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Abstract 

Modelling of the onset and propagation of matrix cracks in fibre-reinforced composites on the micro 
scale requires adequate representation of the material microstructure.  In the present work we compare 
simulated and real fibre arrangements found in unidirectional composites, using statistical descriptors. 
The comparison is done for geometrical and mechanical parameters such as distributions of the fibre 
positions and the stress fields. The real fibre arrangements are extracted from microscopy images of a 
3D non-crimp woven carbon/epoxy composite with fibre volume fractions of 58-68%. The modelled 
fibre arrangements are generated using a heuristic random microstructure generation algorithm. The 
stress fields are compared for the case of transverse tension. A good correlation between statistical 
parameters of the real and simulated fibre arrangements is obtained. 
 
Keywords: Fibre reinforced composites (A), Finite element analysis (FEA) (C), Statistics (C), Stress 
concentrations (C), Simulated fibre arrangements. 

1. Introduction 

The damage development in high performance fibre-reinforced polymers is a complex process that 
unravels on different length scales and is intimately linked to the material internal structure. 
Microscopic damage in the form of fibre/matrix debonds and matrix cracks is an important stage 
towards composite failure, as it may trigger other failure modes such as delaminations and fibre 
breakage. The onset of the microscopic damage is known to depend on the local stress state, local fibre 
volume fraction and material properties of fibre and matrix. It is also sensitive to the spatial distribution 
of fibres.  
 

Fibre arrangements in unidirectional (UD) composites are typically non-uniform and non-
periodic. Effects of the non-uniform fibre distribution on the composite overall behaviour have been 
extensively studied in the literature [1-7]. It is generally agreed that periodic fibre distributions lead to 
incorrect predictions of the elastic-plastic behaviour under transverse loading conditions [8-10].  The 
microscopic stress distribution is highly sensitive to the fibre distribution while the macroscopic elastic 
effective response of a laminate may not be affected by it [11]. Damage evolution is strongly affected 
by inter-fiber spacing [12]. Fibre arrays are found to be significant contributors to matrix cracking 
causing local stress concentrations and strain localization [13]. It is, thus, concluded that an adequate 
prediction of the stress distribution and analysis of damage on the micro-scale requires a “true-to-life” 
representation of fibre arrangements.  

 
The most straightforward way to create a representative volume element (RVE) of the fibre 

distribution is to use experimental data, for example, from microscopy images of composite cross 
sections [14-17]. This approach, however, can be time and resource consuming; it requires specific 
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software and hardware for image acquisition and processing. The number of available realisations by 
the available experimental dataset is also usually limited.  

 
The other approach is to simulate fibre distributions based on a certain numerical algorithm. In 

the literature, the problem of the fibre distribution generation is reduced to the problem of spatial in-
plane point processing under several conditions. The first condition is that fibres cannot intersect each 
other, translating into a minimum distance between the centres of the fibres. The second condition is 
that a given volume fraction must be reached. The Poisson point distribution [18], which provides a 
uniform statistical distribution of points with exactly the same probability of finding a point near any 
coordinate of the area of interest, is not appropriate for this, since it does not guarantee non-overlapping 
fibres. There are many models that overcome this difficulty [19]. One of them is the Strauss “hard-
core” algorithm [9, 18] that creates a random distribution of points with the condition that no pair of 
points may be closer than a certain minimal distance. This algorithm, however,  does not work for fibre 
volume fractions higher than 50…55% [20] [21]. In some algorithms [1, 22-24], a high fibre volume 
fraction can be achieved by generating fibre placements via perturbation of an initially regular periodic 
packing. Jodrey and Tory [25] proposed an algorithm to generate a random distribution of spheres in 
3D, which can be used in 2D problems for the distribution of circles.  

 
The proposed methods for generation of fibre distributions are readily applicable as a pre-

processor for finite element modelling, for example, to predict stress distributions and crack 
propagation. It, however, remains unclear whether the simulated microstructures are equivalent to real 
microstructures. The equivalence is understood here in the sense that it correctly represents not only the 
overall fibre volume fraction but also statistical characteristics related to spatial positions of fibres and 
stresses generated when this material is mechanically loaded. The spatial position of fibres in a 
composite is influenced by the conditions of the composite production:  applied pressure, matrix flow, 
geometrical constraints of the mould, etc. These conditions may lead to fibre clustering and formation 
of resin rich zones, features that need to be properly modelled in the RVE to be used for further 
modelling of damage. Most of the available algorithms are not statistically analysed for this purpose. 
Vaughan and McCarthy [26] proposed a method of generating fibre arrangements based on correlation 
functions that characterize experimental distributions. This method has not been validated yet in 
mechanical modelling and may be biased because of the choice of an experimental set. 

