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Abstract  

Continuous fibre (CF) aerospace composites exhibiting excellent mechanical performance 

possesses low formability characteristics and are confined to simple shell-like geometries with minimal 

curvatures. On the other hand, long discontinuous fibre composites such as randomly oriented strands 

(ROS) offer high formability but exhibit low mechanical performance. The overall research objective of 

this work is to explore trade-off solutions that integrate the formability of carbon/PEEK ROS and the 

performance of CF carbon/PEEK tapes. Hybrid composites of ROS carbon/PEEK and CF carbon/PEEK 

architectures are manufactured by the rapid and low-cost compression moulding process. 

The mechanical characteristics of the hybrid fibre architectures are investigated at the coupon and part 

levels. Owing to the low properties of ROS composites under tensile and interlaminar shear loads, the 

mechanical characterization at the coupon level involves understanding the effects of hybridization of 

laminate groups with ROS through experiments. Three kinds of laminate groups (cross-ply, quasi-

isotropic and angle-ply) that differ in stiffness, strength and strain characteristics from ROS are chosen. 

Four relative thickness ratios and three stacking configurations of the architectures are chosen for 

hybridization. The positive and negative synergistic relations because of hybridization are reported and 

explained. Using flow-control and hybridization strategies at the part level, significant pull-out strength 

improvements are demonstrated on T-stiffened panels of ROS based composites. This is achieved by 

addressing two critical manufacturing issues namely the strand waviness and the swirling of strands. 

A stochastic finite element model for predicting the tensile behaviour is proposed. The model is 

characterized by a random strand placement procedure, intralaminar progressive failure analysis using 

Hashin failure criteria for damage initiation, fracture energy based linear softening law for damage 

propagation, and the use of traction-separation cohesive element laws to model the interlaminar 

progressive analysis or interface behaviour. To understand the interlaminar shear behaviour, a semi-

empirical model that utilizes a stochastic strand placement procedure and an adaptation of the analytical 

formulas for the interlaminar shear and bending stress distributions have been proposed to explain the 

load-sharing induced synergies, on a comparative basis. Both the models explain the mechanical 

characteristics of hybrid fibre architectures accurately at the coupon level. 
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Significant improvements in the mechanical characteristics and processing quality of ROS are 

observed with small proportions of CF laminate groups in the specimen. Through specific-stiffness 

and specific-strength comparisons, the research demonstrates the structural performance potential of 

ROS/Continuous fibre hybrids to serve as effective and low-cost replacements for intricate metallic 

aerospace parts. 
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Résumé 

Les pièces aéronautiques fabriquées de plastique renforcé de fibres continues ont 

d’excellentes propriétés mécaniques. Par contre, leur mise en forme peut être difficile ce qui 

restreint leur application à des coques de géométrie simple à faible courbure.  En revanche, les 

renforts de fibres courtes discontinues ou ‘Randomly Oriented Strands’ (ROS) améliorent la 

mise en forme au détriment d’une réduction des propriétés mécaniques. Ainsi, l’objectif de cette 

recherche est d’étudier des solutions pour arriver au meilleur compromis entre la formabilité des 

ROS carbone/PEEK et la performance mécanique des bandes de carbone/PEEK 

unidirectionnelles. Les solutions hybrides ROS et fibres continues sont fabriquées par le procédé 

de moulage par compression qui est à la fois rapide et peu coûteux. 

Les propriétés mécaniques des composites hybrides sont étudiées au moyen d’essais sur des 

échantillons et sur des pièces. Les essais sur échantillons ont été utilisés pour caractériser l’effet 

de l’hybridation avec des laminés pour améliorer les propriétés en traction et en cisaillement 

interlaminaire des composites ROS. Trois types de laminés ont été étudiés pour l’hybridation soit 

les empilements croisés, à angles et quasi-isotropes. Chaque laminé présente des différences 

uniques comparativement aux ROS tel la rigidité, la résistance et les mécanismes de 

déformation. Quatre rapports d’épaisseurs relatives et trois configurations d’empilements des 

différentes architectures ont été considérés pour l’hybridation. La synergie positive et négative 

résultant de chaque configuration est quantifiée et analysée. Cette thèse présente aussi les 

résultats des échantillons troués avec entaille hybrides ROS sollicités en traction. Les stratégies 

de contrôle d’écoulement et d’hybridation à l’échelle d’une plaque avec raidisseur en « T » ont 

montré une amélioration significative de la résistance à l’arrachement. Ces avantages sont le 

résultat d’une réduction des phénomènes d’ondulation et d’entortillement des lamelles lors de la 

mise en forme. 

Un modèle stochastique par éléments finis pour prédire le comportement en traction est proposé. 

Le modèle est caractérisé par le développement d’une procédure d’étalement des lamelles et de 

paramètres empiriques afin de répliquer le procédé de mise en forme. La défaillance 
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interlaminaire progressive est prédite par le critère de rupture de Hashin pour l’initiation des 

dommages. La propagation des dommages est modélisée au moyen de l’énergie de rupture 

obtenue par une loi linéaire d’adoucissement. Finalement, des lois sont appliquées aux éléments 

cohésifs pour le détachement induit par traction permettant l’analyse inter laminaire progressive 

et des comportements des interfaces. Un modèle semi-empirique incluant une distribution 

stochastique des lamelles et une adaptation des relations analytiques pour la distribution des 

contraintes de cisaillement interlaminaire et de flexion est proposé pour expliquer la synergie 

résultante de la répartition des charges dans la structure hybride. Les deux modèles permettent 

d’expliquer les caractéristiques mécaniques des hybrides ROS et fibres continues à l’échelle des 

échantillons.  

Des améliorations significatives au niveau des propriétés mécaniques et de mise en forme sont 

obtenues en combinant une faible proportion de fibres continues aux pièces ROS. L’amélioration 

des performances structurales démontrée par une comparaison de la rigidité-spécifique et de la 

résistance-spécifique illustre le potentiel des hybrides ROS/CF pour le remplacement de pièces 

aéronautiques métalliques à géométrie complexe. 
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Chapter 1  

Introduction  

The choice of the material system (resin system and the fibre architecture), the 

manufacturing method and the process parameters collaboratively govern the structural 

characteristics of fibre reinforced composites. Continuous fibre (CF) aerospace preforms usually 

manufactured as unidirectional (UD) tapes and fabrics (e.g. woven, braided, non-crimp and 

knitted) [1], offer optimum reinforcement efficiency in the longitudinal direction due to high 

fibre strength and stiffness but offers high resistance to forming [2, 3]. The poor formability of 

CF confines their use to simple shell-like geometries requiring high stiffness/strength. The 

mechanical characteristics of CF preforms have been extensively studied and characterized at 

both macroscopic and microscopic levels [4]. 

The load transfer efficiency between a fibre and the surrounding matrix is a function of the 

interfacial bonding, fibre and matrix mechanical properties and the fibre dimensions. The 

variation of the strength of composites as a function of fibre length is illustrated in Figure 1-1.a. 

Fibre preforms are broadly classified into CF and discontinuous fibre architectures based on the 

critical fibre length (Lc); the fibre length over which ultimate tensile strength (σf) can be reached 
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in the middle of the fibre (Figure 1-1.b). Highest performance of the composite is achieved if the 

average stress in the fibre computed over its entire length equals the ultimate fibre strength. The 

critical fibre length is given by the Kelly-Tyson model [5] as shown in Equation 1-1. As noted by 

Chang et al. [6], maximum fibre efficiency is achieved when fibre length Lf >> 50 Lc. The 

performance of a composite material increases with fibre length and eventually plateaus reaching 

the CF properties. If d is the fibre diameter and τ is the matrix shear strength,  

𝐿𝑐 =
𝑑 𝜎𝑓

2 𝜏
 Equation 1-1 

     

 

 

 

Figure 1-1: Illustration of a) relationship between fibre length and strength of discontinuous fibre 

composites(adapted from [7]); b) the effect of fibre length on stress distribution in the fibre 

 

Discontinuous fibre architectures can be broadly categorized into long discontinuous fibre 

architecture (LDF) [6] or high fibre volume fraction systems and short discontinuous fibre 

architecture or low-fibre volume fraction systems (Figure 1-2), based on the attainable fibre 

volume fraction (Vf) and the fibre length. Short discontinuous fibre systems could be 

preferentially aligned or randomly oriented based on the manufacturing process employed. The 

maximum fibre volume fraction attainable in case of a randomly oriented fibre (ROF) system is 

a) b) 
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Discontinuous Fibre Architectures

LDF Architectures 
(Vf > 37% and Lf > 50Lc)

Short Discontinuous Fibre Architectures 
(Vf < 37% and Lf < 50Lc)

Aligned strands Randomly Oriented Strands (ROS) Randomly Oriented Fibres (ROF)Preferentially aligned fibres

in the order of 37% due to fibre entanglements [8] and the fibre lengths (Lf) are < 50Lc. ROF 

architecture is widely studied in literature [9]. 

 

 

 

 

 

Figure 1-2: Broad classification of discontinuous fibre architectures 

  

A classification representing a trade-off of processability and performance is the LDF 

architecture [6]. LDF is characterized by the presence of strands or chips representing a parallel 

system of fibres with fibre lengths > 50Lc and significantly high fibre volume fractions can be 

attained with LDF composites (up to 60%), due to close packing of fibres within a strand, 

resulting in adequate mechanical performance. Further, a literature survey showed that preforms 

with long discontinuous carbon fibres are appealing for structural applications as they bridge the 

gap between the formability of short fibre composites and performance of continuous fibre 

composites (Figure 1-3). LDF materials that were developed and studied over the years can be 

categorized based on fibre orientation (aligned vs. random). Such et al. [10] presented a 

historical overview of works on aligned discontinuous fibre composites. Randomly oriented 

strands (ROS) are a class of LDF architecture (Figure 1-2) comprising of prepreg based 

discontinuous strands of unidirectional tapes or woven fabrics. Researchers use different names 

for the same material architecture that include discontinuous long fibre (DLF), direct carbon 
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fibre preforming (DCFP), discontinuous fibre composites (DCF), flake-based composites, 

ribbon-based composites, platelets and ultra-thin chopped carbon fibre tape-reinforced 

thermoplastics (UT-CTT). Investigation of mechanical properties of ROS composites (both 

thermoset and thermoplastic matrices) [11, 12] fabricated from low-flow compression moulding 

showed that ROS composites exhibit stiffness or modulus comparable to that of quasi-isotropic 

(QI) laminates, hence are well suited for stiffness-driven designs. Industrial potential of such 

materials was exemplified by the development of complex net-shape parts (Figure 1-4) that were 

competitive with metal parts due to their corrosion resistance, light weight and cost-effective 

manufacturing [6]. 

 

Figure 1-3: Processing and performance of various composite material systems [12, 13] 

Despite attractive benefits, ROS composites possess low mechanical strength, demonstrate high 

variability and notch insensitive behaviour that inhibit their extensive use in load-bearing 

aerospace parts. Thus, a trade-off solution, as suggested by various authors [14-21], is to use a 

‘hybrid fibre architecture’ that integrates the formability of ROS and performance of continuous 

fibres. In the literature on hybridization, most researchers typically have considered a high-

elongation/low-strength material with low-elongation/high-strength material at the inter-ply and 
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intra-ply levels to improve the ductility response of the low elongation material [22]. The 

behaviour of hybrid systems seldom followed simple rule of mixtures (RoM) approach and 

usually exhibited synergistic relationships called the ‘hybrid effect’. Further, this effect is 

described as either positive or a negative deviation from the theoretical RoM [23]. The review 

article [22] summarizes the works on hybridization and attributes the synergistic behaviour to the 

damage development, residual stresses and stress concentrations in hybrids.  

 

 

 

 

Figure 1-4: Complex net-moulded industrial ROS parts: a) bracket made by Greene, Tweed [24, 25]; b) 

Bracket made by TenCate [26]; c) Helicopter tailboom frame [27] 

The current thesis focuses on ‘hybrid fibre architectures’ comprising of various fibre 

preforms/phases such as ROS, unidirectional tapes and woven fabrics with varying proportions 

and geometric configurations co-existing within a specific region of a component. By controlling 

the contents, position and arrangement of ROS and CF, both formability and better mechanical 

performance can be achieved. Benefits of hybridization include: improved and tailored modulus 

properties, reduction in the variability, and better control on the failure initiation, damage and 

propagation [13, 28-33]. In addition, hybrid fibre architectures allow for better predictability of 

failure and strength in notched specimens [30], increase in the interlaminar properties, and 

reduction in warpage and reduction of swirling of strands [29]. Although the main goal of hybrid 

a) b) c) 
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fibre architectures is to obtain reinforcing effects, the use of such systems could lead to 

synergistic behaviour [13, 28, 34]. 

1.1 Research Objectives 

The overall research objective of this thesis is to characterise and model hybrid fibre architectures 

of randomly oriented strands of carbon/PEEK and CF tapes of carbon/PEEK, to understand their 

stiffness, strength, and failure characteristics under mechanical loading. Hybrid composites made 

of ROS and CF are manufactured by compression moulding process that demonstrates potential for 

low-cost and short manufacturing cycles. Three sub-objectives are recognized: a) to investigate the 

mechanical characteristics of hybrid fibre architectures of ROS and CF at the coupon level, when 

subjected to tension, and interlaminar shear loading; b) to propose predictive modelling techniques 

for ROS and hybrids for the calculation of strength and stiffness while accounting for the main 

failure mechanisms and progressive failure; c) to study the feasibility of using hybrid fibre 

architectures at part level, minimize variability and improve performance and processing aspects.  

1.2 Thesis Outline 

The manuscript-based dissertation is a condensed form of four manuscripts and additional 

chapters. Repetitive text (for example: introduction to the subject, manufacturing process, test 

configurations, etc) from the manuscripts is removed for brevity. References of all the 

manuscripts are synchronized to form the global reference list. In addition, global Appendices 

are defined for the thesis. Connecting text is included for coherence. 

Chapter 2.0: Following this introduction, a relevant literature review on the mechanical 

characterization and numerical modelling of ROS and ROS-hybrid composites are presented 
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from Manuscript 1. Connections are drawn between the current state of knowledge in the open 

literature and literature gaps are identified.  

The thesis is then categorized into Coupon level studies and Part level studies. Chapters 3.0-4.0 

deal with experimental and modelling studies at the coupon level (tensile behaviour and 

interlaminar shear), while chapter 5.0 deals with the part level studies. 

Chapter 3.0: This chapter discusses the work on the tensile behaviour studies at the coupon 

level. Sub-chapter 3.1 deals with the experimental work and is based on Manuscript 2. Sub-

chapter 3.2 is a stand-alone chapter (non-manuscript based) dealing with the modelling of the 

tensile behaviour. 

Chapter 4.0: This chapter discusses both experimental and modelling efforts on the interlaminar 

shear behaviour of ROS-hybrids through Manuscript 3.  

Chapter 5.0: Through Manuscript 4, the chapter discusses the experimental work on stiffened 

panels of ROS-hybrids. 

Chapter 6.0: This thesis ends with the summary of main results and contributions, as well as 

recommendations for future work. Supplementary material is included in the Appendices. 
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Chapter 2  

Literature Review  

Changes to Manuscript 1: 

a) The manuscript summarizes the research studies on ROS architecture and their hybrids. 

Since the primary subject of this thesis is hybrid fibre architectures of ROS and 

continuous fibres, only a brief review of the ROS architecture is presented. 

b) References and citations to the articles that are a part of current thesis are excluded from 

the manuscript. 

c) Introduction section of the manuscript is removed to avoid repetition. 
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Manuscript 1 

Mechanical Characterization and Modelling of Randomly Oriented 

Strand Architecture and their Hybrids – A General Review 

Abstract 

A comprehensive review of the mechanical characterization and modelling of randomly oriented 

strands (ROS) material architecture and their hybrids with laminates is presented. ROS 

composites are long discontinuous fibre preforms that exhibit excellent formability 

characteristics and stiffness properties comparable to Quasi-isotropic laminates, allowing their 

use in the manufacture of intricate geometric parts for automotive and aerospace industries. ROS 

architecture complements out-of-autoclave methods such as compression moulding, 

thermostamping and resin-transfer moulding leading to cost-reduction. Their applicability is 

limited to non-structural and low-load bearing applications due to their low strength properties. 

Continuous fibre (CF) aerospace preforms exhibiting excellent mechanical performance possess 

low formability characteristics and are confined to simple shell-like geometries with minimal 

curvatures, while incurring high-costs and long manufacturing times. Hybrid solutions of ROS 

and other material architectures represent a trade-off solution of formability and performance 

characteristics often yielding synergistic effects. Seemingly simple, ROS is a complex material 

system that poses several structural and process challenges. This work categorizes the pertinent 

research work from the literature on the mechanical characterization into the framework of a 

formal characterization environment of composite structures that includes the coupon, the part 

and structural levels. The manufacturing, dispersion methods and measurement techniques are 

qualitatively assessed with reference to the mechanical properties. The discussion on modelling 
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involves the identification of crucial characteristics of significant analytical and numerical 

modelling techniques devised for the prediction of the mechanical behaviour of ROS and their 

hybrids. Emphasis is on the methods of stiffness and strength prediction. Our perspectives on the 

effective use of ROS and their hybrids are discussed. Process characterization and process 

modelling of ROS and their hybrids are beyond the scope of this article. 

Keywords: Randomly oriented fibres, Randomly oriented strands, Hybrid fibre architectures 

 

2.1 Introduction 

Randomly oriented strand composites and their hybrids are attractive material 

architectures but pose several structural and process challenges needing systematic 

categorization of the works in the literature. The characterization of ROS architecture and their 

hybrids can be broadly categorized into Mechanical and Process characterizations (Figure 2-1). 

The first part of the general review summarizes the literature on mechanical characterization of 

ROS and ROS-hybrids. Traditionally, the aerospace industry uses a multi-level building block 

approach for the substantiation of composite structures, due to the sensitivity of composites to 

out-of-plane loads, the multiplicity of composite failure modes and the lack of standard 

analytical methods [35]. The suitability of the building block approach is still in question for 

ROS based composites. Nevertheless, for the review, such a formal characterization defined by 

the coupon, the part and structural levels can provide a clear mapping of the literature on 

ROS/ROS-hybrid architectures. The second part of the article involves the identification of 

crucial characteristics of significant analytical techniques and numerical models devised for the 

prediction of the mechanical behaviour of ROS and their hybrids. 
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Figure 2-1: Sub-categories of the characterization of ROS/ROS-hybrids 

2.1.1 ROS architecture 

ROS composites have a three-dimensional (3D) microstructure, which is schematically 

illustrated in Figure 2-2. Several parameters cumulatively add from the micro to the structural 

levels and govern the performance. Parameters on the micro-scale are directly related to the 

properties of the fibres and the matrix. On the meso and macro-scale, however, properties are 

dependent on the strand parameters such as size, shape, overlap, orientation, dispersion and 

waviness. The manufacturing and dispersion methods drive many of these governing parameters. 

The effects of processing conditions on strand architecture are briefly discussed where relevant, 

as process characterization is not the main subject of the article. 

 
 

a) b) 

Figure 2-2: Schematic representation of a) ROS composite and b) strand microstructure [12] 
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2.1.2 Manufacturing techniques and dispersion methods 

Compression moulding [12, 36-38] (Figure 2-3) and thermostamping [3, 39] are the frequently-

used manufacturing methods for forming of ROS composites since strands are typically pre-

impregnated with either a thermoset or a thermoplastic matrix system. Alternatively, dry fibres 

bundles can be used to create a preform, which is then impregnated and consolidated via resin 

transfer moulding [40-42]. Among these manufacturing methods, researchers use two forms of 

raw material for preimpregnated strands: Sheet moulding compounds (SMC) and bulk moulding 

compounds (BMC). SMCs are produced by creating sheets with randomly oriented strands. 

Random deposition is achieved by dropping the strands onto a conveyor belt (with release 

backing) [43] or via a wet-type paper making process from BMC into an SMC [37, 44]. The 

sheets are then cut to the desired shape, stacked into the mould and compression moulded. With 

the BMC, the strands are shuffled, bulkily placed into the mould and compression moulded. This 

is a one step process, which makes it attractive from the industrial viewpoint. However, it leads 

to more variability of the strand placement and architecture. Researchers have adopted mainly 

three dispersion or stack methods for the initial placement of strands with BMCs: manual 

distribution (sequential/visual randomization) [12, 36-38], water/air dispersion [37, 44], and mat-

layup methods [45]. Direct fibre preforming (DCFP) method, a suitable method for dry fibres, 

involves cutting the tows by a revolving chopper head and deposition onto a mould through a 

robotically controlled process. At the end of the process, a near net-shape preform is produced 

and is then impregnated and consolidated using resin transfer moulding (RTM) [40-42]. Inherent 

variability of ROS composites presents various challenges associated with material 

characterization and quality control and will be a recurring topic of these papers. 
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Figure 2-3: Compression moulding of an ROS part [46] 

2.1.3 Strain measurement methods 

 

Feraboli et al. [47] addressed the issue of variability in the modulus data by evaluating different 

measurement techniques which include an extensometer, strain gauges of various lengths and the 

digital image correlation (DIC) technique. Data obtained with the DIC technique depicted large 

strain variation on the surface of the specimen which makes extensometers and strain gauges, 

even large ones, inadequate for global strain measurement. Additionally, Johanson et al. [48] 

reported a noticeable difference between strain fields captured with DIC from the different sides 

of the specimen. Hence there was a gradient of local through-the-thickness strains and important 

failures could be missed with one-side strain monitoring. Overall, the DIC technique was found 

to yield the most accurate and repeatable measurement of modulus by averaging the full-field 

strain values [36] and has become the standard technique for ROS [12, 13, 38, 41, 49]. 

