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Abstract

The equivalent laminate assumption is a commonly-used method to model the random architecture

of discontinuous composites, but which has never been validated experimentally. This study aims to

verify the equivalent laminate assumption, focusing on tow-based discontinuous composites (TBDCs),

which have higher fibre-content and thus improved modulus and strength, compared to conventional

discontinuous-fibre composites. This verification was achieved by manufacturing and testing (i) actual

TBDCs with randomly oriented tows and (ii) their equivalent laminates (ELs), at two different tow

thicknesses. The results show that ELs exhibit the same failure mechanisms as TBDCs, and are

similarly weakened by an increase in tow thickness. However, ELs lack the spatial variability in local

fibre-content and local tow orientations, which makes ELs stronger than TBDCs. Therefore, the

equivalent laminate assumption is suitable for predicting the modulus of discontinuous composites,

but cannot predict their strength without considering the local variability in their microstructure.

Keywords: A. Discontinuous reinforcement; B. Mechanical properties; C. Laminate

mechanics; D. Microstructural analysis.

1. Introduction

Tow-Based Discontinuous Composites (TBDCs) are a growing class of high-performance materi-

als, composed of carbon-fibre tows randomly oriented and distributed in a polymeric matrix. Due

to the discontinuous nature of the tows, these materials can be compression-moulded, which signif-

icantly improves their manufacturability. In addition, the tow-based architecture of TBDCs allows

for a high fibre-content, leading to high modulus and toughness [1–6]. This combination of manu-
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facturability and good mechanical properties makes TBDCs appealing for high-volume production of

structural components. Some of the commercial applications of TBDCs include window frames of the

787 Dreamliner [7], the inner monocoque and suspension control arm of the ‘Sesto Elemento’ concept

car from Automobili Lamborghini [8], and the Diablo Octane drivers from Callaway Golf [9].

There are three main manufacturing routes for TBDCs: (i) chopped-prepreg-based systems [10],

(ii) Sheet Moulding Compounds (SMCs) [11], and (iii) direct fibre preforming [3]. For most TBDC

products [3, 10], the chopped fibre-tows are either processed into an intermediate product or directly

stacked on the mould before compression-moulding, using proprietary methods to either achieve a

uniform distribution of tow orientations, or to induce a preferential tow direction [12]. For research

purposes, random distributions of tow orientations have been achieved by manually shuffling the tows

in a tray [4] or dispersing the tows in agitated water [13]. However, the degree of randomisation in the

microstructure obtained with these methods has not been measured.

The mechanical response of TBDCs is highly dependent on their microstructure. It is agreed that

both the modulus [1, 4–6, 14] and the tensile strength [2, 4, 6] of TBDCs increase with increasing the

tow length or decreasing the tow count (number of fibres in the cross-section of a tow) [5, 15]; this

effect is much more pronounced on the strength than on the modulus [4, 6], and for sufficiently slender

tows the modulus of TBDCs actually converges to that of equivalent laminates [6, 14].

Most studies [1–5] on TBDCs have focused on materials with thermosetting matrices and tow

thicknesses in the range of 100 to 200 µm, with moduli of TBDCs between 20 and 60 GPa and

strengths between 100 and 300 MPa. However, it was found that TBDCs with thermoplastic matrix

and ultra-thin tows (approximately 45 µm thick) have a superb strength of up to 500 MPa [13].

Although the matrix materials and tow dimensions of the TBDCs investigated in these studies were

not all the same, these results suggest that the tow thickness could have a significant effect on the

performance of TBDCs, but this has not been quantitatively examined yet.

A noticeable feature of TBDCs is that they are highly heterogeneous, due to the large tow dimen-

sions (up tp 50 mm long and 10 mm wide) and random tow orientations. This results in localised

anisotropic properties, and in the presence of inherent weak spots (e.g. clusters of tow-ends, resin

pockets or voids) in TBDCs, which leads to notch insensitivity [16]. These characteristics are also

shared by other classes of Discontinuous Fibre-Composites (DFCs) [17–19], although the macroscopic

effect of the heterogeneous microstructure is reduced in the latter as the fibres are more dispersed in

DFCs than in TBDCs.
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Figure 1: Equivalent laminate assumption for modelling TBDCs.