 
From this literature review we conclude that there is a need for a fibre placement generation 

method, which would (1) generate fibre distributions with “true-to-life” statistical  characteristics, and 
(2) be capable of producing distributions with high (60…70%) fibre volume fractions. The recent 
method proposed in Yang et.al. [27] is able to generate fiber distributions with high fiber volume 
fractions. It was also statistically analysed on its equivalence to real microstructures, but the predicted 
elastic properties as well as some geometrical correlation functions did not correlate well with 
experimental data. 

 
The random microstructure generation (RMG) algorithm proposed in Melro et. al. [28] is also 

capable to simulate microstructures with high fiber volume fractions. Additionally, it was shown to 
provide a better computational performance and to generate fibre arrangements that are statistically 
closer to the Poisson random point distribution than the ones generated in [1] and [11]. However, even 
when the general criteria of randomness are satisfied, it is not yet certain whether the fibre placement 
algorithm ensures that the generated fibre distribution has statistical parameters close to those of real 
fibre distributions. The inhomogeneity of the fiber distribution in real composites such as local fiber 
clustering introduces extra stress gradients, which are expected to play an important role in the onset of 
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damage. Therefore, mechanical factors such as stress concentrations should be investigated and the 
equivalence between stress fields in real and simulated microstructures should be demonstrated.  

In this work, we investigate whether the RMG algorithm creates fibre arrangements that are 
statistically equivalent to those found in UD composites.  

2. Problem statement and methods 

The aim of the present work is to assess the statistical equivalence between fibre distributions 
reconstructed from microscopy images of real composites and those generated using the RMG 
algorithm.  This analysis is performed on nine image-based reconstructed RVEs extracted from 
experimental data and nine simulated RVEs with the same fibre volume fractions. The two sets of fibre 
distributions are then analysed for statistical equivalence. The statistical equivalence is defined here 
twofold as (1) equivalence of distributions of the fibre positions (in geometrical definition), and (2) 
equivalence of statistical parameters of stress fields (in mechanical definition).  

2.1 RMG algorithm 

The algorithm is only briefly introduced here. The reader is referred to [28] for its detailed description. 
The algorithm is divided in three sequential steps. 
 
1.  The first step is a hard-core algorithm, where fibre centers are randomly generated inside an 
RVE. Input variables are the fibre radius, the dimensions of the RVE and a minimum distance between 
fibres. The hard-core model guarantees that there is no overlapping of fibres, but it is impossible to 
reach fibre volume fractions higher than ~ 55%. 
2.  The second step is a heuristic rearrangement of the fibres. It is an iterative step and is invoked 
if the specified fibre volume fraction has not been reached in step 1. Depending on the iteration 
number, each fibre defines the closest, second closest or third closest fibre and then shifts position of its 
centre towards a chosen fibre by a random distance between 0 and the maximum distance allowed to 
avoid fibre intersection. This process is applied to every fibre once per iteration and creates open 
spaces between the fibres all over the RVE. The freed spaces will be used to place new fibres in step 1 
of the next iteration. 
3. In the last step the fibres positioned along the edges of the RVE are pushed inwards, always 
saving the minimum distance between fibres and not overlapping. The sequence of these three steps is 
then repeated until the required fibre volume fraction is reached.  
 
A MatLab code, provided by the authors of [28], was used in the present work with the following 
modification. In the original algorithm the minimum distance between the fibre centres is constrained 
to 2R, where R is the fibre radius. We have found that this leads to an unrealistically high number of 
fibres touching one another in comparison with the experimental fibre distributions. In UD composites, 
a tiny gap almost always exists between the fibres due to very low but still tangible fibre crimp in 
longitudinal direction. In our calculations the minimum distance between the fibre centres is a 
randomly chosen variable for each fibre pair that lies in the interval [2R, 2.1R]. This modified version 
of the RMG algorithm is further called simply “the RMG algorithm”. The algorithm is efficient, it 
requires only several seconds to achieve a fibre volume fraction of 60%. A fibre volume fraction of 
65% is achieved in less than a minute. All runs were performed on a laptop computer with an Intel(R) 
Core(R) i7 1.87 GHz processor, 8 GB of RAM memory and hyper-threading turned ON. 