2.2 Mechanical Characterization  

2.2.1 ROS architecture 

The Coupon and Part levels on ROS architecture are listed in Table 2-2. It is, however, important 

to note that the behaviour of ROS is reported to be a function of mainly strand size (strand 

length, strand width) and specimen geometry (specimen thickness, specimen width). In general, 

the effect of strand length is more pronounced on strength than modulus, with mostly an 

Unidirectional tape Chopped strands Complex ROS partCompression moulding
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increasing trend with strand length but accompanied by increased variability [11, 44]. The 

modulus of ROS with most of the strand sizes were comparable with that of quasi-isotropic (QI) 

laminates while the strength showed a range of values between 15–70% [11, 12, 37, 44, 45] of 

the strength of QI laminates. The material properties are highly variable on the meso-scale due to 

the heterogeneous structure. The failure modes reported are mostly matrix dominated (transverse 

strand cracking, strand debonding and longitudinal strand splitting) in addition to secondary fibre 

failures. The failure modes were spread through the weakest path of resistance and were 

frequently redirected in the longitudinal and transverse directions in a staggered pattern. Due to 

similar magnitudes of tensile, compressive and shear strengths, Selezneva [12] used tensile 

properties as an approximation for other two strengths, thus, reducing the preliminary tests 

needed to evaluate the performance of new ROS materials. Analogously, tensile and compressive 

moduli were similar, and in-plane shear modulus was approximated (<5% error) based on the 

assumption of transverse isotropy. Overall, the knockdown of shear strength from CF to ROS 

was not as drastic as in the case of tension or compression loading. The authors recommended 

the use of ROS for applications where shear was the dominant load. Further, Selezneva et al. 

[12] measured the out-of-plane shear strength by double-notch shear (DNS) and the short-beam 

shear (SBS) tests, for a range of strand sizes and aspect ratios of ROS material. DNS tests led to 

proper shear fracture between the notches, whereas SBS resulted in multi-mode failures and 

lower values than those measured for DNS. It was noted that determining the out-of-plane shear 

properties was crucial as stress gradients in the interlaminar directions could cause delaminations 

in intricate parts of ROS architecture.  
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Authors 

Strand material 

[Fibre/Matrix (Type)], Parent 

material) 

Raw 

material 

form 

Dispersion 

method 

Manufacturing 

method 

Coupon level  Part level  

Tension (T) , Compression (C), In-plane 

shear (S), Interlaminar shear (SBS/DNS), 

Flexural (3P/4P), Fracture toughness 

(Mode I/II/III), Fatigue (T-T, T-C), 

Open-hole tests (OHT/OHC), Bearing 

strength, Others 

Structure, Test 

Feraboli et al. [11] 
[Carbon/Epoxy (T700/2510)], UD 

tape 

BMC 

 

Manual and 

visual 

randomization 

CM 

T, C, 3P, OHT, OHC  

Eguémann et al. [38] 

 
[Carbon /PEEK], UD tape Manual T Hinge, Structural 

Selezneva et al. [12], Landry et al. 

[50], Leblanc et al. [51, 52]  
[Carbon /PEEK], UD tape 

Sequential 

manual 
T, C, S, SBS, DNS, T-T 

T-shapes, Pull-out 

strength 

Yamashita et al. [37], Nakashima et 

al. [53], Wan et al. [44, 54], Lyu et al. 

[55], Guo et al. [56], Meng et al. [57], 

Yamashita et al. [58], Fujita et al. 

[59], Toyoda et al. [60] 

[Carbon /PA6], ultra-thin UD tape SMC 
Water, air 

dispersion 

T, C, 3P, 4P, Mode I, Out-of-plane shear 

modulus using vibrations, Bearing strength, 

Lightning strike damage 

S-shapes and Hat-

shapes, Flexure 

Jin et al. [45] 

[Carbon /Epoxy (T40/800B with 

Cytec CYCOM 5320-1 Epoxy)], UD 

tape BMC 

Mat layup, 

Mechanical 

agitation 

T  

Han et al. [61] [Carbon /Polyetherimide], UD tape Manual T, C, S L-angles, ILTS 

Boursier et al. [62] [Carbon /Epoxy (HexMC)], UD tape SMC Manual T-T, Compression after Impact (ETW)  

Qian et al. [41] 
[3 K HTA/5631 polyurethane], UD 

tape 
SMC DCFP RTM OHT  

Jacob et al. [63] [P4, CCS-100, HexMC], UD tapes 
SMC, 

BMC 

Manual 
CM 

Crash worthiness  

Rasheed et al. [64] [5HS carbon/PPS] - Fabrics BMC T  

Tencate [65] [Cetex] (multiple variants) SMC T, C, 3P, OHC  

Hexcel [43] [HexMC] (multiple variants) 
BMC 

T, C, SBS, Flexure  

Fortin et al. [39] [Carbon /PEEK], UD tape Thermoforming  L-angles, ILTS 

Kravchenko [66] [AS4/PEKK, AS4/PEEK], UD Tapes  Manual CM T  

3P and 4P signify three-point bending and four-point bending tests  

ETW – Elevated Temperature Wet conditions. Unless stated all tests were carried out at room temperature (RT); OHT and OHC signify Open-hole tension and Open-hole compression tests 

T-T and T-C signify Tension-Tension and Tension-Compression fatigue tests; ILTS signifies Interlaminar tensile strength 

 

Table 2-1: Summary of the coupon level and part level testing efforts on ROS from literature
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2.2.2 Hybrid fibre architectures  

Research work on hybrid fibre architectures can be grouped into two categories: a) processing 

studies demonstrating the feasibility of integrated processing/co-moulding of complex hybrid 

structures with an emphasis on the improvement of the interfacial behaviour; b) studies to 

improve specific mechanical characteristics or studying the extent of the reinforcement effect. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-4: a) Design and intrinsic stiffness of polymer composites for different processing techniques 

[16]; b) Schematic illustration of an example hybrid part [16] 

 

 Processing studies 

The literature on the processing of hybrid fibre architecture of ROS and CF laminates is scarce. 

Thus, studies that share similarities with hybrids are discussed briefly. Bourban et al. [16] 

presented the concept of integrated processing (Figure 2-4.a) of ROF-hybrids (Figure 2-4.b) of 

CF and Glass Mat Thermoplastic (GMT) through a sequential process. Luo et al. [67] derived a 

relationship between the compression pressure and Vf of a multimat, which consisted of a layer 

of glass weft knit fabric sandwiched between two layers of random glass mat (Figure 2-5.a). 

Fibre relaxation was explained in terms fabric stiffness and volumetric dissipation energy. 

Wakeman et al. [68] explored the co-moulding of random-reinforced GMTs with commingled E-

glass and polypropylene fabrics. High charge and mould temperatures were suggested for 

a) b) 
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superior impregnation. Maintaining consolidation pressure for a minimum period was critical to 

eliminate mid-plane voids. Wakeman et al. [15] demonstrated significant stiffness improvements 

and feasibility of processing carbon fibre reinforced polyamide materials with ribbed structures 

in short times using  three steps: plate impregnation, stamping, and over-moulding (Figure 

2-5.b). Wakeman et al. [69] investigated the effect of forming conditions (e.g. preheat cycle, UD 

tow placement rate and pressure) on the structural integrity (e.g. void content, tensile properties) 

of a compression moulded beam with UD tow inserts.  

 

a) b) c) 

Figure 2-5: a) Hybrid multimat [67]; b) Sandwich structures to integrate material and shape stiffness [15]; 

c) Compression moulded beam element with UD tow inserts [69] 

 

In a study focused on the flow and mechanical properties of ROS-hybrids, Corbridge et al. [32] 

used HexMC with 50 mm fibre length, and UD prepregs under high flow compression moulding. 

Using a grid strain method, quantitative analysis of the distortion of the UD fibres in terms of 

translations and rotations were determined. Flow of the ROS material caused shearing of the ply 

when the fibres were aligned transversely to the flow direction, causing local changes in Vf and 

fibre waviness. Further, ply migration occurred when the UD fibres were aligned with the flow 

direction. Staging the resin to 50% cure reduced ply distortion during moulding whilst 

maintaining interlaminar performance. Adding an interfacial ply of 90-degree orientation 

between the reinforcing UD fibres and the ROS successfully prevented distortion to the UD 
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fibres by avoiding shear thinning and fibre migration. The addition of the 90-degree ply resulted 

in a negligible impact (<8%) to the flexural stiffness of the hybrid (Figure 2-6.a).  

 

 

 

 

 

 

 

 

 

 

Figure 2-6: a) Ply distortions in hybrid specimens with and without interfacial ply between SMC and UD 

plies [32]; b) In-plane strength with ROS-fabric hybrids as a function of fabric content [33] 
 

Reinforcement effect 

Coupon level 

Some significant studies on ROF hybrids share commonalities with ROS-hybrids. Lee et al. [70] 

worked with CF-short random fibre mat hybrids, and classified hybrids into mixed, interlayer 

and sandwich types. Selmy et al. [71-73] studied the tensile, interlaminar and bending properties 

of glass/epoxy hybrids of unidirectional (U) and discontinuous-random (R) fibres. Relative 

proportions and stacking sequences within a hybrid were examined. Cabrera-Rios et al. [74] 

employed the per-ply method to fabricate hybrid configurations of carbon and glass fibre SMCs 

and measured their tensile and flexural strength. Glass-carbon-glass hybrid stacking 

configuration yielded the best tensile strength-to-weight ratio compared to carbon-glass-carbon. 

Jens et al. [75] combined SMC called HUP27 and fabric/UD prepregs in one-shot compression 

b) a) 
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moulding process to create load bearing out-of-autoclave parts. Mallick [76] studied the extent of 

fibre misorientation due to resin cross-flow and its effect on the tensile strength of a compression 

moulded hybrid of UD and SMC. Numerous studies on ROF hybrids show significant increase 

the interlaminar fracture toughness and consequently energy absorbing capability of composite 

structures and crash resistance [77-79]. 

Han et al. [33] studied the bearing failure behaviour of bolted joints in ROS composites co-

moulded with fabric layers at various lay-up locations and proportions. The tensile and 

compressive strengths were improved with an increase in the fabric content, while the in-plane 

shear strength is reduced by increasing the fabric content except for the range of (10-20%) fabric 

content (Figure 2-6.b). The effect of geometrical parameters of bolted joint specimens, the edge 

distance ratio (e/D) and width to diameter ratio (w/D), on the bearing response and failure mode 

were investigated. The addition of one fabric layer at the middle of a ROS panel provided 

5~12% and 5~20% increase in bearing strength and stiffness, respectively. Both ROS/fabric and 

ROS only specimens demonstrated a combination of bearing and cleavage (tension with shear-

out), while a combination of bearing, shear-out, and wedge-split failure modes occurred for the 

fabric only laminates. 

Structural level 

Leblanc et al. [80] co-moulded ROS and UD plies in T-shaped parts using compression 

moulding. Addition of the tapes induced high ply waviness at the junction of the flanges and the 

web, caused by the strand flow. Nevertheless, the use of hybrid configuration reportedly 

increased the pull-out strength of the T-shaped parts by about 45%. Evans et al. [34] investigated 

co-compression moulding of hybrid fibre architectures of DFC and UD plies. The effect of ply 

layups in the transition zone from the CF plies to the DFC material were studied using flexural 
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performance and Mode-I fracture toughness. T700 12K carbon fibre tows were chopped to a 

fibre length of 25 mm and epoxy resin was added. The target fibre volume fraction for the charge 

was 50%. The UD ply was a carbon non-crimp fabric (NCF) with multiaxial E-glass stitching, at 

90° and ±45°. The percentage volume content of UD was 0% (DFC only), hybrids between 20-

80%, and 100% (UD only) in a constant thickness (3 mm) specimen. The UD plies were 

positioned at the upper and lower tool surface (UD/DFC/UD) to minimize the out-of-plane ply 

waviness. The experimental data demonstrated slight positive synergies from the RoM behaviour 

(Figure 2-7.a) with strength with lower % of UD in the hybrid similar to [13]. The baseline 

tensile strength for DFC was improved by 110% with 20% UD content, with about 25% decrease 

in the transverse strength. Continuous-discontinuous joint design was suggested to incorporate 

tapering of the continuous fibre plies to achieve an interface angle of <7° to minimize peel 

stresses. Fracture toughness of the system was improved by ~23-37% with the use of DFC, due 

to its ability to resist crack development by ‘fibre bridging’ (Figure 2-7.b). Fette et al. [81, 82] 

studied the level of automation of single-stage compression moulding of ROS-hybrids or hybrid 

SMC in an aerospace production environment. Lightweight designs of ROS-hybrids were 

proposed by load path optimisation achieved by tailored continuous fibre placement patches 

within a complex SMC based ROS part. Hybrid-SMC of aircraft fairings were manufactured and 

impregnation investigations on them showed that the continuous fibre rovings were well 

impregnated by the SMC resin system. Hybrid-SMCs demonstrated short curing cycle times in 

the range of 120-180 seconds. 
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Figure 2-7: a) Longitudinal and transverse strengths if ROS-UD hybrids as a function of %UD 

[34]; b) Load-displacement curves for double cantilever specimens representing fracture 

toughness 

 

Researchers have sought for the statistical lower bounds or the basis allowables to quantify the 

design allowables [12, 29, 83-85] and for certification of ROS based composites. Due to the 

complexities and gamut of design possibilities with ROS, Harban and Tuttle [84] proposed the 

use of stochastic based modelling accompanied by selective testing efforts.  

a) b) 
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Authors [Strand material] + Ply/laminate 

Raw 

material 

form 

Dispersion 

method 

Manufacturing 

method 

Coupon level  Part level  

Tension (T) , Compression (C), 

Interlaminar shear (SBS/DNS), Flexural 

(3P/4P), Fracture toughness (Mode 

I/II/III), Fatigue (T-T, T-C), Open-hole 

tests (OHT/OHC), Bearing strength  

Structure, Test 

Han et al. [33] 
[12k AS4/PEEK UD tapes] + 3K HS 

fibres 5H Satin  
SMC Manual 

CM 

T, C, S, Bearing strength  

Corbridge et al. [32] [HexMC] + UD tapes and CP 

BMC 

Manual 4P  

Leblanc et al. [52] [CF/PEEK UD tape] + UD tapes Sequential manual  
T-shapes, Pull-out 

strength 

Evans et al. [34] 
[T700 12K/epoxy UD tapes] + NCF 

UD tapes 
Manual T, Mode I 

Continuous-

discontinuous 

joints, Flexure 

 
Table 2-2: Summary of the coupon level and part level testing efforts on ROS-hybrids from literature 
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2.3 Modelling of ROS and ROS-hybrids 

2.3.1 Analytical modelling 

The earlier modelling efforts were aimed at adapting existing models for discontinuous and 

continuous fibre composites to ROS with varying success. ROS can be regarded as a system of 

high-volume fraction ROF. A thorough review and evaluation of ROF models can be found [9, 

86-88]. Although the models for ROF are relevant to ROS, two aspects inhibit the direct use of 

these theoretical models: a) the matrix dominated failure mechanisms involved in the ROS 

architecture, b) definition of certain model parameters specific to that of ROS such as the aspect 

ratio. For fibres, the aspect ratio is l/d, which defines material attributes. For ROS, different 

opinions exist for the definition of the ‘diameter’ of the strand and the range of magnitudes spans 

multiple geometric scales: fibre diameter (7 µm), strand thickness (50-150 µm), strand width (3-

15 mm), etc. Three categories of analytical models have been recognized based on the modelling 

principles into: a) models coupled with homogenization schemes, b) analytical models coupled 

with laminate theories c) Phenomenological models. 

Models coupled with homogenization schemes 

Kirupanantham [89] defined an effective tow diameter, which gives a circle with the same cross-

sectional area as the fibre bundle. The Kelly-Tyson model [5] was used to predict the strength 

and shear-lag model to predict stiffness. A Krenchel  orientation efficiency factor [90] of 0.375 

was used to account for the random orientations. Another commonly used modelling strategy for 

short fibre composites is the Mori-Tanaka model [91]. The calculation of the strain concentration 

tensor for a strand is uncertain as the original expressions derived by Eshelby are for ellipsoidal 

inclusions. To avoid this dilemma, Jain et al. [92] proposed the extraction of dilute strain 
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concentration tensors from FE analyses in conjunction with analytic mean field homogenization 

techniques to predict the stiffness characteristics of ROS of arbitrary size and orientation.  

However, Jain also discusses a particular issue of applying the Mori-Tanaka formulation to 

anisotropic inclusions [93], as it is known to give a non-symmetric stiffness matrix. This is non-

physical. They showed that for non-ellipsoidal inclusions the percentage of non-symmetry is 

between 5 and 8, which is not negligible.  Lielens et al [94] also showed that M-T gives non-

physical results when applied to two-phase composites containing inclusions of different shapes 

and orientations. Wan et al. [44] proposed to use a 3D strand aspect ratio (KCTT) (Equation 2-1) 

in terms of tape length (a), width (b) and thickness (c) instead of l/d ratio. MicroCT data was 

used to define the 3D orientation matrix. For the tape lengths of 12-30 mm in length, the 

equivalent aspect ratios were between 100-1000. Analytical mean-field homogenization based on 

the Mori-Tanaka model [95] gave accurate estimations when the aspect ratio ranged from 200-

500 and fibre volume fraction (Vf) was higher than 50%.  

  

Equation 2-1 

Analytical models coupled with laminate theories 

At the meso-level, ROS composites have a layered structure and resembles that of a laminate. 

This observation has motivated several researchers to adopt a laminate analogy with a strand 

placement procedure [96, 97]. Specimens were discretized into regions with different randomly 

generated layups. First, the equivalent properties of each partition were calculated, and then a 

second homogenization step was performed to determine the equivalent properties of the entire 

specimen.  Sato [96] used this methodology to predict the in-plane modulus and its variability of 

a tensile ROS specimen while Nakashima et al. [97] investigated the statistical characteristics of 
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flexural modulus of UT-CTT using for both 3-point and 4-point bending test conditions. 

Equivalent square plies representing the area and orientation of the strand were stacked within 

the specimen area and laminate analogy was applied. Equivalent modulus of each layer in the 

laminate was calculated using Equation 2-2, and a compounding process was adopted to obtain 

the global properties of the model (Figure 2-8). 

𝐸1

𝐸(𝜃)
= 𝑐𝑜𝑠4𝜃 +

𝐸1

𝐸2
𝑠𝑖𝑛4𝜃 + (

𝐸2

𝐺12
− 2𝜈12) 𝑐𝑜𝑠2𝜃𝑠𝑖𝑛2𝜃 

Equation 2-2 

where E1 is the longitudinal stiffness, θ is the ply orientation, E2 is the transverse stiffness, ʋ12 is the 

Poisson’s ratio, G12 is the in-plane shear stiffness. 

 

 

 

 

 

 

 

 

Figure 2-8: Square ply and compounding process [97] 

Phenomenological models 

Simplified phenomenological strength models were proposed by Selezneva  et al. [98] for strands 

of UD tapes and Rasheed et al. [64] for strands of woven fabrics. Typical characteristics of these 

models are: a) the resemblance to the brick-and-mortar microstructure (Figure 2-9.a) of the ROS 

composites that enabled them to capture strand debonding, which is recognized as the dominant 

failure mode for ROS composites, b) the use of the weakest link or the shortest path to failure. 
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Similar models have been developed for characterizing the failure of nacre by Bekah et al.  [99] 

and for aligned discontinuous fibre composites by Pimenta et al. [100].  

In the methodology proposed by Selezneva et al. [13], two failure modes are considered, strand 

failure and strand pull-out. First, a 2D microstructure with random strand placement and 

orientation is generated, then a network of all the possible failure paths is assembled and, finally, 

the shortest crack path is found. Each segment or link of the network represents either the load 

required to fracture the strand or to break the bond between two strands. Strength of each strand 

was calculated using the CLT and Hashin’s failure criteria. While the strength of the overlap (σ) 

between strands was calculated using the strength-based (Equation 2-3) and toughness-based ( 

Equation 2-4) failure criteria.  