Models to predict the mechanical properties of TBDCs and of other DFCs commonly use an equiv-

alent laminate analogy (Figure 1), to account for the randomly-oriented architecture of the fibres or

tows [2, 20–23]. The equivalent laminate assumption represents the random orientations of discontinu-

ous composites into a ply-by-ply equivalent laminate, which contains unidirectional discontinuous plies

at different orientations, usually forming a quasi-isotropic lay-up (see Figure 1). Other models using

orientation homogenisation methods may not explicitly mention the equivalent laminate to represent

the microstructure of TBDCs and DFCs, but the mathematical formulation used to homogenise the

modulus of the material is similar to the models directly considering an equivalent laminate [24–28].

Although the equivalent laminate assumption has been widely adopted, there is a striking lack of

experimental validation comparing the mechanical performance of ply-by-ply equivalent laminates and

that of actual discontinuous composites with a random architecture. Consequently, the applicability

and accuracy of the equivalent laminate assumption to predict the mechanical performance of DFCs

and TBDCs remains an open question.

Therefore, this study aims to investigate the validity of the equivalent laminate assumption to model

TBDCs, by comparing the mechanical properties of (i) actual TBDCs with a random microstructure

and (ii) their equivalent laminates, for two different tow thicknesses. This is achieved by manufacturing

and testing random TBDC plates and equivalent laminates, as described in Section 2. The testing

results are presented in Section 3, and they are further discussed in Section 4; conclusions are presented

in Section 5.
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2. Experimental procedures

2.1. Materials

HexPly–M77 [29] carbon-fibre/epoxy prepreg was used to manufacture all specimens analysed in

this study. Two types of discontinuous composites were manufactured:

1. Random Composite (RC), made of chopped prepreg tows randomly oriented and distributed in a

plate (see Figure 2a). These RC plates are aimed to have similar microstructure and constituents

to those of HexMC-M77 [30], a commercial version of TBDC;

2. Equivalent Laminate (EL), in which each lamina is a prepreg ply with discontinuous cuts defining

aligned tows (see Figure 2b).

Two RC plates and two EL plates were made, using prepregs of either tow thickness tply = 0.164 mm

(later referred to as ‘thin-prepreg’) or tply = 0.285 mm (later referred to as ‘thick-prepreg’). In all

cases, the tow length (lt) and the tow width (wt) are lt = 50 mm and wt = 8 mm respectively.

2.2. Manufacturing of the Random Composite and Equivalent Laminate plates

2.2.1. Lay-up of Random Composites

The number of tows in the thin-prepreg and thick-prepreg RC plates (Np
tows, see Table 1) were

selected to be were selected to be exactly the same as in their corresponding EL plates. The tows at

the edges of the RC plates were trimmed, and therefore the total volume of tows was slightly lower

in the RC than in the EL; consequently, the nominal laminate thicknesses (tn) of the RC plates are

slightly lower than their EL counterparts (see Table 1).

To randomise the position and orientation of the tows, the following procedure was carried out:

1. Realising the position (xi, yi) and the orientation (θi) of each tow from uniform statistical distri-

butions, using a randomisation algorithm (written in Matlab [31], see Figure 2a and Appendix A);

2. Printing on paper several layers of the pattern generated by the randomisation algorithm on a

one-to-one scale (see Figure 2a), where each layer consisted of approximately 105 tows (which

corresponds to half coverage of a uni-directional EL ply);

3. Cutting the prepreg to 50 mm × 8 mm tows using an automated ply cutter, and manually placing

the tows, one-by-one, on each printed layer according to the positions and orientations defined

in the random pattern generated in Step 2. The natural tackiness of the tows allowed them to

stay in place relatively to each other;
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Prepreg
type

Prepreg
thickness
(mm)

Lay-up of the EL
Np

tows

in EL
and RC

tn of
EL
(mm)

tn of
RC
(mm)

Thick-ply 0.285 [0◦/45◦/90◦/-45◦]s 1682 2.280 2.106
Thin-ply 0.164 [0◦/22.5◦/45◦/67.5◦/90◦/-67.5◦/-45◦/-22.5◦]s 3364 2.624 2.444

Table 1: Specification of the plates produced.

