply can considered as the result of 

three different types of orientations (cf. eq. 1): the mean ply orientation 𝜃 𝑘
̅̅ ̅̅ , the periodic fibre misalignments 

θwav and the non-periodic perturbations θpert.  

𝜃𝑘(𝑥, 𝑦) = 𝜃 𝑘
̅̅ ̅̅ + 𝜃𝑤𝑎𝑣(𝑥, 𝑦, 𝜃 𝑘

̅̅ ̅̅ ) + 𝜃𝑝𝑒𝑟𝑡(𝑥, 𝑦) (1) 
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The mean ply orientation 𝜃 𝑘
̅̅ ̅̅  contains the theoretical ply orientation θth k (stratification) and an overall 

ply misalignment δθk (cf. eq. 2). 

𝜃 𝑘
̅̅ ̅̅ = 𝜃𝑡ℎ 𝑘 + 𝛿𝜃𝑘 (2) 

 

The local continuous in-plane undulations θwav are modelled through the form of a sinusoidal wave in 

the direction of the ply orientation (cf. eq. 3). The mean amplitude Awav of 0.03 mm and the mean wavelength 

λwav of 3 mm, with extreme values between 2.2 and 4 mm, are obtained from the literature [4], [15].  
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It is observed that the in-ply fibre orientations θpert present a non-periodic continuous variations result 

from the prepreg manipulation during the lay-up. These local variations of the reinforcement angle can be 

described by the sum of N pseudo-Gaussian surfaces or perturbations (cf. eq. 4 and Figure 6). This 

methodology is inspired by Goshtasby and Oneill for 2D curve fittings [19], which was adapted for a 3D 

surface.  
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where Xi and Yi are the coordinates of the central point of the perturbation in mm, αi and βi are respectively the 

length and the width of each ith pseudo-Gaussian surface in mm, and are homologues to the standard deviation 

in a normal distribution. Finally, Bi is the amplitude of the perturbation in degrees.  
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Figure 6. Schematic description of the pseudo-Gaussian surface representing the local perturbation in fibre 

orientations. 

 

5. Results analysis of the optical measurements 

5.1. Mean ply misalignment (ply scale) 

In Table 1 are indicated the values of the difference between the mean ply orientation and its intended 

orientation δθk, with respect to ply # 1 for all plates. These δθk values were confirmed by manual measuring of 

the ply orientation [20]. For plates C-11, C-12, C-13, C-21 and C-22, δθk values range between -0.5° and 0.5°. 

For plate C-23, δθk values range from 0.4° to 1.1°. The standard deviation of the ply misalignment for all plates 

ranges from 0.30° to 0.40°, the overall misalignment is shifted towards a positive angle. It is assumed that this 

shift has its origins in the lay-up procedure with the same operators. No correlation was found between the 

intended ply orientation and its measured misalignment.  
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Table 1. Difference between the intended ply orientation and measured orientation for all plies and plates 

referenced to ply # 1. 

Ply # 𝜃 𝑘
̅̅̅̅  

 δθk 

 C-11 C-12 C-13 C-21 C-22 C-23 

1 90°  - - - - - - 

2 -45°  0,7° 0,3° 0,0° 0,1° 0,1° 0,4° 

3 0°  0,1° 0,4° -0,2° -0,1° 0,0° 0,8° 

4 +45°  0,3° 0,0° -0,3° -0,1° -0,2° 0,4° 

5 +45°  -0,1° 0,2° -0,3° 0,1° -0,1° 0,6° 

6 0°  0,1° 0,2° -0,1° 0,1° -0,1° 0,5° 

7 -45°  -0,1° 0,4° 0,1° 0,0° 0,3° 0,8° 

8 90°  -0,3° 0,1° 0,0° 0,1° 0,0° 0,5° 

9 90°  -0,2° -0,1° -0,2° 0,3° -0,4° 0,7° 

10 -45°  0,0° 0,2° 0,3° 0,5° 0,0° 1,0° 

11 0°  0,0° 0,4° 0,2° 0,3° -0,1° 1,1° 

12 +45°  -0,1° -0,2° 0,1° 0,0° -0,4° 0,5° 

13 +45°  0,0° -0,1° -0,1° -0,1° -0,4° 0,6° 

14 0°  0,4° 0,2° -0,1° 0,3° -0,2° 0,9° 

15 -45°  0,4° 0,4° 0,3° 0,6° 0,0° 1,1° 

16 90°  0,2° 0,1° 0,2° 0,3° -0,3° 0,8° 

 Mean  0,1° 0,2° 0,0° 0,2° -0,1° 0,7° 

 