 

σ =  
𝐿𝑜𝜏𝑖

𝑡𝑏
 

Equation 2-3 

 

σ = √
2𝐸𝑏𝐺𝐼𝐼𝑐,𝐼𝐿

𝑡𝑏
 

 Equation 2-4 

 

where Lo is the overlap length, tb and Eb are the strand thickness modulus, and τi and GIIc,IL are 

the matrix shear strength and mode II interlaminar fracture toughness. An example of a 

generated 2D microstructure and the calculated failure path is shown in (Figure 2-9.a). The 

colour map corresponds to different strands off-axis angles. 

 

Rasheed et al. [64] defined the crack path in the random structure by tortuosity, which is a ratio 

of the total length of the crack to the thickness of the specimen. These tortuosity values were 

translated into strengths, based on shear-lag theory. Using geodesic distance transformation, the 
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shortest crack path assuming cracks initiated in the top plane. The method was proposed for 

strands of woven fabrics and considered two failure criteria: fibre/matrix failure and the matrix 

strength criteria. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-9: a) Hypothesized parallel-series of lap joints [64]; b) Model simulating fracture paths in ROS, 

by Selezneva et al. [98] 

2.3.2 Numerical modelling 

Researchers have sought for the statistical lower bounds or the basis allowables to quantify the 

design allowables [12, 29, 83-85] and for certification. Due to the complexities and gamut of 

design possibilities with ROS composites, Harban and Tuttle [84] proposed the use of stochastic 

based finite element (FE) simulations accompanied by selective testing efforts. FE modelling 

accompanied by representative volume element (RVE) definition and stochastic approaches is 

the only numerical modelling approach found on ROS/ROS-hybrids. The modelling approaches 

can be classified into three categories based on their scale into: micro, meso and global-local 

models. These are further categorized based on their methodologies. 

Micro-mechanical models 

FE models developed for simulating the behaviour of ROS share commonalities with models for 

ROF, with reference to the principles. In a micro-mechanic based 3D FE model for ROF, Pan et 

a) b) 
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al. [87] used a modified random sequential absorption algorithm to generate an RVE and coupled 

it with a homogenization scheme. The fibre-matrix interfacial behaviour was modelled with 

cohesive elements using a traction-separation law. Multiple realizations indicated that the 

fracture toughness and interfacial strength governed the failure compared to the matrix cracking 

and fibre breakage. Ionita et al. [8] proposed a 2D model with the laminated random strand 

method to evaluate in-plane stiffness, strength and creep behaviour in random strand carbon 

fibre/urethane of high strand aspect ratios. A random network of strands was generated, as shown 

in Figure 2-10.b, to create a single “strand layer” located at a certain position from the centerline 

of the composite followed by the generation of strand layers stacked to achieve the desired 

laminate thickness. Strains were computed using classical laminate theory (CLT) and strengths 

through a progressive failure analysis. Multiple “moving windows” were generated to quantify 

scatter and noted that the isotropy diminishes with an increased “window” size. The method 

accounted for fibre crimping at the fibre intersection points through a knockdown factor. Works 

by Harper et al. [101-104] outlined a 2D FE model coupled with a novel meshing method for 

discrete continuous fibre plastics (DCFP) system to predict in-plane elastic properties of DCFP 

having narrower fibre bundles and lower Vf comparison to ROS. Fibre bundles were idealized as 

1D beam elements and the matrix was modelled using 2D plane stress elements (Figure 2-11.a). 

TIE constraints in ABAQUS were used for the connections while fibres were allowed to intersect 

[104]. The authors obtained approximations using Saint-Venant’s principle assuming the RVE 

was embedded in a homogeneous/heterogeneous material used to transmit the load (Figure 

2-11.b). 
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a) b) 

Figure 2-10: RVEs of ROF system (Vf = 35 %) [87]; b) Laminate random strand method and 

moving window scheme [17] 

 

 

a) b) c) 

Figure 2-11: 2D FE for in-plane properties of DCFP: a) mesh of the matrix with 1D beam 

elements that represent fibres; b) Application of the boundary conditions using at homogeneous 

material; c) Von-Mises stress contour plots for an RVE [101, 103] 

Meso-level models  

Applicability of a micro-mechanical approach to high volume fraction and large aspect ratios 

systems such as ROS is computationally intense, thus, authors simplify the FE simulations by 

using one level of RVE definition for the micro-scale. The first group of models employs 

simplistic strand representations with laminate analogies. Feraboli et al. [23] proposed a 

modified laminate analogy to capture the tensile modulus and its variability. A randomization 

process was employed to generate statistical distributions of fractions and orientations of chips 
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within window sizes called the Random Representative Volume Element (RRVE). The size of 

the RRVE was based on the pattern of alternating regions of high and low strain gradients of a 

characteristic shape and size obtained from DIC. Symmetric quasi-isotropic virtual laminate 

properties equivalent to the random layup were applied to RRVE and average elastic properties 

were calculated using CLT. Using an FE model, the structure was discretized into multiple 

RRVEs, whose properties were generated independently of the neighbouring ones, and were 

solved simultaneously (Figure 2-12.a). The RRVE size was 12.7 mm x 12.7 mm. The 

inconsistencies between the partition size and strand size in the physical specimen and the 

inability of the model to represent strand continuities across partitions limits its use for strength 

predictions. Harban and Tuttle [84] employed an FE modelling approach with a Monte-Carlo 

method to facilitate the certification for discontinuous fibre composite (DFC) structures based on 

analysis and minimal experimental validation. Stiffness and strength of both notched and 

unnotched DFC specimens under tensile loading were predicted using a stochastic laminate 

analogy (SLA) similar to that proposed by Feraboli et al. [105]. Head [106] obtained the optimal 

size of the RRVE as 19.1 mm x 19.1 mm at generic locations and 3.18 mm x 3.18 mm at the 

boundaries by comparisons with the experimental surface strains. Ply failures and a damage 

accumulation model based on the ply discount scheme drove fracture predictions based on Tsai-

Wu criterion, while the important characteristic failure modes such as delamination were not 

captured. Nevertheless, the damage patterns from experiments were in qualitative agreement 

with experiments and reiterated the use of B-basis design allowables; the usual practice in 

composites certification. The work share similarities with [107]; both are limited to stiffness 

predictions and ply-failures only. In an interesting research, Li et al. [108] demonstrated through 

experiments that the equivalent laminate assumptions were suitable for predicting the modulus of 
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discontinuous composites, but cannot predict strength without considering the local 

heterogeneity in their microstructure. Specimens with thick and thin strands were compared. 

Although the equivalent laminate and ROS specimens demonstrated similar failure modes (tow 

fracture and tow pull-out under uniaxial tensile loading) the tensile strengths of thin-strands in 

both cases were higher than that of thicker strands. Earlier onset of tow-debonding/ply-

delamination caused by a smaller tow aspect ratio l/t ratio led to matrix shear failure mode while 

the onset of delamination was quicker in thick strands as explained through the fracture 

toughness criteria. Heterogeneity and variability of the microstructures in thicker tow specimens 

were other attributes that led to their low properties. Selezneva et al. [107] proposed a stochastic 

strand generation procedure coupled with an FE technique to estimate stiffness and strength of 

ROS while considering the gradual transition of strands between partition, inspired by the works 

on oriented strand boards [109-111]. The specimen was discretized into small partitions and local 

strand layup. This geometry was populated with strands that have random orientations and 

positions. A FE model with Hashin’s failure criteria and progressive failure analysis using 

fracture energy evolution law was generated in ABAQUS to simulate the stress-strain response. 

The variability of the strain field and the presence of “weak-spots” were captured independent of 

the partition size and shape, as strands shared multiple partitions. The failure was based on the 

“weakest-link” principle and was matrix-dominated (Figure 2-12.c). Inability to capture 

interlaminar behaviour overestimated the strength predictions. The number of strands at a 

location was variable in the through-thickness direction. To achieve a uniform thickness 

everywhere, the thickness of each ‘ply’ in the partition was ‘scaled’ such that total thickness was 

a constant, without compensating for their properties. Kravchenko [66] extended the 

understanding of aligned stack of platelets to ROS morphology. The “digital twins” of ROS test 
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specimens were created by mapping the local average fibre orientations determined from the 

density gradients of the X-ray computed tomography (CT) scans, on to a CT-volume-based 

hexahedral finite element mesh. A Voxel based meshing process from DIGIMAT software was 

employed to generate samples of material morphology as per a 2D orientation tensors. 3D 

progressive failure analysis based on continuum damage mechanics for platelet damage modes 

was coupled with a cohesive zone modelling to capture the dis-bonding between platelets and 

implemented in ABAQUS software (Figure 2-13). The effect of the strand width, strand length, 

strand length-to-thickness ratio, and thickness of the specimen on the tensile properties were 

simulated and compared with experimental data. The methodology yielded reasonably good 

results despite the absence of resin-rich areas, residual stress and through-thickness damage 

evolution effects. It was noted that average surface-viewed strains from DIC images driven by 

the meso-scale heterogeneities near the surface of the coupon could be inaccurate if used to 

calculate a modulus for the entire region volume due to the exclusion of variations in 

microstructure in the through-the-thickness direction. 
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Figure 2-12: a) FE model with RRVE or partitions; b) Resultant strain-field adapted from [105] (colour 

map corresponds to strain variability); c) Hashin failure contours for matrix and fibres as a function of 

loading showing matrix dominated failures [107] 

 

The second group of models employs physical strand modelling. Harper et al. [112] modelled 

ROS systems (with high filament count bundles (>3k) and high (50%) fibre volume fractions) 

through a geometrical modelling scheme involving three algorithms: a deposition algorithm to 

determine initial bundle locations and orientations; an intersection-elevation algorithm to detect 

and avoid bundle–bundle intersections and a spline interpolation algorithm to produce smooth 

curved fibre bundles. The strands were modelled as shells in an RVE of 38 x 38 x 3 mm (Figure 

2-13.b). The effect of consolidation pressure on strands and the resulting out-of-plane waviness 

was accounted for. Tensile modulus and ultimate tensile strengths were predicted with errors <4-
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5% at volume fractions between 40 and 55%. Although the model simulated transverse strand 

cracking and bundle failures due to shear, strand debonding; a matrix dominated failure was 

ignored due to the limitations of the tie constraints used for the fibre-matrix interfaces. Larger 

errors were reported for the ultimate compressive strength (20%) and shear strength (40%) 

predictions, as some of the dominant failure modes such as fibre buckling were ignored. In a 

recent work on modelling, Jin et al. [113] discussed pros and cons of FE techniques such as 

cohesive surfaces, tie constraints and embedded regions in the context of ROS. A combination of 

tie constraints with cohesive elements between the fibre strands and resin matrix was reported to 

capture the dominant interfacial debonding mode. Finally, tensile testing and FE simulations of 

ROS coupons made of T40/800B/epoxy unidirectional strands of 10 mm x 20 mm revealed good 

stiffness match. Shah et al. [114] proposed a 3D modelling coupled with a randomization process 

for strand generation and progressive damage analysis methodology for ROS. The model was 

able to capture out-of-plane effects, interlaminar shear effect, and stress concentration effects at 

the end of strands. A micro-mechanic failure-based criterion was used to predict failure in DFC 

by considering constituent properties. The tensile, compressive and flexure behaviour were 

investigated and compared with the experimental results available in the literature. Qian et al. 

[115, 116] proposed optimization methodologies for stiffness of discontinuous fibre composites 

and demonstrated it on a case study. 
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Figure 2-13: a) Progression of failure under tensile loading in a 3D Continuum damage mechanics model 

under tensile loading [66]; b) Von-mises plot for a 10% Vf, 38x38x3mm RVE prior to coupon failure 

under tensile load in the strands  [112] 

  

a) 

b) 
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Global-local models 

Kilic [24, 49] developed a global-local nonlinear modelling approach for ROS composites at the 

part level. At the local level, the micromechanical unit-cell model generated an effective non-

linear response from average responses of two UD layers with axial and transverse fibre 

orientations. In-plane isotropy assumptions and a weighted average of a matrix-mode layer 

(transverse or fibres are surrounded by a matrix phase) and a fibre-mode layer (fibres are not 

shielded by the matrix, and both constituents have the same average strains) were used. At the 

global level, the developed micromechanical model was implemented within a 3D FE framework 

using ABAQUS (Figure 2-14.a). The 3D Tsai-Wu failure criterion was used to for damage 

initiation, and the properties of the fibre unit-cells were set to zero while allowing the elastic and 

non-linear properties of the matrix unit cells to degrade gradually, to represent the matrix 

dominant failure initiation and propagation. Although the framework exhibits enormous potential 

in predicting the overall response of ROS structures, the micro-mechanical model itself was not 

fully representative of the ROS material and required calibration against the stress-strain curves 

at the coupon levels specifically the shear behaviour. In another global-local strategy employing 

external empirical data, Salmi [117] discussed a voxel method combined with a stacking 

algorithm was adopted for generating RVEs of ROS composites implemented in Digimat 

software. Using Digimat FE and the orientation tensor for each relevant location (obtained 

through CT-scans), RVE was generated (Figure 2-14.b) and homogenized properties were 

computed by means of full field homogenization. Strands and strand interfaces were modelled 

using solid and cohesive elements respectively. Resin rich zones at the strand ends and strand 

waviness were accounted for. Limited experimental validations were presented while the model 

claimed to account for several strand geometric and processing parameters. 
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Figure 2-14: a) Global-local structural framework by Kilic et al. [58, 59]; b) 3D RVE model incorporated 

in Digimat [117] 

2.4 Literature - Issues to be addressed 

Extensive literature survey on ROS architecture and the hybrid architectures of ROS and 

continuous fibre laminates reveals the following gaps: 

a. Works on characterizing the mechanical behaviour of hybrid fibre architectures of randomly 

oriented strands of carbon/PEEK and continuous fibre tapes of carbon/PEEK do not exist. 

There is a need to understand the stiffness, strength, and failure characteristics of ROS-

hybrids specifically under tensile and interlaminar shear loading at the coupon level, owing to 

the weaker performance of ROS. Further, the synergistic effects in relevance to hybrid fibre 

architectures of the same base fibre and matrix systems have not been explored. Thus, there 

is a strong need for systematic studies on hybrid fibre architectures of ROS and their hybrids 

at the coupon level. 

b. There is a scarcity of predictive modelling techniques for ROS and their hybrids for the 

calculation of strength and stiffness under in-plane (tensile) and out-of-plane loading 

a) b) 
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(interlaminar shear), while accounting for the main failure mechanisms and load sharing. 

Studies on the applicability and validity of several FE models proposed for ROS in relevance 

to hybrid fibre architectures is questionable. Thus, there is a strong need to understand the 

mechanical behaviour of ROS-hybrids using simplistic models that capture the crucial failure 

mechanisms and load sharing. 

c. The feasibility of using hybrid fibre architectures on the part level has had limited success. 

Many defects such as strand waviness and swirling of strands at intersecting junctions of 

geometric features have not been addressed. The feasibility of manufacturing hybrid fibre 

architectures of ROS and laminates have not been explored at the part level. Thus, there is a 

strong need to mitigate the defects and explore the feasibility of using hybrid fibre 

architectures at the part level. 

Thus, the research work presented in this thesis addresses these drawbacks from the literature through 

the: a) Investigation of the mechanical characteristics of hybrid fibre architectures of ROS and CF 

at the coupon level, when subjected to tension, and interlaminar shear loading; b) Proposition of 

predictive modelling techniques for ROS and hybrids for the calculation of strength and stiffness 

while accounting for the main failure mechanisms and progressive failure; c) Study of the 

feasibility of using hybrid fibre architectures at part level; minimizing variability and improving 

performance and processing aspects.  
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Chapter 3  

Coupon Level Studies - Tensile 

Behaviour  

3.1 Experimental Work - Manuscript 2 

Tensile Behaviour of Hybrid Fibre Architectures of Randomly Oriented Strands 

combined with Laminate groups  

Abstract 

In this work, the tensile behaviour of co-moulded hybrid fibre architectures of randomly oriented 

strands (carbon/PEEK) combined with laminate groups (Cross-ply, Angle-ply and Quasi-

isotropic) is studied. The effects of varying the thickness of the laminate group relative to that of 

randomly oriented strands, stacking sequence of the architectures within a hybrid specimen, and 

the ply stacking sequences within the laminate group are quantified. Processing benefits of 

hybridization such as reduction in warpage and strand waviness are discussed. The tensile 
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behaviour (tensile stiffness, tensile strength, tensile strain-to-failure, stiffness-to-weight and 

strength-to-weight ratios) of hybrid fibre architectures is quantified and compared with that of 

randomly oriented strand specimens, base laminate groups and aluminum 7075. In addition, 

tensile failure modes have been investigated. Significant improvements in the mechanical 

properties of randomly oriented strands or a ‘reinforcement effect’ are observed with small 

proportions of laminate groups in the specimen. In addition, hybrid fibre architectures exhibit a 

positive synergy or a positive deviation from the rule-of-mixtures in the overall stiffness and 

strength behaviour when stacked in specific configurations, despite the same fundamental fibre 

type and matrix system. 

 
Keywords: Randomly oriented strands, Hybrid fibre architectures, Compression moulding   
 
 

3.1.1 Introduction 

The highly competitive aerospace market drives the need for structural performance, reduction in 

part mass and costs, and enhancement of processability with fewer post-mould operations. In 

laminated composites, the fibre architecture governs the design properties and the matrix system 

provides stable dimensional control to the fibres while contributing to the shear resistance 

between them.  Randomly oriented strand composites (ROS or R) is a fibre architecture 

comprising of prepreg-based long discontinuous strands of unidirectional tapes or woven fabrics. 

The industrial potential of ROS composites was exemplified with complex net-shape parts that 

were competitive with metallic counterparts due to their formability, low-weight and low-cost 

when manufactured with compression moulding process [6]. Continuous fibre aerospace 

preforms or tapes (T) exhibiting excellent mechanical performance possess low formability 

characteristics and are confined to simple shell-like geometries with large curvatures. On the 
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other hand, discontinuous preforms such as ROS [11, 12] fabricated from compression moulding 

offer high formability, exhibit stiffness comparable to that of quasi-isotropic (QI) laminates, but 

possess low tensile strength that inhibits their extensive use in load-bearing aerospace parts 

(Figure 3-1.a). Thus, a trade-off solution as suggested by various authors [14-21] is to integrate 

the formability of ROS and performance of continuous fibres (Figure 3-1.a) by using ‘hybrid 

fibre architectures’ selectively in part. 

 

The use of hybrid fibre architectures leads to two important effects: a) the reinforcement effect in 

which the stronger phase at the compromise of its properties enhances the properties of the 

weaker phase; b) the synergistic effect or the simple deviation from the rule-of-mixture when a 

hybrid architecture is used. In the literature, the word ‘hybridization’ in composites refers to the 

use of two distinct materials characterized by the differences in their strength and elongation 

[22]. Typically, a high elongation-low strength material has been hybridized with low 

elongation-high strength material to improve the ductility response of the latter. The behaviour of 

hybrid systems seldom follows the simple rule-of-mixtures (RoM) approach and usually exhibits 

a synergistic relationship called the ‘hybrid effect’ with interlayer stacking arrangements. 

Further, this effect is described as either positive or a negative deviation from the theoretical 

RoM [23]. The review article [22] summarizes the works on hybridization and attributes the 

synergistic behaviour to the damage development, residual stresses and stress concentrations in 

hybrids.  
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Figure 3-1: a) Composite material systems: performance and processing; b) Hybridization of High 

Elongation (HE) and Low Elongation (LE) composites showing the reinforcement effect and the 

synergistic effect 

 

Researchers have reported significant improvements in the properties of discontinuous fibre 

composites when hybridized with continuous fibres such as unidirectional tapes/woven fabrics of 

either the same/different material systems. For instance, Lee et al. [70] reported low scatter of the 

tensile strength and higher transverse strength in short random fibre mat when hybridized with 

interlayers of continuous fibres. Brooks et al. [118] studied the damage development in a 

compression moulded fabric/glass mat hybrid and reported an increase of 53% in modulus and 

30% in maximum load in hybrids over the glass mat. In a series of experimental works, Selmy et 

al. [71-73] examined hybrid configurations of unidirectional and random glass fibre/epoxy 

systems. The properties were improved when tapes were placed in the middle vs. the surface of 

the composite thus showing that the tensile behaviour was altered by the stacking arrangement. 

The measured tensile modulus agreed well with the theoretical modulus computed using RoM.  

