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Abstract 

The options for the fibre reinforcement of polymer matrix composites cover a range from short-fibre chopped 

strand mat, through woven fabric to unidirectional pre-impregnated (prepreg) reinforcements.  The modelling of 

such materials may be simplified by assumptions such as perfect regular packing of fibres and the total absence 

of fibre waviness.  However, these and other features such as the crimp or waviness in woven fabrics make real 

materials more complex than the simplified models.  Clustering of fibres creates fibre-rich and resin-rich 

volumes (FRV and RRV respectively) in the composites.  Prior to impregnation, large RRV will be pore-space 

that can expedite the flow of resin in liquid composite moulding processes (especially resin transfer moulding 

(RTM) and resin infusion under flexible tooling (RIFT).  In the composite, the clustering of fibres tends to 

reduce the mechanical properties.  The use of image processing and analysis can permit micro-/meso-structural 

characterisation which may correlate to the respective properties.  This chapter considers the quantification of 

microstructure images in the context of the process-property dilemma for woven carbon-fibre reinforced 

composites with the aim of increasing understanding of the balance between processability and mechanical 

performance (185 words). 
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1 Introduction 

For high-performance continuous fibre-reinforced (advanced) composites, as the fibre volume fraction increases, 

(a) the reduction of the pore-space, and hence permeability of the reinforcement, makes long-range flow 

processes such as liquid composite moulding slower, and (b) the mechanical properties increase.  For real 

engineering structures, it is essential to balance this process-property dilemma by appropriate choice of the 

micro-/meso-structural features of the reinforcement architecture.  This chapter will review research which aims 

to understand the inter-relationships between the factors above. 

 

1.1 Process 

There are a variety of liquid moulding technologies, known as Liquid Composite Moulding (LCM), for the 

manufacture of fibre-reinforced composites.  LCM (Rudd et al, 1997) includes Resin Transfer Moulding (RTM) 

(Potter, 1997.  Kruckenberg and Paton, 1998. Parnas, 2000), where the flow of the resin may occur principally 

in the plane of the reinforcement, and Resin Infusion under Flexible Tooling (RIFT) (Williams et al 1996, 

Cripps et al, 2000. Summerscales and Searle, 2006. Summerscales, 2012) where the flow processes may occur 

in all three dimensions. 

 

Darcy’s law (Darcy, 1856), originally derived to model the flow of water in the Dijon aquifers, has been adopted 

to model LCM flow processes by the inclusion of a viscosity term.  Equation 1 is for the isotropic case, although 

the anisotropy within composites normally requires the tensor relationships: 

 

 Q = k A ΔP / μ L         (1) 
 

where Q is the volumetric flow rate (m
3
/s), K is a constant of proportionality known as the permeability (m

2
), A 

is the cross section of the porous medium normal to the flow direction (m
2
), ΔP/L is the pressure gradient 

driving the flow (Pa/m) and μ is the fluid viscosity (Pa.s).  However, the original model was for fully saturated 

flow and LCM is an unsaturated flow process.  The recent round-robin tests (Arbter et al, 2011.  Vernet et al, 

2014) aimed to develop a standard permeability test using saturated flow with model fluids.  Cogswell (1988) 

has stated “It is clear that in the study of permeability of composite materials, an issue [the potential significance 

of surface tension effects] so critical to the quality of the finished product, we cannot rely simply on D’Arcy’s 

law.  What is needed to replace this is unclear, but considerable effort is being directed to resolving this matter”.  

Summerscales (2004) reviewed the literature which indicates that absolute permeability values may be 

dependent on the choice of permeant, further reinforcing the need to understand the interfacial surface tensions.  

Model fluids could still be useful for ranking the relative permeabilities of different reinforcements. 
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The permeability, K, can be predicted using the Kozeny-Carman (Kozeny, 1927.  Carman, 1937) Equation (2): 

Q = ε A m
2 
ΔP / k μ L         (2) 

where ε is the porosity (1-Vf), Vf is the fibre volume fraction,  m is the mean hydraulic radius, and k is the 

Kozeny constant. 