The average in the global differences between the intended orientation and the measured fibre 

directions is inferior to 1.0° with a standard deviation (SD) of 0.35°. The measured values are lower than the 

values reported by Yurgartis [7] (mean angle of 3.7° and SD of 0.79°) and Olave [21] (mean angle of 1.7° and 

SD of 0.69°). However, they are in good agreement with the values obtained by Skordos [13] (mean angle of 

-0.1° and SD of 0.36°). The values of the mean and the SD are characteristic and unique to the studied 

composite part since they are function of the reinforcement nature and the actual manufacturing techniques 

used to conform the piece. However, the identification of variation trends are useful to construct and enlarge 

a database of the different property variations linked to each manufacture steps.  

The value of the mean ply misalignment is lower than the initially expected value. In this case, the 

small deviation is partially due to the size of the ply, where a very noticeable misplacement of 10 mm at one 

of the corners of the 600 mm long ply is roughly translated into a 1.0° of ply misalignment. Nevertheless, 

global misalignments can be affected by the shape, size and cutting precision of the prepreg plies. The 

combination of these factors can conceal significant variations in the ply positioning up to 5° [22].  
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It has been shown that the measuring method can be used to accurately determine the mean 

misalignment of the complete ply. A more detailed analysis is required to determine the perturbation 

misalignments contained within each ply.  

 

5.2. Local misalignments (local scale within a given ply) 

The representative values of amplitude, position and shape of the pseudo-Gaussian perturbations that 

conform the local fibre misalignments, as described in equation 4, are obtained by means of an in-house 

detection algorithm. The algorithm is set to find values of the 5 variables, Bi, Xi, Yi, αi, and βi, that minimize 

the mean square error between the measured misalignments and the generated surface from equation 4.  

The algorithm operates in the normalised to zero-mean angle. It is possible that the placement of the 

centre of any ith perturbation can be outside the edges of the ply, thus this point can be located between -60 

and 660 mm in the x-direction and between -60 and 360 mm in the y-direction. Afterwards, the size of the 

perturbations λi and γi are considered between 30 and 210 mm. Finally, during the analysis of the treated 

images, it was found that in any case the maximum difference between any point and the mean ply orientation 

was within the rage of ± 1°. Thus, it is assumed that the amplitude Bi which the fibres can deviate 

between -1° and +1°. It is chosen to use N = 12 pseudo-Gaussian surfaces to form local perturbations in a 

trade-off between the accuracy, the calculation time and the capability of convergence of the detection 

algorithm. The computation time for each ply goes from 60 s to 80 s using the same CPU described in section 3.  

The shape of the generated surface through the present algorithm using equation 4 is in good agreement 

with the experimental data by both visual and quantitative analysis. Figure 7 shows the misalignment maps of 

the reinforcement orientation of a -45° ply for the values as measured by the optical treatment (cf. Figure 7 a) 

compared to a reconstruction of the same ply (cf. Figure 7b). The measurement error has a mean of 0° with 

values ranging from -0.2° to 0.2° (cf. Figure 7c). For all treated plies the maximum mean error found is under 

0.02° and the maximum standard deviation value is 0.2°. Furthermore, the error scatter in each image is 

normally distributed, hypothesis confirmed by a Kolmogorov-Smirnov goodness-of-fit test with a confidence 

of 95 %. This confirms that the differences between the measured image and the reconstructed parameters are 

mainly due to noise in the measurements. 
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Figure 7. Misalignment maps comparison for plate C-11, ply #13, oriented at 45° with a) measurement values 

and b) reconstructed orientations and c) error. 