Han et al. [33] showed improvements in the bearing strength with ROS/5-harness satin fabric 
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hybrid. Taketa et al. [119] studied interplied carbon fibre reinforced polypropylene between self-

reinforced polypropylene layers and reported improvements in the ductility characteristics. A 

positive hybrid effect of +7% to +18% was reported on the strain-to-failure characteristics. The 

modulus and strength behaviour were noted to be lower than the RoM predictions and were 

attributed to the waviness of carbon fibres caused by the self-reinforced polypropylene shrinkage 

during consolidation. In a study [120] on achieving pseudo-ductile behaviour of interlaminated 

hybrids with discontinuous carbon fibres and continuous glass fibres, a bilinear RoM behaviour 

of the hybrids was observed. 

 

The focus of the current work is to explore the tensile behaviour, to assess the reinforcement 

effect (Figure 3-1.b) (the improvement in properties of the ROS phase in a hybrid fibre 

architecture) and to quantify the extent of synergy in co-moulded hybrid fibre architectures of 

ROS and laminate groups of carbon/PEEK (the deviation from the rule-of-mixtures). The 

problem investigated here is that of a low elongation-low strength material (i.e. ROS) hybridized 

with a higher strength-higher elongation material (i.e. continuous fibre laminates) of the same 

fibre type and matrix system. 

 

3.1.2 Experimental Work 

Selection of test configurations 

Parameters that govern the performance of ROS at the micro-level include length-to-diameter 

ratio of the fibre, fibre volume fraction, modulus and strength of fibre and matrix. At the macro-

level, the governing parameters include strand orientation distribution, strand length distribution, 

overlap lengths, strand aspect ratio, voids and resin rich areas. Further, the initial placement of 
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strands, the strand flow and the specimen thickness would affect the strand out-of-plane 

orientations within the ROS part. Carbon/PEEK material of known physical properties was 

chosen (fibre volume fraction = 59%) to standardize the resin system and the fibre length-to-

diameter ratio. A fixed strand size (length x width): 25 mm x 12 mm was chosen.  

 

The choice of the test configurations was driven by four aspects: Laminate group, thickness ratio 

(tlaminate/tR), total thickness of the hybrid specimen, and stacking configurations of the phases 

within a hybrid specimen. Three sets of generic laminate groups from tapes were chosen for 

hybridization with ROS: Cross-Ply (CP), Quasi-isotropic (QI), Angle-ply (AP). These laminates 

were characterized by differences in strengths, stiffness and strain-to-failure relative to that of 

ROS (Figure 3-2.a). The thickness ratio governs the extensional stiffness of the phases, load 

sharing and progression of failure within a hybrid specimen. Three thickness ratios were chosen 

such that the extensional stiffness (EAlaminate=Effective elastic modulus x cross-sectional area of 

the laminate) equaled /lower /higher than that of the ROS phase. To achieve these ratios, three 

thicknesses were chosen for the hybrid specimens.  The thickness of the ROS phase was varied 

to achieve the desired thickness ratios, while the laminate group thickness was maintained a 

constant across hybrid specimens of one set. Three stacking configurations in a hybrid specimen 

(T-R-T, R-T-R, and T-R) were chosen (Figure 3-2.b) to study the effect of stacking on 

properties, failure propagation and processing. The test configurations (Table 3-1) were thus 

selected based on the potential applications, load sharing ratios, ply thicknesses, material 

availability and processability. 
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Figure 3-2: a) Illustration of stress-strain curves of ROS and laminate groups chosen for hybridization (All 

comparisons are with reference to ROS); b) Stacking configurations for hybridization exemplified with 

CP-R hybrids (Note: Thickness ratios are not represented in the illustration) 

 

Configuration Stacking  tlaminate/tR 

Specimen thickness 

(mm) 

R (base) 
  

2, 3, 4 

Base laminate 

groups 

CP ([0/90/0/90]2s) 

QI ([45/0/-45/90]2s) 

AP ([45/-45]2s) 

  

CP-R T-R-T 15/85, 20/80, 30/70 4, 3, 2 

R-T-R 15/85, 20/80, 30/70 4, 3, 2 

T-R 15/85, 20/80, 30/70 4, 3, 2 

QI-R T-R-T 40/60 3 

R-T-R 40/60 3 

T-R 40/60 3 

AP-R T-R-T 30/70 1.8 

 

Table 3-1: Base ROS, laminate groups and hybrid test configurations 

Panel manufacturing and test setup 

Strands were placed in small batches into a steel mould of 300 mm x 355 mm and shuffled back-

and-forth each time to minimize their initial out-of-plane orientations (Figure 3-3.a). The mould 
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was placed in a press and minimal pressure was applied to close it. Based on the processing 

guidelines [12, 121] and trials, the maximum processing pressure and temperature were fixed at 

60 bars and 400°C respectively. A full pressure of 60 bars was applied at 400°C (Figure 3-3.b). 

Following a 20 min dwell, the mould was cooled down at an average rate of 10°C/min. For the 

hybrid configurations, ROS and laminates were placed in the mould at the same time and co-

moulded. The panel was then de-moulded, trimmed and machined into test coupons. For 

consistency, the same moulding cycle was used for manufacturing of all panels. 

 

Tensile tests were performed as per ASTM D3039 [122], on at least five specimens per 

configuration. A Digital Image Correlation (DIC) technique was used to obtain the average strain 

field over the width of the specimen. For the DIC, a 5-megapixel camera with AF75-300 mm 

Tamron lens was used to capture images at 5 Hz. Specimens were loaded at 2 mm/min. Image 

analysis was performed using VIC-2D software from Correlated Solutions. A subset size of 35 

pixels and a step size of 15 pixels, which correlated to about 3 mm and 1 mm on the specimen 

respectively, as a coarse averaged out strain-field appropriate for the measurement of a global 

modulus of heterogeneous material such as ROS was intended [12]. The longitudinal modulus 

was computed by finding the slope of the stress-strain curve in the strain interval of 1000 – 3000 

με.  
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Figure 3-3: a) Manufacturing set-up; b) Processing conditions (temperature, pressure and time. Not 

to scale) 

 

3.1.3 Results and discussions 

The results are grouped into three sections: processing observations, mechanical behaviour and 

the synergistic effect due to hybridization. 

Processing observations 

Warpage in ROS based panels (ROS and hybrids) is caused by the heterogenous microstructure 

(i.e. strand orientations results in variable local modulus and thermal expansion coefficients) and 

the processing conditions (e.g. part–tool interaction, temperature gradients). From the literature, 

methods to quantify warpage in continuously distorted panels are scarce and of low practical 

significance. Selezneva et al. [12] used the deviation of ROS panels from the plane-of-best-fit as 

a measure of warpage. In this work, we quantify warpage using a parameter called the ‘Flat Area 

Fraction’ (FAF) which is the ratio of the usable flat area to the total panel area. Usable flat area is 
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the maximum flat area in a warped panel that satisfies a chosen flatness tolerance. To obtain the 

usable flat area, the distortion profiles of ROS and ROS-hybrid panels were measured using a co-

ordinate measurement machine at every point spaced 25 mm on the panel, to form the warpage 

profile (Figure 3-4.a). Starting at each of these points, the deviations of the point and its 

neighbouring points were compared against a chosen flatness tolerance. The maximum usable 

area for that flatness tolerance was then mapped (Figure 3-4.b) and FAF was calculated. 

Practically, this area defines the boundaries of the maximum flat region that can be machined 

from a continuously distorted panel. FAF comparisons for various panels (Figure 3-4.c) indicated 

that thicker ROS panels exhibited lower warpage or a higher FAF at lower flatness tolerances. 

Similar observations were reported in [12] and the decrease in warpage in thicker panels was 

attributed to the increased homogeneity in the microstructure. Additionally, the flexural rigidity 

of the specimens increases with the thickness and could contribute to the decreased warpage.  

Further, the FAF increased with hybridization and with the increase of symmetric and balanced 

layups. QI-R panels with T-R-T configuration exhibit the least warpage. Hybridization of ROS 

panels showed a reduction of the warpage characteristics for the same thickness thus indicating 

the benefits of hybridization. It is to be noted that the panels have varying curvature and 

interpreting them is not easy. In the current research understanding the warpage characteristics is 

not the primary goal. Thus, warpage values are just reported. 
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Figure 3-4 : a) Warpage profile of a panel; b) Usable flat area with FAF=67% for a flatness 

tolerance of +0.9 mm; c) FAF vs. Flatness tolerance for ROS and their hybrids 

 

Other processing effect prominently observed was the strand out-of-plane waviness. Strand 

waviness or undulations result in interlaminar normal and shear stresses [123] in the out-of-plane 

directions causing premature  failure of the specimens. An important observation from current 

work and from [12] was that thick ROS panels exhibit more homogeneity of strands due to the 

dispersion of the strands through the thickness and was accompanied by lower strand out-of-

plane orientations. The strand out-of-plane waviness seems to be majorly governed by two 
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R

T-R-T (CP-R, 15/85)

R-T-R (CP-R, 15/85)

R-T (CP-R, 15/85)

4 mm

factors: initial strand placement and the resistance offered to the squeeze flow by the layer in 

contact with the tool. Figure 3-5 shows the micrographs of R, T-R-T, R-T-R and T-R 

configurations for CP-R hybrids with panel thickness of 4 mm and a thickness ratio of 15/85. 

Specific stacking configurations of hybrid panels (for instance, T-R-T configuration) exhibit the 

least strand out-of-plane waviness. This can be attributed to the 0-degree and 90-degree tapes 

that act as accommodating plies that offer low resistance to the squeeze flow of strands during 

consolidation. In all the R-T-R configurations, the laminate group that is sandwiched between 

ROS exhibits out-of-plane waviness. Using microscopic cross-sectional images of multiple 

specimens and image thresholding analysis using ImageJ software (a proprietary image 

processing software from Correlated Solutions Inc.), the total noticeable resin rich areas were in 

the range of 1-2% while the void content was on the order of 0.3% indicating good compaction 

while the interface of ROS and laminate groups were free of any noticeable defects. 

 

 

 

 

 

Figure 3-5 : Micrographs of R, T-R-T, R-T-R, and R-T or T-R configurations of CP-R hybrid, for 

panel thickness of 4 mm 
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Mechanical behaviour – Tensile properties 

Tensile stress vs. strain behaviour 

Representative longitudinal stress vs. longitudinal strain curves for ROS, cross-ply and cross-

ply-ROS-hybrids (Tapes-ROS-Tapes hybrid stacking) are normalized with ROS properties and 

depicted in Figure 3-6. The typical behaviour of the stress-strain curve for ROS is mostly linear 

except for the last 10% of the strain when the curves usually tend to be non-linear. This is 

attributable to the rapid progression of failure due to sliding or pull-out of strands. Among the 

base laminate groups, cross-ply has the highest stiffness and strength and determines the upper 

bound. The stiffness of all the hybrid configurations lies between the ROS and base laminates. 

 

Three key observations on hybrid configurations can be made from Figure 3-6. The first 

observation is related to the change in the longitudinal stiffness of the hybrids. An increase in the 

laminate thickness (tlaminate) in a hybrid specimen relative to the ROS thickness is expected to 

increase the longitudinal stiffness of the specimen. However, as the tlaminate increases from 15% to 

20%, the stiffness of the hybrid drops slightly. Further, as the laminate thickness increases from 

20% to 30%, the stiffness of the hybrid increases again and tends towards the stiffness of a cross-

ply laminate. This behaviour can be attributed to the thickness of the ROS phase in the hybrid 

specimen. Due to fabrication restrictions, the laminate thickness was constant among all the 

cross-ply-ROS-hybrids, while the thickness of the ROS phase was varied to obtain various 

thickness ratios. The thickness of ROS phase was the highest in the 15/85 configuration (3.45 

mm), followed by the 20/80 configuration (2.45 mm) and lowest in the 30/70 configuration (1.45 

mm). It was noted in this research and from literature [11, 12] that thick ROS panels demonstrate 

better performance and a reduction in overall strand waviness. Thus, 20/80 specimens exhibit 
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lower stiffness compared to 15/85 specimens owing to the thickness of the ROS phase in them. 

Despite the lowest thickness or highest strand waviness in the ROS phase in 30/70 specimens 

(1.45 mm), the extensional stiffness of the laminate group dominates the stiffness behaviour and 

enhances the overall stiffness and strength of the hybrid. 

 

 

 

 

 

 

 

 

Figure 3-6: Typical stress vs. strain curves of ROS, cross-ply, quasi-isotropic and cross-ply-ROS 

Tapes-ROS-Tapes hybrids for thickness ratios (tlaminate/tR) of 15/85, 20/80, 30/70 (strains are average 

strains from DIC data) 

 

The second observation is the presence of load drops in the stress-strain curves of the 20/80 and 

30/70 hybrid configurations. Load drops are attributable to the ratio of extensional stiffness 

between the phases, which is explained using the illustration in Figure 3-7. In a hybrid specimen, 

the axial load is distributed in the architectures proportional to their extensional stiffness. The 

extensional stiffness of ROS (EAR) depends on the thickness of the phase and the orientations of 

the strands within. ROS phase is a weaker architecture with lower strength-to-failure and lower 

strain-to-failure compared to the laminate group and fails prior to the laminate group. As soon as 

the ROS phase in a hybrid specimen fails, the load must be transferred to the laminate group 
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until the complete failure of the specimen. The 15/85 hybrid is a ROS dominant configuration as 

the extensional stiffness ratio (EAlaminate / EAR) is about 25:75, thus a higher load share in the 

ROS. With the failure of the ROS phase, the laminate group experiences high loads and fails 

instantly as the thickness ratio and the stiffness ratio of the laminate group are low compared to 

ROS (Point A in Figure 3-7). Thus, the stress-strain curves of 15/85 configuration showed no 

signs of load drop in four of five specimens (Figure 3-6). With an extensional stiffness ratio of 

about 40:60, the 20/80 configuration is also a ROS dominant configuration (Point B in Figure 

3-7). Three of five specimens demonstrated a load drop signifying failure of ROS (Figure 3-6), 

while the remainder of the loads was carried by the laminate group until final failure due to its 

considerable proportions in the hybrid. The stress-strain curves for the 30/70 configuration 

represents a laminate group dominated behaviour with the extensional stiffness of about 55:45 

(Point C in Figure 3-7). Four of five specimens demonstrated noticeable load drops with T-R-T 

configurations (Figure 3-6). Theoretically, the point representing equal extensional stiffness of 

the ROS and the laminate group can be regarded as the transition between ROS-dominated and 

laminate-dominated behaviour. 
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Figure 3-7: Illustration of the hybrid behaviour as a function of absolute thickness of ROS and 

extensional stiffness of the phases (qualitative representation only, not to scale) 

 

The third observation is the position of the load drop on the stress-strain curve of a hybrid 

configuration (Figure 3-6). The load drops signify significant failure of the ROS phase, as no 

other noticeable laminate failures were observed at these drops. When the stresses and strains 

corresponding to the load drops of the hybrid configurations are compared with that of ROS, 

there are noticeable strength enhancements to the ROS phase of ~2 times for the 30/70 and ~1.5 

times for the 20/80 configuration. These enhancements are due to the ‘reinforcement effect’ that 

can be attributed to the load sharing ability of the laminate phase by ‘fibre bridging’ after local 

damages in the ROS phase, explained in subsequent sections. The bridging offered by the 

laminate group is proportional to the laminate stiffness. Thus, the 30/70 hybrid configuration has 

a higher strength at the load drop compared to the load drop in the 20/80 configuration. The 

stress-strain curves of the R-T-R and the T-R configurations were similar to that of T-R-T 

configuration. It is interesting to note that the strains at the load drops for all the hybrids are 
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around ~1.3-1.5 times the failure strains of ROS specimens. Such an attribute indicates the 

failure of ROS phase and could assist in the design of parts using ROS-hybrids.     

 

The stiffness of the QI-R hybrids was similar to quasi-isotropic laminate stiffness as the stiffness 

of ROS was similar to that of quasi-isotropic laminates as indicated in Figure 3-6Figure 3-8. 

However, the stress-strain curves for the QI-R configuration representing a thickness ratio of 

40/60 did not reveal any noticeable load drops despite an extensional stiffness ratio of about 

55:45. This could be due to the gradual load transfer/redistribution within the hybrid specimen 

due to the presence of 45-degree plies in the quasi-isotropic laminate. The angle-ply laminate has 

the highest strain-to-failure (about 160000 με) and the stress vs. strain curve is highly non-linear. 

An angle-ply laminate is more representative of a [±45]ns shear test used to obtain shear 

modulus, shear strain and shear strength. When ROS was hybridized with an angle-ply laminate, 

the behaviour of the hybrid was no longer shear dominated. Hence, the strain-to-failure of AP-R 

hybrids is improved moderately. The comparisons of the strength, stiffness and strain-to-failure 

is shown in subsequent sections. 

 

Tensile modulus 

The longitudinal stiffness (Exx) of all the test configurations are normalized with the mean 

modulus (EROS) of ROS specimens and illustrated using the box-plots in Figure 3-8. The upper 

limit on the box-plot represents the max value of the sample set, and the lower limit represents 

the lowest value. The upper bound on the box represents the 75th quartile while the lower bound 

represents the 25th quartile. The mid-line of the box represents the median of the sample set. 

From the comparison, ROS stiffness values are accompanied by a considerable variability and 
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the mean modulus is ~80% of a quasi-isotropic laminate and ~50% of aluminum 7075. Among 

the cross-ply-ROS-hybrid configuration, the T-R-T stacking exhibits the least variability 

followed by R-T-R and T-R. In all the stacking configurations of 15/85 cross-ply-ROS-hybrids, 

the mean stiffness improvements are either higher than or comparable with that of quasi-

isotropic laminates. In the 20/80 configurations, the stiffness values recorded were lower than the 

15/85 although the tape proportions were higher, due to reasons discussed earlier. No major 

noticeable differences in the stiffness characteristics were observed when the ply layup in the T-

R-T configuration was changed from [0/90/R/90/0] to [90/0/R/90/0] (represented by the Ti-R-Ti) 

and the differences in properties were within the experimental accuracies. The 30/70 cross-ply-

ROS-hybrid with T-R-T stacking exhibits highest stiffness improvements of ~50%. For the QI-R 

hybrids, the mean stiffness values of all the three stacking configurations are in the same range 

as that of a quasi-isotropic laminate. The stiffness of the AP-R configurations shows stiffness 

values comparable with ROS, owing to the low extensional stiffness of angle-ply laminates. It is 

to be noted that only five specimens for each configuration were tested due to the material 

availability and processing limitations. Although this pilot study suggests improvement potential 

based on the phenomenological behaviour, a higher number of specimens are needed for 

statistically conclusive results. The B-basis [35] values that represent the conservative 

knockdowns of design allowables based on the number of test specimens, are thus indicated 

under the box-plots with solid lines. 
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Figure 3-8: Normalized longitudinal stiffness data of the test configurations 

 

Tensile strength and strain-to-failure 

The tensile strength of ROS (σROS) is ~25% the tensile strength (σxx) of a quasi-isotropic 

laminate (Figure 3-9). Hybridization has significant improvements on the tensile strength 

properties. With the cross-ply-ROS 15/85 hybrid configuration, the tensile strength doubles with 

the T-R-T stacking, increases by ~1.5 times for the R-T-R, and by ~1.8 times for the T-R 

stacking. The properties of 30/70 cross-ply-ROS-hybrids are comparable to the yield strengths of 

aluminum. An increase in strain-to-failure of the hybrid specimens is observed with an increase 

in the percentage of laminate groups (Figure 3-10), hence the enhancement of strain-to-failure 

could be considered as a secondary benefit. Overall, strain-to-failure enhancements as high as 

60% are observed for the T-R-T configurations for CP-R, QI-R and AP-R hybrids. The symbols 
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ɛxx and ɛROS corresponds to the longitudinal strain and the mean longitudinal strain of the ROS 

specimens, respectively. 

 

Among all the hybrid configurations, properties of T-R-T stacking exhibited higher properties, 

followed by T-R and R-T-R stacking. This can be attributed to two factors: reduced out-of-plane 

strand waviness in T-R-T (Figure 3-5) and a better dispersion of the tapes from the mid-plane of 

the panel, thus minimizing the influence of in-plane–bending coupling terms. R-T-R stacking 

exhibit the lowest properties and larger variability compared to T-R-T. From the standpoint of 

the material distribution, the randomness in the R-T-R is split into two sub-thicknesses and 

dispersed on either side of a centrally placed wavy laminate group. The T-R stacking offers 

slightly better properties compared to the R-T-R stacking. The micrographs (Figure 3-5) of T-R 

show that the laminate group reduces the strand out-of-plane waviness towards their vicinity. 

