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 A B S T R A C T

Manufacturing scrap from virgin pre-impregnated (prepreg) carbon fibre remains a major composite waste 
stream, motivating research to characterise this high-value material for structural applications. This work 
characterises the tensile response of woven engineered prepreg platelet (EPP) laminates and quantifies the 
influence of key architectural parameters in a design of experiments: platelet length and width, length 
and width superposition, and ply count (𝑙𝑝, 𝑤𝑝, 𝛿𝑙, 𝛿𝑤, 𝑛𝑝, respectively). Tensile properties and fracture 
morphologies were measured for each architecture set, while factor effects were evaluated using analysis of 
variance (ANOVA) with linear and normalised response models alongside shear-lag and fracture-mechanics 
interpretation. Predictive and interpretative models were produced for all tensile values, including ultimate 
tensile strength, Young’s modulus, and strain at failure, which showed that platelet dimensions and superposi-
tions jointly govern load transfer, with selective arrangements retaining up to 90% of baseline stiffness while 
limiting strength penalties. Normalisation improved interpretability by reducing thickness masking and fracture 
analysis identified matrix-rich inter-ply regions as preferential initiation sites with propagation trends linked 
to superposition balance. Overall, the findings establish woven EPPs as tuneable discontinuous composites 
with measurable architecture–property relationships and provide a validated basis for future optimisation and 
damage-aware modelling.
1. Introduction

The introduction of carbon fibre reinforced polymer (CFRP) com-
posites has revolutionised various industries, including aerospace, auto-
motive, sporting goods, renewable energy, and other high-performance 
sectors is driven by their favourable combination of low density, high 
specific strength and stiffness [1–4]. However, growing demand and 
extensive use of CFRP materials has led to a rapid growth of composite 
waste streams, encompassing both manufacturing waste and end-of-life 
products [3]. In parallel, thermoset systems continue to dominate com-
posite supply chains, accounting for 72% of the global market demand 
in 2025 [5]. This creates a pressing need for circular pathways that 
retain the value embedded in high-grade reinforcement materials [6].

Pre-impregnated (prepreg) thermoset CFRP is particularly affected 
by waste generation, as approximately 40% of all virgin prepreg mate-
rial is wasted as offcuts or scrap, and additional waste also arises from 
expired material [7,8]. Thermoset prepreg waste can be classified as 
uncrosslinked or crosslinked waste [9]. Crosslinked waste (post-cure 
scrap or end-of-life components) is generally referred to as recycling, 
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which focuses on reclaiming fibres via pyrolysis [10], chemical solvol-
ysis [11], or mechanical processing [12]. Meanwhile, uncrosslinked 
waste (manufacturing trimmings or expired rolls) enables repurposing
or remanufacturing, where the objective is to preserve and reconfigured 
the feedstock into new high-value composite forms [6,9].

Within this context, long discontinuous CFRP occupies an interme-
diate design space between conventional continuous fibre laminates 
and short-fibre (SF) moulding compounds. A common umbrella term 
is discontinuous carbon fibre composites (DCFC), which encompasses 
CFRP systems where the primary lamination is not continuous [13]. 
Several DCFC material forms have been explored, including prepreg 
platelet moulded composites (PPMCs) [14–16] and tow-based discon-
tinuous composites (TBDCs) [17,18]. This work focuses on platelet-
based reinforcements, also referred to as flakes, chips, patches, strands, 
or tows [14,15,17,19,20], which represent the largest discontinuous 
elements within DCFCs and enable direct control of reinforcement 
length, overlap, spatial arrangement, and orientation. Crucially, be-
yond constituent selection, DCFCs may be more generically grouped 
https://doi.org/10.1016/j.compstruct.2026.120551
Received 5 March 2026; Received in revised form 16 May 2026; Accepted 11 June
vailable online 22 June 2026 
263-8223/© 2026 The Authors. Published by Elsevier Ltd. This is an open access ar
 2026

ticle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://www.elsevier.com/locate/compstruct
https://www.elsevier.com/locate/compstruct
https://orcid.org/0009-0003-3986-9117
https://orcid.org/0000-0002-7064-7518
https://orcid.org/0000-0001-5098-0420
mailto:alessandro.masetti@polimi.it
mailto:luca1.bernini@polimi.it
mailto:paolo.albertelli@polimi.it
https://doi.org/10.1016/j.compstruct.2026.120551
https://doi.org/10.1016/j.compstruct.2026.120551
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compstruct.2026.120551&domain=pdf
http://creativecommons.org/licenses/by/4.0/


A.M. Placci et al. Composite Structures 392 (2026) 120551 
Fig. 1. Schematic demonstrating the woven engineered prepreg platelet design 
of experiments.

into irregular and regular morphologies. Irregular morphologies have 
a stochastic deposition of discontinuous reinforcement, typically intro-
ducing pronounced local heterogeneity and reducing effective proper-
ties relative to the feed material; regular morphologies employ designed 
and repeatable patterns with controllable stacking sequences [15] (Fig. 
1).

Platelet-based systems have therefore attracted significant research 
attention, combining experimental characterisation with analytical and 
numerical modelling methodologies to understand stress transfer, dam-
age mechanisms, and morphology-driven performance [21–23]. Nak-
agawa et al. [24] investigated the flexural behaviour of DCFC pan-
els produced from repurposed aerospace prepreg, reporting increasing 
flexural modulus and strength with platelet length, while increasing 
thickness produced negligible benefits, but reduced scatter. Kravchenko 
et al. [14,25] examined both regular and irregular morphology PPMCs 
in uniaxial tension, while Pipes et al. [15,16] further quantified the 
role of critical platelet length in determining dominant failure modes, 
and analysed notch sensitivity for PPMC specimens. Collectively, these 
studies indicate that the global response of platelet-based composites 
is governed by morphology-dependent three-dimensional stress trans-
fer and the competition between platelet rupture and inter-platelet 
separation.

More broadly, platelet composites exemplify hierarchical material 
behaviour, where the meso-scale architecture can dominate emergent 
mechanical properties [26]. Performance is therefore not dictated 
solely by constituent properties, but by platelet dimensions, over-
lap, arrangement, and the repeatability of the meso-architecture. The 
present work centres on architected platelet feedstock with a controlled 
regular morphology; the resulting composite system is herein referred 
to as an engineered prepreg platelet (EPP) system. The term EPP is 
adopted to emphasise the engineered nature of the platelet architecture 
while distinguishing it from the broader DCFC classification and from 
process-specific terminology such as PPMCs or the 2D morphologies of 
Brick-and-Mortar (BaM) structures.

While much of the existing experimental and modelling research 
has focused on unidirectional (UD) prepreg platelet systems, woven 
CFRP prepregs remain widely used in high-performance sectors due to 
manufacturing advantages including improved formability for complex 
geometries, more balanced in-plane properties, and simplified lay-up 
relative to UD laminates [27,28]. Motivated by this gap, this paper 
presents an experimental investigation of woven EPP composite sys-
tems. Since the structural response of EPPs is governed by platelet
architecture (comprising platelet dimensions, overlap, spatial arrange-
ment, and stacking sequence), the aim of this work is to quantify 
how these design variables control the tensile stiffness, strength, and 
2 
strain at failure. Tensile behaviour is considered as a primary screening 
modality for material viability and as a practical basis for subsequent 
design decisions and architecture optimisation [29,30].

Accordingly, this work investigates and characterises the elastic 
tensile and failure response of woven EPP laminate architectures while 
controlling variations in key platelet parameters, with the aim of estab-
lishing structure–property relationships for architected discontinuous 
prepreg systems. Analysis of variance (ANOVA) is implemented using 
linear regression modelling with the goals of producing an interpre-
tative model that can accurately quantify the contribution of each 
architectural factor being investigated, effectively capturing and pre-
dicting the observed variability in the experimental dataset, and a 
predictive model that could be used to assess new EPP architectures 
and arrangements.

The work is structured as follows. Section 2 describes the manu-
facturing procedure, conception of the design of experiments, fracture 
analysis undertaken post tensile testing and the analysis of variance 
implemented. Meanwhile Section 3 details the tensile properties for 
the tested EPP architectures, divided into 4-ply (Section 3.1), 6-ply 
(Section 3.2), and 8-ply (Section 3.3) arrangement results. The analysis 
of variance and various models are discussed in Section 4, and 5 
summarises the key findings.

2. Materials and methods

This work investigates how controlled variations in platelet archi-
tecture affect the elastic tensile and failure behaviours of woven EPP 
laminates. This section follows the workflow summarised in the graph-
ical abstract (Fig.  2), with the intention of producing a predictive and 
interpretative model to analyse and characterise EPP performance. A 
Design of Experiments (DoE) was defined to define all relevant param-
eters, highlighted in Section 2.1, with the manufacturing methodology 
for the tensile testing of the specimens in Section 2.2, and the subse-
quent extraction of tensile properties for each arrangement is outlined 
in Section 2.3 which includes the Young’s modulus (𝐸), ultimate tensile 
strength (UTS), and strain at failure (𝜀𝑓 ). This was followed by a 
fracture analysis (Section 2.4) which characterised the dominant failure 
modes for all specimens, and was utilised in the Analysis of Variance 
(ANOVA) and linear regression modelling to quantify the main effects 
and interactions (Section 2.5).

2.1. Design of experiments

The DoE and associated experimental campaign were developed 
from the broader understanding established in previous studies on 
platelet-based prepreg composites, particularly the role of platelet di-
mensions and overlap in governing tensile response and dominant 
failure modes [14,31]. Building on this foundation, the present study 
extends the parameter space to woven EPP architectures by systemati-
cally varying the key geometric and superposition variables considered 
most relevant to load transfer and damage development.

The DoE was conceived according to a full factorial design in order 
to test the effect of different platelet architectures on the mechanical 
performances of the final material. The full factorial design consisted 
of a 𝑛𝑟 ⋅ (2𝑘 + 1) design, where 𝑛𝑟 is the number of replicas, 𝑘 is the 
number of factors considered, each assuming two-levels. The central 
point was introduced to check for the presence of model curvature. In 
our case, five different parameters were chosen. The parameters were 
defined in a way that allows modular configuration of the platelets. The 
tensile testing therefore ensured the computation of performances of a 
Representative Volume Element (RVE) of the final composite material. 
Furthermore, 𝑛𝑟 was set to 4, in order to have enough statistical 
information on the effect of platelet arrangements on the material 
properties. That said, the DoE ended up in a total of 33 platelet 
arrangements, leading to 132 manufactured EPP tensile specimens, 
incorporating variations and key geometric parameters. The five key 
parameters of the DoE are reported in the following, and is illustrated 
in Fig.  1:
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Fig. 2. Graphical overview of the experimental methodology and analysis workflow.
• 𝑛𝑙, the number of platelets within the nominal specimen length 
(𝑙0, noted as gauge length). This parameter is defined as 𝑙0𝑙𝑝 , where 
𝑙𝑝 is the platelet length. 𝑛𝑙 was chosen to be 4 and 6 at the 
extremes of the DoE, and 5 at the central point.

• 𝑛𝑤, the number of platelets within the nominal specimen width 
(𝑤0). This parameter is defined as 𝑤0

𝑤𝑝
, where 𝑤𝑝 is the platelet 

width. 𝑛𝑤 was chosen to be 1 and 3 at the extremes of the DoE, 
and 2 at the central point.

• 𝛿𝑙, the platelet superposition ratio, in the length direction, often 
referred to as overlap ratio. This parameter is defined as 𝑙𝑝𝑑𝑙 , where 
𝑑𝑙 is the platelet superposition in length. 𝛿𝑙 was chosen to be 2 and 
4 at the extremes of the DoE, 3 at the central point.

• 𝛿𝑤, the platelet superposition ratio, in the width direction, often 
referred to as overlap ratio. This parameter is defined as 𝑤𝑝

𝑑𝑤
, 

where 𝑑𝑤 is the platelet superposition in width. 𝛿𝑤 was chosen 
to be 2 and 4 at the extremes of the DoE, 3 at the central point.