 

The objective of this methodology is not to introduce the measured misalignments directly into a FE 

model, but to introduce a computer-generated set of misalignments representative of the observed 

misalignments. To be representative, the virtual misalignments must have the same order of magnitude and 

follow the identified variation trends. The image analysis results are used as the basis to obtain the different 

meta-model coefficients needed to generate the corresponding FE models with continuous variations in the 

reinforcement angle, using equations 1 through 4. 
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6. Finite element modelling of the residual strains of a composite plate with varying 

reinforcement orientation. 

In a previous study [2], a FE model was used to determine the variations in residual strains at the end 

of the cooling phase during manufacturing a composite plate taking into account variations in the ply thickness.  

The example here presented serves to determine the influence in the strain field due to local variations 

in the reinforcement orientation. The analysis is based on the assumption that the composite is stress-free at 

the end of the curing phase (120°C for the M10.1/CHS composite material). Due to the mismatch of the thermal 

properties of the constituent materials, a temperature variation induces residual strains and stresses [23].  

The FE model uses a shell element type in the LMS Samcef® (Siemens, formerly Samtech, Belgium) 

code. The shell composite element allows local control reinforcement orientation for each element and each 

ply. The complete 600 x 300 mm composite plate is analysed using a 2D Mindlin composite shell (element 

type T028/T029). The element size is 1 mm per side in order to model reinforcement undulation corresponding 

to a minimum wavelength of 2 mm. The applied temperature change is ΔT = -100 °C, simulating the cooling 

step in the polymerisation cycle. 

The material properties are presented for a 0.300 mm thick unidirectional ply of M10.1/CHS with a 

56 % fibre volume ratio. The typical values for this composite material are shown in Table 2. In this example, 

only the variation of the reinforcement orientation is taken into account. 
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Table 2. Mechanical properties of the M10.1/CHS composite ply. 

Property Magnitude 

Young’s modulus of the composite in the longitudinal 

direction E1 (GPa) 
131.4 

Young’s modulus of the composite in the transverse direction 

E2
 
(GPa) 

9.3 

Shear modulus of the composite G12
 
(GPa) 4.3 

Poisson’s ratio of the carbon fibre ν12 0.34 

Coefficient of linear thermal expansion of the composite in 

the longitudinal direction α1
 
(°C-1) 

- 0.5∙10-6 

Coefficient of linear thermal expansion the composite in the 

transverse direction α2 (°C-1) 
14.7∙10-6 

 

Figure 8 shows the strain field εxx of the upper skin. The deterministic solution strain field εxx, without 

taking account any variations, shows a uniform value of -83.4∙10-6 mm/mm (marked as a reference value in 

Figure 8), whereas the model accounting for variation in the reinforcement orientation shows compressive 

strains values ranging from -74.4∙10-6 up to -98.6∙10-6 mm/mm. This represents a variation up to 28 % of the 

reference value determined for the deterministic solution, which is significant.  

 

Figure 8. Strain field εxx of the upper skin of a 16-ply 600 x 300 mm composite plate subject to a ΔT = -100°C 

simulating the cooling phase. 
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7. Conclusions 

A methodology to introduce the variation of the reinforcement orientation in FE models of composite 

structures was presented. This methodology includes the generation of meta-models that describe the 

orientation variation in the different scales of the composite, for local misalignments and the average ply 

misalignment. The values that were introduced into the meta-models were obtained from a real composite lay-

up by means of automatic image post-treatment.  

Image analysis results show that variations in the mean ply orientations are found between -0.5 and 

0.5° and the standard deviations range between 0.34° and 0.41°. No correlation was found between the overall 

ply misalignment and the intended orientation of such ply. The identification algorithm that generates the set 

of parameters introduced into the meta-models yield extremely good results in terms of calculation time and 

the misalignments measurements accuracy validated both visually and quantitatively. Finally for the FE model 

results show variations up to 28 % in the strain field of a composite plate subjected to cooling due only to 

variations in fibre orientation.  

An aspect still unexplored is the interaction between two or more sources of variability. In this paper 

only the in-plane variation of the reinforcement angle are assessed. Further work is required to introduce the 

effects of out-of-plane waviness, which can be coupled with a corresponding ply thickness variation. It is 

important to consider that the sources of variability are highly dependent of the process and material semi-

products (i.e. raw materials, composite prepreg, etc.). Hence, great efforts should be conducted to identify and 

quantify the trends and magnitudes of the different sources of variability that are specific to each application.  
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