Further, T-R represents an unsymmetrical configuration and introduces eccentricities in loading 

after the failure of the ROS phase. Hence, the properties of T-R are lower compared to the T-R-T 

configuration and slightly better than R-T-R. Hybrid fibre architectures provide numerous design 

choices; the design decisions should be made based on the design requirements such as the 

presence of secondary loads, stiffness-to-weight, strength-to-weight ratios and manufacturing 

feasibility. For instance, a 30% cross-ply laminate in a 2 mm hybrid produces much higher 

strengths than a 40% quasi-isotropic laminate in a 3 mm specimen. A hybrid with 20% cross-ply 

laminate exhibits comparable strengths with a hybrid comprising of 40% quasi-isotropic 

laminate, both with 3 mm thickness. Hence, when designing a structure requiring thin features 

for low-weight reasons, a CP-R hybrid can be employed instead of a QI-R hybrid provided the 

hybrid stacking is achievable.  
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Figure 3-9: Normalized longitudinal strength data of the test configurations 

 

Figure 3-10: Normalized longitudinal strain-to-failure data of the test configurations 

 

4 

15/85 
3 

20/80 

 

 

2 

30/70 

 

3 

40/60 

 

1.8 

30/70 

 

tspecimen (mm) 

tlaminate / tR 
 

CP-R QI-R AP-R 

4 

15/85 
3 

20/80 

 

 

2 

30/70 

 

3 

40/60 

 

1.8 

30/70 

 

tspecimen (mm) 

tlaminate / tR 
 

CP-R QI-R AP-R 



Swaroop B. Visweswaraiah                                                                          Doctoral Thesis (2018), McGill University 

Coupon Level Studies - Tensile Behaviour  79 

Tensile fracture characteristics 

Firstly, the failure characteristics in ROS are discussed. The DIC images of the progression of 

failure in ROS specimens are shown in Figure 3-11.a while Figure 3-11.b depicts the strain 

variations in ROS-hybrids captured just before failure. Multiple high strain regions were noticed 

on the ROS specimens, a dominant effect of the heterogenous meso-structure. One of these 

regions developed predominantly across the specimen causing the final failure. In ROS 

specimens, some of the high strain regions corresponded to the multiple failure initiations. Over 

the course of the loading, the region of maximum strains shifted within the specimen. This effect 

could be attributed to the staggered pattern of ROS phase that alters the strains by arresting the 

failure propagation. ROS specimens demonstrated a combination of fibre fracture and strand 

pull-out or delamination [98] in three of the five specimens tested (Figure 3-12.a). Long 

extensive failure paths were accompanied with fibre pull-out failures. The strands oriented at 

acute angles to the direction of the loading axis seemed to have failed in fibre fracture. Two ROS 

specimens failed prematurely and exhibited less fibre pull-out and more an abrupt failure (Figure 

3-12.b). A careful observation revealed noticeable out-of-plane strand waviness at those failure 

locations.  
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Figure 3-11: a) DIC images depicting the progression of longitudinal strain fields in a ROS 

specimen with increasing load levels; b) DIC images of hybrid specimens just before failure 

 

The failure in the T-R-T configuration for various thickness ratios is discussed first. When the 

thickness ratio was 15/85, fibre fracture was dominant, and the extent of the failure was short. 

Severe damage at more than one location was seen in three specimens, indicating an effect of 

multiple failure initiations in the ROS dominated configuration. With the increase in the 

thickness ratio of the laminate group to 20/80, the load distribution changed; a mix of strand 

pull-out and fibre fracture was observed. Specimens showed longer failure paths (Figure 3-12.c) 

and multiple failures compared to that of the 15/85 configuration. Two of five specimens tested 

had more than one severe damage location. With the 30/70 configuration, more net failures were 

observed in most specimens, while the strand pull-out seemed to be a secondary effect. It is to be 
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noted that premature failures were caused due to the strand waviness (Figure 3-12.d), despite the 

configurations. Premature failure is relative to the specimens that failed at a high load. For 

example, if one of the ROS specimens failed at a low load, and when we observe the failure, a 

significant strand waviness is seen. The failure patterns are abrupt signifying that the waviness 

has a huge impact on the strength. Thus, the failure load in the specimen would have reached a 

higher load had the strand waviness were minimal. The evidence of the failures due to waviness 

are shown in the images. Multiple locations of high strains are observed in the DIC images of 

hybrids, much more than those of ROS specimens (Figure 3-11.b). This can be attributed to the 

redistribution of the loads between various regions of ROS due to fibre bridging.  

 

In R-T-R configurations, more strand pull-out and longer failure paths (Figure 3-12.e) were 

observed when compared to the T-R-T stacking. Almost all the configurations with R-T-R were 

characterized by the presence of delamination at the interface of ROS and the centrally placed 

wavy laminate group (Figure 3-12.f). In R-T-R, as the ROS phase fails at low strains, the wavy 

tapes start bearing the loads and start to stretch. Since some parts of ROS are still in contact with 

the tapes, the interface starts delaminating thus causing extensive failures. All the R-T-R 

stacking configurations exhibited similar failure characteristics despite changes in the thickness 

ratios. The T-R configurations demonstrated random failure characteristics. QI-R hybrids 

exhibited long failure paths that could be attributed to the higher strain-to-failure of the quasi-

isotropic laminate that extends beyond the failure of the ROS phase. AP-R also demonstrated 

long failure paths/fibre pull-out in the ROS phase and matrix separation in the 45-degree plies 

explaining the lack of contribution from the angle-ply towards the strain enhancement of the AP-

R hybrid. 
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Figure 3-12: a) Typical failures comprising of fibre failure and fibre pull-out in most ROS 

specimens; b) Premature failures in ROS caused due to significant strand waviness; c) T-R-T 

configuration with long failure paths; d) T-R-T configuration with shorter failure paths; e) Long 

failure paths observed in R-T-R; f) Long delamination in the R-T-R specimens along the laminate 

interface away from the final failure 

 

Stiffness-to-weight and Strength-to-weight ratios 

Stiffness-to-weight and strength-to-weight ratios for all the test configurations are compared with 

each other and with 7075 aluminum (Figure 3-13.a). Aluminum has higher stiffness-to-weight 

ratio (~20% higher) compared to ROS material while quasi-isotropic laminate has equivalent 

stiffness-to-weight ratio to Aluminum. With 15/85 CP-R hybrids, the T-R-T stacking exceeds the 
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ratio for Aluminum. Stiffness-to-weight ratios for 20/80 CP-R hybrids are much higher than 

15/85, which is the effect of increasing the laminate groups. With QI-R hybrids, the 40/60 

thickness ratio exceeds the stiffness-to-weight ratio of aluminum. AP-R hybrids exhibit a huge 

improvement in the stiffness-to-weight ratio compared to that of angle-ply laminate. Similarly, 

the comparison of the strength-to-weight ratios is depicted in Figure 3-13.b. A clear increase in 

strength-to-weight ratios can be observed with the increase in the proportions of the laminate 

groups. Thus, hybridization enhances the stiffness-to-weight and strength-to-weight ratios of 

ROS to values comparable with aluminum. 
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Figure 3-13: a) Stiffness-to-weight comparisons; b) Strength-to-weight ratio comparisons 
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Synergistic effect in hybrid architectures 

 

In addition to the reinforcement effect that compensates the properties of the weaker ROS 

architecture, the use of hybrid architectures of ROS and laminate groups displayed synergistic 

effects. The longitudinal tensile modulus of materials usually obeys the rule-of-mixtures (RoM) 

[124]. However, with ROS-hybrids, especially with T-R-T stacking, a positive deviation from 

the RoM or a positive synergy is observed in the stiffness and strength behaviour in all hybrids 

(CP-R, QI-R and AP-R) across all thickness ratios (15/85, 20/80, 30/70) (Figure 3-14.a, b). A 

positive deviation in the modulus as high as 19% is observed with 20/80 CP-R hybrids, +13% 

deviation in QI-R and +24% in AP-R hybrids. The strength of 15/85 CP-R hybrid is 

accompanied by a deviation of +20%. From the graphs we observe that the deviation is the 

highest at approximately in-between 20/80 and 30/70 ratios. Thus, in an ideal scenario of 

controlled material properties, the maximum positive synergy for the tensile performance due to 

hybridization would be observed at equal extensional stiffness of the phases or at the transition 

point (Figure 3-7). Stiffness and strength data for R-T-R and T-R configurations follow the RoM 

(Figure 3-14.c, d).  
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Figure 3-14: a), b) Hybridization (T-R-T) stiffness and strength; c), d) (R-T-R) and (T-R) stiffness and 

strength 

 

In the literature, two or more distinct phases chosen for hybridization are characterized by three 

crucial aspects: strain compatibility, varied strength and stiffness characteristics [22]. Hybrid 

architectures of ROS and laminate groups are also characterized by the same three aspects. In the 

review work [22], the authors summarize two major hypotheses that lead to the synergistic effect 

in interply hybrids: the residual stresses hypothesis and the failure development hypothesis. The 

hybrid effect in filamentary structures is attributed to residual shrinkage stresses due to 

differences in the thermal contraction of the two phases [22]. It was reported that the thermal 

effect can only account for the synergistic effect of up to 10%, while hybrid effects of up to 50% 
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have been reported in the literature. However, ROS-hybrids exhibit warpage in the panels due to 

the differences in thermal properties in the heterogeneous meso-structure. Warpage in panels 

could cause eccentricities while loading and reduce the load carrying capacity. In contrast to the 

argument, a positive deviation from RoM of up to +20% is observed in T-R-T hybrids. Thus, the 

occurrence of positive synergistic deviation due to the residual thermal stresses is considered low 

or negligible. 

 

The second hypothesis is the damage development process. In filamentary hybrid structures, as 

one of the fibres breaks, it locally loses its load carrying capacity and the load transfers back to 

the neighbouring fibres through the matrix. Fibre bridging caused by the neighbouring 

undamaged fibres allows the damaged fibre to regain its strength at a specific distance from the 

damage. At the damaged locations, the neighbouring fibres will be subjected to stress 

concentrations of ~5% to ~15% [22] and lead to an increased failure probability, leading to the 

development of clusters of broken fibres with increasing strain. If one of these clusters grows 

large enough, an unstable final failure follows. The same analogy could be used at the macro-

level to describe the failure development process of ROS-hybrids and illustrated in Figure 3-15.  
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Figure 3-15: Illustration of the failure development process in ROS-laminate group hybrids 

 

As the ROS-hybrid is loaded, multiple local failure initiations appear within the ROS phase 

(Figure 3-15). The multiple damage initiations have been observed by several researchers 

through non-destructive inspections and ultrasound scans [41, 125]. These damage locations 

cause stress concentrations at the ROS-laminate interfaces. The ROS phase regains its strength at 

a certain distance from the damage location due to the fibre bridging effect of the laminate group 

as the ROS phase is still in contact with the laminate group in all locations except the damage 

location or, in other words, the laminate group is bridging the ROS phase. This effect enhances 

the failure strength of the ROS phase and causes the ‘reinforcement effect’. As the load 

increases, multiple local failures in the ROS cause increased stress concentrations along the 

ROS-laminate interface. The set of damages in the ROS phase grow into a cluster capable 

enough to reduce the load carrying capacity of the ROS phase greatly while causing high stress 

concentrations at the ROS-laminate interface. Further, the total failure of the laminate group 

occurs at loads much below its intended capacities because of these high stress concentrations. It 
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should be noted that the ROS phase despite the significant loss of the load carrying ability, does 

possess some minimal integrity [11] due to the complex meso-structure that resists the complete 

failure. Multiple failures have been observed in many hybrid specimens that supports the damage 

development hypothesis. Nevertheless, a precise explanation and quantification of the positive 

deviation in T-R-T specimens is rather complex and could be attributed to several factors that 

govern the failure characteristics, load sharing and load redistribution. Thickness ratios and 

stiffness ratios play a vital role in determining the load sharing among the phases. The 

heterogenous meso-structure and staggered patterns govern the rate at which the failure clusters 

are developed within ROS. The stiffness of the laminate group and the layup decides the 

bridging ability of the laminate group in the hybrid. Matrix toughness and plasticity add more 

complexities to the behaviour at the clusters and interfaces. Advanced simulations must be 

adopted to better understand the damage development process. 

3.1.4 Conclusion 

Hybrid architectures of randomly oriented strands and laminate groups represent a trade-off 

solution of formability and performance characteristics. Three aspects of hybridization are 

explored: processing observations, mechanical behaviour under tension loads, and the synergistic 

effect due to hybridization. Processing benefits of hybridization include reduction in warpage 

and strand waviness. Flat Area Fraction, an easily quantifiable parameter for warpage 

measurement has been introduced. Hybridization reduces the warpage and increases the Flat 

Area Fraction. QI-R hybrid is the least warped. Further, strand waviness in ROS phase is reduced 

when laminates are stacked in T-R-T configuration, followed by T-R and R-T-R.  
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The tensile behaviour (tensile stiffness, tensile strength, tensile strain-to-failure) of fibre 

architectures of ROS and laminate groups (Cross-ply, Angle-ply and Quasi-isotropic) is 

quantified and compared with each other and with aluminum. The thickness of the ROS phase, 

strand out-of-plane waviness, hybrid stacking configuration and the ratio of the extensional 

stiffness of the phases have a significant effect on the tensile properties. Improvements of up to 

40% in stiffness, and strength improvements as high as twice are observed for a CP-R hybrid 

with T-R-T stacking with only 15% of laminate reinforcement. Similarly, thickness ratios of 

20/80 and 30/70 demonstrate higher properties owing to increased proportion of the laminate. 

Strain-to-failure enhancements of up to 40% are observed for CP-R hybrids with 15/85 thickness 

ratio and about 60% for QI-R and AP-R hybrids. Consistent improvements were reported on QI-

R and AP-R hybrids. T-R-T configuration produces the best results in terms of stiffness, strength 

and variability. ROS-hybrids produce better stiffness-to-weight and strength-to-weight ratios and 

could serve as an effective replacement for aluminum.  

 

Addition of laminate groups enhances the properties of the ROS phase by almost twice, through 

the reinforcement effect possibly resulting from the fibre-bridging phenomenon. Although the 

fibre and the matrix systems of ROS and laminate groups are the same, their distinct properties 

qualify them as two different materials from the perspective of hybridization. Synergistic effects 

exist between these architectures when stacked in a T-R-T stacking configuration. A positive 

deviation from the rule-of-mixtures of 19-24% in stiffness and 20-27% in strength is observed 

across all hybrids with T-R-T stacking. The graphs show that the positive synergy is the highest 

at the transition point, at which the extensional stiffness of ROS and laminate groups are equal.  
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3.2 Modelling Work 

This sub-chapter is not included in manuscripts. The focus of this sub-chapter is the proposition 

of a simplistic meso-structure model that generates the absolute and relative behaviour of ROS 

and ROS-hybrids with reasonable accuracies. The current work utilizes semi-empirical and 

stochastic 2D and 3D FE modelling approaches with progressive damage to simulate the tensile 

behaviour of the ROS and the Cross-ply/ROS 30/70 hybrid configuration. The stochastic 3D FE 

modelling utilizes three important stages: the use of a strand placement and generation procedure 

representative of the heterogeneous meso-structure; intralaminar progressive failure analysis 

using Hashin failure criteria for damage initiation and a fracture energy based linear softening 

law for damage propagation; and the use of traction-separation laws for the cohesive elements to 

model interlaminar behaviour. In addition, the modelling calls for the use of empirical 

parameters, derived from measurements from the micrographs of the final state of the meso-

structure. The 2D model utilizes the first two stages and excludes the interlaminar progressive 

behaviour. Both 2D and the 3D models possess the same strand and laminate definitions. Effects 

of hybridization on the stress-strain behaviour, failure characteristics, and the variability are 

quantified and compared with the experimental results. 
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Step 1: Measurement of Mean Strand Thickness (tmeanstrand) from micrographs (Empirical parameter)
Step 2: Division of the specimen thickness into ‘N’ in-plane layers (Ninplanelayers=tspecimen/tmeanstrand)
Step 3: Division of the in-plane layer into ‘Partitions’ (size defined by the user)
Step 4: Placement of the strands into random locations within the in-plane layer of the panel dimensions (300 mm x 350 mm) in Matlab
Step 5: Selection of the tensile test coupon gage size (25 mm x 150 mm) from the panel dimensions

Step 6: Dilation of the strand in transverse-to-fibre direction or change in strand width based on 
Wdilatedstrand = Woriginalstrand x tnominalstrand / tmeanstrand

Step 7: Matrix demarcation around the dilated strands

Step 8: Repetition of the steps for ‘N’ in-plane layers or building the specimen volume with partition laminates
Step 9: Interfacing the test coupon partition information with Abaqus finite element analysis software with Python scripting
Step 10: Building the 3-dimensional model in Abaqus with cohesive elements at the interface
Step 11: Applying suitable empirical parameters for the in-plane and interface progressive failure analyses
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Figure 3-16: Strand generation procedure (with a partition size of 1.25 mm x 1.25 mm) 

3.2.1 Randomization algorithm and Laminate analogy 

The strand generation procedure generated in Matlab is illustrated in Figure 3-16, while a 

detailed description of the randomization algorithm is given in [28]. ROS specimens, when 

discretized into a uniform mesh of smaller units referred to as ‘partitions’, can be regarded as an 

assembly of arbitrary layups filling up the partitions. While the strand arrangement is random in 

3D space, the arrangement of the strands is analogous to that of a laminate (referred to as 

‘Partition laminate’) on the scale of a partition. Based on the strand size, the strands extend 
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across various partitions establishing the continuity of the strand thus filling the partitions with 

ply properties. In this work, a realistic way of dilating the strands is included to compensate for 

the change in strand thickness. Continuity of strands across partitions is maintained. Resin 

properties are assigned to the partitions plies that are unfilled by the strand dilations. A defect-

free microstructure is assumed due to the low void content. The discontinuity between strands is 

modelled by resin demarcation, which separates two strands in any direction within an in-plane 

layer while the in-plane layers are mutually separated through cohesive element interfaces. The 

matrix demarcation around the strands replicates the shear load transfer mechanism between the 

in-plane layers. While the initial strand arrangements and the flow could induce strand out-of-

plane waviness in ROS parts, higher part thickness and hybridization reduces the strand 

waviness [13]. Strand waviness is analogous to ply waviness that result in interlaminar normal 

and shear stresses causing pre-mature failure [123]. However, the model assumes planar strand 

arrangements for the strength predictions thus, slightly over estimate the strengths of ROS and 

some hybrid configurations. The cells filled by the matrix within an in-plane layer is assigned 

isotropic properties while the cells filled with ply properties are assigned properties as per their 

orientations. 
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Figure 3-17: Flowchart of the progressive damage analysis of the ABAQUS FE model 

3.2.2 Intralaminar progressive failure analysis 

The in-plane strand behaviour is modelled using the progressive analysis [107, 126, 127] 

comprising of three aspects: failure initiation in the specimen according to Hashin’s failure 

criteria, damage propagation modelled by a linear softening law based on fracture energy 

dissipation and damage stabilization by a viscous regularization scheme. Damage initiation or 

the onset of damage is governed by Hashin’s failure criteria (Equation 3-1 to Equation 3-4) [128] 

that accounts for the combined effect of various stress components on each failure mode while 

differentiating the fibre and matrix failure modes and are available in ABAQUS. 
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Fibre tension (𝜎xx ≥ 0): 𝐹𝑓
𝑡 = (

σxx

𝑋𝑇 )
2

+ (
τxy

𝑆𝐿 )
2

 Equation 3-1 

Fibre compression (𝜎xx ≤ 0): 𝐹𝑓
𝑐 = (

σxx

𝑋𝐶 )
2

 
Equation 3-2 

Matrix tension (𝜎yy ≥ 0): 𝐹𝑚
𝑡 = (

σyy

𝑌𝑇 )
2

+ (
τxy

𝑆𝐿 )
2

 
Equation 3-3 

Matrix compression (𝜎yy ≤ 0): 𝐹𝑚
𝑐 = (

σyy

2𝑆𝑇)
2

+ [(
𝑌𝐶

2𝑆𝑇)
2

− 1]
σyy

𝑌𝐶
+ (

τxy

𝑆𝐿 )
2

 Equation 3-4 

 

In the above equations, 𝜎ij represents the components of the effective stress tensor; XT and YT 

denote longitudinal and transverse tensile strength; XC and YC denote longitudinal and transverse 

compressive strength; SL and ST denote longitudinal and transverse shear strength.  

 

Damage propagation is modelled by linearly softening the material based on the concept of 

fracture energy dissipation [129] and the equivalent stress-displacement curve. The equivalent 

displacement (δeq) is used to calculate the damage variable (d) corresponding to the particular 

failure mode such that the total energy dissipated for a failure mode does not exceed the area 

under the stress-strain curve, which is then used to compute the damaged stiffness matrix (Cd) of 

the laminate [129]: 

𝑑 =
𝛿𝑒𝑞

𝑓
(𝛿𝑒𝑞 − 𝛿𝑒𝑞

𝑜 )

𝛿𝑒𝑞(𝛿𝑒𝑞
𝑓

− 𝛿𝑒𝑞
𝑜 )

 Equation 3-5 

                                                        

where δeq is the current displacement; δeq
o  is the displacement at which the damage initiation 

criterion for that mode is met, and δeq
f  is the displacement at which the material is completely 
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damaged.  