• 𝑛𝑝, the number of plies (layers) adopted for the EPP architecture. 
𝑛𝑝 assumed the values 4 and 8 at the extremes of the DoE, and 
consequently 6 at the central point.

The full experimental design is detailed in Table  1. For clarity, the 
term EPP architecture refers to a unique combination of platelet DoE 
parameters (𝑙𝑝, 𝑤𝑝, 𝛿𝑙, 𝛿𝑤) and is defined independently of ply count. 
A specific realisation of a given EPP architecture at a particular ply 
number 𝑛𝑝 is herein termed a platelet arrangement.

To enable direct comparison, continuous woven specimens were 
also produced for all ply numbers (𝑛𝑝 = 4, 6, 8) with the same number 
of replicas 𝑛𝑟.

2.2. Panel manufacturing

All specimens were produced by Blacks Composites [32] at their 
facility in Faenza, Italy. Precursor woven prepreg plies were initially 
cut from a prepreg roll into rectangular sheets measuring 300×265 mm, 
conforming to the final panel’s dimensions.

The material used in this work is a CFRP prepreg consisting of 
𝑀46𝐽 carbon fibre reinforcements and a 𝐸𝑅450 thermoset epoxy resin, 
with an areal weight of 200 g∕m2 produced by Composite Materials 
Italy (CIT) [33]. This 2 × 2 twill high modulus fabric has a cured 
ply thickness of 0.22 mm, a fibre volume fraction of 60 wt%, and was 
supplied by Racing Bulls S.p.A [30]. Its mechanical properties are given 
in Table  2.

To achieve precise and repeatable platelet geometries while stream-
lining the manufacturing flow, the Lectra IQ50 automated ply cutter 
(plotter) was employed [34]. The plotter cut and scored the platelet 
3 
Fig. 3. Graph illustrating the pressure and temperatures of the cure cycle for 
the production of specimens.

discontinuities on the prepreg fabric roll, along the platelet length 
and width respectively, preserving the ply’s homogeneity for easier 
handling while maintaining control and consistency between plies to 
minimise manufacturing errors before cutting the rectangular sheets.

During the lay-up procedure, the scored transverse discontinuities 
were incised manually by the laminator prior to being laminated fol-
lowing a predefined stacking sequence on a flat carbon/epoxy mould. 
Aluminium positioning loose tools, corresponding to the final panel 
dimensions, were used to align the prepreg sheets and maintain the 
nominal panel geometry during curing. After stacking, an aluminium 
counter-mould was placed over the laminate to promote uniform com-
paction and covered with a non-perforated release film and breather 
cloth, prior to being enveloped in a vacuum bag, and vacuum-sealed in 
preparation for curing [30].

The panel was subsequently placed in an autoclave with the fol-
lowing cure cycle. Initially, the temperature was ramped up to 135 ◦C
at a rate of 2 ◦C∕min, while the pressure increased to 6 bar at a 
rate of 0.3 bar∕min. This temperature and pressure were maintained for 
120 min, after which the panels were allowed to cool under pressure 
to 35 ◦C at a rate of 3 ◦C∕min. Then the pressure was released at a rate 
of 0.3 bar∕min. The cycle is represented in Fig.  3.

Once cured, the panel was removed from the mould (Fig.  4a). 
Glass fibre and epoxy end-tabs were bonded using an autoclave-curable 
adhesive, ensuring a central 138 mm gauge length (Fig.  4b). Following 
the adhesive’s cure cycle, the panel was cut into four tensile specimens 
using a water jet (Fig.  4c).
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Table 1
Design of experiments. Order is the manufacturing and testing order; 𝑛𝑙 is the platelet number per nominal specimen length; 
𝑛𝑤 is the platelet number per nominal specimen width; 𝛿𝑙 is the length platelet superposition ratio; 𝛿𝑤 is the width platelet 
superposition ratio; 𝑛𝑝 is the number of plies. Additional parameters are reported for the sake of clarity: 𝑙𝑝 is the platelet length; 
𝑤𝑝 is the platelet width; 𝑑𝑙 is the length superposition; 𝑑𝑤 is the width superposition.
 ID Order 𝑛𝑙 𝑛𝑤 𝛿𝑙 𝛿𝑤 𝑛𝑝 𝑙𝑝 𝑤𝑝 𝑑𝑙 𝑑𝑤  
 − – [#] [#] [#] ([%]) [#] ([%]) [#] [mm] [mm] [mm] [mm] 
 0 113–116 4 1 2 (50%) 2 (50%) 4 34.5 45.0 17.3 22.5  
 1 53–56 4 1 2 (50%) 2 (50%) 8 34.5 45.0 17.3 22.5  
 2 105–108 4 1 2 (50%) 4 (25%) 4 34.5 45.0 17.3 11.3  
 3 81–84 4 1 2 (50%) 4 (25%) 8 34.5 45.0 17.3 11.3  
 4 61–64 4 1 4 (25%) 2 (50%) 4 34.5 45.0 8.6 22.5  
 5 13–16 4 1 4 (25%) 2 (50%) 8 34.5 45.0 8.6 22.5  
 6 9–12 4 1 4 (25%) 4 (25%) 4 34.5 45.0 8.6 11.3  
 7 41–44 4 1 4 (25%) 4 (25%) 8 34.5 45.0 8.6 11.3  
 8 29–32 4 3 2 (50%) 2 (50%) 4 34.5 15.0 17.3 7.5  
 9 77–80 4 3 2 (50%) 2 (50%) 8 34.5 15.0 17.3 7.5  
 10 69–72 4 3 2 (50%) 4 (25%) 4 34.5 15.0 17.3 3.8  
 11 109–112 4 3 2 (50%) 4 (25%) 8 34.5 15.0 17.3 3.8  
 12 121–124 4 3 4 (25%) 2 (50%) 4 34.5 15.0 8.6 7.5  
 13 117–120 4 3 4 (25%) 2 (50%) 8 34.5 15.0 8.6 7.5  
 14 101–104 4 3 4 (25%) 4 (25%) 4 34.5 15.0 8.6 3.8  
 15 65–68 4 3 4 (25%) 4 (25%) 8 34.5 15.0 8.6 3.8  
 16 97–100 6 1 2 (50%) 2 (50%) 4 23.0 45.0 11.5 22.5  
 17 17–20 6 1 2 (50%) 2 (50%) 8 23.0 45.0 11.5 22.5  
 18 37–40 6 1 2 (50%) 4 (25%) 4 23.0 45.0 11.5 11.3  
 19 93–96 6 1 2 (50%) 4 (25%) 8 23.0 45.0 11.5 11.3  
 20 73–76 6 1 4 (25%) 2 (50%) 4 23.0 45.0 5.8 22.5  
 21 25–28 6 1 4 (25%) 2 (50%) 8 23.0 45.0 5.8 22.5  
 22 89–92 6 1 4 (25%) 4 (25%) 4 23.0 45.0 5.8 11.3  
 23 5–8 6 1 4 (25%) 4 (25%) 8 23.0 45.0 5.8 11.3  
 24 49–52 6 3 2 (50%) 2 (50%) 4 23.0 15.0 11.5 7.5  
 25 21–24 6 3 2 (50%) 2 (50%) 8 23.0 15.0 11.5 7.5  
 26 129–132 6 3 2 (50%) 4 (25%) 4 23.0 15.0 11.5 3.8  
 27 125–128 6 3 2 (50%) 4 (25%) 8 23.0 15.0 11.5 3.8  
 28 57–60 6 3 4 (25%) 2 (50%) 4 23.0 15.0 5.8 7.5  
 29 45–48 6 3 4 (25%) 2 (50%) 8 23.0 15.0 5.8 7.5  
 30 85–88 6 3 4 (25%) 4 (25%) 4 23.0 15.0 5.8 3.8  
 31 33–36 6 3 4 (25%) 4 (25%) 8 23.0 15.0 5.8 3.8  
 32 1–4 5 2 3 (33%) 3 (33%) 6 27.6 22.5 9.2 7.5  
Table 2
Material properties for 𝑀46𝐽∕𝐸𝑅450 carbon fibre epoxy resin Woven CFRP 
[33].
 Material properties 𝑀46𝐽∕𝐸𝑅450 
 Young’s modulus, 𝐸 [GPa] 109.8  
 Ultimate tensile strength, 𝑈𝑇𝑆 [MPa] 674.1  
 Strain to failure, 𝜀𝑓  [%] 0.63  
 Shear modulus, 𝐺12 [GPa] 3.70  
 Poisson’s ratio, 𝑣12 0.04  

Fig. 4. Manufacturing process of the Woven EPP specimens (a) Characteristic 
EPP panel (b) Schematic detailing the bonded end-tabs (c) Outline of specimen 
locations and manufactured specimen example.
4 
2.3. Tensile testing

The tensile specimens were tested according to the ASTM D 3039 
standard [35] for polymer matrix composites, with a modified specimen 
width to accommodate manufacturing constraints related to specimen 
platelet production, and minimum incisions lengths for the plotter as 
advised by Racing Bulls S.p.A. The experimental campaign utilised 
specimens measuring 250 × 45 mm with 56 mm long end-tabs on either 
end of the specimen for the universal testing machine’s (UTM) grips. 
The resulting nominal specimen length and width, (𝑙0 and 𝑤0), are 
138 mm and 45 mm, respectively. These nominal specimen dimen-
sions, alongside the previously outlined DoE factors, the corresponding 
platelet parameters are:

• 𝑙𝑝, platelet lengths of 34.5, 27.6, and 23.0 mm.
• 𝑤𝑝, platelet widths of 45.0, 15.0, and 22.5 mm.
• 𝛿𝑙, platelet length superposition of 50%, 25%, and 33% of the 
platelet length.

• 𝛿𝑤, platelet width superposition of 50%, 25%, and 33% of the 
platelet width.

Each EPP architecture was tested using an MTS Alliance RT 100 UTM 
with a 80 kN load cell at a quasi-static speed of 2mm∕min. The spec-
imens were tested using wedge-action grips acting on the bonded 
end-tabs, with an initial grip separation of 130 mm for all specimens. 
The loading was stopped after the complete fracture of the specimen oc-
curred. Force (𝐹 (𝑡)) was recorded from the UTM load cell and a clip-on 
axial extensometer was used to measure the extension of the specimens 
under tension, with a gauge length of 50 mm, positioned approximately 
at mid-gauge. The extensometer remained attached throughout the test, 
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Fig. 5. EPP #30 stress–strain curves demonstrating the data extrapolation, 
including the target strains locations (𝜀∗𝑖 ) alongside the UTS and 𝜀𝑓  and 𝜀𝑓
measurement locations from the red cross.

and was not removed prior to specimen failure, such that the 𝜀𝑓  was 
obtained directly from the extensometer measurement.

Engineering stress was computed as: 

𝜎(𝑡) =
𝐹 (𝑡)
𝐴0

(1)

where 𝐴0 is the initial cross-sectional area of the specimen. Specimen 
width and thicknesses were measured using vernier calipers at three 
equally spaced locations within the specimen’s gauge length 𝑙0 prior to 
testing. The mean width and thickness values were used to define 𝐴0
for each specimen.

The UTS was taken as the maximum engineering stress: 
𝑈𝑇𝑆 = max [𝜎(𝑡)] (2)

While the strain at failure was defined as the measured extensometer 
strain at the time corresponding to 𝜎𝑈𝑇𝑆 ; 

𝜀𝑓 = 𝜀(𝑡)||
|𝑡=𝑡𝑓

(3)

The 𝐸 was extracted from the initial linear-elastic response using a 
simple secant-based approach at prescribed strain levels. Three target 
strains were defined to avoid initial loading artefacts while remaining 
below any observed stiffness changes (Fig.  5): 𝜀∗ = {0.0005, 0.0015,
0.0025}. For each target strain 𝜀∗𝑖 , the recorded data point with strain 
closest to 𝜀∗𝑖  was selected, and the corresponding stress–strain pair 
(𝜀𝑖, 𝜎𝑖) was used to compute the Young’s modulus. 