Composites: Science and Technology 87 (2013) p. 126‐134.  
http://dx.doi.org/10.1016/j.compscitech.2013.07.030 

 

2.2. Image-based reconstruction of fibre distributions 

Real fibre distributions are reconstructed from microscopy images of yarns in a 3D non-crimp woven 
carbon/epoxy composite [29]. Yarns taken from the middle of this composite can be considered 
unidirectional due to a very low crimp (less than 0.3%). The fibre diameter was measured to be df = 
6.93 ± 0.27 µm. Nine optical high magnification micrographs (0.073 µm /pixel) from inner regions of 
warp and fill yarns shown in Fig.1 were used for analysis in this work. Three of the micrographs were 
taken from “warp-2” (Vf1 = 62.5%, Vf2 = 66.4%, Vf3 = 64.6%), three from “fill-2” (Vf4 = 64.3%, Vf5 = 
60.1%, Vf6 = 61.3%) and three from “fill-3” (Vf7 = 62.2%, Vf8 = 57.6%, Vf9 = 67.9%). Vfi indicates the 
corresponding fibre volume fractions. Based on these images nine 2D RVEs of a size 223.5 x 223.5 µm 
were constructed. The RVE consists of ~200 fibers and is considered as representative both 
geometrically and mechanically according to  [30, 31]. The diameter of all fibres is assumed to be 
equal to the measured average (6.93 µm). For brevity this experimental set of fibre distributions is 
called an “experimental set (ES)”. The coordinates of the fibre centres were determined with an error of 
one to two pixels. The error of one-two pixels lies within the scatter of the measured fibre diameters, 
hence it is not expected to affect the statistics of the fibre placement. This, however, can cause the 
distance between two nodes to be slightly less than a=2*R (touching condition) – so formally the 
reconstructed fibres can intersect each other. This is reflected in the fibre positions distributions 
discussed below.  
 

 
Fig.1. Cross-sectional view of the 3D woven non-crimp carbon fiber/epoxy composite  [25]: (a) areas 
used to extract fiber distributions for statistical analysis, (b) a typical representative volume element. 

 
A fibre that is ‘‘cut off” by an image edge was counted as being inside an RVE if more than a half of 
its cross-section fit inside the RVE, otherwise the whole fibre was excluded from calculations. Under 
the assumption that all fibres have the same diameter, the fibre volume fraction is calculated as follows: 

,	   (1)

where Simage is the area of the entire image and Nf  is the number of fibres inside the image. Nf  varies 
from minimum Nf =191 (volume fraction Vf = 57.6%) to maximum Nf = 225 (volume fraction Vf = 
67.9%).  
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Respectively to each of the nine image-based reconstructions, nine fibre arrangements were simulated 
using the RMG algorithm. The fibre volume fraction values in the RMG algorithm are based on the 
corresponding real composites reconstruction data, different for each ES image.  

3. Results and discussion: statistical descriptors 

3.1. Geometrical statistical characterization 

Different statistical functions [28, 32, 33] can be used to quantitatively characterise the spatial 
distribution of the fibres generated by the RMG algorithm or captured from the optical micrographs. 
For illustration, in every subsection below three instances of the descriptors are shown (Fig 2), 
corresponding respectively to (1) experimental set, taken in “fill-2” zone (Fig1a), (2) square and (3) 
hexagonal regular packings, all with VF = 64.37%. The geometrical analysis is performed in MatLab. 

3.1.1. Nearest neighbour distance 
The Probability Density Function (PDF) of the distance from one given fibre to its nearest neighbour is 
illustrated in Fig. 2a. This function is sensitive to point clustering. If fibres are clustered, the PDF plot 
of the nearest neighbour distances shows a peak at a distance close to 2R followed by an abrupt 
decrease. In case of the regular fibre arrangement the PDF curve has one δ-peak: near 2.4 for  
hexagonal and 2.2 for rectangular packing. For the experimental set the nearest neighbour distance has 
a peak at distance 2R. For high fibre volume fractions, fibres often almost touch one another. Since 
damage is likely to occur in regions where the fibres are close to each other [8], it is important to 
correctly reproduce this characteristic in the generated fibre distributions.  