𝐶𝑑 =
1

𝐷
[

(1 − 𝑑𝑓)𝐸x (1 − 𝑑𝑓)(1 − 𝑑𝑚)𝜈yx𝐸x 0

(1 − 𝑑𝑓)(1 − 𝑑𝑚)𝜈xy𝐸x (1 − 𝑑𝑚)𝐸y 0

0 0 (1 − 𝑑𝑠)𝐺𝑥𝑦𝐷

] Equation 3-6 

where  

𝐷 =  (1 − 𝑑𝑓)(1 − 𝑑𝑚)𝜈𝑥𝑦𝜈𝑦𝑥 Equation 3-7 

In this expression, df, dm and ds are the damage variables that denote the current state of fibre, 

matrix and shear damage calculated specifically for each of the failure modes using Equation 

3-5.  

3.2.3 Interlaminar progressive failure analysis 

Simulating the interlaminar behaviour is crucial since strand delamination was shown to be one 

of the primary failure modes [12]. The interaction between the in-plane layers is defined through 

surface-based cohesive elements with negligible thickness and linear elastic traction-separation 

interaction behaviour prior to damage (Figure 3-18). The initial uncoupled cohesive contact 

stiffness is defined by the normal and tangential stiffness components(Kn, Ks, Kt ). 

 

A Quadratic stress criterion is used for the damage initiation: 

 

(
𝑛

𝜎𝐼𝑚𝑎𝑥
)

2

+  (
𝑠

𝜎𝐼𝐼𝑚𝑎𝑥
)

2

+ (
𝑡

𝜎𝐼𝐼𝐼𝑚𝑎𝑥
)

2

= 1 Equation 3-8 

 

where 𝑛 is the normal contact stress in the pure normal mode, 𝑠 is the shear contact stress 

along the first shear direction, and 𝑡 is the shear contact stress along the second shear direction 
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defined as the cohesive forces acting along the contact normal and shear directions divided by 

the current area at each contact point. The parameters 𝜎𝐼𝑚𝑎𝑥, 𝜎𝐼𝐼𝑚𝑎𝑥 and 𝜎𝐼𝐼𝐼𝑚𝑎𝑥 represent the 

peak values of the contact stress when the separation is either purely normal to the interface or 

purely in the first or the second shear direction, respectively. Likewise, δImax, δIImax, and 

δIIImax represent the peak values of the contact separation, when the separation is either purely 

along the contact normal or purely in the first or the second shear direction, respectively. 

Similarly, δIf, δIIf, and δIIIf represent the separations at failure and are used to calculate the 

damage variables at a failure mode. 

The damage evolution or the progressive degradation of the cohesive stiffness for the surface-

based cohesive elements is characterized by energy-based damage evolution criteria as a function 

of mixed mode using Benzeggagh-Kenane (B-K) analytical forms, as shown in Equation 3-9.  

𝐺𝐼𝐶 + (𝐺𝐼𝐼𝐶 −  𝐺𝐼𝐶) (
𝐺𝑠ℎ𝑒𝑎𝑟

𝐺𝑇
)

𝜂

=  𝐺𝑇𝐶  
Equation 3-9 

with  

𝐺𝑠ℎ𝑒𝑎𝑟 =  𝐺𝐼𝐼 +  𝐺𝐼𝐼𝐼  Equation 3-10 

𝐺𝑇 =  𝐺𝐼 + 𝐺𝑠ℎ𝑒𝑎𝑟 
Equation 3-11 

where GIC, GIIC and GIIIC are the critical energy release rates for normal mode, first shear and 

second shear directions respectively. A very low viscosity coefficient is specified for damage 

stabilization and convergence. All the values are listed in Table 3-4. 

The underlying behaviour for the progressive degradation is similar to that of the in-plane 

progressive degradation except that the fracture energies dissipated in the former are for fibre 

tension/compression and matrix tension/compression while the energies used here are the critical 

energy release rates for the interfaces (normal, and shear directions). Thus, the same illustration 
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Tr
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δImax (δIImax, δIIImax) δIf (δIIf, δIIIf) 

Separation

Figure 3-18 can be used to illustrate the damage evolution with equivalent stresses as the 

abscissa and equivalent displacement as the ordinate, while the energies dissipated would be Gft, 

Gfc, Gmt and Gmc.  

 

 

 

Figure 3-18: Energy based traction-separation damage evolution for the cohesive interfaces 

 

Material properties* Carbon/PEEK prepreg 
Pure PEEK resin 

[38] 

Longitudinal modulus, Ex  130 3.7 

Transverse tensile modulus, Ey  10 3.7 

Poisson’s ratio, ʋxy  0.33 0.3 

In-plane shear modulus, Gxy  5.2  1.42 

Interlaminar shear modulus, Gxz  5.2 1.42 

Out-of-plane shear modulus, Gyz  3.7 1.42 

Longitudinal tensile strength, XT  2280 100 

Longitudinal compressive strength, XC  1300 100 

Transverse tensile strength, YT  86 100 

Transverse compressive strength, YC  86 100 

Longitudinal shear strength, SL  152 70 

Transverse shear strength, ST  94 70 

* All the modulus values are in [GPa] and all the strength values are in [MPa]; Out-of-plane shear 

modulus was calculated based on the transverse isotropic assumption; and transverse tension and 

compression strengths were assumed to be the same  

 

Table 3-2: Stiffness and strength properties of carbon/PEEK prepreg and pure PEEK resin 
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Fracture energy (N/mm) [126] Carbon/PEEK prepreg Pure PEEK resin 

Longitudinal (fibre) tension, Gft 1 10 

Longitudinal (fibre) compression, Gfc 1 10 

Transverse (matrix) tension, Gmt 10 10 

Transverse (matrix) compression, Gmc 10 10 

Viscous regularization factor 0.0001  

 

Table 3-3: Damage evolution properties of carbon/PEEK and pure PEEK resin for intralaminar analysis  

 

Fracture properties [126, 127]   

KI  = KII = KIII  [N/mm3]  106 

Damage initiation    

Normal strength allowable, Imax [MPa]   80 

Shear strength allowable in the first and second shear directions, 

IImax =  IIImax [MPa] 
 100 

Damage evolution and stabilisation   

Critical energy release rate for normal mode, GIC [N/mm]   1.7 

Critical energy release rate for shear modes, GIIC = GIIIC [N/mm]    2 

Viscosity coefficient  0.002 

η, B-K coefficient  2.284 

 

Table 3-4: Carbon/PEEK properties for cohesive surface behaviour (interlaminar analysis) 

3.2.4 Implementation through finite element modelling 

The strand placement procedure in Matlab was interfaced with ABAQUS finite element software 

through custom Python language scripts resulting in a fully automated procedure for creating 

two-dimensional (2D) or three-dimensional (3D) FE models or virtual specimens of ROS and 

ROS-hybrids. The FE modelling introduces three characteristic parameters: partition size, mesh 

size and virtual specimen size or RVE size. Partition is the smallest area within an in-plane layer 
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with a distinct ply orientation. Thus, smaller partition sizes define the strand geometries better. In 

the literature, while Feraboli et al. [105] determined the partition size based on the coarseness of 

the DIC contours, Selezneva et al. [107] showed that a partition size of 1.0 mm provided results 

within 6% compared to a size of 0.5 mm in terms of convergence. 

Mesh size is another parameter that governs the convergence, the total resin rich area in the 

specimen and the choice of the partition size. Smaller mesh sizes produce accurate results with a 

compromise on the computational time while larger mesh sizes would increase the resin volume 

fraction within the specimen. Further, a sensitivity analysis of the mesh size in the range of 0.5 – 

3.0 mm by Selezneva et al. [16] showed that no observable effects except that the use of larger 

mesh sizes resulted in coarser pattern of field quantity contours. Further, it was noted that the 

mesh size must be at least the size of the partition or finer, as each mesh element must be fully 

within a partition (i.e. it cannot be split between two partitions with different layups). Thus, for 

the virtual specimens, a mesh and partition size of 1.0 mm x 1.0 mm was chosen as a trade-off 

between the accuracy, total resin rich area and the computational time. Excluding the matrix 

demarcation, the total resin rich area in the virtual specimens with 1.25 mm mesh size was ~8-

9% while the mesh size of 1.0 mm produced a resin rich area of ~3-4% typically as measured 

from the micrographs. The heterogeneous meso-structure in ROS complicates the process of 

determining the critical dimensions for RVE definition [102] due to the lack of periodicity or due 

to the large sizes of RVE required to define periodicity compared to that of part sizes. Further, 

testing as per ASTM methods requires a finite width of the specimens resulting in various fibre 

lengths within the specimen. Thus, the virtual specimens are selected analogous to the way the 

test specimens are cut from a panel. Thus, the size of the virtual specimen was chosen to be 25 

mm (same as test specimen width) while the length was chosen to be twice the length of the 
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strand (50 mm) to be able to distinguish a strand aligned at zero and a zero-degree tape in the 

laminate group. Both, the strand and specimen lengths have negligible differences in their 

stiffness contributions if fibre length/fibre diameter ratios are considered according to Halpin-

Tsai relations [130]. Further, both initial strand length and virtual specimen length are >> 50 x 

fibre critical length, thus allowing for an efficient stress transfer as noted by Chang et al. [6].  

Two types of FE models were used to simulate the virtual specimens: a) 2D FE model: utilizing 

the randomization algorithm and the intralaminar progressive failure method; b) 3D FE model: 

utilizing the randomization algorithm, intralaminar and interlaminar progressive failure methods. 

Both 2D and 3D models use the same partition size, layup, and virtual specimen sizes. A 

comparison between the 2D and 3D models is made to emphasize the importance of the 

interlaminar progressive failures for the strand sizes chosen. The 2D model is meshed using 

general-purpose reduced integration conventional shell element (S4R). The 3D FE model is 

meshed using 8-noded hexahedron element continuum shell element (SC8R) for the in-plane 

layers while the interfaces are modelled with surface-based cohesive behaviour. Thus, both 

progressive damage analysis within the in-plane layer and interfaces can be modelled using 

Hashin’s damage initiation and energy based cohesive failure respectively in a 3D model. For the 

boundary conditions, a constant displacement is applied along one edge, and the opposite edge is 

restrained in the longitudinal direction. The other degrees-of-freedom (dof) are such that the rigid 

body rotations of the model are restrained, while the model can expand or contract laterally in 

the width direction and in the through-thickness directions, as shown in Figure 3-19. Similar 

boundary conditions were applied on the 2D model. The stress-strain curve is captured by 

incrementally applying a displacement and measuring the force and moment resultants. Five 

virtual specimens were generated with randomized layups for each test configuration. Failure 
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was assumed to occur when the model failed to converge in the FE analysis. Loading was 

applied incrementally with a constant step size, but as the element properties began to degrade, 

the step size was automatically reduced with the aim to achieve convergence. As noted in 

ABAQUS [129], stiffness degradation in materials led to convergence difficulties, which were 

mitigated with a viscous regularization scheme. The viscous regularization factor ensures that the 

tangent stiffness matrix is positive definite for a sufficiently small-time increment. The higher 

the viscosity coefficient, the higher is the fracture load. Based on the parametric studies [107, 

126, 127] of the influence of the mesh size and viscous regularization factor, the best choice of 

the viscosity coefficient and the fracture energies were determined. Further, the 2D and 3D 

models were validated against two sets of experimental tests before implementing them on ROS 

and ROS-hybrids: a) On standard laminates such as QI, AP and CP; b) On the aligned slit-tape 

experiments from Selezneva et al. [98]. The results from the tensile test simulations matched the 

classical laminate theory calculations of standard laminates (QI, CP) with <2% errors in mean 

stiffness and <5 % for the mean strength behaviour with the chosen parameters. Further, the 

simulations matched with <5% errors with the slit-tape experiments for the shorter overlap 

specimens whose failures were primarily driven by the matrix shear properties. 
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Figure 3-19: Boundary conditions imposed on the virtual tensile specimen 

 

 

Table 3-2, Table 3-3, and Table 3-4 list the FE parameters used for the modelling along with 

their references.  

The stiffness and strength prediction of ROS based specimens are rather complex owing to the 

multitude of parameters governing their mechanical behaviour. While the 2D and 3D models are 

certainly improvements over other 2D models in literature, there are a few limitations associated 

with them. The model assumes an RVE at the meso-level which inhibits the capacity to predict 

delamination within the strand or inter-slitting failures. Some of the primary drivers of the 

performance are the process parameters that influence the material properties. For example, 

residual stresses are induced due to uneven crystallization shrinkage and differences in the 

coefficients of thermal expansion within the heterogenous meso-structure. The model excludes 

these effects. The strand waviness has a major effect on the stiffness and strength behaviour 

which are excluded from the simulations. Thus, the possibility of the simulations overestimating 
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the properties is expected. Finally, the matrix demarcation around the strands is to avoid the load 

transfer between strands in the in-plane directions, while allowing only the shear load transfer 

mechanism between the strands. Such a demarcation adds more resin proportions into the model 

while reducing the stiffness of the virtual specimens. 

3.2.5 Results and Discussion 

Stress-strain curves 

The experimental and model (2D and 3D) stress vs. strain curves for the ROS and the 30/70 

hybrid configuration are depicted in Figure 3-20. The typical behaviour of the stress-strain curve 

for ROS is mostly linear except for the last 10-15% of the strain when the curves usually tend to 

be non-linear. The rapid progression of failure in the specimens causes such a behaviour. The 2D 

and 3D virtual models did demonstrate slight non-linearity, and local load drops with the 

progression of the load. While the stress vs. strain curves of both models tend to be in the same 

range as the test specimens, due to the reasons explained in the previous paragraph on the matrix 

demarcation, both 2D and 3D models tend to be less stiff and elongate more than the test 

specimens. The test specimens however experience stiffness and strength reduction due to the 

presence of strand waviness, whose precise magnitude is unknown. Nevertheless, the macro 

stiffness and the strengths are well predicted by both 2D and 3D models. Thus, the methodology 

using the in-plane layer of strands with dilation and matrix demarcation results in an 

improvement over the other 2D in-plane model proposed in literature. For example, the 

researchers [107] had showed discrepancies of ~30% for the stiffness and ~39% for strength in 

ROS specimens for the same strand and process parameters as this study, while this study shows 

a mismatch of ~25% in strength compared to the experiments. It is also important to note that 



Swaroop B. Visweswaraiah                                                                          Doctoral Thesis (2018), McGill University 

Coupon Level Studies - Tensile Behaviour  105 

thicker virtual specimens exhibited slightly higher stiffness and strength compared to thinner 

ROS specimens, as observed by several researchers [12, 36, 66].  

ROS and ROS-hybrid specimens, due to the heterogenous meso-structure, are influenced by 

tension-bending and tension-twist couplings. Thus, the deformed shapes are unique from 

specimen to specimen as shown Figure 3-21. Further bending and twisting reactive moments are 

generated in the specimens due to the couplings. Thus, the final failure of the specimens is due to 

a combined stress state that is caused by the moments and the axial loading. While the magnitude 

of these moments is unique from specimen to specimen, in a general sense, T-R-T results in a 

higher resultant moment due to the higher resistance offered by the tape layers placed on either 

side of the ROS group. The experimental curves and the virtual specimen curves match well as 

for the 30/70 hybrid configurations as the behaviour of laminate dominant groups are well 

established and predicted by FE models. 

 

 

a)  b) 

Figure 3-20: a) Experimental stress vs. strain curves of ROS specimens and representative stress vs. strain 

curves of 2D and 3D virtual specimens; b) Experimental stress vs. strain curves of 30/70 T-R-T hybrid 

specimens and representative stress vs. strain curves of 2D and 3D virtual specimens (all the curves are 

normalized with reference to ROS mean properties) 
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Figure 3-21: Deformed shapes of the virtual specimens for ROS, 30/70 thickness ratio (T-R-T and R-T-R 

stacking configurations) at the highest tensile load. A scale factor of x10 is used for the deformation. U is 

the resultant displacement in mm 

Stiffness and Strength comparisons 

The normalized longitudinal stiffness and longitudinal strengths of all the experimental and 

virtual (2D and 3D) specimens are shown in Figure 3-22. The stiffness of both 2D and 3D 
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models are ~10-12% lower than the experimental results. While precise explanations for such 

differences are unknown, reasons such as the exclusion of the strand waviness behaviour and 

inclusion of the matrix demarcation is believed to primarily contribute to these differences. 

Further, it was shown in [107] that longer strands tend to cause longer overlaps and subsequently 

an increase in the probability of fibre failures in the specimen. The model and the experimental 

results match well with the inclusion of the tapes. Overall, for all the 30/70 hybrid 

configurations, the stiffness predictions of the 3D virtual specimens are within ~8-12% of the 

experimental values, signifying that the predictability of the behaviour increases with the 

inclusion of the laminate groups. The model predictions for the T-R-T and the R-T-R 

configurations are similar. The experimental values are slightly lower for the R-T-R 

configuration owing to the waviness in the centrally placed laminate group. The 3D models 

outperform the prediction capabilities of the 2D models, due to the inclusion of the cohesive 

behaviour. 

The strength predictions of the 2D and 3D models are ~25% higher than the experimental values 

for the ROS specimens. ROS specimens of 2 mm thickness, as discussed in the previous 

sections, demonstrate high strand waviness, which are not factored into the strength calculations 

of the virtual specimens. Among the hybrid configurations, the strengths for the T-R-T 

configurations are predicted with a greater accuracy than that of ROS specimen predictions. In 

the T-R-T configuration, the strand waviness is minimized by the tape layers on either side of a 

centrally placed ROS group. The 2D and 3D models over predict the strength of R-T-R 

configuration by ~8% and ~15% respectively. These differences could be attributed to the 

waviness in the laminate group and the strand waviness in the ROS groups. The variability in the 

virtual specimens is primarily due to the in-plane strand orientations while the variability in the 
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experimental specimens is due to the strand waviness, residual stresses, and strand orientations. 

Overall, the scatter in the models is similar to those of the experiments. It is to be noted that the 

relative differences in the stiffness and strength values between the virtual specimens are very 

close to that of the relative differences in the stiffness and strength values of the experiments. 

Such relative differences are important to quantify the relative effect of configurations in terms 

of a standard laminate, without extensive testing efforts. Another important aspect is that both 

2D and 3D models predict the positive synergistic behaviour in the T-R-T configuration with 

reasonable accuracies. 
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a) 

 

b) 

 

Figure 3-22: a) Stiffness comparison; b) Strength comparison (all the properties are normalized with 

reference to ROS mean properties) 

Failure characteristics 

In general, for the strand sizes chosen, the failure in ROS specimens displayed a combination of 

fibre failures, multiple matrix failures and multiple delaminations. An example of failure indices 

are shown for a layer of an ROS specimen at the highest load, in Figure 3-23.a-c. The images 

indicate the extent of the fibre and matrix damages have reached an index of 1.00 signifying 
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multiple failure initiations, while the cohesive initiation has yet to reach an index of 1.00. Figure 

3-23.d indicates the final failure or damage variable in the complete specimen, due to shear. A 

characteristic of the failures as discussed in the previous sections, is the occurrence of multiple 

failures within the specimen. These multiple failures could be in the form of fibre or matrix 

failures in an in-plane layer or due to cohesive failures in the interfaces of any two in-plane 

layers. Irrespective of the nature of failures, the weakest regions form a cluster leading to the 

final failure of the specimen. 