Blake (1922) defined the hydraulic radius, m (Equation 3), as the volume in which fluid actually flows, εV 

(where V = AL), divided by the wetted surface area (S): 

m= ε.V/S          (3) 

∴ Q = ε
3
.A.V

2
.ΔP/k.μ.S

2
.L        (4) 

Until fibres touch, the increase in surface area (Summerscales, 2000) will be linear with volume fraction (Vf
2
 is 

substituted for S
2
) as in expression (5). 

∴ K α (1-Vf)
3
 / Vf

2 
or ε

3
 / (1-ε

2
)      (5) 

Summerscales (1993) showed that as fibres gather into increasingly large clusters with the inter-fibre spaces 

closed-off from flow, the permeability increases as the wetted area decreases despite the reduction in effective 

flow area due to the inaccessible inter-fibre volumes. 

 

Wang and Grove (2008) and Wang et al (2009) used a dual-scale resin infusion model to show a characteristic 

relationship between tow impregnation speed, the macro-scale resin pressure surrounding the tow and the degree 

of tow saturation.  They introduced a sink and a source term into the two different scaled flows (intratow and 

intertow) to couple them together. 

 

The estimation of the permeability of “real” reinforcements is now a feature of a number of 3-D flow modelling 

and textile design software packages, e.g. FibreSIM, TexGen and WiseTex (Celper and FlowTex). 

 

1.2 Properties 

The principal elastic and strength properties of a fibre reinforced composite material can be estimated/predicted 

using rules-of-mixture.  These equations have recently been extended for natural (and other non-circular cross-

section) fibre composites to the forms in Equations (6) and, for unidirectional composites, (7) (Virk et al, 2012): 

 

 Ec = κ ηd ηl ηo Vf Ef + Vm Em        (6) 

 

σ'c = κ σ'f Vf + σm* Vm         (7) 

 

where Ex is the tensile/compressive modulus, Vx is the volume fraction, κ is a fibre area correction factor (FACF) 

for fibre properties which have been calculated with an (incorrect) assumption of circular cross-section (Virk et 

al, 2012), ηd is a fibre diameter distribution factor (Summerscales et al, 2011), ηl is a fibre length distribution 

factor (Cox, 1952), ηo is a fibre orientation distribution factor (Krenchel, 1964), σ'x is a strength, σm* is the stress 

in the matrix at the failure strain of the fibre and subscripts x are c (composite), f (fibre) and m (matrix) 

respectively.  For continuous circular cross-section fibres, κ, ηd and ηl all default to 1 so both equations simplify 

to their standard forms. 

 

1.3 Voids and resin-rich volumes 

In Equations (6) and (7), the total volume fraction for a monolithic fibre composite will be given by Equation 8: 

 

 Vf + Vm + Vv = 1         (8) 

 

where subscript v indicates the void content.  In an ideal composite before resin impregnation, Vv is the volume 

available for flow (ε = 1-Vf with Vm = 0).  However, few processes produce perfect materials, so porosity 

(connected pores) and voids (separate bubbles) do occur in composites.  The causes may include (i) air in the 
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resin mix, (ii) volatiles in the resin "boiling", (iii) the degree of impregnation of pre-impregnated materials, (iv) 

trapping air between prepreg layers, or (v) race-tracking in LCM processes. 

 

Judd and Wright [18], Ghiorse [19] and Baley et al [20] have reviewed porosity/voids in composites.  Judd and 

Wright concluded that "although there is a considerable scatter in results (reflecting in part the difficulties of 

accurate void content determination) the available data show that the interlaminar shear strength of composites 

decreases by about 7 per cent for each 1 per cent voids up to at least the 4 per cent void content level, beyond 

which the rate of decrease diminishes.  Other mechanical properties may be affected to a similar extent.  This is 

true for all composites regardless of the resin, fibre or fibre surface treatment used in their fabrication".  See 

Table 1 of Judd and Wright for a comprehensive analysis of the data.  It may be time to consider whether the 

above findings remain relevant to modern toughened resin systems. 