4. Laying-up the layers (each consisting of approximately 105 randomly placed tows), so as to make

RC plates with the required number of tows (defined in Table 1).

The plates were cured as described in Section 2.2.3.

2.2.2. Lay-up of Equivalent Laminates

The EL plates consist of uni-directional (UD) plies in a quasi-isotropic lay-up, where each ply

consists of perfectly-aligned 50 mm × 8 mm tows (see Figure 2b). The specifications of the EL plates

are detailed in Table 1; classical laminate theory [28] was used to confirm that the lay-ups used had no

coupling between tension and bending or torsion (the extensional stiffness matrix A and the bending

matrix D of the lay-ups were ensured to be symmetric with A16 = A26 = 0 and D16 = D26 = 0, and

the coupling stiffness matrix B was confirmed to be B = 0). The EL plates were laid-up according to

the following procedure:

1. Realising the position of the tow boundaries in each ply, using a randomisation algorithm (written

in Matlab [31]). For each ply in the EL, this algorithm creates a random number x1 ∈ [0, wt],

defining the location of the tows in the ply’s x-direction, and a set of random numbers yj ∈ [0, lt]

defining the location of the tows in the ply’s y-direction (see Figure 2b);

2. Using a ply cutter to generate the discontinuities in each ply according to the pattern created in

Step 1. Only the tow-boundaries perpendicular to the fibre direction were cut (shown in red in

Figure 2b), as the tow-boundaries parallel to the fibres are formed by matrix only;

3. Cutting the discontinuous plies to 290×290 mm2 at the corresponding fibre orientations, and

laying-up the discontinuous plies as indicated in Table 1.

The plates were cured as described in Section 2.2.3.

2.2.3. Curing the plates

A hot-press with a working area of 300×300 mm2 was used to cure the RC and EL plates. The

hot-press had a minimum opening of 6 mm between the upper and lower surfaces, and therefore the

composite plates were sandwiched in between aluminium plates, to ensure sufficient pressure transfer
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θi

(xi, yi)

wt

lt tow boundary
defined by
algorithm
(see AppendixA)

prepreg tow

(a) Layer with randomly distributed tows in the RC.

wt

lt

fibre direction

prepreg ply

cut fibres at the
end of the tows

lateral tow
boundaries
(not cut)

(b) Ply with aligned discontinuous tows in the EL.

Figure 2: Examples of patterns of tow boundaries in RC and EL layers generated by the randomisation
algorithms described in Section 2.2.2 and Appendix A. Both figures represent the full width and length
of the plates manufactured (290 × 290 mm2).
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Specimen
length (mm)

Specimen
width (mm)

Gauge
length (mm)

Strain
measuring
length (mm)

Specimen
attachment

Control
method

Loading
rate

250 50 138 120
Grips with P80
sandpaper

Displacement 1mm/min

Table 2: Testing specifications.

from the hot-press working surface. The assembly of the aluminium and composite plates (separated by

peel plies) were cured at a pressure of 5 bar and a temperature of 130◦C (as suggested in the composite

prepreg datasheet [29]); a longer curing time of 20 minutes was used, to allow the extra aluminium

plates to warm up to the required temperature of 130◦C (which was verified with thermocouples).

2.3. Testing and analysis

The microstructure of the EL and RC plates was analysed in optical micrographs of the cross-section

of the plates. Three sections of each EL plate and nine sections of each RC plate were analysed, because

the EL plates have less variability in the microstructure than the RCs; each section showed the full

thickness of the plate and a 600 µm window width. The fibre volume fractions of the plates were

calculated in these micrographs, using Matlab [31] and adjusting the black-to-white (i.e. matrix-to-

fibres) threshold manually.

The tensile response of the RCs and ELs was characterised through standard uni-axial tensile

tests, performed following the ASTM-D3039 [32] standard, but increasing the specimen width from

the suggested 25 mm to the tow length of 50 mm; five specimens were tested per material. The testing

parameters are as detailed in Table 2.

The modulus of each specimen was calculated as the gradient (slope of linear regression) of the

stress-strain curve between 0.05% and 0.15% strain, and the strength was taken as the maximum stress

achieved. Modulus and strength are later normalised according to the fibre volume fraction of each

material (see Equation 1 in Section 3.2).