In the T-R-T specimens, the axial load is distributed in the architectures proportional to their 

extensional stiffness. With the failure of one of the phases in a hybrid specimen, the load is 

transferred to the other remaining material until the complete specimen failure. In the chosen 

hybrid configuration, (i.e. 30/70), the ratio of the extensional stiffness of the laminate group to 

the extensional stiffness of ROS is 55:45. Extensive matrix dominated failures are observed in 

the ROS specimens at the highest load as shown in Figure 3-24.a. The final failure however is 

caused in the tape layers of the laminate group as shown in Figure 3-24.b. The R-T-R 

configurations demonstrated similar behaviour to that of T-R-T except that the R-T-R 

configurations involved much more extensive matrix failures at the interfaces with the laminate 

groups. Among the hybrid stacking configurations, T-R-T demonstrated the highest properties, 

despite all the configurations possessing similar axial properties theoretically. 
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a) Hashin criteria: Fibre tension failure indices at the highest load in an in-plane layer  

 

 

 

 

b) Hashin criteria: Matrix tension failure indices at the highest load in an in-plane layer  

 

 

 

 

c) Quadratic stress criteria: Cohesive failure indices at the highest load between two in-plane layers 

 

 

 

 

d) Final shear damage in the ROS specimen 

Figure 3-23: a-c). Examples of a layer in an ROS specimen with multiple failure occurrences; d) 

Final shear damage in the same ROS specimen 
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a) Hashin criteria: Matrix tension failure indices in the ROS phase in a T-R-T specimen at the 

highest load 

 

 

 

 

b) Hashin criteria: Fibre tension failure indices at the highest load in a T-R-T specimen indicating 

final failures in the tapes 

 

Figure 3-24: Example of failure occurrences in a T-R-T specimen 

3.2.6 Conclusions 

Simplistic stochastic FE models (2D and 3D) have been proposed to generate the absolute and 

relative behaviour of ROS and ROS-hybrids. The tensile behaviour of 2 mm thick ROS 

specimens and hybrid fibre architectures specifically the 30/70 hybrid configuration are 

simulated and comparisons with the experiments have been made. The 2D model utilizes two of 

the following three stages: the use of a strand placement and generation procedure and empirical 

parameters to replicate the processing, intralaminar progressive failure analysis using Hashin 

failure criteria for damage initiation and a fracture energy based linear softening law for damage 

propagation, and the use of traction-separation cohesive element laws to model the interlaminar 
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progressive analysis. The 3D model utilizes both intralaminar and interlaminar progressive 

prediction methods. Overall, both the modelling approaches match the trends observed during 

experiments, predict the tensile stiffness and strength of the specimens, and provide preliminary 

insights into the hybridization aspects. The modelling method certainly demonstrates 

improvements over other 2D models in literature for ROS, while the 3D modelling is first of its 

kind proposed and adopted for a hybrid fibre architecture of ROS with laminate groups. 
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Chapter 4  

Coupon Level Studies – Interlaminar 

Shear Behaviour 

4.1 Experimental and Modelling Works – Manuscript 3 

Interlaminar Shear Behaviour of Hybrid Fibre Architectures of Randomly Oriented 

Strands Combined with Laminate Groups 

Abstract 

This work explores the interlaminar shear behaviour of hybrid fibre architectures of randomly 

oriented strands (ROS) combined with three laminate groups (Cross-ply, Quasi-isotropic and 

Angle-ply laminates) fabricated using compression moulding. Apparent interlaminar shear 

strengths of selected configurations are measured. Effects of hybridization on the shear 

properties of ROS based specimens are quantified and compared with pure ROS and benchmark 

laminates. Shear strength of hybrid stacking sequence (with laminate groups on either side of a 

centrally placed ROS group) demonstrate a synergistic effect with higher strengths (up to 25%) 

than both parent architectures. Negative synergies (up to 20%) are observed due to the 
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sandwiching of laminates in-between two ROS groups. The synergy effects are attributed to the 

load sharing among the constituents and are explained using a semi-empirical model that utilizes 

a stochastic strand placement procedure and an adaptation of the analytical formulas for the 

interlaminar shear and bending stress distributions. 

Keywords: Randomly oriented strands, Hybrid fibre architectures, Short beam shear strength, 

Hybrid effect 

4.1.1 Introduction 

Geometric features such as edges, thickness variations, and structural joints cause stress 

gradients in the interlaminar directions leading to delaminations in laminates. The interlaminar 

shear strength (ILSS) represents the resistance of a layered composite to internal forces that tend 

to reduce relative motion parallel to and between the layers [72] and has relatively low values 

compared to the longitudinal tensile strength. While ILSS is primarily a matrix dominated 

property, factors such as the adhesion between fibres and matrix and/or between the adjacent 

layers, the matrix and fibre types, fibre volume fraction, ply stacking sequence, and resistance 

offered by the material architecture to crack propagation govern the final failure. With ROS-

hybrids, additional parameters such as the relative thickness of laminate groups compared to 

ROS, strand waviness and the relative stacking positions of the materials govern the 

performance. A few authors have studied the interlaminar shear behaviour of ROS composites. 

Selezneva et al. [12] measured the ILSS of pure ROS using short-beam shear strength (SBS) 

tests [131] and double-notch tests [132]. The double-notch tests significantly underestimated the 

strengths compared to the SBS tests due to the stress concentrations at the notches causing 

premature failure. SBS tests were reported to be appropriate for comparisons despite the complex 

stress state. Leblanc et al. [52] quantified the effect of the void content on the SBS strengths of 
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compression moulded ROS specimens and reported that a consolidation pressure of at least 60 

bars is essential to minimize voids in carbon/PEEK ROS material. While specific work on 

quantifying the ILSS of ROS-hybrids has not been found in literature, some authors have 

reported improvements in the ILSS properties of random short fibres when reinforced with tapes 

[72]. 

In the literature, a few authors have developed analytical expressions for the interlaminar shear 

stress distribution in arbitrary layups [133]. Of interest is the work of Hajianmaleki et al. [134] 

who derived the expressions for through-the-thickness shear stress distribution of an Euler beam 

comprised of an arbitrary layup, based on the work of Vinson et al. [135]. Researchers have 

employed stochastic models to predict the in-plane properties of ROS. Feraboli et al. [105] 

captured the local modulus variability by discretizing the ROS specimen into representative 

volume elements (RVE) with randomly assigned material properties. The use of a large size of 

the discretized element, with random layups independent of their neighbouring elements, led to 

discontinuities of properties across the element boundaries and complicated the choice of an 

appropriate RVE size. Recently, Selezneva et al.[107] used a stochastic strand generation 

procedure to place strands with random orientations and locations within a specimen. This 

network of strands was then discretized using a mesh with each element representing a laminate. 

Classical laminate theory and finite element analysis determined the stress-strain behaviour 

while Hashin’s failure criteria estimated the strength, under tensile loads. Further, the number of 

strands at a location was variable in the through-thickness direction. To achieve a uniform 

thickness everywhere, the thickness of each ‘ply’ in the partition was ‘scaled’ such that total 

thickness was a constant, without compensating for their properties. This led to the over 

prediction of properties and caused strand discontinuities across partitions leading to higher 
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property gradients between partitions. Selezneva’s approach excluded the contribution of resin 

rich areas.  Kilic et al. [49] proposed a 3D micromechanical finite element model for the analysis 

of ROS thermoplastic parts. The micromechanical model was not fully representative of the ROS 

material and required some calibration against the non-linear stress-strain curves of test-coupons. 

Nonetheless, the technique demonstrates good potential. Recently, a 3D finite element based 

stochastic modelling method for ROS parts was proposed in Digimat software [136] using a 

voxel based method and cohesive elements, and needs extensive validation against experimental 

data. None of the stochastic models deal with the prediction of out-of-plane properties at the 

coupon/part level. Hybridization in the literature refers to the use of two or more distinct 

materials characterized by the differences in their strength and elongation, typically to obtain 

synergistic behaviour [22]. The synergistic behaviour is usually quantified either by a positive or 

a negative deviation from the theoretical rule of mixtures (RoM) [23]. Such synergies in hybrids 

are attributed to the damage development process, residual stresses and stress concentrations 

[22]. Positive synergistic behaviour of tensile properties were reported [13] in ROS-hybrids, 

while studies on out-of-plane loading have not been carried out. 

 

ROS-hybrids are intended for use in parts with complex geometric features. Thus, understanding 

the interlaminar shear behaviour is specifically important for their design. While some 

experimental work and no theoretical work have been performed in the literature on ILSS of 

ROS material; none of the works published have specific relevance to ROS-hybrids. This 

research work explores the interlaminar shear behaviour of hybrid fibre architectures of 

randomly oriented strands when combined with three laminate groups. Effects of hybridization 

on short-beam shear strengths, failure characteristics, load-displacement behaviour and the 
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variability of ROS-hybrids are quantified against pure ROS and benchmark laminate groups. The 

hybridization takes into consideration the effects of the thickness ratios (tlaminate/tspecimen), laminate 

stacking and stacking sequence of the architectures (hybrid stacking). Through a simple 

stochastic semi-empirical model and analytical expressions for the through-thickness shear and 

bending stresses, the synergistic behaviour of ROS-hybrids is explained. 

4.1.2 Experimental work 

Test methods 

The short-beam shear strength test [131] is a three-point bending test that characterizes the shear 

resistance of fibre reinforced composites to interlaminar failure. The strength values from SBS 

tests are referred to as the ‘apparent interlaminar shear strength’ due to its dependence on the 

specimen geometry. The test specimen ends rest on two roller supports with the loading nose 

applying a load at the mid-span of the test specimen (Figure 4-1). A parabolic shear-stress 

distribution is expected between the loading nose and support rollers in the thickness direction. 

The stress distributions are skewed closer to the loading and support rollers, due to stress 

concentrations. With ductile matrices such as PEEK, plastic yielding may alleviate localized 

stress deviations. The ASTM standards ensure that the size of the specimen induces a dominant 

interlaminar shear mode of failure. Nevertheless, the presence of bending moments and stresses 

under the loading nose and supports induce a complex stress state within the test specimen. Such 

a complex state results in a variety of failure modes including the interlaminar shear failure, 

flexural failure, and failures dominated by inelastic deformations. Although under combined 

stress state, the short-beam shear test results provide quantitative estimates when relative 
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comparisons are being made, thus, allowing their use for quality control and material 

evaluations.   

 

Figure 4-1: Short beam shear testing (schematic diagram – not to scale) 

The test samples with thickness-to-span length, width-to-span length, and thickness-to-span 

length ratios of 1:4, 1:2, and 1:6 respectively, are used. Support roller radius and loading nose 

roller radius are 3 mm and 6 mm respectively. A loading rate of 1.0 mm/min is used on a 5kN 

tensile testing machine. Apparent interlaminar shear strengths for rectangular specimens are 

calculated using, 

Apparent interlaminar shear strength = 3P/4bt Equation 4-1 

Where P is the load at failure, t is the specimen thickness, s is the support span and b is the 

specimen width. Ten specimens for each configuration are tested and consistent failure modes 

with visibly noticeable interlaminar failures are reported. 
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4.1.3 Modelling work 

Through-the-thickness stress distribution in 3-point bending scenario 

The expressions for the through-the-thickness shear and bending stress distribution within an 

Euler beam of arbitrary layup [134] has been adapted for a simply supported beam subjected to a 

mid-point load. The final expressions for the bending and interlaminar stresses are listed below 

while their derivations are elaborated in Appendix A. 

𝜎𝑥 =
𝑄11𝐹𝑥

2(𝐴11 𝐷11 − 𝐵11
2 )

(𝐵11 − 𝑧𝐴11 ) Equation 4-2 

𝜏𝑥𝑧 =
𝐹

2𝑏(𝐴11 𝐷11 − 𝐵11
2 )

∫ 𝑄11(𝐵11 − 𝑧𝐴11 )

𝑧

ℎ

𝑑𝑧 Equation 4-3 

4.1.4 Strand placement procedure and stochastic model  

A semi-empirical model that utilizes a stochastic strand placement procedure and analytical 

expressions for the interlaminar shear and bending stress distributions for an arbitrary laminate is 

proposed. ROS specimens, when discretized into a uniform mesh of smaller units referred to as 

‘Partitions’, can be regarded as an assembly of arbitrary layups filling up the partitions. For 

example, a cross-sectional image of a hybrid specimen (Figure 4-2) shows that while the strand 

arrangement is random in 3D space, on the scale of a partition, the arrangement of the strands is 

analogous to that of a laminate (referred to as ‘Partition laminate’). Based on the strand size, the 

strands extend across various partitions establishing the continuity of the strand.  

Firstly, the mean strand thickness (tmeanstrand) is measured from several micrographs across 

various configurations. Measurements indicate that the consolidation pressure causes reduction 
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of the strand thickness compared to their nominal thickness. This is the semi-empirical parameter 

in the model and depends on the strand flow and consolidation pressure. In the strand placement 

procedure, plate dimensions as in the moulding fixture are chosen. The plate thickness is divided 

into ‘n’ in-plane layers (Ninplanelayers=tspecimen/tmeanstrand). A Matlab program discretizes each in-

plane layer into partitions. The partition size (1/20th of strand length) is much smaller than 

individual strands to maintain continuity of material properties across partitions and to avoid the 

definition of an RVE. Strands with random orientations are generated and placed at random 

locations within these partitions on each in-plane layer as per the strand size (Figure 4-3.a). As 

the volume of the strands is unchanged, the reduction in the strand thickness is to be 

compensated for by the dilation of the strands in the transverse-to-fibre directions (Figure 4-3.b). 

The dilation factor (Wdilatedstrand/Woriginalstrand) is computed and the strands are dilated in the model 

as per the dilated strand width (Wdilatedstrand = Woriginalstrand x tnominalstrand / tmeanstrand). Figure 4-3.c 

and Figure 4-3.d show panel surfaces of low and high strand dilations. Resin properties are 

assigned to the partitions plies that are unfilled by the strand dilations. From this larger model, 

model specimens of widths equal to that of test specimen widths are chosen to replicate the way 

the test coupons are trimmed from an actual plate. Figure 4-4 shows the variation of longitudinal 

stiffness within a model specimen. The fraction of resin rich areas calculated in a test specimen 

from the model is about 2-2.5%. Tape reinforcements are added to the specimens at different 

positions to simulate the hybrids. The model specimens comprising of partition laminates are 

now subjected to a 3-point bending scenario. The interlaminar shear stress and bending stress 

distributions are computed using Equation 4-2 and Equation 4-3 at the specimen mid-span. 
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Figure 4-2: Cross-sectional micrograph of a Tapes-ROS-Tapes specimen 

 

In this work, a realistic way of dilating the strands is included to compensate for the change in 

strand thickness. Scaling of thickness is eliminated and continuity of strands across partitions is 

maintained. The model uses a stochastic procedure in conjunction with analytical formulas and 

eliminates the need for complex finite element analyses. However, the model assumes planar 

strand arrangements and ignores the effect of strand waviness and the presence of matrix 

between the strand in-plane layers, thus, slightly over estimating the behaviour. While the initial 

strand arrangements and the flow could induce strand out-of-plane waviness in ROS parts, higher 

part thickness and hybridization reduce the strand waviness [13]. Strand waviness is analogous to 

ply waviness that results in interlaminar normal and shear stresses causing pre-mature failure 

[123]. The contribution of the residual stresses, edge effects and roller stress concentrations are 

not considered. A defect-free microstructure is assumed due to the low void content. 
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Figure 4-3: a) Top view of an in-plane layer without strands dilation; b) Top view of an in-plane layer 

with strands dilation; c) Top view of a ROS panel with low strand dilation; d) Top view of a ROS panel 

with high strand dilation 

4.1.5 Results and Discussions 

Experimental results 

Load-displacement curves 

Typical load–displacement curves of ROS and hybrid configurations of 3 mm thickness are 

shown in Figure 4-5.a. The responses of all the curves are linear in the early stages of loading, 

and non-linear towards the later stages attributed to the gradual failure of ROS phase. The curve 

for R3 (ROS material with 3 mm thickness) is characterized by several load drops. As the load 

increases, weaker spots in ROS develop cracks or delaminations. The staggered pattern, 
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however, resists the crack propagation causing load redistribution. On further loading, the 

weakest delamination develops as the critical failure. In most of the specimens, towards the end 

of the load-displacement curve, interlaminar failure has been observed with or without flexural 

failures accompanied by noticeable load drops. ROS-Tapes-ROS and Tapes-ROS configurations 

exhibit similar load drops as that of R3, towards the end of the curve. As expected, the stiffness 

of R3 is the least and the T-R-T is the highest. The T-R-T configuration adds to the bending 

stiffness of the specimen with the tapes placed on either side of the ROS material. T-R has a 

higher stiffness compared to the R-T-R hybrid.  

Failure characteristics 

Mixed-mode failures (i.e. tension, compression, and delaminations due to interlaminar shear) are 

observed in specimens, thus complicating the task of precisely recognizing the failure mode that 

caused the onset of damage. Each of the failures is carefully examined along with the load-

displacement curves and strengths with dominant interlaminar failure modes have been reported. 

Among the benchmark laminates Cross-ply and Quasi-isotropic laminate groups demonstrate 

clear delaminations due to interlaminar shear. Angle-ply laminate group demonstrated 

interlaminar shear failures accompanied by inelastic stability modes. As the thickness of AP was 

lower than the ASTM standards, the results are not reported. Pure R3 specimens exhibited both 

flexural and interlaminar dominated failures. Among the hybrids, all the T-R-T configurations 

showed clear interlaminar failures in the ROS phase. T-R-T provides forced symmetry of the 

specimen and promotes the failure within the ROS phase. While the shear dominant failures are 

caused around the neutral axis, the asymmetry within the ROS phase shifts the neutral axis. R-T-

R showed mostly clear interlaminar with secondary flexural failures originating from the 

interface of the ROS and the laminate. The waviness of the laminate group induces out-of-plane 
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stresses that add to the interlaminar shear stresses. T-R showed a mix of interlaminar and flexural 

failures but fewer than those of R-T-R. No noticeable failures were observed under the rollers. 

Figure 4-5.b represents images of various configurations with their typical failures.  

 

Figure 4-4: Longitudinal stiffness of a ROS specimen obtained using classical laminate theory on 

partition laminates (low and high modulus patterns on the plots are larger than the partition size) 

Strength comparison 

Figure 4-6 compares the strengths of test configurations normalized with the mean SBS strength 

of R3. The strength of R3 is like that of QI, while the variability of R3 is much higher. The 

strength of CP is about 10% higher than QI. Among the hybrid stacking configurations (i.e. T-R-

T, R-T-R and T-R), T-R-T has the highest apparent interlaminar shear strengths that surpass their 

parent laminates demonstrating a dominant positive synergy. The reasons for such a synergy can 

be attributed to the improved load sharing between the phases and will be explained in the 

subsequent section. Among the various thickness ratios, the properties of 20/80 hybrids are the 

highest representing improvements of 25% in the T-R-T and 7% in the T-R configurations. R-T-

R configurations in all the hybrids demonstrate high variability and lower properties than pure 

ROS specimens due to the waviness of the laminate group. Further, QI-R hybrids demonstrate an 

increase in the SBS strength only in the T-R-T stacking. T-R-T stacking of AP-R configuration 

demonstrates strengths similar to that of QI and ROS. In this research, the extent of synergy is 
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quantified by the deviation from the highest SBS strength of the parent groups that form the 

hybrid. Quantifying the synergy with reference to RoM is inappropriate under interlaminar 

behaviour, as the failures are dominated by the matrix. From Figure 8, we observe that all the T-

R-T configurations exhibit a positive synergy of about 20-25% when compared to the SBS of the 

CP and QI laminate groups, primarily due to improved load sharing among the phases. While, a 

negative synergy of 20-25% is observed for all the R-T-R configurations, T-R and R-T 

configurations mostly exhibit positive synergies. Thus, we can observe that the SBS is a strong 

function of the hybrid stacking sequence. It is to be noted that only six specimens for each 

configuration were tested due to the material availability and processing limitations. Although 

this pilot study suggests improvement potential based on the phenomenological behaviour, a 

higher number of specimens are needed for statistically conclusive results. 

 

 

 

 

 

 

 

Figure 4-5: a) Typical load vs. displacement curves of selected configurations; b) Interlaminar 

failures of selected test configurations at around neutral axis of the specimens 
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Modelling results 

Figure 4-7 compares the shear stress distribution of standard laminates with the R3 specimen. All 

the stresses are normalized with respect to the shear stresses in an equivalent homogeneous 

beam. An unsymmetrical layup in the R3 specimen shifts the location of the neutral axis along 

the thickness direction and changes the location of the maximum shear stress. CP exhibits the 

least maximum shear stress while R3 the maximum. Figure 4-7.b compares the shear 

distributions of R3 and the hybrids with the same thickness. The T-R-T configuration induces 

more symmetry into the specimen and forces the neutral axis to be closer to the mid thickness of 

the specimen. T-R-T demonstrates the least max stress behaviour while R-T-R changes the 

neutral axis position.   