𝐸𝑖 =
𝜎𝑖
𝜀𝑖

(4)

The reported specimen’s 𝐸 was taken as the mean of the three target 
values; 

𝐸 =
𝐸0.0005 + 𝐸0.0015 + 𝐸0.0025

3
(5)

2.4. Fracture analysis

Following tensile testing, all specimens were examined to iden-
tify the dominant fracture mechanisms, the apparent crack initiation 
region, and the extent of crack propagation. The fracture analysis com-
bined visual inspection, macroscopic observations, microscopic anal-
yses, and Scanning Electron Microscopy (SEM) of selected fracture 
surfaces. Macroscopic inspections were utilised to classify the global 
failure mode and whether the failure occurred within the nominal 
5 
gauge region or within the tab-proximate region, Fig.  6. Optical mi-
croscopy was used to examine local delamination, fibre pull-out, and 
matrix-rich discontinuous regions. SEM observations were conducted 
on selected specimens to identify local fracture features associated 
with their failure classification, including fibre pull-out, tow and fibre 
fracture, matrix cracks, and interfacial separation at platelet-to-platelet 
surfaces.

The fracture analysis was interpreted using the stress-transfer frame-
work commonly adopted for discontinuous platelet composites. Under 
uniaxial tensile loading, the axial stress carried by a platelet is not trans-
ferred directly through the platelet ends, and instead through interfa-
cial shear stresses acting over the overlap region between neighbouring 
platelets. Consequently, the axial platelet stress within a platelet de-
velops over a finite transfer length governed by the platelet length 
and longitudinal overlap, while interlaminar shear stresses remain 
concentrated near platelet edges and overlap boundaries [36,37]. For 
a woven EPP laminate, the stress-transfer process is three-dimensional 
with the primary axial load path being governed by 𝜎11 and interlam-
inar shear 𝜎13, while the transverse fibres activate 𝜎22 and 𝜎23. Local 
through-thickness peel stress, 𝜎33, may also develop at platelet edges, 
overlap transitions, and matrix rich inter-ply zones. However, 𝜎33 is 
not expected to contribute uniformly through the laminate thickness. 
At internal platelet interfaces, these local peel stresses are balanced 
and constrained by neighbouring plies, whereas at the outer plies and 
free surfaces, this balancing is non-existent. As a result, peel-driven 
interlaminar shear effects are expected to be more consequential in the 
thinner 4-ply arrangements, where the free surfaces represent a larger 
fraction of the laminate. The combined action of 𝜎11, 𝜎22, 𝜎13, 𝜎23, and 
𝜎33 contributes to controlling the competition between platelet fracture, 
interfacial delamination, and mixed fracture paths, illustrated in Fig.  7.

The role of platelet geometry throughout this work was interpreted 
through three complementary descriptors. The first is the platelet 
length-to-thickness ratio, 𝛼 = 𝑙𝑝∕𝑡𝑝, which governs the platelet’s ability 
to develop sufficient axial stress through shear-lag transfer. A larger 𝛼
increases the overlap length and discerns whether the platelet can de-
velop stresses approaching the composite’s tensile strength, promoting 
platelet rupture, or if interfacial shear remains dominant and failure 
is initiated through interfacial failure. This parameter is consistent 
with Platelet Critical Length (𝐿𝐶 ) descriptions, where the transition 
between interfacial failure and platelet rupture is governed by the 
overlap length, interfacial shear strength, platelet tensile strength, and 
𝛼 [14,16]. The second descriptor is the platelet width-to-thickness ratio 
𝜔 = 𝑤𝑝∕𝑡𝑝, which for a uniaxial tensile test must be implemented 
differently as the relevance of 𝑊𝑐 and 𝜔 is weakened as the far-field 
strain remains dominated by the principal loading axis. As a result, 
these parameters influence the local stability of damage progression 
with the secondary fibre reinforcement direction. The final descriptor 
is the available bonded area, governed by 𝑙𝑝, 𝑤𝑝, 𝛿𝑙, and 𝛿𝑤, which 
determines the area over which stress-transfer can occur. Reduced 
overlap areas results in the local shear and peel stresses acting through 
platelet edges to become more concentrated, increasing the likelihood 
of interfacial failure and unstable delamination.

The dominant failure modes where therefore classified according to 
the final crack morphology, while recognising that the final fracture 
surface may result from several interacting damage mechanisms. These 
failure modes were defined as:

• Partial propagation (PP): where the crack propagates through 
the laminate thickness or along a dominant delamination path, 
but the specimen retains partial global continuity after peak load 
(Fig.  8a);

• Full propagation (FP): where the crack propagates through the 
entire laminate thickness and across the specimen section, pro-
ducing a complete separation of the specimen (Fig.  8b).
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Fig. 6. Aerial schematic view of the specimen regions used for post-mortem fracture classification. Dominant gauge-region fracture morphologies were assigned 
when failure occurred within the blue region, while failures initiating or developing predominantly within the orange regions were classified as tab-influenced 
morphologies.
Fig. 7. Schematic of the stress-transfer state in a woven EPP platelet under uniaxial tension. The schematic illustrates the platelet axial and transverse stresses 
(𝜎11 and 𝜎22), interlaminar shear stresses (𝜎13 and 𝜎23), and through-thickness peel stress (𝜎33).
Fig. 8. Classification of failure modes.
In a subset of specimens, damage was observed near the end-
tabs and were classified separately. These failures were not treated 
in the same manner as the gauge-region failure modes as the local 
boundary condition differed. The transition between the gripped tabbed 
section and the unsupported gauge section introduces a geometric and 
stiffness discontinuity. This can constrain lateral contraction, modify 
the local load-introduction path, and generate multiaxial stress concen-
trations involving longitudinal, transverse, shear, and peel stresses near 
the end-tab edge [38,39]. When these stress concentrations coincide 
with pre-existing inter-ply platelet discontinuities, damage may initiate, 
propagate, or arrest near the end-tab transition.
6 
• Partial propagation dominated by tab-influence (PP − 𝑇 𝐼): 
partial propagation observed primarily in the vicinity of the end-
tabs, with damage initiation or arresting associated with the 
end-tab transition (Fig.  8c).

• Full propagation with tab-influenced partial propagation
(FP−𝑇 𝐼): the specimen ultimately separated fully, but additional 
local delamination or partial propagation was observed near the 
end-tab transition region (Fig.  8d).

This classification was used as a post-mortem descriptor of the ob-
served fracture morphologies rather than as a direct material property. 
In particular, the tab-influenced categories were not interpreted as pure 
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Fig. 9. Representative SEM observations of local fracture mechanisms in woven EPP specimens. The annotated features show matrix cracking, fibre/matrix 
debonding, fibre pull-out, fibre imprints, and fibre failure.
intrinsic tensile failures, and instead as cases where the imposed speci-
men boundary condition interacted with the platelet architecture [39]. 
The classification was subsequently used to support the statistical inter-
pretation of the tensile data and to distinguish any end-tab behaviour 
from architecture–property relationships.

The SEM observations, Fig.  9, provide evidence of the local mi-
croscopic fracture mechanisms active within the woven EPP fracture 
surfaces. Matrix cracking was observed in resin rich regions and prop-
agating along platelet-to-platelet interfaces, indicating local matrix-
dominated fracture during crack propagation and interfacial failure. 
Fibre imprints and fibre pull-out supporting fibre/matrix debonding, 
where fibres were separated from the surrounding matrix during frac-
ture.

These features show that the macroscopic failure classifications 
result from interacting matrix, interface, and fibre-scale damage mech-
anisms. Partial-propagation morphologies are consistent with fracture 
surfaces showing fibre pull-out and fibre/matrix debonding, which can 
dissipate energy while delaying crack propagation. Full-propagation 
morphologies are consistent with the development of a continuous 
fracture path involving matrix cracking and fibre failure.

2.5. Analysis of variance

In order to statistically analyse the effects of the DoE factors (𝑛𝑙, 𝑛𝑤, 
𝛿𝑙, 𝛿𝑤 and 𝑛𝑝) on the response variables (𝐸, UTS and 𝜀𝑓 ) the analysis 
of variance (ANOVA) was adopted and is outlined in Section 4.

The ANOVA modelling and the responses are based on multivariate 
linear regression [40]: 
𝐘 = 𝐗𝜷 + 𝜺 (6)

where 𝐘 is a column vector containing the 𝑛 observations of one 
of the response variables; 𝐗 is the design matrix containing a col-
umn vector of ones (for intercept computation) and the 𝑘 column 
7 
vectors corresponding to the factor levels for each observation (𝐗 =
[

𝟏 𝐱1 𝐱2 … 𝐱𝑘
]

); 𝜷 is the column vector containing the 𝑝 =
𝑘 + 1 regression coefficients, representing the effects of factors on the 
response variables; the model is thus linear in the coefficients 𝜷 =
[

𝛽0 𝛽1 𝛽2 ... 𝛽𝑘
]𝑇 ; 𝜺 is the column vector containing the model 

errors with respect to the 𝑛 response observations.
Following the motivation discussed in Section 1, different model 

formulations were adopted. Predictive models were implemented ac-
cording to the following form: 
𝑦 = 𝛽0 + 𝛽1𝑛𝑙 + 𝛽2𝑛𝑤 + 𝛽3𝛿𝑙 + 𝛽4𝛿𝑤 + 𝛽5𝑛𝑝 + 𝜀 (7)

where 𝑦 is either 𝐸, UTS or 𝜀𝑓 ; 𝛽𝑖 are the model coefficients and 𝜀 is 
the error term. Moreover, an additional form for predictive models was 
implemented through the normalisation of the response variable: 
𝑦𝑛 = 𝛽0 + 𝛽1𝑛𝑙 + 𝛽2𝑛𝑤 + 𝛽3𝛿𝑙 + 𝛽4𝛿𝑤 + 𝛽5𝑛𝑝 + 𝜀 (8)

where 𝑦𝑛 is the normalised response, i.e., either 𝐸∕𝑛𝑝, UTS∕𝑛𝑝 or 
𝜀𝑓∕𝑛𝑝. The purpose of this normalisation is to separate thickness-related 
scaling effects observed in the post-mortem analysis. These models are 
referred to as predictive, as the used factors are all design parameters, 
and can be used to determine the performance of platelet arrangements 
without their corresponding experimental dataset.

Interpretative models followed the following form: 
𝑦 = 𝛽0,𝑓𝑚 + 𝛽1𝑛𝑙 + 𝛽2𝑛𝑤 + 𝛽3𝛿𝑙 + 𝛽4𝛿𝑤 + 𝛽5𝑛𝑝 + 𝜀 (9)

or: 
𝑦𝑛 = 𝛽0,𝑓𝑚 + 𝛽1𝑛𝑙 + 𝛽2𝑛𝑤 + 𝛽3𝛿𝑙 + 𝛽4𝛿𝑤 + 𝛽5𝑛𝑝 + 𝜀 (10)

where the added categorical failure mode factor, 𝑓𝑚, represents an 
interpretation of the various failure modes discussed in Section 2.4. 
Four categories of 𝑓𝑚 were assigned, corresponding to the observed 
failure modes in Section 2.4:
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• Full-propagation failure modes (FP);
• Partial propagation failure modes (PP);
• Full propagation failure modes with observed partial propagation 
due to tab-influence (FP-TI);

• Partial propagation failure resulting from tab-influence (PP-TI).

The incorporation of 𝑓𝑚 allows the model to compute a separate 
𝛽0,𝑓𝑚  for each observed failure mode. These models are referred to 
as interpretative, because the 𝑓𝑚 factor can be derived only after a 
tensile test of the specimen. Therefore, they could only be utilised to 
better capture the variability of the platelet arrangement performances 
once experimental datasets have been produced. As such, they provide 
only hints regarding the interpretation of the behaviour of the platelet 
arrangements.