3. Results

3.1. Quality of specimens

The fibre volume fraction of each material is listed in Table 3. For the thin-prepreg EL, the thin-

prepreg RC, and the thick-prepreg EL, the fibre content in the cured plate was higher than that of

the prepreg (57% in volume); this agrees with the fact that resin bleeding was observed during curing.
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Plate type Thin-prepreg EL Thin-prepreg RC Thick-prepreg EL Thick-prepreg RC
Fibre content (%) 59.34 ± 2.74 57.85 ± 3.84 57.58 ± 0.73 53.50 ± 5.39
Modulus (GPa) 41.92 ± 2.60 43.41 ± 4.14 43.49 ± 2.79 39.66 ± 5.06
Strength (MPa) 365.9 ± 34.3 290.1 ± 34.9 276.2 ± 18.8 186.0 ± 34.8

Table 3: Volume fraction and measured mechanical properties of EL and RC.

However, the fibre content in the thick-prepreg RC plate was lower than that of the prepreg, which

suggests the presence of voids (this was confirmed in the micrographs).

Figure 3 compares the micrographs of the cross-sections of the EL and RC plates across their

thickness, showing that:

1. In the ELs, the different plies can be clearly distinguished, and the thickness of each ply is ap-

proximately uniform along the in-plane direction of the micrograph (see Figure 3a and Figure 3c);

in the RCs, there are regions where the boundaries between the tows are not distinguishable (see

region 4 in Figure 3d), and the thickness of the tows varies considerably, both between tows and

even within the same tow (see region 1 in Figure 3b);

2. In the ELs, the tows are distributed evenly in the through-the-thickness direction, although

there are thin resin rich regions at the in-plane boundary between two tows (see Figure 3a and

Figure 3c); moreover, the variability in the fibre volume fraction of ELs is small (see Table 3). In

the RCs, there are more obvious resin pockets and voids, especially at the end of the tows (see

region 2 in Figure 3b and region 3 in Figure 3d, showing resin pockets), implying that there is a

considerable variability in fibre-content throughout the RC plates;

3. In the ELs, the tows are nearly perfectly parallel to the surface of the plate, which means that the

out-of-plane waviness is negligible (see Figure 3a and Figure 3c); in the RCs, tows are considerably

rotated in the out-of-plane direction, especially at tow ends (see region 2 in Figure 3b);

4. In general, the thin-prepreg EL and RC plates show a more uniform distribution of tows than

their thick-prepreg EL and RC counterparts.

Figure 4 shows the expected location of the tow boundaries in the RCs (generated by Matlab as

described in Section 2.2.1), plotted on the corresponding location of the surface of the corresponding

plate. By comparing the Matlab-generated location of the tows and the actual tow boundaries in the

cured plate, it is clearly seen that:

1. In the top surface of the thin- and thick-prepreg RCs, there is a nearly-prefect match between

the Matlab-generated location of the tows and the actual tow boundaries, which suggests that

there was little flow of the tows during manufacturing;
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(a) Thin-prepreg EL.

1
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plane
rotation

resin
pocket

varied tow
thickness

(b) Thin-prepreg RC. Region 1 represents uneven tow
thickness and region 2 represents a resin pocket.
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3

4
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45◦

90◦
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−45◦
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45◦
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(c) Thick-prepreg EL.

3
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200 µm
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pocket

unclear tow
boundaries

(d) Thick-prepreg RC. Region 3 represents resin
pockets and region 4 represents undistinguishable tow
boundaries.

Figure 3: Microstructure of EL and RC cross-sections. In all micrographs, the horizontal direction is
in the plane of the plates, and the vertical direction is through-the-thickness.
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20 mm

(a) Top surface of the thin-prepreg RC.

20 mm

(b) Top surface of the thick-prepreg RC.

20 mm

(c) Bottom surface of the thin-prepreg RC.

20 mm

(d) Bottom surface of the thick-prepreg RC.

Figure 4: Matlab-generated pattern of expected tow boundaries (in dotted white lines) plotted on the
surface of RC specimens. The images were corrected for a shift of 1.5 mm in the horizontal direction
between the top and bottom surfaces of the thin-prepreg RC, and a 3.0 mm shift in the horizontal
direction between the top and bottom surfaces of the thick-prepreg RC.