3.1.2. Nearest neighbour orientation 
Using the information about the nearest fibre position, the orientation of the nearest fibre position can 
be determined [28]. It is given by a Cumulative Distribution Function (CDF), which represents the total 
number of fibres that have the nearest neighbour oriented in a direction between 0 and the given angle. 
The direction is characterised by an angle, measured clockwise with respect to the horizontal axis. The 
normalisation of this CDF is done with respect to the total number of fibres (Fig.2b).  
 
For a perfectly random distribution of fibres, the CDF representation is a straight diagonal line. In the 
case of regular distributions there are deviations from this line, which indicate the presence of preferred 
orientations on the fibre spatial arrangement. There are clearly marked staircase-shaped curves for the 
rectangular and hexagonal arrangements. The steps in these curves are of the same height due to the 
equal probability of finding a nearest neighbour in the four or six directions for the rectangular or 
hexagonal packing, respectively.  
 
The curve for the experimental set stays quite close to the curve which represents Poisson point 
distribution described earlier. It is only in the interval from 90o to 180o that the probability of finding a 
nearest fibre appeared to be slightly higher than for the other directions. This can be due to the edge 
effect in the images of the real composite – there is no periodicity in the RVE, so some directions of the 
nearest neighbour fibre accidently can be more probable for fibres along one or another edge. 
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Fig. 2.  Geometrical descriptors: (a) nearest neighbour distance, (b) nearest neighbour orientation, (c) 
Ripley’s K function, (d) pair distribution function. 

3.1.3. Ripley’s K function 
The second order intensity function, or Ripley’s K function K(h) (Fig. 2c),  is one of the most 
informative descriptors of spatial patterns [10]. In contrast to the nearest neighbour functions, which 
analyse short range interactions between the fibres, K(h) provides an insight in the arrangement at a 
range of distances.  It can be defined as a ratio between the number of points expected to lie within a 
radial distance h from an arbitrary point, and the number of points per unit area. For a random fibre 
distribution, K(h) can be estimated by [34]: 

∑ ∑
,

,                         (2) 

where A is the area of the region, N is the total number of fibres, dij is the distance between points i and 
j, and I() is an indicator function having the value 1 if the condition between brackets holds true and the 
value 0 if the condition is false; w(li; lj) is a weight function having the value 1 if the circle with centre 
at point li and radius dij, i.e., passing by point lj, is completely inside the area of study. If not, w(li; lj) is 
the proportion of the perimeter of that circle lying in the area of study, which represents accounting for 
the edge effect during computing this correlation function. Ripley’s K function for the Poisson 
(complete randomness) point pattern, KP(h), is given by  
							K h πh               (3) 
If the plot of K(h) is below KP(h), then there is likely some degree of vacuity of the arrangement. 
However, if Ripley’s K function is above the Poisson curve, the distribution presents clustering. A 
periodic pattern provides a staircase-shaped plot of K(h).  
 
Fig.2c shows Ripley’s K function curves. For the experimental set the curve stays quite close to the 
Poisson-curve for short distances, and for longer distances a wave-form appears. It shows that for long 
distances some degree of clustering and vacuity exists. For comparison, blue curves for the rectangular 
and hexagonal arrangement are provided. The saw-shaped form of the curves is clearly seen, which is 
explained by the simultaneity of capturing four or six fibre centres in the current circle for the 
rectangular of hexagonal packing, respectively. 

3.1.4. Pair distribution function 
The pair distribution function g(h) (Fig. 2d) is defined as a probability of finding the centre of a fibre 
inside a hoop of internal radius h and thickness Δh with the centre at a randomly selected fibre, and is 
calculated as [11]  

							g h
∙

∑ n h   .        

 (4) 
The pair distribution function g(h) is related to Ripley’s K function K(h)  as follows: 

							g h             (5) 

This function describes the intensity of fibre distances. The hoop width is taken as Δh=0.1*R. The 
regular patterns exhibit sharp peaks of g(h), which are  consistent with the distances between 
periodically arranged fibres (Fig.2d). For the Poisson point distribution, the complete randomness of 
the point distribution assures that g(h) = 1 for all considered distances. A statistically valid fibre 
distribution will have g(h) tending to 1 when the distance h increases. This is also the case for the real 
fibre arrangement – after the strong peak at a short distance of almost “touching fibres”, the curve 
smoothly tends to value 1. 
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3.2. Mechanical statistical characterisation 