 

Stone and Clarke (1975) reported that (a) below Vv = 1.5%, voids tend to be volatile-induced and hence 

spherical with diameters in the range 5-20 μm, while (b) above Vv = 1.5%, the voids are flattened and elongated 

in the in-plane direction due to the limitation of space between the fibre bundles and are also significantly larger 

than those voids at a lower Vv.  Mayr et al (2011) reported that small pores in CFRP with porosity levels <1.8% 

often have roughly circular cross-sections and found an abrupt increase in the out-of-plane shape factors at this 

percentage porosity. 

 

Purslow (1984) proposed a novel classification system for voids and considered the earlier system was only 

significant for fairly uniformly distributed voids.  For example, to quote a Vv of 0.5% for a composite of 

generally high quality (voids < 0.2%) but with an occasional very large void could be very misleading and 

potentially dangerous.  It is difficult to measure void contents to such low values.  He suggested that the void 

content should be quoted as "0<voids<0.2%; infrequent local voids > 0.5%". His studies have suggested that 

when Vv < 0.5%, the voids are spherical with a diameter of 10 μm and are due to trapped volatiles.  As Vv 

increases, the voids due to trapped volatiles decrease in number and are replaced by large intra-tow/intra-lamina 

voids.  The results suggested a linear relationship between Vv and void thickness, where the thickness is related 

to fibre diameter. 

 

Alhuthali and Low (2013) reported densities, fibre volume fractions and void contents for recycled cellulose 

fibres (RCF: density 1540 kg/m
3
) in vinyl-ester resin (VER: density 1140 kg/m

3
) (Table 1).  As fibre weight 

fraction increased, the theoretical and experimental composite densities rose, but there was a clear reduction in 

void content at a greater rate than predicted from the reduced matrix volume fraction (column 7 of the Table). 

 

Table 1:  Fibre volume fraction and void content of RCF/VER composites 

(extended from Alhuthali and Low (2013) data) 

Sample Fibres 

weight 

fraction  

Fibre volume 

fraction 

Theoretical 

density 

(kg/m
3
) 

Experimental 

density (kg/m
3
) 

Void 

content 

(%) 

[By JS] 

%void 

in resin 

20% RCF/VER 0.2 0.16 1210 1180±30 5.55 6.61% 

30% RCF/VER 0.3 0.24 1240 1210± 20 4.75 6.25% 

40% RCF/VER 0.4 0.33 1270 1240± 50 3.28 4.89% 

50% RCF/VER 0.5 0.43 1310 1270± 20 2.74 4.81% 

 

Close (2009) has published an interesting account of what remains when you take all the matter away. 

 

1.4 Micro-/meso-structural characterisation 

The use of microscopy to reveal fine detail in structures has a long history (Allen, 2015). The distribution of 

features within a plane or volume may be quantified in a variety of ways.  The classification of structured 

populations can be achieved using a variety of parameters, e.g. (a) nearest-neighbour index (Clark and Evans 

(1954), (b) chi-squared analysis (Davis, 1974), (c) quadrat analysis (Greig-Smith, 1952), mean free path and 

mean random spacing (Cribb, 1978), space auto-correlograms (Mirza, 1970), area fraction variance analysis and 

mean intercept length (Li, 1992) and contiguity index (Short and Summerscales, 1984). In recent years, the 

quantification of microstructures has been achieved using tessellation techniques or, latterly, fractal dimensions 

which are reviewed in the following sections. 

 

The nature of fibre-reinforced composites is such that there is generally dual-scale structure with clustering of 

fibres in bundles (tows) and larger features dictated by the reinforcement architecture (e.g. chopped strand mat, 

woven fabrics or stitched non-crimp fabrics (NCF)).  The microstructure of fibre-reinforced composites is 
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normally defined using the parameters in Equation (6).  This data may be insufficient where clustering of fibres 

occurs.  The use of image processing and analysis for the characterisation of composite micro-/meso-structures 

has been the subject of a number of publications (e.g. Guild and Summerscales, 1993. Pyrz, 2000a/b. 