2. In the bottom surface of the thin- and thick-prepreg RCs, there is some mismatch between the

Matlab-generated and the actual tow boundaries. Because this mismatch occurred only on the

bottom surface, this is likely due to movement of uncured tows when transporting the RC plates.

Overall, there was little flow of the tows in the RC plates during curing, and the actual microstruc-

ture of the cured plates should remain similar to the one expected from the Matlab-generated patterns.

3.2. Mechanical properties

Table 3 lists the measured modulus and strength of the thin- and thick-prepreg ELs and RCs.

These measured values of modulus and strength have been subsequently normalised to the nominal

fibre volume fraction of the prepreg (V f
n=57%) for a more clear comparison in Figure 5, considering:

En = Eexp ·
V f
n

V f
exp

, Xn = Xexp ·
V f
n

V f
exp

, (1)

where En and Eexp are the normalised (i.e. corrected) and experimentally-measured moduli, Xn and

Xexp are the normalised and experimentally-measured strengths, and V f
n and V f

exp are the nominal and

measured fibre volume fractions, respectively.
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(a) Normalised modulus. (b) Normalised strength.

Figure 5: Mechanical properties of ELs and RCs (normalised for a fibre volume fraction of 57%), for
two prepreg thicknesses. Error bars represent one standard deviation.

Figure 5a shows that the moduli of the EL and RC specimens are similar, and that (for the tow

dimensions considered in this study) the modulus is not sensitive to the prepreg thickness.

In Figure 5b, the thin-prepreg RC shows a higher strength than the thick-prepreg RC. The same

trend is observed in the ELs, implying that an EL is able to capture the same effect of different

microstructures as a RC. However, there is a reduction of approximately 20% in strength from the EL

to the corresponding RC.

3.3. Fracture surfaces and failure mechanisms

The fracture surfaces of ELs and RCs (see Figure 6) show similar failure mechanisms of tow frac-

ture and pull-out. Tow fracture is more dominant in the thin-prepreg materials (see Figure 6a and

Figure 6b), and tow pull-out is more dominant in the thick-prepreg materials (see Figure 6c and Fig-

ure 6d), which agrees with previous experiment [5, 33] and modelling [34] studies. This shift in failure

mode can be explained not only by the different tow aspect-ratios of the materials tested, but also

by the different absolute tow thicknesses and tow-to-specimen thickness ratios; this will be further

discussed in Section 4.1.

3.4. Effect of local variability of the microstructure on failure location

The lay-up procedure described in Section 2.2.1 allowed the expected position and orientation of

each tow in the RC plates to be recorded. Moreover, it has been shown in Section 3.1 that this
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(a) Thin-prepreg EL specimen. (b) Thin-prepreg RC specimen.

(c) Thick-prepreg EL specimen. (d) Thick-prepreg RC specimen.

Figure 6: Representative fracture surfaces of EL and RC specimens.

expected microstructure was mostly preserved during the curing process. This means that the mi-

crostructure of the RC specimens tested could be regenerated using Matlab (see Step 1 in Sections 2.2.1

and AppendixA). The characteristics of the regenerated microstructure of the RC specimens are shown

in Figure 7, together with the failure regions observed in the actual specimens tested. Figure 7a and

Figure 7c show the total number of tows (N t
tows) present in the through-the-thickness direction of the

RC plates, for each point of the in-plane surface of the plate. Figure 7b and Figure 7d show the local

tow alignment parameter a11 at each point of the surface of the plate; this parameter was calculated

as

a11 =

Nt
tows∑
i=1

cos2(θi)

N t
tows

, (2)

where θi is the orientation of tow i. It would be expected that those regions in Figure 7 with low tow

count (small N t
tows, corresponding to a low local fibre-content) and with a preferential tow alignment

transverse to the loading direction (low a11) would correspond to weak spots in the material.
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For the thin-prepreg RC specimens, there is a lower than average fibre-content in the failure region

of specimens 1, 3, 4 and 5, and a preferentially-transverse tow alignment in the failure region of

specimens 1 and 2 (see Figure 7a and Figure 7b). For the thick-prepreg RCs, there is both a low

fibre-content and a preferentially-transverse local tow alignment in the failure region of specimens 1,

3, 4 and 5 (see Figure 7c and Figure 7d).