To estimate the unknown regression coefficients, the sum of the 
squared errors 𝐿 of the model must be specified, Eq. (11): 
𝐿 = 𝜺𝑇 𝜺 = (𝐲 − 𝐗𝜷)𝑇 (𝐲 − 𝐗𝜷) (11)

Minimising 𝐿 with respect to 𝜷, leads to estimation of the coefficients 
𝜷̂, Eq. (12): 
𝜕𝐿
𝜕𝜷

|

|

|

|𝜷̂
= 0 → 𝜷̂ =

(

𝐗𝑇𝐗
)−1 𝐗𝑇 𝐲 (12)

Based on this linear model assumption, the ANOVA tests the following 
null hypotheses: 
𝐻0∶ 𝐗𝜷 = 0 (13)

against: 
𝐻1∶ 𝐗𝜷 ≠ 0 (14)

Meaning that if at least one element of 𝜷 cannot be considered 
statistically equal to zero (i.e., therefore ∃𝑗 ∶ 𝛽𝑗 ≠ 0), the null 
hypothesis 𝐻0 can be refused with a certain confidence 𝛼.

For such a purpose, the Fisher’s statistics 𝐹  (Eq. (15)) and the 
associated 𝑝-value 𝑝 can be calculated for each variability source in the 
model 𝑗. 

𝐹𝑗 =
𝐴𝑑𝑗.𝑀𝑆𝑗

𝐴𝑑𝑗.𝑀𝑆𝑒
(15)

where 𝑒 stands for the error term. When testing the whole model, 𝑗 can 
be set to 𝑟 for regression. 𝐴𝑑𝑗.𝑀𝑆𝑗 stands for the adjusted mean squares
corresponding to factor 𝑗. 𝐴𝑑𝑗.𝑀𝑆𝑗 is defined as 𝐴𝑑𝑗. 𝑆𝑆𝑗∕𝐷𝐹 𝑗 . 
𝐴𝑑𝑗. 𝑆𝑆𝑗 is the adjusted sum of squares (or type III correction of the sum 
of squares) for the 𝑗th factor; 𝑆𝑒𝑞. 𝑆𝑆𝑗 is instead the sequential sum of 
squares (or type I sum of squares). 𝐷𝐹 𝑗 stands for the degrees of free-
dom associated to the variability source. The ratio 𝑆𝑒𝑞. 𝑆𝑆𝑗∕𝑆𝑒𝑞. 𝑆𝑆 𝑡, 
where 𝑡 stands for total, gives the contribution of factor 𝑗 in the 
description of data variability in percentage. To perform an assessment 
of the null hypothesis 𝐻0, the corresponding 𝑝𝑗 were computed.

3. Results

This section begins by outlining the measured tensile properties of 
the investigated architectures and arrangements, Table  3. The tensile 
test results, grouped by the number of plies, are then reported. In the 
following section, ANOVA is used to quantify and interpret the effects 
of the DoE factors on the response variables.

3.1. 4-Ply platelet arrangements

The tested 4-ply platelet arrangements and their tensile properties 
are highlighted in Fig.  10. All 4-ply EPP arrangements exhibited a 
predominantly linear response with an abrupt failure, consistent with 
the brittle macroscopic behaviour expected for woven CFRP laminates, 
with a representative stress–strain curve being illustrated in Fig.  11. 
However, the measured UTS, 𝐸, and 𝜀  varied substantially with 
𝑓
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platelet dimensions and superposition parameters. This supports the ob-
servation that the architecture modifies not only the failure properties, 
but the efficiency of the elastic load-transfer path.

For a 4-ply laminate, the amount of available through-thickness 
load-transfer paths is limited. Consequently, each platelet disconti-
nuity, overlap, and matrix filled inter-ply region has a proportion-
ally larger effect on the global response than in a thicker laminate. 
Under uniaxial tensile loading, axial stress, 𝜎11, must be transferred 
between discontinuous platelets through interlaminar shear stresses, 
𝜎13, over the bonded regions. Woven EPPs further complicate this 
mechanism with a transverse reinforcement and corresponding trans-
verse discontinuities, which results in 𝜎22 and 𝜎23, while local peel 
stresses, 𝜎33, develop at platelet edges and overlap transitions. There-
fore, an architecture’s response should be interpreted as a result of 
a three-dimensional stress-transfer network, instead of a simple one-
dimensional or two-dimensional overlap effect.

A useful comparison is provided by EPP #18 and #22, which share 
identical platelet dimensions (23.0×45.0 mm) and transverse superposi-
tion (𝛿𝑤 = 25%), but differ in longitudinal superposition (𝛿𝑙 = 50% for 
#18, and 𝛿𝑙 = 25% for #22). Reducing 𝛿𝑙 results in a notable increase 
in mean UTS from 306MPa to 380MPa while the Young’s modulus, 𝐸, 
moderately changes from 90.8GPa to 88.3GPa. This suggest that, for 
this architectural family, the dominant influence of 𝛿𝑙 was not elastic 
stiffness development, but the location and severity of the critical 
fracture path. The smaller longitudinal superposition in EPP #22 dis-
perses the critical inter-ply discontinuities along the loading direction, 
removing the possibility that the platelet discontinuities could align 
through the thickness for a 4-ply arrangement. For asymmetric overlap 
configurations, the structural response is governed by the weakest 
stress-transfer path, being the smaller overlap segment [41]. However, 
the asymmetrical overlap architectures promoted a more distributed 
stress-transfer path and delayed unstable crack propagation, whereas 
the 𝛿𝑙 = 50% architecture of #18 concentrated the load transfer over 
fewer repeated overlap segments, increasing the local interfacial shear 
at critical platelet-to-platelet interfaces.

The coupled influence of longitudinal and transverse superposition 
is more clearly observed by comparing EPP #24, #26, #28, and #30. 
These architectures all use the same platelet dimensions (23.0mm ×
15.0 mm), but differ in 𝛿𝑙 and 𝛿𝑤. The sharp decrease in UTS from EPP 
#24 to EPP #26, from 430MPa to 295MPa, occurred when the trans-
verse superposition was reduced from 50% to 25%, while 𝛿𝑙 remained 
at 50%. This reduction in transverse overlap reduces the bonded area 
while also changing the spatial distribution of the transverse load-
transfer network. A smaller transverse overlap length introduces a 
greater quantity of effective platelet edges and shorter bonded regions 
over which 𝜎22, 𝜎23, and 𝜎33 can be equilibrated. Therefore, although 
the interlaminar shear is distributed over more transverse discontinu-
ities, each overlap length is less effective at smoothing the local stress 
field, promoting local concentrations of 𝜎23 and 𝜎33 at platelet width 
edges, with associated perturbations to the longitudinal 𝜎11 and 𝜎13
shear-lag fields.

This comparison also illustrates why the effects of 𝛿𝑙 and 𝛿𝑤 are not 
simply linear. EPP #24 and #26 differ only in transverse superposition, 
however, their stiffness trends are inverse to their strength trends. EPP 
#24 exhibited a low modulus of 61.1GPa, whereas EPP #26 had a 
modulus of 84.0GPa. A stiffer initial response can arise from a more 
direct axial load path, however, it does not imply greater damage 
tolerance. In woven EPPs, the elastic response is governed primarily 
by the efficiency with which 𝜎11 is developed and transferred through 
the platelet network. Meanwhile, UTS is governed by whether the local 
stress-transfer regions can tolerate the coupled interlaminar shear and 
peel stresses developed at the platelet edges. Therefore, an architecture 
may exhibit a higher apparent stiffness while failing at a lower ultimate 
stress if the discontinuity pattern generates sharper local 𝜎13, 𝜎23, or 𝜎33
concentrations, or if it disturbs and affects the 𝜎11 shear-lag field in a 
way that promotes unstable crack propagation. This stiffness–strength 
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Table 3
Tensile test results. Order is the manufacturing and testing order; 𝑈𝑇𝑆 is the average ultimate tensile strength; 𝑠𝑈𝑇𝑆 is the UTS
standard deviation; 𝐸 is the average Young’s modulus; 𝑠𝐸 is the Young’s modulus standard deviation; 𝜀𝑓  is the average strain at 
failure; 𝑠𝜀𝑓  is the strain at failure’s standard deviation; 𝑓𝑚 is the dominant failure mode for the EPP arrangement.
 ID Order 𝑈𝑇𝑆 𝑠𝑈𝑇𝑆 𝐸 𝑠𝐸 𝜀𝑓 𝑠𝜀𝑓 𝑓𝑚  
 − – [MPa] [MPa] [GPa] [GPa] [mm∕mm] [mm∕mm] –  
 0 113–116 302.3 10.0 89.9 5.2 0.00353 0.00025 FP  
 1 53–56 315.3 15.1 96.8 3.8 0.00349 0.00012 PP-TI 
 2 105–108 295.6 11.7 85.8 1.6 0.00404 0.00025 FP  
 3 81–84 336.1 3.4 97.6 3.2 0.00404 0.00017 PP-TI 
 4 61–64 430.3 6.3 95.7 3.8 0.00486 0.00012 FP  
 5 13–16 539.1 20.7 68.1 1.0 0.01197 0.00078 PP-TI 
 6 9–12 422.1 18.3 88.4 3.4 0.00515 0.00029 PP-TI 
 7 41–44 440.6 12.7 99.8 2.7 0.00537 0.00048 FP  
 8 29–32 452.1 17.2 63.5 2.9 0.00893 0.00102 PP-TI 
 9 77–80 485.0 14.0 68.3 1.0 0.01017 0.00049 FP  
 10 69–72 454.5 20.8 63.5 1.4 0.00881 0.00074 FP-TI 
 11 109–112 313.8 9.3 97.4 3.8 0.00352 0.00017 PP-TI 
 12 121–124 416.9 31.9 94.9 4.3 0.00479 0.00048 PP-TI 
 13 117–120 456.3 16.7 99.8 4.2 0.00564 0.00070 FP  
 14 101–104 443.0 13.8 94.4 2.9 0.00534 0.00036 PP-TI 
 15 65–68 556.0 19.9 70.4 0.6 0.01196 0.00066 FP  
 16 97–100 280.2 9.6 86.0 1.3 0.00364 0.00032 PP-TI 
 17 17–20 302.0 10.4 88.9 1.0 0.00366 0.00028 PP-TI 
 18 37–40 305.7 9.5 90.8 5.0 0.00361 0.00018 PP-TI 
 19 93–96 308.0 5.8 93.4 2.4 0.00362 0.00025 PP-TI 
 20 73–76 350.7 20.9 90.4 4.3 0.00457 0.00050 FP  
 21 25–28 396.4 19.2 96.5 3.3 0.00479 0.00058 PP-TI 
 22 89–92 379.8 3.7 88.3 3.4 0.00487 0.00037 FP  
 23 5–8 417.6 8.5 94.2 4.7 0.00559 0.00021 FP  
 24 49–52 430.1 9.5 61.1 2.3 0.00860 0.00081 FP  
 25 21–24 453.7 20.5 66.4 0.5 0.00948 0.00098 FP-TI 
 26 129–132 294.7 11.8 84.0 4.5 0.00395 0.00024 FP  
 27 125–128 316.2 8.4 94.0 1.3 0.00381 0.00023 FP  
 28 57–60 454.4 28.6 69.6 0.7 0.00774 0.00056 FP  
 29 45–48 424.7 18.2 68.4 0.3 0.00772 0.00079 FP  
 30 85–88 411.9 19.7 67.2 1.1 0.00715 0.00041 FP  
 31 33–36 446.3 7.4 67.6 1.5 0.00965 0.00034 FP  
 32 1–4 247.7 1.6 90.5 3.8 0.00282 0.00017 FP  
Fig. 10. 4-ply platelet arrangement uniaxial tensile test results, including: ultimate tensile strength 𝑈𝑇𝑆 [MPa]; young’s modulus 𝐸 [GPa]; and strain at failure 
𝜀𝑓 [−]. Cont. corresponds to the reference continuous woven specimens, while # corresponds to a platelet arrangement ID in Table  1.
9 
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Fig. 11. A 4-ply platelet arrangement stress–strain curve (EPP #6).

decoupling is consistent with observations by Ko et al. [31], who ob-
served that platelet width and width overlap can strongly influence the 
tensile strength and modulus by impacting a platelet system’s shear-lag 
efficiency.