Summerscales, 1998. Summerscales et al, 2001). 

 

The morphological description of the dispersion of phases at the micro-/meso-structural level is an important 

factor for the determination of the overall behaviour of the macro-composites.  The micro-failure threshold is 

dominated by fluctuations in the local stress field.  These “hot spots” are a function of the local disorder of the 

reinforcement (Pyrz, 2000a). 

 

2 Tessellation techniques 

The analysis of a plane with a number of non-overlapping objects (e.g. fibre cross-sections in a micrograph), can 

be achieved by identifying the centroid of each object and using that set of points. The Delaunay (1934) 

tessellation simply joins adjacent points to produce a series of contiguous triangles where no point is inside the 

circumcircle of any triangle.  The Voronoi diagram (also known as the Dirichlet tessellation, which is the 

complement (dual) of the Delaunay tessellation) partitions the plane into convex polygons where each polygon 

contains just one generating point and every point in each individual polygon is closer to its own generating 

point than to any of the other points. The cells are called Dirichlet regions, Thiessen polytopes, or Voronoi 

polygons (Dirichlet, 1850, Voronoi, 1907. Weisstein, 2015).  For each Delauney tessellation, there will be a 

unique Voronoi diagram, and vice versa (Figure 1).  The lines between the generating points in the Delaunay 

tessellation will be orthogonal to the edge of the Voronoi polygons (Ringler, 2008). 

 

Summerscales et al (1993) studied unidirectional carbon-fibre reinforced epoxy composites manufactured using 

vacuum-bag processing with different “dwell-times” before pressure was applied to consolidate the laminates.  

The cross-section microstructure was described using the size of the Voronoi cell around each fibre and found to 

be dependent on the manufacturing parameters.  Samples with a 90-minute (rather than 0- or 180- minute) dwell 

time were found to have the lowest thickness (highest fibre volume fraction) and to be the least clustered (i.e. 

the most uniform fibre distribution).  The plate was believed to be processed within the optimum viscosity limits 

(7500-16500 mPa.s) identified by Stringer (1989). 

 

Griffin et al (1995a) conducted permeability experiments on a series of five 2x2 twill weave carbon fibre fabrics 

containing a variable number of twisted/bound flow-enhancing tows (FET) in the weft direction. The 

permeability was found to be dependent on the flow fluid used, but values for a single fluid showed the expected 

increase in permeability with number of FET. Quantitative microscopy revealed that flow enhancement was 

accompanied by the presence of large flow areas adjacent to the FET and increased in line with the average 

perimeter of these areas.  The transverse section composite microstructure was characterised using maximum 

feature height and width (vertical and horizontal ferets, i.e. the two orthogonal pairs of parallel tangents on the 

outer boundaries of a feature), x- and y- centres of gravity and perimeter.  The recorded perimeters were broadly 

aligned with the expectation of the Blake-Kozeny-Carman equations (Equations 2-4) although it was not 

practical to determine the effective penetration of the flow front into the tows during wetting.  Griffin et al 

(1995b) used three of the above reinforcements to measure the total number of areas, and values of total area, 

for the three laminates (Table 2) and used the zones of influence (Voronoi cells) to compare fibre separations 

within either the normal tows (Vf =40%) or the FET (Vf = 57%) in the orthogonal horizontal/vertical directions. 

 

Table 2 Pore areas and for the 2x2 twill weave laminates 

Fabric/ 

Laminate 
% FET 

Number of flow 

areas 

Total area of pore 

space (mm
2
) 

Normalised flow rate 

(centipoise mm/s) (sic) 

Twill 0.0 210 5.47 796 

156 12.5 115 8.54 5200 

126 50.0 310 11.21 7982 

 

Summerscales et al (1995) used a radial flow permeameter to measure the permeabilities of the above five 

fabrics and found increasing permeability with increasing number of FET (Table 3).  Basford et al (1995) 

measured the mechanical properties of laminates manufactured with these fabrics and found that both 

compression and apparent interlaminar shear strengths (ILSS) decreased with increasing proportion of FET 

(Table 3). 