Similarly to the geometrical statistical investigation, nine images of real fibre distributions and nine 
simulated fibre distributions were generated with the same respective volume fractions. The size of the 
RVEs was limited to the domain equivalent to 7x7 fibres to reduce the computational effort. Taking 
into account the number of realisations (9) the RVE size of 40…50 fibres is suggested as representative 
both geometrically and mechanically since the statistical “gap” of a single model is reduced by the 
number of simulations, as proposed in [35] . We analyse the stress distributions generated in these 
RVEs upon application of 0.3% strain in the transverse direction. The problem is solved using FE 
analysis in the 2D formulation under plain strain conditions and in the framework of the linear theory 
of elasticity. The epoxy matrix was considered as an isotropic material with Young’s modulus E=3 
GPa and Poisson’s ratio υ=0.4. Carbon fibres were treated as transversely isotropic materials with 
elastic constants E1=276 GPa, E3=10.3 GPa, G23=3.8 GPa, G13=27.9 GPa, υ13=0.26, where 1 is the fibre 
direction. The range of volume fractions in these nine RVEs was relatively wide:  from 54% to 68%. In 
order to avoid fibre intersections in the experimental set of fibre distributions (see section 2), the radius 
of overlapping fibres was reduced.  According to the performed convergence analysis the minimum 
size of an element was set to 0.015*R at the fiber/matrix interface, where R is the fiber radius. 
 
Mechanical characterization was performed in two areas of interest: in the matrix and at the 
fibre/matrix interface rings (matrix elements closest to the fibre surface). In the matrix, four stresses 
were considered as validation functions: maximum principal stress, stress along the loading direction 
(σx), shear stress (σxy) and von Mises stress. At the fibre/matrix interface, the normal stress (σr) and 
shear stress (σrφ), with respect to local cylindrical coordinate systems placed at the fibre centres, were 
taken as validation functions. The importance of the interfacial stresses in the analysis of damage 
initiation was previously emphasized in [15, 23]. Elements at a distance of the average fibre diameter 
from the RVE edges or less were not included in calculation of the statistical parameters of stress fields 
in the matrix. This was done to avoid calculations with possible distortions of stresses on RVE 
boundaries in the model. Interface stresses were only accounted for fibres that lied completely inside 
the RVE. 
 
For quantitative statistical validation of the obtained stress fields, the probability of finding a certain 
stress value in a given area of interest was investigated. Stresses were calculated in the integration point 
of a respective element. The range of the stresses from the minimum to the maximum value was 
divided into a certain number of equal intervals. Then, all the elements in the area of interest (either in 
the matrix or at the interface) were divided in these intervals. The number of elements in each stress 
interval and their total volume of the elements were calculated. This way histograms were created, 
where the X-axis represents the stress intervals and the Y-axis is the calculated volume of the elements 
that the stress interval occupies in the area of interest. For illustration, three instances of the descriptors 
are shown in Fig 3,4, corresponding for (1) the experimental set, taken in “fill-2” zone, (2) a square and 
(3) a hexagonal regular packing, all with VF = 67.92%. 
 
In the matrix, the curve for the maximum principal stress shows a single sharp peak for the 
experimental set (see Fig. 3b), which corresponds to the mean stress value in the matrix. For the 
rectangular, as well as for the hexagonal packings, on the other hand, two peaks are clearly seen. The 
two peaks are a result of the stress distribution pattern: extensive straight zones of low stresses co-
directional with the load axis are side by side with periodical zones of high stresses (Fig. 3a). 
 



Composites: Science and Technology 87 (2013) p. 126‐134.  
http://dx.doi.org/10.1016/j.compscitech.2013.07.030 

 

Fig. 3.  Maximum principal stress in the matrix: (a) its distribution for experimental, hexagonal and 
rectangular fiber arrangements and (b) comparison of mechanical descriptors (Vf = 67.92%). 
 
Fig. 4c illustrates curves of normal stresses at the fibre/matrix interface. Two sharp peaks, which are 
seen on the “hexagonal” curve, reflect stress variation at the interface as a function of the angle from 
loading direction (Fig. 4a). Moving from 0 to 90 degree, the rate of stress change varies: for maximum 
and minimum stresses it is much lower than for medium stress values. For the experimental set, the 
trend is similar, but due to the randomness in fibre arrangement peaks are much smoother and 
additional “tails” occurred in areas of minimum and maximum stress values. For the square packing, 
the frequency of the normal stress is more uniform: maximum and minimum values have the same 
probability of occurring as the medium stresses (Fig.4b).  
 