The behaviour of EPP #28 and #30 further supports this interpre-
tation. These arrangements retain reduced longitudinal superpositions, 
but their UTS values remained higher than that of #26. In these 
cases, the reduced 𝛿𝑙 modifies the spacing of the longitudinal overlaps 
and distributed the longitudinal discontinuities more broadly along 
the gauge length. When combined with the transverse discontinuity 
pattern, this can prevent a single overlap transition from becoming 
the dominant fracture path. Therefore, the spatial arrangement of the 
smallest bonded overlap regions and inter-ply regions between adjacent 
platelets become the relevant descriptors alongside 𝛿𝑙 and 𝛿𝑤. In 4-ply 
architectural arrangements, where few alternative load-transfer bridges 
exist through the laminate thickness, this spatial arrangements affects 
whether damage remains distributed and resulting in interfacial failure 
or collapses into a full-propagation failure.

In addition, influence of platelet length can be interpreted through 𝛼
and 𝐿𝐶 . For the present material system, all longitudinal and transverse 
overlap lengths were greater than the calculated 𝐿𝐶 , indicated that the 
investigated architectures were not necessarily governed by insufficient 
transfer-length. Particularly, the available overlap lengths were suffi-
cient, in principle, for substantial axial stress to develop within the 
platelets before interfacial failure would dominate. This helps explain 
why altering 𝑙𝑝 does not produce a monotonic change in the tensile 
properties, however, exceeding 𝐿𝐶 does not eliminate the influence 
of platelet length. Reducing 𝑙𝑝 increases the number of longitudinal 
discontinuities and increases the number of platelet edges within the 
gauge region, increasing the number of potential sites for local 𝜎13, 
𝜎33, and matrix/interfacial damage initiation. Meanwhile, increasing 
𝑙𝑝 reduces the number of discontinuities while concentrating the load-
transfer into fewer overlap transitions. Therefore, once the critical 
length conditions is satisfied, the role of platelet length shifts from 
enabling axial stress development to controlling the density, spacing, 
and interaction of discontinuities.

The effect of platelet width is similarly architecture-dependent. 
Wide platelets (𝑤𝑝 = 45.0 mm) provide a larger transverse bonded 
region and reduce the number of platelet-width edges within the speci-
men width, resulting in fewer interfacial stresses along the longitudinal 
load path. This can stabilise the transverse stress-transfer field by 
reducing the frequency of 𝜎23 and 𝜎33 concentrations associated with 
transverse discontinuities. Meanwhile, narrow platelets (𝑤𝑝 = 15.0 mm) 
increase the number of transverse discontinuities, introducing more 
inter-ply regions where 𝜎 , 𝜎 , and 𝜎  must be equilibrated locally. 
22 23 33
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Fig. 12. 6-ply platelet arrangement uniaxial tensile test results, including: 
ultimate tensile strength 𝑈𝑇𝑆 [MPa]; young’s modulus 𝐸 [GPa]; and strain at 
failure 𝜀𝑓 [−]. Cont. corresponds to the reference continuous woven specimens, 
while # corresponds to a platelet arrangement ID in Table  1.

Depending on the longitudinal architectural parameters, this does not 
necessarily heavily penalise the structural response. If the overlap 
topology is capable of distributing these discontinuities without cre-
ating a dominant through-thickness fracture path, the greater quantity 
of platelet edges and discontinuities can promote distributed damage, 
fibre pull-out, bridging, and higher apparent failure strain. However, if 
the reduced width or transverse overlap concentrates 𝜎23 and 𝜎33 along 
a longitudinal discontinuity, the same narrow-platelet architecture can 
become more sensitive to unstable delamination or FP failure.

The post-mortem fracture analyses support these observations, with 
arrangement classified with FP failure corresponding to cases where a 
dominant crack path was formed through the platelet network, pro-
ducing a complete separation of the specimen once the local fracture 
resistance of an inter-ply region was exceeded. Meanwhile, PP cases 
indicate that crack growth was arrested or deflect by localised delam-
ination, fibre pull-out, or bridging, retaining residual continuity after 
peak load. Meanwhile tab-influenced morphologies followed a similar 
failure, with the additional multiaxial stress concentrations caused 
by the end-tab transition interacting with nearby platelet edges and 
discontinuities.

Overall, the results emphasise that the woven EPP tensile per-
formance is governed by the stability of the three-dimensional load-
transfer network. Since all overlap lengths exceeded the platelet crit-
ical length, the observed differences are not attributed to insuffi-
cient transfer-length regimes. Instead, longitudinal overlaps control 
the spacing and severity of axial shear-lag transfer regions, while 
transverse overlaps control the distribution of transverse stress-transfer 
and platelet edge stress concentrations while the platelet dimensions 
and superposition determine the density and spatial arrangement of the 
matrix rich discontinuities. The resulting tensile response is governed 
by the combined influence of the architectural parameters 𝑙𝑝, 𝑤𝑝, 𝛿𝑙, 
𝛿𝑤 and their influence of 𝜎11 development, interlaminar shear concen-
tration, peel stress development, and the ability of the architecture to 
redistribute load once matrix crack initiation and propagation occur.

3.2. 6-Ply platelet arrangement

The 6-ply platelet architecture (EPP #32) was introduced as a 
central point to probe potential curvature in the DoE response. Conse-
quently, unlike the 4-ply or 8-ply platelet arrangements, only a single 
6-ply EPP architecture was manufactured and tested. A single dis-
continuous architecture does not support within-group comparisons to 
isolate the effects of the various DoE factors. The 6-ply EPP architecture 
can therefore be interpreted primarily relative to the continuous 6-ply 
baseline. The architecture’s tensile properties are highlighted in Fig.  12.
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Fig. 13. 6-ply platelet arrangement stress–strain curve of EPP #32.

Qualitatively, EPP #32 retains a brittle failure response (Fig.  13), 
but fails at a substantially lower UTS and 𝜀𝑓  compared to the con-
tinuous (247.7MPa and 0.00282mm∕mm, respectively). Despite being 
a balanced architecture with regards to overlap superpositions, the 
central superpositions of 33.3% penalise strength and strain far more 
than stiffness.

3.3. 8-Ply platelet arrangements

The tested 8-ply platelet architectures and their overall tensile 
properties are highlighted in Fig.  14.

The tensile response of the 8-ply EPP arrangements remained pre-
dominantly brittle, consistent with the corresponding 4-ply arrange-
ments, but exhibiting clearer development of progressive ply failure, 
Fig.  15. Across several arrangements, a reduction in tangent stiffness 
was observed at 𝜀 ≈ 0.004mm∕mm, indicating the onset of distributed 
damage or progressive ply failure prior to ultimate failure. This re-
sponse was also observed in the continuous woven reference specimens 
and was verified not to originate from instrumentation artefacts. Un-
like the 4-ply arrangements, where the limited quantity of through-
thickness load-transfer paths increases the sensitivity to individual 
discontinuities or localised heterogeneity, the 8-ply arrangements pro-
vide additional platelet interfaces and redundant load-transfer bridges. 
This improves the architecture’s capacity for stress redistribution after 
local matrix cracking or interfacial damage initiates. The observed stiff-
ness reduction is therefore interpreted as the initiation of local damage 
and stress redistribution within the laminate, consistent with the role 
of thickness in discontinuous fibre composites, where increasing the 
number of platelet layers increases the effective fracture process zone, 
reducing sensitivity to individual meso-scale defects [31].

Direct comparisons between equivalent 4-ply and 8-ply arrange-
ments highlight the influence of ply count, 𝑛𝑝, on the stability of the 
load-transfer network. EPP #23 corresponds to the same architecture 
as the 4-ply EPP #22, retaining a similar global stress–strain response 
while exhibiting an increase in 𝐸 and UTS of approximately 7% and 
10%, respectively. Likewise, EPP #7 exhibited an approximate 12% 
increase in 𝐸 and 4% increase in UTS relative to the corresponding 
4-ply arrangement, EPP #6, while retaining the same final fracture 
morphology. These trends indicate that increasing 𝑛𝑝 does not merely 
scale the laminate response through the added thickness. Instead, the 
additional plies increase the number of possible load-transfer paths 
across platelet discontinuities, allowing local 𝜎13, 𝜎23, and 𝜎33 concen-
trations to be redistributed through adjacent interfaces before fracture 
occurs. This thickness effect can also be interpreted in terms of an 
effective Fracture Process Zone (FPZ), defined here as the meso-scale 
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region ahead of the dominant crack path in which matrix cracking, 
platelet-to-platelet debonding, delamination, fibre pull-out, and local 
bridging can develop prior to complete specimen failure. Increasing 𝑛𝑝
increases the number of platelet interfaces and adjacent load-transfer 
paths available within this region, allowing local damage to redistribute 
through the laminate rather than immediately forming a dominant 
through-thickness crack or delamination. Consequently, the thicker 8-
ply arrangements are less sensitive to singular platelet discontinuities, 
interlaminar defects, and platelet heterogeneity while exhibiting an 
apparent resistance to localisation.

Architecture-driven differences remain significant in the 8-ply ar-
rangements, particularly when platelet width and overlap balance are 
varied. Platelet width and laminate thickness affect the tensile prop-
erties and scatter through their influence on stress-transfer efficiency 
and damage development. In the present EPPs, narrow platelet ar-
rangements introduce a greater number of transverse discontinuities, 
resulting in more locations where 𝜎22, 𝜎23, and 𝜎33 must be equilibrated. 
This can promote a more distributed damage when the overlap topol-
ogy prevents a dominant fracture path or arrests damage propagation, 
but it can also increase sensitivity to local stress concentrations if the 
transverse interfacial stresses interact with the longitudinal stress-field, 
especially when they coincide unfavourably through the thickness. 
The greater scatter in tensile properties observed for the narrow-width 
families in Fig.  14 is consistent with the stronger dependence on local 
platelet-to-platelet stress redistribution.

The influence of overlap balance is illustrated when comparing 
EPP #13 and #11. Both use 34.5 × 15.0 mm platelets, but differ in 
their superposition parameters: 𝛿𝑙∕𝛿𝑤 = 25%∕50% for #13 compared 
to 50%∕25% for #11. The resulting difference in average UTS is sub-
stantial, with 𝑈𝑇𝑆 = 456.3MPa for #13 compared with 313.8MPa
for #11. Meanwhile, the stiffness varied minimally, with 99.8GPa
and 97.4GPa, respectively. This indicates that both arrangements were 
able to develop an efficient initial longitudinal load path, but differed 
markedly in their resistance to unstable fracture. The larger transverse 
superposition in EPP #13 reduces the quantity of local 𝜎23 and 𝜎33
concentrations at the platelet width edges, while the reduced longi-
tudinal superposition distributes the longitudinal discontinuities more 
broadly along the loading direction resulting fewer peak axial stresses 
in the adjacent platelets over those longitudinal discontinuities. This 
combination appears to the delay the formation of a dominant through-
thickness fracture path. In contrast, EPP #11 combines a reduced 
transverse superposition with a larger longitudinal superposition, with 
the former increasing local interlaminar stresses in the transverse di-
rection. Despite the transverse stresses being significantly lower than 
the longitudinal stresses, the coupled 𝜎11, 𝜎13, 𝜎23, and 𝜎33 stress state 
is more severe with the larger 𝛿𝑙 grouping longitudinal discontinuities 
into fewer longitudinal locations.

Across the 8-ply arrangements, architectures 𝛿𝑙 = 25% more con-
sistently displayed a staged progressive failure sequence and higher 
apparent damage tolerance, whereas several 𝛿𝑙 = 50% arrangements 
trended toward more abrupt failure. In 8-ply laminates, the greater 
number of interfacial interfaces provides additional paths for redis-
tributing local 𝜎13, 𝜎23, and 𝜎33 stress concentrations, making the 
transition between stable stress redistribution and unstable localisation 
of damage more dependent on the three-dimensional arrangement of 
the platelets, overlap topology, and the resulting bonded areas.