 

Everett (1996) used Radial Distribution Functions (RDF) to describe composite material microstructures and 

reported that the proximity of near-neighbours has important ramifications for the micromechanical modelling 
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of tow-based composites.  Bertoncelj et al (2016).used the RDF approach in conjunction with Voronoi diagrams 

to quantify random fibre arrangements. 

 

The use of tessellation normally produces data as histograms.  Selection of specific sub-sets of that data may 

correlate to measured material parameters, but the choice of sub-set is normally subjective. 

 

Table 3:  Reinforcement fabric construction, 

microscopical parameters, permeabilities and mechanical properties. 

Fabric/ 

laminate 

% 

FET 

Total 

perimeter 

(mm) 

Total 

area 

(mm
2
) 

Permeability 

(darcies) 

Compression 

strength (MPa) 

ILSS 

(MPa) 

38166 (twill) 0.0 12.7 0.38 36 245 49.9 

156 12.5 12.5 0.49 259 218 44.0 

150 16.7 12.8 0.50 306 201 43.0 

148 25.0 18.0 0.91 389 173 44.6 

126 50.0 22.1 1.24 291 128 30.5 

 

3 Fractal dimensions 

In conventional notation, a point has dimension 0, a line has dimension 1, an area has dimension 2 and a volume 

has dimension 3.  If a square is decomposed into four (2 x 2 = 2
2
) self-similar smaller squares it has 

magnification 2, and if decomposed into nine (3 x 3 = 3
2
) smaller squares it has magnification 3.  The dimension 

is simply the exponent of the number of self-similar pieces with into which the figure has been decomposed 

(Devaney, 1995).  The total number of objects, N, is a function of the magnification factor, r, and the dimension, 

D as given by N = r
D
. 

 

In Euclidean geometry the exponent will be an integer, but in fractal geometry it can be a real number.  Fractal 

geometry is the complement of Euclidean geometry and crystal symmetry (Pyrz, 2000a).  Richardson (1961 

posthumous publication) pioneered a process for calculating the length of a coastline using rulers of varying 

lengths which was popularised as fractal geometry by Mandelbrot (1967, 1982).   

 

The fractal dimension, FD, measures the complexity of a self-similar object.  The box-counting method (BCM) 

extends the perimeter measuring method used for coastlines by covering the image with a grid.  The number of 

elements of the grid which cover features within the image are counted.  As increasingly fine grids (smaller 

boxes) are used, the structure of the pattern is more accurately captured, but now N is the number of boxes that 

cover the features (Figure 2). The BCM has been widely used in fractal dimension research (Foroutan-Pour et al, 

1999. Pitchumani and Ramakrishnan, 1999. Lopes and Betrouni, 2009. Mishnaevsky, 2011).  

 

The slope of the Richardson plot (measured length plotted against the size of the measure, or, for the box-

counting method, detected area plotted against box size with both plots on a log-log scale) gives the fractal 

dimension.  The definition of the fractal dimension (FD) for a self-similar object is given by Equation 9: 

 

 FD =log (N)/ log (r)         (9) 

 

Both the Richardson plot and BCM appear to be applicable for patterns with or without self-similarity (Borges 

and Peleg, 1996. Damrau et al, 1997. Foroutan-Pour et al, 1999. Pitchumani and Ramakrishnan, 1999). 

 

3.1 Discontinuous fibre composites 

Worrall and Wells (1996) used fractal variance analysis to characterise differences in filamentisation (i.e. fibre 

separation) between bundled and filamentised press-moulded long discontinuous glass-fibre/polyester resin 

composites.  Changes in the Richardson plot were used to identify changes in the optical micrographs of 

composite structures. 