For both areas of interests, the range of obtained stresses for the experimental set is wider than for 
regular packings. The random arrangement allows lower and higher distance between the fibres and 
hence higher and lower stresses respectively to appear. 
 

Fig. 4.  Normal stress at the fibre/matrix interface: (a) in the single fibre case; (b) stress fields and (c) 
comparison of the experimental, hexagonal and rectangular arrangements for this stress (Vf = 67.92%) 
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4. Results and discussion: comparison of the RMG and 
experimental sets 

This section provides the quantitative description of fibre random distributions obtained from the RMG 
algorithm and experimental data. In every subsection below, mean values were taken for all of the nine 
simulated and nine experimental fibre distributions (with different fibre volume fractions). The error 
bars represent the maximum and the minimum values of the respective functions in these distributions. 
For the mechanical characterization, in each set of nine curves the curve “tails” were cut off by the 
maximum value of the left “tail” and minimum value of the right “tail” in the whole set. That was done 
in order to build the mean curves for each set and the interpolations of initial validation functions 
curves. 

4.1. Geometrical characterization 

4.1.1. Nearest neighbours 
The PDF of the distance from a given fibre to its nearest neighbour is plotted in Fig.5a. The most 
important here is the information about the short distance fibre interaction. Fibres in both distributions 
are clustered and the PDF plot shows a peak for a short distance of h/R = 2 followed by a sudden 
decrease, but not to zero. Values of PDF at distances from h/R = 2.05 to h/R = 2.2 are higher than on 
the rest of the distances scale, which reflects the absence of regularity in the fibre distribution. This 
happens because fibres are so densely compacted against each other due to the high fibre volume 
fraction and because of the existence of a certain minimum distance between fibres as described before. 
Both curves show good correlation between each other. 
 

 
Fig. 5. Comparison of geometrical descriptors: (a) nearest neighbour function, (b) nearest 
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neighbour orientation function, (c) Ripley’s K function, (d) pair distribution function. 

4.1.2. Nearest neighbour orientations 
Fig.5b shows the CDF for fibre distributions obtained from experimental data and simulated by the 
RGM algorithm. Both curves follow the Poisson’s straight line of cumulated probability. This means 
that the probability of finding a nearest fibre in every direction is almost equal. At some point the curve 
for the real microstructure deviates slightly from the Poisson’s line. This is probably due to the edge 
effect on the real composite images explained previously. The RGM algorithm keeps the orientation of 
a nearest fibre almost perfectly random even for high fibre volume fractions.  

4.1.3. Ripley’s K function and pair distribution function 
Ripley’s K function for the RMG algorithm distribution is represented in Fig. 5c in comparison with 
the same function for the real fibre arrangements. The real fibre distributions exhibit a smooth increase 
approaching h/R=2 from the left due to the artefact in the manual image processing as discussed earlier. 
The RMG-curve, on the other hand, starts right from the 2*R value and exhibits a steep increase. For 
short distances just above 2*R both the experimental curve and RMG-curve climb up to the Poisson’s 
curve and then stay quite close to it and to each other. It is remarkable that the RMG curve is close to 
the experimental one for distances over 3R, reproducing the characteristic wave-form. For short 
distances the arrangement exhibits randomness, while for long distances some degree of clustering and 
vacuity appears. The RMG algorithm for long distances keeps itself closer to the Poisson distribution 
than the real curve.  
 

The pair distribution function is linked to the Ripley’s K function and defined by the probability 
of finding the centre of a fibre inside a hoop and describes the intensity of fibre distances. Obviously a 
peak is expected to appear at short distances. Fig.5d shows the pair distribution function for both 
distributions with respect to distance. It can be seen that both experimental and simulated fibres 
distribution tend to value of 1, which is the pair distribution function of a perfect Poisson distribution. 
On the short distances both curves show the same behaviour: peaks near h/R=2. The curve for the 
experimental set shows a smooth increase before h/R=2 as described in section 2. Therefore the peak 
value of g(h)  is lower than for the RMG curve. The remaining parts of the curves for both distributions 
show quite good correlation with each other. The remarkable fact is that on the pair distribution 
function graph the RMG algorithm mimics the peculiarity of the experimental curves near 4R, also 
seen in Ripley’s K function curve (Fig 5c). This can be explained by the hexagonal clustering effect of 
the second ring of neighbours, which gives a certain peak right near 4R (see Fig.2c).  