Overall, the 8-ply arrangements achieved systematically higher ten-
sile properties than their 4-ply counterparts, confirming that additional 
plies strengthen the internal load-transfer network and improve an 
architecture’s resistance to localised effects. However, the improve-
ment is architecture-dependent rather than purely thickness-driven. 
The added plies reduce the relative influence of the unbalanced outer 
plies, increase the number of neighbouring interfaces available for 
shear redistribution, reduce the sensitivity to localised heterogeneity 
and defects, and enlarge the effective FPZ over which damage can occur 
and propagate prior to failure.
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Fig. 14. 8-ply platelet arrangement uniaxial tensile test results, including: ultimate tensile strength 𝑈𝑇𝑆 [MPa]; young’s modulus 𝐸 [GPa]; and strain at failure 
𝜀𝑓 [−]. Cont. corresponds to the reference continuous woven specimens, while # corresponds to a platelet arrangement ID in Table  1.
Fig. 15. An 8-ply platelet arrangement stress–strain curve (EPP #21).

4. Discussion

In this section, the results regarding the ANOVA of different models 
for the tensile responses are reported. The agreement and fit of the 
adopted models is discussed alongside the interpretation of the results.

Specimens associated with Tab-Influenced fracture morphologies 
were retained in the ANOVA dataset. A comparative analysis excluding 
the FP-TI and PP-TI specimens produced no substantive change in the 
model trends, coefficient interpretation, or 𝑅2

𝑎𝑑𝑗 values, and was there-
fore retained to preserve the complete experimental characterisation.

4.1. First order predictive models

This section implements models of the kind in Eq. (7). These were 
the simplest models that could be built and the easiest to interpret, but 
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Table 4
𝑅2 coefficient variants related to the first order model for the response 
variables (Resp. Var.). 𝑅2 is the traditional coefficient; 𝑅2

𝑎𝑑𝑗 is the adjusted 
𝑅2; 𝑅2

𝑝𝑟𝑒𝑑 is the prediction 𝑅2.

 Resp. Var. S 𝑅2 𝑅2
𝑎𝑑𝑗 𝑅2

𝑝𝑟𝑒𝑑  
 𝐸 10.8809 34.13% 31.51% 27.61% 
 UTS 54.1986 54.25% 54.44% 50.52% 
 𝜀𝑓 0.00217478 34.63% 32.03% 28.45% 

the most critical models in terms of description of data variability. The 
three model equations are reported in Eqs. (16), (17), and (18), whereas 
the associated 𝑅2 values are reported in Table  4.

𝐸 [GPa] = 93.91 − 2.101𝑛𝑙 − 6.878𝑛𝑤
+0.823𝛿𝑙 + 2.263𝛿𝑤 + 0.847𝑛𝑝

(16)

𝑈𝑇𝑆 [MPa] = 306.8 − 21.45𝑛𝑙 + 30.86𝑛𝑤
+41.90𝛿𝑙 − 10.86𝛿𝑤 + 5.98𝑛𝑝

(17)

𝜀𝑓 [#] = 0.00280 − 0.000287𝑛𝑙
+0.001264𝑛𝑤 + 0.000634𝛿𝑙
−0.000410𝛿𝑤 + 0.0002328𝑛𝑝

(18)

As shown, only the UTS model has a 𝑅2
𝑎𝑑𝑗 above 50%, whereas the 

other models obtain values of ∼34%. This means that the models are 
capable of describing only ∼34% of the variability in the associated 
response variable, while the remainder is composed of pure error or 
lack-of-fit. Discussing the effect of the DoE factors using these models 
is not useful, however, a conclusion that can be derived by this analysis 
is that the phenomenon underlying the platelet arrangements and their 
mechanics is far from being linear. The same is visible on the main 
effect plots, an example of which for 𝐸 is shown in Fig.  16. Even the 
results on UTS require further modelling.
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Fig. 16. Main effect plots of DoE factors (𝑛𝑙, 𝑛𝑤, 𝛿𝑙, 𝛿𝑤 and 𝑛𝑝) and the failure mode 𝑓𝑚 on the composite’s Young’s Modulus, 𝐸.
Table 5
𝑅2 coefficient variants related to the first order model for the response 
variables (Resp. Var.), including the failure mode indicator 𝑓𝑚. 𝑅2 is the 
traditional coefficient; 𝑅2

𝑎𝑑𝑗 is the adjusted 𝑅2; 𝑅2
𝑝𝑟𝑒𝑑 is the prediction 𝑅2.

 Resp. Var. S 𝑅2 𝑅2
𝑎𝑑𝑗 𝑅2

𝑝𝑟𝑒𝑑  
 𝐸 8.20829 63.41% 61.03% 57.42% 
 UTS 44.2142 70.28% 68.35% 66.53% 
 𝜀𝑓 0.00159767 65.56% 63.32% 59.83% 

4.2. First order interpretative models

This section implements models of the kind in Eq. (9). The fail-
ure mode variable 𝑓𝑚 was found to be strongly correlated with the 
responses of the models, as shown in the main effects plot in Fig.  16. 
The addition of this variable to the analysis introduced a good amount 
of described variance in the models. The three model equations are 
reported in Eq.  (19), (20), and (21), while their associated 𝑅2 values 
are reported in Table  5.

𝐸 [GPa] = 𝛽0,𝑓𝑚 − 0.052𝑛𝑙 − 5.022𝑛𝑤
+5.136𝛿𝑙 + 1.782𝛿𝑤 + 1.531𝑛𝑝

𝛽0,𝐹𝑃 = 71.96 𝛽0,𝐹𝑃−𝑇 𝐼 = 62.69
𝛽0,𝑃𝑃 = 50.09 𝛽0,𝑃𝑃−𝑇 𝐼 = 52.78

(19)

𝑈𝑇𝑆 [MPa] = 𝛽0,𝑓𝑚 − 28.02𝑛𝑙 + 22.88𝑛𝑤
+23.65𝛿𝑙 − 9.98𝛿𝑤 + 3.24𝑛𝑝

𝛽0,𝐹𝑃 = 389.2 𝛽0,𝐹𝑃−𝑇 𝐼 = 459.7
𝛽0,𝑃𝑃 = 478.3 𝛽0,𝑃𝑃−𝑇 𝐼 = 465.7

(20)

𝜀𝑓 [#] = 𝛽0,𝑓𝑚 − 0.000681𝑛𝑙
+0.000879𝑛𝑤 − 0.000257𝛿𝑙
−0.000326𝛿𝑤 + 0.0000936𝑛𝑝

𝛽0,𝐹𝑃 = 0.00719 𝛽0,𝐹𝑃−𝑇 𝐼 = 0.00952
𝛽0,𝑃𝑃 = 0.01167 𝛽0,𝑃𝑃−𝑇 𝐼 = 0.01109

(21)

As shown, the variabilities described by the updated models were 
dramatically increased from ∼32% to ∼61%, for both 𝐸 and 𝜀𝑓 . The UTS
model achieved a 𝑅2

𝑎𝑑𝑗 of 68.35%, improving the model’s descriptive 
abilities by 14%. As described previously, the 𝑓𝑚 indicator is based 
on the failure mode of the specimen, therefore an increase in the 𝑅2

coefficients for both UTS and 𝜀𝑓  was naturally expected. However, the 
improvement for the 𝐸 model suggests that the stiffness response of the 
platelet architectures is closely coupled to the damage evolution and 
stress redistribution mechanisms, rather than being purely parameter 
driven. This reinforces the fact that the 𝑓𝑚 factor is an important term 
to be considered, despite it not being applicable for a predictive model 
to pre-emptively determine platelet architecture performances. Never-
theless, this suggests that a modelling theory capable of discriminating 
between shear- and normal-stress driven elasticity can offer improve 
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prediction capabilities. Since the 𝑅2
𝑎𝑑𝑗 coefficients are still low, it is still 

not fruitful to discuss the effects of the various DoE factors.

4.3. Normalised predictive models

This section considers the hypothesis suggested by the main effects 
plot trends that an appropriate normalisation of the responses may 
reduce non-linearity and lead to a linearisation of the effect of DoE fac-
tors. With half of the EPP architectures being repeated with additional 
plies, 𝑛𝑝, comparing tensile performance on a per-ply basis provides 
a more representative basis for assessing the influence of the EPP 
architecture itself and the DoE factors. Accordingly, the implemented 
adopted models followed the kind in Eq. (8).

This normalisation shifts the interpretation from absolute laminate 
performance to the average per-ply contribution to the 𝐸, UTS and 𝜀𝑓 . 
The added ply count modifies the mechanics of woven EPPs, altering 
the number of platelet interfaces, the degree of through-thickness con-
straint, and the average number of available neighbouring load-transfer 
paths around a discontinuity. In thinner laminates, unbalanced outer-
ply peel stresses and matrix rich inter-ply regions have a proportionally 
larger influence on the global response than in thicker laminates, where 
additional internal plies more greatly allow local interlaminar shear 
stresses to redistribute through adjacent interfaces prior to forming 
cracks. Even more relevant for discontinuous systems, as increasing 
𝑛𝑝 modifies the FPZ, reducing the likelihood that damage within a 
single platelet discontinuity results in immediate damage propagation 
and failure. The strong effect of 𝑛𝑝 observed in the first order models 
therefore reflects a thickness-dependent change in stress-transfer and 
damage-redistribution mechanisms.

This improvement obtained through normalisation is particularly 
evident for 𝐸∕𝑛𝑝, as highlighted by the associated main effects plot 
in Fig.  17. The introduction of normalisation further emphasised the 
influence of 𝑛𝑝 on the EPP architecture and its mechanics, highlighting 
that a large proportion of non-linearity was primarily influenced by this 
parameter. The three model equations are reported in Eq.  (22), (23), 
and (24), while their associated 𝑅2 values are reported in Table  6.

𝐸 [GPa]
𝑛𝑝

= 33.00 − 0.413𝑛𝑙 − 1.317𝑛𝑤
+0.354𝛿𝑙 + 0.327𝛿𝑤 − 2.4592𝑛𝑝

(22)

𝑈𝑇𝑆 [MPa]
𝑛𝑝

= 130.56 − 3.890𝑛𝑙 + 6.165𝑛𝑤
+7.167𝛿𝑙 − 1.787𝛿𝑤 − 11.215𝑛𝑝

(23)

𝜀𝑓 [#]
𝑛𝑝

= 0.001655 − 0.0000409𝑛𝑙
+0.0002402𝑛𝑤 + 0.0000768𝛿𝑙
−0.0000659𝛿𝑤 − 0.0001458𝑛𝑝

(24)

Compared to the first order counterparts presented in Section 4.1, 
the normalised models describe more of the variability in the data. 
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Fig. 17. Main effect plots of DoE factors (𝑛𝑙, 𝑛𝑤, 𝛿𝑙, 𝛿𝑤 and 𝑛𝑝) and the failure mode 𝑓𝑚 on the composite’s normalised Young’s Modulus, 𝐸∕𝑛𝑝.
Table 6
𝑅2 coefficient variants related to the normalised model for the response 
variables (Resp. Var.). 𝑅2 is the traditional coefficient; 𝑅2

𝑎𝑑𝑗 is the adjusted 
𝑅2; 𝑅2

𝑝𝑟𝑒𝑑 is the prediction 𝑅2.

 Resp. Var. S 𝑅2 𝑅2
𝑎𝑑𝑗 𝑅2

𝑝𝑟𝑒𝑑  
 𝐸 2.05915 86.32% 85.77% 84.95% 
 UTS 10.6417 84.57% 83.95% 83.37% 
 𝜀𝑓 0.000369459 53.51% 51.67% 49.20% 

Specifically, the 𝑅2
𝑎𝑑𝑗 of 𝐸∕𝑛𝑝 reached 85.77% compared to the first or-

der model 𝐸 of 31.51%, while the 𝑅2
𝑎𝑑𝑗 of UTS∕𝑛𝑝 improved to 83.95% 

from 54.44%. However, the 𝜀𝑓∕𝑛𝑝 model has not drastically improved, 
retaining a low 𝑅2

𝑎𝑑𝑗 of 51.67%, which is still an improvement from the 
original 32.03%. This is consistent with the failure strain being more 
sensitive to local damage initiation, matrix crack propagation, and 
fracture processes than to the average elastic load-transfer efficiency 
alone.