3.2 Continuous fibre composites 

Dzenis et al (1994) used an atomic force microscope to analyse the “self-affinity” of surface topography for 

several reinforcement fibres.  The fractal dimensions of the surfaces were determined as 2.09 (“graphite”), 2.37 

(Kevlar
®
149), 2.52 (undrawn polyimide) and 2.18 (polyimide with a draw ratio of 8).  Dzenis (1997) then 

defined the interfacial fractal dimension as smooth interface (2.0), moderate irregularity (2.4) and very strong 

irregularity (2.8).  He further presented analytical formulations for a variety of elastic, visco-elastic and thermal 

properties of unidirectional composites in both the axial and transverse directions.  
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Pearce et al (1998a) investigated the effects of fabric architecture on the processing and properties of 6K carbon 

fibre reinforced composites using three different weave styles with the same areal weight (290 gsm) and woven 

from the same batch of fibre.  Composites were produced by resin transfer moulding in an unsaturated radial 

flow permeameter using 9 (Vf = 49%), 10 (Vf = 54%) or 11 (Vf = 60%) layers.  Pore space was determined from 

transverse sections.  Interlaminar shear strength was measured in accordance with CRAG Standard Method 100 

(Curtis, 1988).  The permeabilities for the three fabrics were ranked in the same sequence as the proportion of 

larger pore spaces (>0.5 mm
2
), and ranked in the same order as descending ILSS (Table 4). 

 

Table 4:  Carbon fibre fabrics studied 

Designation 
Weave 

description 

No.pore 

space 

areas 

Average 

pore space 

(mm
2
) 

Maximum 

pore space 

(mm
2
) 

Permeability 

range 

(x10
-12

 m
2
) 

Relative 

ILSS 

E3853 G986 2 x 2 twill 1445 0.053 1.007 34.0-53.7 lowest 

E3833 G963 
5-harness satin 

Injectex 
2061 0.056 0.705 18.9-36.1 middle 

E3795 5-harness satin 2498 0.027 0.319 8.1-17.9 highest  

 

In further work on the same fabrics, Pearce et al (1995b) added tensile and compressive tests and fractal analysis 

of transverse sections to obtain fractal dimensions for the three fabrics.  Variations in permeabilities and 

mechanical properties were related to observed differences in the microstructure.  The ranking of ILSS and both 

tensile and compressive moduli was satin> twill>Injectex.  For both the tensile and compressive ultimate 

strengths, the satin fabric again had the highest properties, with twill generally having marginally better 

properties than the Injectex. The compressive strengths  were lower (around one-half) than the respective tensile 

strengths for all fabrics as expected due to the pre-buckling of fibres arising from the crimp of the fabrics.  Table 

5 shows the relative magnitudes of the respective properties and the fractal dimension for each type of fabric. 

 

Table 5:  Summary Pearce et al (1995b) results for all tests showing ranking of fabrics 

Property Ranking 

Permeability satin < Injectex  < twill 

Apparent ILSS satin > Injectex  > twill 

Tensile modulus satin > twill  > Injectex 

Tensile strength satin > twill  > Injectex 

Compressive modulus satin > twill  > Injectex 

Compressive strength satin > twill  > Injectex 

Fractal dimension satin > twill  > Injectex 

 

Pearce et al (2000) sought to correlate variations in permeability, and in the laminate mechanical properties, to 

differences in microstructure using a series of experimental carbon fibre fabrics woven to incorporate a novel 

flow enhancement concept (use of different proportions of 3K weft tows in a 6K fabric).  Permeability data was 

derived from measurements made during manufacture of the composite plates in a transparent radial flow RTM 

mould.  The manufactured plates were subsequently sectioned for mechanical testing (moduli and strengths in 

tension and compression) and for automated image analysis to determine fractal dimensions from polished 

sections.  The increase in permeability was not consistent with the proportion of flow-enhancing (3K) tows, but 

could be ranked in the same sequence as the fractal dimension derived from polished sections (Figure 3).  Note 

that the software used to generate the data returns FD values reduced by one.  The compression strengths were 

unaffected by the change in tow size.  The weft direction had lower moduli in both tension and compression.  