4. Discussion

4.1. Effect of tow thickness

Figure 5b shows that using thicker prepregs leads to a lower strength in ELs and RCs; this is due

to the following mechanisms:

1. Earlier onset of tow-debonding/ply-delamination: On the one hand, thicker tows in ELs and RCs

will debond at lower stresses due to a smaller tow aspect-ratio (lt/tt), which leads to a slower

build-up of stresses in the discontinuous tows through shear of the matrix. This is evident in

Kelly-Tyson’s shear-lag model, which predicts that a discontinuous composite will fail due to

yielding of the matrix at a stress level

σyielding =
lt
tt
· Sm, (3)

where Sm is the shear strength of the matrix and tt is the thickness of tows [33].

On the other hand, thicker tows will lead to an earlier onset of fracture or delamination at the

interface between the tows; the corresponding stress level in the composite can be determined

by Fracture Mechanics as

σfracture =

√
2 · Et · GmIIc

tt
, (4)

where Et is the modulus of the tows and GmIIc is the mode-II fracture toughness of the matrix or

interface [34].

2. A more significant variability of the microstructure: For the specimens used in this study, the

average number of tows across the thickness of a thick-prepreg RC is half of that in the thin-

prepreg RC, which leads to a lower variability of the average local microstructure in the latter.

This is evidenced by the more extreme values of Ntows and a11 in the thick-prepreg RC in

Figure 7c and Figure 7d. Moreover, the measured fibre-content in the thick-prepreg RC also shows

a higher variability (of up to 10% fluctuation, see Table 3) than its thin-prepreg counterpart.

Consequently, there is an approximately 10% larger strength reduction from the EL to the RC

architecture in thick-prepreg composites than in thin-prepreg composites (see Figure 5b).
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10 mm

Ntows

lower fibre-content higher fibre-content

1 2 3 4 5

(a) Local number of tows in thin-prepreg RC specimens.

10 mm

a11

preferentially transverse preferentially longitudinalisotropic

1 2 3 4 5

(b) Local alignment of tows in thin-prepreg RC specimens.
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10 mm

Ntows

lower fibre-content higher fibre-content

1 2 3 4 5

(c) Local number of tows in the thick-prepreg RC specimens.

10 mm

a11

preferentially transverse preferentially longitudinalisotropic

1 2 3 4 5

(d) Local alignment of tows in the thick-prepreg RC specimens.

Figure 7: Expected characteristics of the local microstructure in the in-plane gauge section of the
specimens tested (homogenised in the through-the-thickness direction for each in-plane point shown).
The failure location of each specimen is indicated by a black box.
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3. More weak-spots created during manufacturing: Figure 3 and Figure 4 show that there is a larger

shift of the tows and more resin pockets/voids (especially at the tow boundaries) in the thick-

prepreg RC than in the thin-prepreg counterpart. It is expected that, with thicker tows, the tows

must be shifted more during the compression-moulding to achieve a uniform plate thickness. In

addition, it is more difficult for neighbouring tows to close a gap between them in a thicker-

prepreg RC (refer to region 2 in Figure 3b), which consequently leads to voids. Although the

fibre volume fraction has been normalised in Figure 5, the presence of more voids in the thick-

prepreg RC could lead to higher internal stress concentrations and, consequently, to a lower

strength. The additional source of weak-spots and the decrease of strength in thick-prepreg RCs

is therefore a potential obstacle to the use of TBDCs with thicker tows in structural applications.

Also, the effect of tow thickness on the variability of the microstructure and on the mechanical

performance of RCs suggests that, if RCs are to be used in a very thin section of a structural com-

ponent, it would be beneficial to use thin-prepreg/small-count-tows to ensure that some degree of

homogenisation of the microstructure is achieved.

4.2. Modelling RCs using the equivalent laminate assumption

The RCs and ELs show the same failure mechanisms of tow fracture and tow pull-out under uni-

axial tensile loading (Figure 6), showing that the equivalent laminate assumption is able to model the

physics of the failure process of RCs.