The improved linearity of the normalised models confirms that 
thickness is a dominant source of apparent non-linearity regarding 
the absolute responses. Nevertheless, the persistence of a statistically 
significant 𝑛𝑝 term in the normalised models highlights that each 
ply does not contribute independently or identically to the laminate 
response. Instead, the per-ply contribution changes with thickness as 
the through-thickness stress-transfer network, local interlaminar shear 
redistribution, surface ply peel stress contribution, and effective FPZ 
evolve as additional plies are introduced. With these improved 𝑅2

𝑎𝑑𝑗
values, factors effect interpretation becomes important. Interpretation 
is provided for elastic behaviour and effect on failure, with the support 
of the ANOVA tables in Table  7:

• 𝑛𝑙 controls the platelet length, with an increasing 𝑛𝑙 reducing 𝑙𝑝
for the fixed gauge length 𝑙0. This parameters exhibits a negative 
effect on all normalised response variables, reducing the per-ply 
contribution to the Young’s modulus, UTS, and strain at failure. 
Increasing 𝑛𝑙 results in a greater number of longitudinal discon-
tinuities, and therefore platelet edges, increasing the number of 
inter-ply regions where local interlaminar stresses and interfacial 
damage can initiate. Since all tested overlap lengths exceeded 
the 𝐿𝐶 , the negative influence of 𝑛𝑙 should be interpreted with 
regards to its control over discontinuity density, spacing, and the 
interaction of stress-transfer discontinuities. The 𝑝-values asso-
ciated with 𝑛𝑙 are below 5% for 𝐸∕𝑛𝑝 and UTS∕𝑛𝑝, indicating 
statistical significance for stiffness and strength, while its effect on 
𝜀𝑓∕𝑛𝑝 is not statistically significant. This can be attributed to the 
fact that the matrix within the discontinuities are more ductile, 
however, the longitudinal discontinuities are too small to actively 
contribute to the elongation at failure.
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• 𝑛𝑤 controls the platelet width, with an increasing 𝑛𝑤 reducing 
𝑤𝑝 for the fixed specimen width 𝑤0. This parameter exhibits a 
negative effect on 𝐸∕𝑛𝑝, and a positive effect on UTS∕𝑛𝑝 and 
𝜀𝑓∕𝑛𝑝. Increasing 𝑛𝑤 increases the number of transverse discon-
tinuities and platelet-width edges, introducing more locations 
where 𝜎22, 𝜎23, and 𝜎33 must be equilibrated while introducing 
more transverse inter-ply regions along the loading direction, 
disrupting the longitudinal load-transfer pathway. However, the 
increased number of transverse discontinuities promotes more 
distributed damage, crack arresting, and fibre pull-out as the over-
lap topology prevents the formation of a dominant fracture path 
along the specimen’s width. This coincides with the positive effect 
of 𝑛𝑤 on the normalised failure-related responses. The associated 
𝑝-values are close to 0%, indicating that the platelet width is a 
statistically significant parameters for all normalised responses.

• 𝛿𝑙 controls the longitudinal superposition between platelets in 
adjacent plies and therefore the topology of the axial shear-
lag transfer path. The positive coefficients for all normalised 
response variables indicate that larger longitudinal superpositions 
improve the per-ply tensile response within the tested design 
space. Since all longitudinal overlap lengths are greater than 𝐿𝐶 , 
𝛿𝑙 controls the spacing, repetition, and interaction of longitudinal 
discontinuities along the loading direction. Larger 𝛿𝑙 increases 
the overlap continuity along the primary load-transfer direction, 
reducing the quantity of 𝜎13 and 𝜎33 disturbances to a platelet’s 
axial stress distribution. The 𝑝-value for 𝐸∕𝑛𝑝 is slightly above 
5%, whereas for UTS∕𝑛𝑝 and 𝜀𝑓∕𝑛𝑝, 𝛿𝑙 has a stronger statistical 
influence regarding the failure-related responses.

• 𝛿𝑤 controls the transverse superposition between platelets in 
adjacent plies. Within the tested bounds, this factor has a smaller 
significance than the other DoE parameters, with the 𝑝-values 
marginally above or marginally below the 5% threshold depend-
ing on the response. This does not imply that the transverse 
overlap is mechanically irrelevant, as it affects the bonded area 
between adjacent platelets while controlling the spacing of trans-
verse discontinuities that can perturb the longitudinal 𝜎11 and 
𝜎13 shear-lag field. However, for this uniaxial tensile test, this 
parameter is comparatively weaker compared to the other DoE 
factors.

• 𝑛𝑝 determines the number of plies within the platelet architecture 
and remains statistically significant for all normalised response 
variables. The negative coefficient indicates that increasing the 
laminate thickness reduces the average per-ply contribution, even 
though the absolute laminate properties generally increase. This 
confirms that the thickness effect is not monotonic, as additional 
interfaces and internal plies improve the through-thickness re-
distribution, enlarging the effective FPZ, while also reducing the 
laminate’s sensitivity to longitudinal discontinuity positioning. 
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Table 7
ANOVA tables related to the normalised predictive models for the response variables (Resp. Var.). Source is the origin of the 
variance; DF are the degrees of freedom; Seq. SS is the sequential sum of squares, quantifying variability associated to factors in 
their order of appearance; Contribution explains the contribution in percentage; Adj. SS is the adjusted sum of squares; Adj. MS
is the adjusted mean of sum of squares; F-value is the ratio between explained and error variabilities; p-value is the probability 
associated to the F-value.
 Resp. Var. Source DF Seq. SS Contribution Adj. SS Adj. MS F-value 𝑝-value 
 

𝐸

Regression 5 3370.04 86.32% 3370.04 674.01 158.96 0.000  
 𝑛𝑙 [

𝑙𝑜
𝑙𝑝
] 1 21.87 0.56% 21.87 21.87 5.16 0.025  

 𝑛𝑤 [ 𝑤𝑜

𝑤𝑝
] 1 222.05 5.69% 222.05 222.05 52.37 0.000  

 𝛿𝑙 [ 𝑙𝑝
𝑑𝑙
] 1 16.07 0.41% 16.07 16.07 3.79 0.054  

 𝛿𝑤 [ 𝑤𝑝

𝑑𝑤
] 1 13.70 0.35% 13.70 13.70 3.23 0.075  

 𝑛𝑝 1 3096.35 79.31% 3096.35 3096.35 730.26 0.000  
 Error 126 534.25 13.68% 534.25 4.24  
 Lack-of-Fit 27 494.62 12.67% 494.62 18.32 45.76 0.000  
 Pure error 99 39.64 1.02% 39.64 0.40  
 Total 131 3904.29 100.00%  
 

UTS

Regression 5 78177.9 84.57% 78177.9 15635.6 138.07 0.000  
 𝑛𝑙 [

𝑙𝑜
𝑙𝑝
] 1 1936.5 2.09% 1936.5 1936.5 17.10 0.000  

 𝑛𝑤 [ 𝑤𝑜

𝑤𝑝
] 1 4865.0 5.26% 4865.0 4865.0 42.96 0.000  

 𝛿𝑙 [ 𝑙𝑝
𝑑𝑙
] 1 6574.2 7.11% 6574.2 6574.2 58.05 0.000  

 𝛿𝑤 [ 𝑤𝑝

𝑑𝑤
] 1 408.7 0.44% 408.7 408.7 3.61 0.060  

 𝑛𝑝 1 64393.4 69.65% 64393.4 64393.4 568.62 0.000  
 Error 126 14268.9 15.43% 14268.95 113.2  
 Lack-of-Fit 27 13250.6 14.33% 13250.6 490.8 47.71 0.000  
 Pure error 99 1018.3 1.10% 1018.3 10.3  
 Total 131 92446.7 100.00%  
 

𝜀𝑓

Regression 5 0.000020 53.51% 0.000020 0.000004 29.01 0.000  
 𝑛𝑙 [

𝑙𝑜
𝑙𝑝
] 1 0.000000 0.58% 0.000000 0.000000 1.57 0.212  

 𝑛𝑤 [ 𝑤𝑜

𝑤𝑝
] 1 0.000007 19.95% 0.000007 0.000007 54.08 0.000  

 𝛿𝑙 [ 𝑙𝑝
𝑑𝑙
] 1 0.000001 2.04% 0.000001 0.000001 5.53 0.020  

 𝛿𝑤 [ 𝑤𝑝

𝑑𝑤
] 1 0.000001 1.50% 0.000001 0.000001 4.07 0.046  

 𝑛𝑝 1 0.000011 29.44% 0.000011 0.000011 49.78 0.000  
 Error 126 0.000017 46.49% 0.000017 0.000000  
 Lack-of-Fit 27 0.000016 43.96% 0.000016 0.000001 63.71 0.000  
 Pure error 99 0.000001 2.53% 0.000001 0.000000  
 Total 131 0.000037 100.00%  
Table 8
𝑅2 coefficient variants related to the normalised model for the response 
variables (Resp. Var.), including the failure mode indicator 𝑓𝑚. 𝑅2 is the 
traditional coefficient; 𝑅2

𝑎𝑑𝑗 is the adjusted 𝑅2; 𝑅2
𝑝𝑟𝑒𝑑 is the prediction 𝑅2.

 Resp. Var. S 𝑅2 𝑅2
𝑎𝑑𝑗 𝑅2

𝑝𝑟𝑒𝑑  
 𝐸 1.65667 91.35% 90.79% 90.00% 
 UTS 9.27990 88.54% 87.80% 87.15% 
 𝜀𝑓 0.000270303 75.71% 74.13% 71.75% 

With the associated 𝑝-values for all response variables retain-
ing statistical significance, the normalised models support the 
interpretation that thickness modifies the per-ply efficiency and 
contribution through greater interlaminar stress redistribution, 
reduced sensitivity to unbalanced peel stresses, and a greater 
ability to redistribute damage through more platelets.

Despite the improved performance of the normalised models, partic-
ularly for 𝐸∕𝑛𝑝 and UTS∕𝑛𝑝, the lack-of-fit remains significant. This in-
dicates that first-order normalised models capture the dominant meso-
scale architecture–property relationships, but do not fully describe the 
coupled mechanics of woven EPPs. In particular, interaction effects 
between 𝑙𝑝, 𝑤𝑝, 𝛿𝑙, 𝛿𝑤, and 𝑛𝑝 are expected since stress-transfer is 
governed by a three-dimensional network of axial load transfer, trans-
verse redistribution, interlaminar shear, and FPZ development. The 
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normalised predictive models should be interpreted as design-screening 
tools that quantify the dominant factor effects rather than as complete 
fracture mechanics models.