4.2. Mechanical characterization 

4.2.1. Matrix area 
All validation functions computed in the matrix show certain peaks that correspond to the mean values 
of the respective stresses there (see Fig.6). The scatter between minimum and maximum values for the 
case of experimental data is significant (up to 100%). This can be partially attributed to significant 
variations in volume fractions from one micrograph to another (54% - 68%). If the fibre arrangements 
with volume fractions less than 60% and more than 63% are taken out from analysis, then the scatter 
reduces to the value of less than 10%. The reason why we do not see such significant scatter in error 
bars for the RMG curve is that this algorithm is based on pure random Poisson point distribution and 
heuristic method of moving fibres. Hence it generates well distributed fibre arrangements and cannot 
create large matrix rich zones within the fibre package.  
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Fig. 6. Comparison of mechanical descriptors (in the matrix): (a) maximum principal stress, 
(b) Sx stress, (c) von Mises stress, (d) shear Sxy stress. 

 
Apart from these effects related to the volume fraction variation, the mean curves obtained from the 
experimental set and the RMG algorithm almost coincide. In the matrix all considered validation 
functions behave the same way. It can be concluded that the distributions are statistically equivalent 
from the point of view of generated stresses. 

4.2.2. Fibre/matrix interface area 
Fig.7a shows mean curves for distribution of the normal stress at the fibre-matrix interface. As it was 
explained earlier, we expect to see double-peaked curves. It is clearly seen that their behaviour is 
similar to the single fibre case (Fig. 4a), under the correction of the arrangement randomness, which 
leads to flowing decrease of curves from both sides of “saddle”. The RMG-curve correlates with the 
experimental curve very well. The same behaviour is observed for the shear stress graph (Fig.7b). 
 
Figs.7c,d represent the maximum values of the normal and shear stresses captured in every interface 
ring. The large error bars may be attributed to the previously mentioned scatter in the fiber volume 
fractions in the RVEs or to a limited number of the considered fibers (20-25 fibres that are completely 
inside the RVE). The latter would make the influence of the random inter-fibre distance stronger. One 
peculiar observation can be made about the mean curves. The maximum value in the RMG-curves in 
every single graph is higher than the maximum value in the corresponding curve from the micrograph. 
It appears as if the RMG-curve is simply shifted forward from the experimental curve (Fig.7c). This 
can be explained by the fact that the RMG algorithm generates fibres that are closer to each other: the 
probability of finding a nearest fibre centre at a distance less than 2.05*radius to a given fibre centre is 
7.7% higher than for the case of real microstructures (Fig. 5a). It can be concluded, that using the RMG 
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algorithm the critical stresses will be overestimated in comparison with the real fibre microstructures 
thus providing a small margin for the “safety-factor”. 

 
Fig. 7. Comparison of mechanical descriptors (at the fiber/matrix interface): (a) normal 
stress, (b) shear stress, (c) maximum normal stress, (d) maximum shear stress. 

5. Conclusions  

An adequate representation of microstructures in fiber-reinforced composites is of critical importance 
for the analysis of the damage onset and propagation. In the present work, the heuristic random 
microstructure generation (RMG) algorithm proposed in [28] was investigated on the subject of its 
suitability to generate fiber arrangements encountered in real composites. The algorithm was used in its 
original form with a small modification applied to the minimum allowable distance between fibers, 
which was set to be randomly varying in a certain range. Nine simulated and nine generated fibre 
arrangements with fiber volume fractions ranging between 58% and 68% were compared using 
statistical descriptors. For the geometrical characterization the nearest neighbour distance, nearest 
neighbour orientation, Ripley’s K function and pair distribution function were considered. For the 
mechanical characterization stresses in the matrix and at the fiber/matrix interfaces were analyzed. 
From the study it was concluded that the RMG algorithm creates fiber arrangements that are 
statistically equivalent to real fibre distributions found in UD tows of a 3D woven non-crimp carbon 
fiber/epoxy composites. The algorithm can, therefore, be used for the definition of 3D micromechanical 
finite element models of UD composites to simulate damage development. 
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