ELs and RCs also have the same deformation mechanisms, as shown by the similar modulus mea-

sured for all materials tested (Figure 5a); this is because the overall modulus of a specimen is governed

by the homogenised response of the material, and is therefore not very sensitive to local variations

of the microstructure. The similar modulus values in RCs and ELs also imply that the effect of tow

waviness (or out-of-plane component of the fibre direction) in RCs is negligible, especially for the

thin-prepreg case. This validates the equivalent laminate assumption for modelling the modulus of

TBDCs, as has been done in the literature [23].

To model the strength of RCs, the equivalent laminate analogy allows one to capture the failure

mechanisms (Figure 6) and the trends of varying strength of RCs with varied tow dimensions (Fig-

ure 5b). However, the equivalent laminate assumption will over-predict the strength of RCs, as failure

of a specimen/structure is generally determined by the weakest spot in the material rather than by

a homogenised average response. Therefore, it is important to take into account the variability in

the microstructure of RCs in order to predict their strength, especially when the dimensions of the
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reinforcing units are relatively large. This means that a deterministic equivalent laminate assumption

might be suitable for DFCs based on small individually-dispersed fibres [20–22], but stochastic effects

must be considered to predict the strength of TBDCs with large tows.

5. Conclusions

This work investigates the mechanical response of randomly-oriented tow-based discontinuous-fibre

composites (TBDCs) and their equivalent laminates (ELs), manufactured with cut-prepregs of two

different thicknesses. The following conclusions can be drawn:

1. For the tow dimensions considered in this study (0.164×8.0×50 mm3 and 0.285×8.0×50 mm3),

the modulus of TBDCs and ELs is not sensitive to the prepreg thickness, but thinner-prepreg

TBDCs and ELs have higher strengths than their thicker-prepreg counterparts.

2. The microstructure of TBDCs is highly heterogeneous, even in precisely-controlled lab-based

materials with nearly no flow of tows. Commercial materials used in line production of actual

components could have even higher variability in their microstructure, and this variability would

lead to a lower strength of TBDCs compared to their EL counterparts.

3. The equivalent laminate assumption is a valid idealisation for modelling the modulus of TBDCs

and other conventional discontinuous fibre-composites (DFCs).

4. A deterministic equivalent laminate assumption is able to capture the failure mechanism of

TBDCs, but is not a sufficient idealisation to predict the strength of TBDCs. To develop an

accurate model for the strength of TBDCs, the local variability in the microstructure must be

considered. This also applies to other forms of DFCs, although using smaller reinforcing units

and a more homogeneous microstructure would increase the validity of the equivalent laminate

assumption.
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Appendix A. Algorithm for the Matlab random generator for Random Composites

This algorithm creates the coordinates of the centre and the orientation of each tow, and ensures

a reasonably uniform distribution of tows in the through-the-thickness direction of the RC plates. To

do so, the following procedures are carried out:

1. Define the maximum relative thickness difference η (in this case, η=75%);

2. For a plate of size 290 × 290 mm2, divide it into a grid with 290 rows and 290 columns of

1 × 1 mm2 points. For each point of the grid identified by the indices m = {1, 2, 3, ..., 290}

and n = {1, 2, 3, ..., 290}, initialise the tow count (number of tows in the through-the-thickness

direction) as N t
tows,mn = 0;
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3. For a tow i, realise its centre-point coordinates as two random numbers xi ∈ [0, 290] and yi ∈

[0, 290], and realise its orientation as a random number θi ∈ [0, π]. The coordinates of the four

corners of tow i can hence be defined by simple geometric relationships;

4. For a tow i, update the tow count N t
tows,mn at the points of the grid overlapping with the tow;

5. For a tow i, check if the maximum tow count difference in the plate is within the maximum

difference allowable ∆N t
tows,max, as:

max(N t
tows,mn)−min(N t

tows,mn) ≤ ∆N t
tows,max, (A.1)

where ∆N t
tows,max = ceil(2 · η ·N t

tows) and N t
tows stands for the mean tow count in the through-

the-thickness direction, considering the total number of tows placed (which is updated after each

tow realisation). If Eq. A.1 is verified, continue to Steps 6; otherwise, remove tow i and repeat

Steps 3 to 5, until Eq. A.1 is verified;

6. Repeat Steps 3 to 5 until the total number of tows Ntows (as indicated in Table 1) has been

allocated.
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