4.4. Normalised interpretative models

This section implements models of the kind of Eq. (10). These 
additional models were introduced following the improved variability 
description given by 𝑓𝑚 in the first order analysis of Section 4.2. In 
Fig.  17, the effect of 𝑓𝑚 is still relevant and linear. However, the 
introduction of this variable means that the models cannot be utilised 
in a predictive fashion as in Section 4.3. The three model equations 
were reported in Eq.  (25), (26), and (27), whereas the associated 𝑅2

values were reported in Table  8.
𝐸 [GPa]

𝑛𝑝
= 𝛽0,𝑓𝑚 − 0.073𝑛𝑙 − 0.996𝑛𝑤

+1.098𝛿𝑙 + 0.251𝛿𝑤 − 2.3420𝑛𝑝
𝛽0,𝐹𝑃 = 29.28 𝛽0,𝐹𝑃−𝑇 𝐼 = 27.50
𝛽0,𝑃𝑃 = 25.51 𝛽0,𝑃𝑃−𝑇 𝐼 = 26.00

(25)

𝑈𝑇𝑆 [MPa]
𝑛𝑝

= 𝛽0,𝑓𝑚 − 4.695𝑛𝑙 + 4.885𝑛𝑤
+4.366𝛿𝑙 − 1.727𝛿𝑤 − 11.632𝑛𝑝

𝛽0,𝐹𝑃 = 142.19 𝛽0,𝐹𝑃−𝑇 𝐼 = 155.52
(26)
𝛽0,𝑃𝑃 = 157.41 𝛽0,𝑃𝑃−𝑇 𝐼 = 153.63
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Table 9
ANOVA tables related to the normalised interpretative models for the response variables (Resp. Var.), including the failure mode 
indicator 𝑓𝑚. Source is the origin of the variance; DF are the degrees of freedom; Seq SS is the sequential sum of squares, 
quantifying variability associated to factors in their order of appearance; Contribution explains the contribution in percentage;
Adj. SS is the adjusted sum of squares; Adj. MS is the adjusted mean of sum of squares; F-value is the ratio between explained 
and error variabilities; p-value is the probability associated to the F-value.
 Resp. Var. Source DF Seq. SS Contribution Adj. SS Adj. MS F-value 𝑝-value 
 

𝐸

Regression 8 3566.71 91.35% 3566.71 445.84 162.44 0.000  
 𝑛𝑙 [

𝑙𝑜
𝑙𝑝
] 1 21.87 0.56% 0.57 0.57 0.21 0.650  

 𝑛𝑤 [ 𝑤𝑜

𝑤𝑝
] 1 222.05 5.69% 118.97 118.97 43.35 0.000  

 𝛿𝑙 [ 𝑙𝑝
𝑑𝑙
] 1 16.07 0.41% 105.29 105.29 38.36 0.000  

 𝛿𝑤 [ 𝑤𝑝

𝑑𝑤
] 1 13.70 0.35% 7.95 7.95 2.90 0.091  

 𝑛𝑝 1 3096.35 79.31% 2704.18 2704.18 985.28 0.000  
 𝑓𝑚 3 196.67 5.03% 196.67 65.56 23.89 0.000  
 Error 123 348.57 8.65% 348.57 2.74  
 Lack-of-Fit 43 303.40 7.77% 314.40 7.06 16.51 0.000  
 Pure error 80 34.18 0.88% 34.18 0.43  
 Total 131 3904.29 100.00%  
 

UTS

Regression 8 81854.4 88.54% 81854.4 10231.8 118.81 0.000  
 𝑛𝑙 [

𝑙𝑜
𝑙𝑝
] 1 1936.5 2.09% 2365.8 2365.8 27.47 0.000  

 𝑛𝑤 [ 𝑤𝑜

𝑤𝑝
] 1 4865.0 5.26% 2860.9 2860.9 33.22 0.000  

 𝛿𝑙 [ 𝑙𝑝
𝑑𝑙
] 1 6574.2 7.11% 1665.7 1665.7 19.34 0.000  

 𝛿𝑤 [ 𝑤𝑝

𝑑𝑤
] 1 408.7 0.44% 376.7 376.7 4.37 0.039  

 𝑛𝑝 1 64393.4 69.65% 66702.1 66702.1 774.56 0.000  
 𝑓𝑚 3 3676.5 3.99% 3676.5 1225.5 14.23 0.000  
 Error 123 10592.3 11.46% 10592.3 86.1  
 Lack-of-Fit 43 9838.1 10.64% 9838.1 228.8 24.27 0.000  
 Pure error 80 754.3 0.82% 754.3 9.4  
 Total 131 92446.7 100.00%  
 

𝜀𝑓

Regression 8 0.000028 75.71% 0.000028 0.000004 47.92 0.000  
 𝑛𝑙 [

𝑙𝑜
𝑙𝑝
] 1 0.000000 0.58% 0.000001 0.000001 15.05 0.000  

 𝑛𝑤 [ 𝑤𝑜

𝑤𝑝
] 1 0.000007 19.95% 0.000004 0.000004 50.07 0.000  

 𝛿𝑙 [ 𝑙𝑝
𝑑𝑙
] 1 0.000001 2.04% 0.000000 0.000000 6.15 0.061  

 𝛿𝑤 [ 𝑤𝑝

𝑑𝑤
] 1 0.000001 1.50% 0.000000 0.000000 5.07 0.073  

 𝑛𝑝 1 0.000011 29.44% 0.000014 0.000014 192.50 0.000  
 𝑓𝑚 3 0.000008 22.20% 0.000008 0.000003 37.47 0.000  
 Error 123 0.000009 24.29% 0.000009 0.000000  
 Lack-of-Fit 43 0.000009 23.00% 0.000009 0.000000 33.38 0.000  
 Pure error 80 0.000000 1.29% 0.000000 0.000000  
 Total 131 0.000037 100.00%  
𝜀𝑓 [#]
𝑛𝑝

= 𝛽0,𝑓𝑚 − 0.0001012𝑛𝑙
+0.0001747𝑛𝑤 − 0.0000717𝛿𝑙
−0.0000542𝛿𝑤 − 0.0001689𝑛𝑝

𝛽0,𝐹𝑃 = 0.002360 𝛽0,𝐹𝑃−𝑇 𝐼 = 0.002820
𝛽0,𝑃𝑃 = 0.003137 𝛽0,𝑃𝑃−𝑇 𝐼 = 0.003000

(27)

The inclusion of the categorical failure morphology improved the 
descriptive capability of all the normalised models. The 𝑅2

𝑎𝑑𝑗 for 𝐸∕𝑛𝑝
increased from 85.77% to 90.79%, while UTS∕𝑛𝑝 increased from
83.95% to 87.80%. The largest improvement was observed for 𝜀𝑓∕𝑛𝑝, 
where 𝑅2

𝑎𝑑𝑗 increased from 51.67% to 74.13%. The categorical inter-
cepts are interpreted as fracture specific offsets, and for the failure 
responses the PP morphology exhibited the largest intercepts, followed 
closely by PP−𝑇 𝐼 and FP−𝑇 𝐼 , while FP exhibits the lowest intercepts. 
This indicates that the PP morphologies are associated with greater 
apparent failure resistance and strain capacity. This is consistent with 
the arresting, deflection, or bridging by neighbouring platelets of a 
matrix crack propagation, allowing additional energy dissipation prior 
to failure. Meanwhile, FP morphologies correspond to cases where 
a resulting dominant crack path propagates through the laminate 
thickness.

The ANOVA results in Table  9 show that 𝑓𝑚 is statistically sig-
nificant for all the normalised response variables. Furthermore, the 
inclusion of 𝑓  simply modulated the effect of the DoE factors without 
𝑚
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reversing the coefficient signs. This indicates that 𝑓𝑚 captures addi-
tional variability associated with fracture development that the predic-
tive model does not while preserving the factor trends and principal 
architecture–property relationships.

5. Conclusions

This work investigated the viability of aligned woven discontinuous 
platelets, focusing on characterising the tensile properties of various 
woven engineered prepreg platelet (EPP) architectures and identifies 
the key platelet parameters that most significantly affect composite 
performance. The thorough experimental campaign tested 132 EPP 
specimens following the ASTM D3039 standard [35]. The measured 
tensile properties were then statistically analysed adopting ANOVA to 
identify the effects of the DoE factors.

The first key outcome was that simple first-order linear models 
were insufficient to properly describe the woven EPP mechanics. The 
introduction of the failure mode factor (𝑓𝑚) significantly improved the 
responses’ capability of describing variability to approximately 60% −
66%, highlighting that the elastic response for engineered platelet-based 
composites is not purely driven by the platelet’s manufacturing parame-
ters. Rather it is strongly coupled to the damage and propagation state, 
confirming that the tensile 𝐸, UTS, and 𝜀𝑓  are entangled through stress 
redistribution and fracture evolution for woven EPP composite systems.
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Most importantly, normalising responses by ply count (𝐸∕𝑛𝑝,
UTS∕𝑛𝑝, or 𝜀𝑓∕𝑛𝑝) resulted in a strong linearisation of trends, allowing 
for the predictive use of the models. The normalised first-order models 
reach a high capability of describing the variability for stiffness and 
strength (𝑅2

𝑎𝑑𝑗 ≈ 84−86%), confirming that a large portion of the per-
ceived nonlinearity originates from thickness scaling effects alongside 
the role of 𝑛𝑝 in the load-transfer network and shear-lag efficiency. The 
normalised 𝜀𝑓∕𝑛𝑝 improved as well, but remained notably weaker at 
𝑅2
𝑎𝑑𝑗 ≈ 52%, consistent wit the failure strain being more sensitive to 

progressive damage and the existence of a textile pattern cut a differing 
portions influencing the model’s ability to interpret variability.

From the ANOVA, the following design-relevant effects were iden-
tified:

• Ply count 𝑛𝑝 dominates the variance of absolute properties, re-
maining statistically significant in the normalised models. This 
highlights that thickness does not merely scale an architecture’s 
response, but alters per-ply efficiency.

• Increasing 𝑛𝑙 reduces the per-ply stiffness and strength, as the 
smaller platelets increase the longitudinal discontinuity density, 
resulting in more matrix-dominated inter-ply segments along the 
axial load-path increasing the most common failure initiation 
sites.

• Increasing 𝑛𝑤 reduces per-ply stiffness, but increases strength 
and ductility metrics, indicating a shift towards more distributed 
damage and energy dissipation at the cost of rigidity.

• 𝛿𝑙 shows a positive influence, favouring larger longitudinal super-
positions, underlining the criticality of overlap continuity along 
the primary load-transfer direction.

• 𝛿𝑤 has the least influence, suggesting that within the tested 
bounds, transverse overlap is secondary to the remaining DoE 
factors in the investigated study.

Overall, ANOVA results establish that woven EPP tensile perfor-
mance is governed by:

• Thickness-driven scaling.
• Discontinuity controlled load transfer.

Per-ply normalised linear models provide a practical and interpretable 
basis for design screening of EPP architectures. Furthermore, they 
highlight which parameters affect the performance, producing tai-
lorable platelet-based engineered composites which can modify the 
in-ply properties of the material without modification to the manu-
facturing process or base material system. Meanwhile, explicit failure-
mode coupling and higher-order effects are required to robustly predict 
ductility and fracture behaviour across the full design space.

Future work should incorporate full-field strain measurement tech-
niques, such as Digital Image Correlation (DIC), to resolve the local 
deformation mechanisms that cannot be captured using conventional 
extensometers [42]. For woven EPPs, DIC would enable the axial and 
shear strain fields around platelet edges to be visualised directly. This 
would provide clearer experimental evidence of local strain amplifica-
tion, shear-lag stress transfer, the formation of localised bands prior to 
macroscopic failure. It would also help clarify the role of the transverse 
reinforcement with regards to redistributing or arresting local damage.

Furthermore, DIC-derived measurements, such as strain-
concentration factors, maximum local strain, and the localisation onset 
strain could be used as physical-based descriptors for future analyt-
ical or numerical damage predicting models, allowing for a more 
defined architecture–property relationship using shear-lag theory as a 
foundation.
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Nomenclature

 ANOVA Analysis of Variance  
 BaM Brick-and-Mortar  
 CFRP Carbon fibre reinforced polymer  
 DoE Design of Experiments  
 DCFC Discontinuous fibre composites  
 DIC Digital Image Correlation  
 𝐸 Young’s Modulus  
 EPP Engineered prepreg platelets  
 𝑓𝑚 Failure mode factor  
 FP Full propagation  
 FP-TI Full propagation with by tab-influence  
 FPZ Fracture Process Zone  
 𝑛𝑙 Number of platelets in specimen length 
 𝑛𝑝 Number of plies  
 𝑛𝑤 Number of platelets in specimen width  
 𝑙𝑝 Platelet length  
 𝛼 Platelet length-to-thickness aspect ratio 
 𝜔 Platelet width-to-thickness aspect ratio  
 𝛿𝑙 Platelet length superposition  
 𝑤𝑝 Platelet width  
 𝛿𝑤 Platelet width superposition  
 

 PPMC Prepreg platelet moulded composite  
 PP Partial propagation  
 PP-TI Partial propagation with by tab-influence 
 RVE Representative Volume Element  
 𝐿𝐶 Platelet Critical Length  
 SEM Scanning Electron Microscopy  
 𝑠𝐸 Standard deviation of E  
 𝑠𝜀𝑓 Standard deviation of strain at failure  
 𝑠𝑈𝑇𝑆 Standard deviation of UTS  
 𝑙0 Specimen length or gauge length  
 𝑤0 Specimen width  
 𝜀𝑓 Strain at failure  
 TBDC Tow based discontinuous composites  
 UD Unidirectional  
 UTM Universal testing machine  
 UTS Ultimate tensile strength
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