The rate at which modulus decreases with increasing proportion of 3K tows was broadly consistent with the 

change in volume fraction of fibres in the test direction.  The weft tensile strength was ranked in the same 

sequence as the fractal dimension (Figure 4). 

 

Using the single average data set in Figure 4, we might speculate that extrapolation of the weft tensile strength 

Excel Trendline to integer values could yield important information.  At FD = 0, the intercept at 97 MPa is of a 

similar magnitude to that expected by extrapolation of the cast resin tensile strengths for the Ampreg 26 

epoxy/26SL slow hardener system (the Gurit Ampreg 26 Epoxy laminating system manufacturers data sheet 

PDS-Ampreg 26-12-0515 gives room temperature cure 58 MPa, 50ºC post-cure 80.3 MPa, 80ºC post-cure (as 

used) strength not given.  At FD =1, the prediction of 1540 MPa is of the order of the strength of a carbon fibre 

that has been through textile processes (the original paper/thesis that provided the data does not specify the 

specific grade of fibre used).  Subsequent work by different researchers has not reproduced the above finding. 
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Summerscales et al (2004) quantified 150 X-ray CT cross-sectional slices of plain woven E-glass fibre-

reinforced epoxy resin using fractal dimension.  The analysis returned a consistent numerical value for each of 

the slices in the two similar orthogonal planes. 

 

Aniszewska and Rybaczuk (2009) presented simulated quasi-static fracture processes for parallel fibre 

reinforced composites using cellular automata and BCM fractal characteristics of defects growth. Defect 

evolution in composites was treated as a dynamical system depending on external and internal conditions and 

properties of fibres.  The simulations were intended to inform further work on the evolution of fractal 

characteristics for 3D textile-reinforced aluminium matrix composites. 

 

Pimenta and Pinho (2014) have presented a model for the translaminar tensile toughness of fibre-reinforced 

polymer matrix composites.  The model is based on fibre and interfacial properties and assumes a hierarchical 

failure process with the formation of stochastic variations of quasi-fractal fracture surfaces.  The model could 

reproduce the effect of different types of fibre and matrix, and revealed a marked increase in toughness for 

thicker plies. 

 

4 Concluding remarks 

There is increasing evidence that the distribution of fibres within a composite has important effects on the 

properties, especially the permeability and strengths.  In general, the permeability in LCM processes increases 

with fibre clustering but the consequent resin-rich volumes depress composite strengths.  A variety of 

techniques have been employed to describe micro-/meso-structural fibre (or the complementary resin-rich 

volume) distributions.  Tessellation techniques have dominated this analysis in recent decades.  The use of 

fractal dimension (FD) is becoming increasingly widespread. 

 

The majority of sampling of composite microstructures to date has used (sequential) 2-D sections of the material.  

Confocal laser scanning microscopy (CSLM) (Shotton, 1989. Ferrando and Spiess, 2000) within the limits of 

depth of light penetration, and x-ray computed tomography (XCT) (Miller et al, 2007. Helliwell et al, 2013. 

Maire and Withers, 2014) could extend this analysis to 3-D sampling.  However, the 3-D analysis will incur 

increased complexity and require more computational time. 
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Figure 1: Delauney (left) and Voronoi (right) tessellations of a set of points 
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Figure 2:  Representative images showing selected stages of fractal data generation for the resin/void volume fraction. 
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Figure 3: Permeability plotted against fractal dimension (from resin) for Brochier and Carr Reinforcements fabrics
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Figure 4:  Tensile and compressive strengths for Carr twill fabrics with differing proportions of flow-

enhancing tows.  Warp tensile and compressive and weft compressive strengths sensibly constant but weft 

tensile strength rises with fractal dimension (not with fibre volume fraction). 