Figure 4-7.c compares the bending stress distributions of selected hybrid configurations. In the 

T-R-T configuration, the maximum bending stress in the ROS phase is alleviated by the laminate 

group. The bending stiffness of the outer tape layers is much higher than the ROS phase in the T-

R-T. This causes a higher load sharing in the laminate layers compared to the ROS phase 

relieving some bending loads in ROS thus causing failures dominated by interlaminar shear than 

bending. This load sharing among the hybrid architectures enhances the short beam shear 

strength. The T-R configurations also demonstrate this synergistic load sharing. The R-T-R 

configuration demonstrates least strength as the stresses due to bending are much higher in the 

ROS compared to those of the other configurations. Further, the waviness in the centrally placed 

laminate group can trigger increased interlaminar stresses causing premature failure at the 

interface of the laminate and ROS phase, which cannot be captured by the model.  
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Figure 4-6: Experimental short-beam shear strength comparisons for all the test configurations 
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Figure 4-7: a) Theoretical interlaminar shear stress distributions of base groups (UD, QI, CP and 

AP) at the mid-span of the model specimen; b) Theoretical interlaminar shear stress distributions 

of selected hybrid configurations; c) Axial stress distributions of selected hybrid configurations 

due to bending load 
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The maximum shear stress in each configuration is first normalized with the maximum shear 

stress in a homogeneous specimen, to eliminate the effect of the dimensions, and is called the 

normalized shear factor (A= τxz max homogeneous/τxz max specimen). This factor is analogous to the safety 

factor in shear, and a higher value of the shear factor represents a lower value of maximum shear 

stress in the specimen. Normalized shear factors are again normalized with respect to the shear 

factor obtained for the R3 configuration to obtain the relative shear factors (B=Aconfiguration/AR3). 

The relative shear factors represent the shear stress levels of the configurations relative to R3 

specimens. Thus, a higher value (>1) of relative shear factor represents a lower value of 

maximum shear stress in a configuration compared to the R3 configuration. A similar approach 

is followed to obtain the normalized bending factor (C) and relative bending factors (D). 

However, the bending factors utilize the maximum bending stresses in the ROS phase in a hybrid 

specimen, and not the maximum bending stress in the entire specimen, as the laminate group is 

less prone to failures due to bending loads compared to ROS. Further, the relative stress factor, a 

ratio of relative bending factor to that of relative shear factor (E=D/B) is obtained. A higher 

value of relative stress factor signifies that the specimen has a lower maximum bending stress in 

the ROS phase compared to the maximum shear stress. Five trials are performed to arrive at the 

mean and standard deviations of the relative shear, relative bending and relative stress factors for 

all the configurations and are plotted in Figure 4-8. 

Relative shear factors of CP and QI exhibit 8% and 4% higher values respectively, compared to 

the R3 configuration. These are about the same magnitude as that in the experiments. The 

modelling predicts a higher value of relative stress factor for AP than the experiments and cannot 

be compared directly as the failures in the experiments for AP was dominated by inelastic failure 

modes. Shear factors in the ROS phase depend on the strand orientations, unsymmetry in the 
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partition and the resistance to the crack path. Relative shear factors in hybrids show that T-R-T 

can carry higher or almost equal shear stresses compared to R3. T-R carries lower shear stresses 

than R3 while R-T-R carries least stress. Similarly, the relative bending stress factors 

demonstrate that the bending stress levels in the ROS phase are much lower in the T-R-T, then 

the T-R and highest in the R-T-R configurations. Further, with an increase in the ratio of tapes, a 

reduction of stress levels can be observed, owing to the increase bending stiffness of the laminate 

group. Six simulations were considered per test configuration. 

 

 

 

 

 

 

 

 

 

Figure 4-8: Relative Shear, Bending and Stress factors for the test configurations – comparison 
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factor (a ratio of the bending stress levels to that of shear stress levels in ROS) is a parameter that 

can be used to quantify the relative behaviour among configurations. Laminate groups in the 

hybrid specimens resist more bending and allow the failure in ROS to be predominantly 

interlaminar driven, based on the hybrid stacking configuration. The final failure of the test 

specimens is governed by the bending and shear stress levels compared to the allowables. A 

comparison of the relative stress factors of the hybrid configurations follows the experimental 

trend. For example, T-R-T 15/85 demonstrates an increase of about 11% compared to the ROS 

phase in the experiment, and the ratio from the relative stress factor from the model demonstrates 

about 12%. Similar reduction in values of about 20% is observed in R-T-R 15/85 in experiments 

and about 11% in the model. In other words, the model slightly overestimates the improvements 

in stress factors mostly in the cases of R-T-R and T-R, which can be attributed to the 

assumptions of no strand and ply waviness in the model. With the decrease in the thickness of 

the ROS phase, strand waviness increases and causes waviness of the laminate group. Thus, the 

model predictions for T-R-T at 30/70 overestimate the actual experimental behaviour. Similar 

comparisons are found in all the configurations within reasonable deviations. Increased synergies 

are obtained with an increased stiffness difference between the ROS and the laminate groups. 

Thus, a known behaviour of standard laminate such as a CP or QI can be obtained by testing and 

a predictive model based on a strand placement procedure is adequate to obtain reasonably 

accurate estimations of both qualitative and quantitative behaviour of the configurations relative 

to each other, despite the combined stress state in the specimens. The extent of synergy in hybrid 

configurations can be estimated based on the relative stiffness differences between the phases 

calculated using the model. It should be noted that the stress levels in the ROS phase are being 
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compared across all the configurations as the predictive models for interlaminar strengths of 

ROS do not exist. 

4.1.6 Conclusions 

The interlaminar shear behaviour of ROS and their hybrids is explored in this work. The short 

beam shear test method as per ASTM D2344 is chosen for relative comparisons despite the 

complex stress state in short beam shear test specimens. Experimental results demonstrate that 

the Tapes-ROS-Tapes configurations have the highest strengths, followed by Tapes-ROS and 

ROS-Tapes-ROS configurations. The R-T-R configuration demonstrates lower strength than the 

pure ROS specimens. The most interesting observation is the synergies in T-R-T configurations 

that exhibit higher properties of up to 25% than both of their parent constituents. This synergy is 

attributed to the improved load sharing among the phases. R-T-R configurations demonstrate a 

negative synergy with losses up to 20-25% in strength. Overall, the properties of T-R-T 

configurations are better than the parent materials, across all the laminate groups and thickness 

ratios. 

A semi-empirical model for the simulation of ROS and their hybrids has been developed based 

on a stochastic strand placement procedure in conjunction with analytical expressions for 

interlaminar shear and bending stress distributions, for a three-point bending loading case. Using 

the model, the interlaminar and the bending stress variations across the specimen thickness are 

obtained. As the short beam shear test specimens are under a combined stress state, the shear and 

the bending stresses are compared. Graphs show that the T-R-T configuration alleviates the 

maximum bending stress in the ROS phase leading to an improved load sharing. Further, the 

model successfully captures the relative behaviour of the configurations and the extent of 
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synergy in various hybrids, with reasonable accuracies. The model uses the ratio of the bending 

to the shear stress levels in configurations relative to that of the stress levels ratios in ROS to 

predict the relative behaviour and synergies. The model exhibits a potential to reduce testing 

effort by providing relative behaviour of ROS-hybrids in reference to a few standard tests of 

benchmark laminates.  
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Chapter 5  

Part Level Studies 

5.1 Experimental Work on Stiffened Panels of ROS-Hybrids – 

Manuscript 4  

Flow-control and Hybridization Strategies for Thermoplastic Stiffened Panels of 

Long Discontinuous Fibres 

Abstract 

The current research aims at mitigating the flow-induced manufacturing issues (strand waviness 

and swirling of strands) encountered in complex parts of randomly oriented strands (ROS), 

through the hybridization of ROS with continuous fibres, while emphasizing the ease of 

manufacturing and repeatability. Three hybridization strategies are proposed for T-stiffeners that 

represent the generalized intersecting junctions of stiffened panels. The strategies include: flow-

control element (FCE), flange reinforcements (FR) and rib reinforcements (RR). A quantitative 

assessment of pull-out strengths of five T-stiffener configurations is made. FCE improves the 
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strand flow at the junction, reduces variability and enhances the pull-out b-basis design allowable 

by about 24%. A quasi-isotropic laminate as FR with an FCE produces 12.5% pull-out strength 

improvement. RR causes reinforcement delamination from the ROS part, dropping pull-out 

strength by about 6%. A transient heat transfer analysis of the tooling set-up was simulated using 

finite elements to devise a preferential cooling strategy that minimizes porosity in ROS panels 

with T-stiffeners. 

Keywords: Long Discontinuous Fibres, Randomly Oriented Strands, Compression moulding, 

Flow-control, T-stiffeners, Stiffened panels 

5.1.1 Introduction 

ROS parts/panels have found limited use in load carrying and complex shaped aerospace 

structures such as brackets and stiffened panels, despite their excellent formability 

characteristics. Two critical manufacturing defects that limit the structural performance of 

compression moulded ROS parts/panels include: out-of-plane waviness of strands (Figure 5-1.a) 

and swirling of strands (Figure 5-1.b) at intersecting junctions of the panel and their stiffening 

features. Stiffening features in a panel primarily resist the out-of-plane and axial loadings while 

the panel itself resists the shear load. Pull-out loading is the critical loading scenario on such 

stiffening features in stiffened panels. T-stiffeners comprising of a flange and a web in 

construction, represent the most generalized stiffening feature. Interlaminar properties such as 

the interlaminar shear strength (ILSS) and interlaminar tensile strength (ILTS) are crucial in 

determining the pull-out strength of the T-stiffeners. Composites are weaker in the out-of-plane 

directions compared to their in-plane directions. While ply waviness leads to an increase of 

interlaminar stresses and a decrease of in-plane properties [123], a similar analogy can be applied 

to strand waviness in ROS parts; strand waviness decreases the in-plane properties due to the 
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introduction of interlaminar stresses [13]. However, a marginal increase in the interlaminar shear 

strength has been observed with an increase in strand waviness by Selezneva et al. [12] and no 

systematic studies have been carried out on the interlaminar tensile strength of ROS. Swirling 

(Figure 5-1.b) is a manufacturing defect resulting from a resistance to the strand flow direction. 

Swirling is mostly observed at the junctions of geometric features when subjected to multiple 

flow masses. Swirling results in significant variability of both in-plane and out-of-plane 

properties, directly affecting the pull-out load capacity of the part. Component level tests [35] are 

essential to obtain the pull-out strength allowable as the T-shape is subjected to a complex stress 

state at the junction region that is highly anisotropic in nature. Further, based on the thermal 

distribution in the tooling and the part, surface defects such as porosity could arise. It occurs 

when the temperature field is not uniform, uneven crystallization causes loss of pressure on the 

part. The tooling set-up used in the study can cause a loss of pressure in the rib when the flange 

crystallizes. Surface defects could be critical in a compression loading scenario of the part 

reducing its properties by almost 25% in ROS specimens [137]. Further, these defects could act 

as crack initiation locations, thus necessitating a thorough thermal analysis and experimental 

validation of the heating, dwell and cooling phases of the compression moulding process. Thus, 

it is crucial to obtain a defect-free junction and a defect-free surface in an ROS based T-stiffener 

before assessing its pull-out load capacity.  
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Figure 5-1: a) Micrograph of ROS flat specimen fabricated with 25.4mm x 12.7mm carbon/PEEK strands 

showing out-of-plane strand waviness; b) Micrograph of ROS T-stiffener with swirling and out-of-plane 

strand waviness at the junction of web and flange 

 

Researchers have reported improvements in the mechanical behaviour of discontinuous fibre 

composites such as ROS by hybridization with continuous fibre architectures, at the coupon 

level. Continuous fibre reinforcements such as unidirectional tapes/woven fabrics of the same 

material as the discontinuous architecture were considered [13, 33, 71]. Strand waviness, hence 

the variability, has shown to be reduced on flat panels by the addition of laminate groups [13]. 

The reduction in the strand out-of-plane waviness was attributed to the accommodative 

behaviour of the 90-degree plies.  At the part level, Wakeman et al. [1] proposed the use of 

hybrid fibre architectures for trade-off solutions of formability and structural performance and 

fabricated a plate made of continuous fibres and ribs of short fibres co-moulded as one-part. 

Leblanc et al. [51] enhanced the properties of T-stiffeners fabricated with ROS by adding cross-

ply layers on the flange/base panel of the stiffener. However, the strand flow into the rib cavity 
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caused excessive undesirable waviness of the flange laminate. In the literature, hybridization of 

composites refers to the combined use of two distinct materials; usually high elongation-low 

strength material with low elongation-high strength material to improve the ductility response of 

the low elongation material [22] while exploring the synergistic behaviour called the ‘hybrid 

effect’. While positive synergistic behaviour was demonstrated in hybrids of ROS and 

continuous fibre laminates [13], hybridization in the current context refers to the use of 

reinforcement strategies to enhance the structural performance of ROS based stiffened panels 

while retaining its formability characteristics. 

 

In the literature, researchers of hybrid and non-hybrid ROS parts [15, 49, 51, 138] seldom dealt 

with the mitigation of strand waviness and swirling issues that cause significant variability in the 

mechanical behaviour. In the current research, hybridization strategies are proposed to address 

these critical issues in ROS based parts. The strategies are implemented and validated with 

experimental testing of representative T-stiffeners. The effects of these strategies on the stiffness, 

strength, failure modes and variability are quantified. The pull-out strength test results are 

compared with conservative estimates of the pull-out strength of quasi-isotropic L-stiffeners 

using analytical formula and experimental data from literature.  

5.1.2 Hybridization strategies 

Three hybridization strategies are proposed: flow-control method, flange reinforcements (FR) 

and rib reinforcements (RR). The flow-control method channelizes the flow of strands using a 

flow-control element (FCE) (Figure 5-2.a). A pyramidal stack of unidirectional tapes (with fibres 

in the rib length direction) constitutes the FCE. Appendix B describes a typical FCE in detail 

with the design procedure. The flow-control element facilitates the strand flow inside the rib 
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cavity and around the junction as the 90o tapes within the FCE provide an accommodative 

sliding interface to the flow direction. The presence of 0° plies in the flow-control element 

enhances the axial stiffness in the depth direction of the junction, which could be regarded as a 

secondary benefit. Elements analogous to an FCE have been used in industry in T-stiffeners 

fabricated with continuous fibre composites, known as a ‘Radius Filler’ or a ‘Noodle’ [139, 140]. 

The noodle’s purpose is to fill the junction cavity and to provide dimensional stability to the plies 

when subjected to consolidation pressure. The use of noodles in continuous fibre composites 

however does not promote the flow and differs from an FCE in the design calculations. 

Consequently, the application of the flow-control method to short fibre or ROS composites is 

novel. Flange reinforcement (Figure 5-2.b), added in the form of a lamina or a laminate, is a 

hybridization strategy that can be regarded as a stiffening feature for the top surface of the T-

shape flange. FR could also be regarded as a parent continuous fibre structure on which a 

stiffening ROS rib is ‘grown’ by compression moulding. Rib reinforcement strategy (Figure 

5-2.c) involves the addition of lamina or a laminate on the ribs as a stiffening feature. It is 

important to note that all the reinforcements are co-moulded using compression moulding 

without any post moulding operations. The processing observations and the mechanical effects 

of the individual strategies and their combinations are quantified in the results section. 
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Figure 5-2: a) Flow-control element; b) Flange reinforcement; c) Rib reinforcement 

5.1.3 Experimental work 

Tooling and part geometry 

The tool features two H-13 steel platens mounted on a 250kN MTS test frame, a picture frame 

and two moulding inserts that allowed forming of T-stiffeners (Figure 5-3.a). The platens are 

equipped with four 500W heating cartridges, controlled using two auto-tuning proportional–

integral–derivative (PID) controllers. This control is achieved using two thermocouples (one for 

each platen), positioned between the two middle heating cartridges. The platens are air cooled by 

three channels each. Two 25mm thick 914 glass ceramic insulations separate platens and the 

loading set-up. The geometric dimensions of T-stiffeners are as shown in Figure 5-3.b. 
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Figure 5-3: a) Tooling set-up [51]; b) Geometry of the T-stiffener 

Manufacturing 

Carbon/PEEK strands of size 25.4mm x 12.7mm with a fibre volume fraction of 59% and a 

cured nominal thickness of 0.135mm are used. The strands are first placed in batches into the flat 

part (flange) of the mould such that the initial out-of-plane orientations are minimized. Before 

closing the mould the flow-control element is placed on top of the ROS and parallel to the span 

of the web (Figure 5-4.a). The flow-control element is tacked together using a heat gun and an 

additional strap of unidirectional ply is added for accurate positioning during the compression 

moulding. The processing parameters are as per Figure 5-4.b. During the low-flow compression 

moulding, the strands in the cavity begin to flow towards the rib cavity and consolidate under the 

influence of temperature and pressure. As the flow-control element is placed at the junction of 

two intersecting flow-fronts, the pyramidal stack of tapes channelizes the strand flow into the rib 

a) b) 
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cavity while changing its own shape to facilitate filling of the swirling prone region. Thus, a 

junction with no swirled strands and minimized strand out-of-plane waviness is expected. For the 

hybrid configurations, all the preforms are placed in the mould at the same time, consolidated 

and co-moulded without using any pre-consolidated panels. A major advantage of co-moulding 

is the time/cost reduction during the fabrication.  

 

Figure 5-4: a) ROS and FCE before closing the mould; b) Process parameters: pressure (P), temperature 

(T) and time (t) 

Test configurations - Pull-out strength testing  

Five test configurations are chosen (Table 5-1) and six coupons for each configuration are tested. 

Configuration A comprises of pure ROS specimens for benchmarking of the results. In 

configuration B, a flow-control element (FCE) is added. Configuration C explores the benefits of 

adding a quasi-isotropic layup as flange reinforcement (FR) together with a flow-control 

element. This configuration also examines the extent of ply waviness in the flange induced by 

the strand flow. It is to be noted that the flow-control element in configuration C is smaller than 
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in configuration B due to the presence of the flange reinforcement laminate. In configuration D, 

two L-shaped 0° plies are initially placed in the mould cavity that forms the rib reinforcement 

(RR) after compression moulding. Configuration D also features a flow-control element. 

Configuration E has a combination of flow-control element, rib and flange reinforcements. The 

layup used in the rib and flange reinforcements is crucial to the stiffness, strength, and failure 

characteristics. For the flange reinforcement, a quasi-isotropic layup of [0/90/45/-45]s is 

considered, amounting to about 35% of the flange thickness. The plies for quasi-isotropic layup 

are also tacked together to make their positioning inside the mould cavity easier. Rib 

reinforcements are added to strengthen the rib in axial and bending applications and to reduce the 

overall strand waviness in the ROS phase. 0o unidirectional tapes are selected as rib 

reinforcement plies and constitutes about 20% of the total rib thickness. The test matrix is thus 

designed to assess both the individual and combined effects of the hybridization strategies.  

Configuration FCE FR RR 

A    

B x   

C x x  

D x  x 

E x x x 

Table 5-1: Test configurations and hybridization strategies (‘x’ represents inclusion of the 

strategy) 

Test method  

Pull-out strength tests determine the resistance of a structure to out-of-plane loading and are 

mostly customized to the application. In real applications, the boundary conditions determine the 
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actual loading scenario and are complex to replicate. Nevertheless, test methods can be designed 

to represent conservative design allowables. For example, a roller loading configuration (Figure 

5-5) is more severe in terms of the moment induced at the junction compared to a clamped 

condition. Thus, a custom pull-out test fixture with roller supports is developed and used. The 

geometry of the fixture is as shown in Figure 5-5. Part performance of all the test configurations 

is assessed by this custom pull-out test. For the mechanical testing, coupons are restricted by the 

rollers at the flange. The rib and the lower fixture are clamped using the gripped jaws of the 

tensile testing machine. The rib was pulled in displacement control until an overall displacement 

of 3mm; this displacement was limited by the spacer distance between the upper and lower 

plates. The maximum load capacity of the structure and the load-displacement curves are 

measured. The characteristics of these curves signify the onset of delamination and other damage 

behaviour. 
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Figure 5-5: Pull-out test fixture 

5.1.4 Tooling - Thermal distribution analysis 

Thermal behaviour of the tooling – Simulation 

The thermal behaviour of the tooling set-up involves complex interactions between the 

composite part, the mould and its cooling system. Controlling the thermal distribution through 

the tooling determines defect formation specifically at the surface and part porosities. The 

surface defects are the white surface porosities that typically appear due to the non-uniform 

shrinkage of the material at inadequate consolidation pressures [137]. To study the physical 

phenomena, a transient heat transfer analysis of the tooling set-up is performed using finite 

elements in ABAQUS/Standard on two tooling set-ups: flat plate and T-stiffener tooling. The 

objectives of the simulation are to obtain adequate dwell time, a steady-state temperature field in 
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the part and a preferential cooling strategy to minimize the formation of surface and part 

porosity. Thermal conduction in the tooling materials is characterized by material conductivity, 

density and specific heat. Manufacturer data and simple experiments are utilized to obtain the 

physical and thermal properties of the materials at various temperatures for use in the simulation 

(Table 5-2). Three physical interactions are modelled: contact conductance, convection and 

radiation.  

Contact conductance between the parts was modelled to quantify the quality of each contact 

interface. A single value of conductance for all the steel-steel contacts is chosen, for simplicity 

and validated through experiments. For the composite material, which is anisotropic, different 

conductivity values in the through-thickness and in-plane directions were used. A high value of 

contact conductance for steel-composite contacts is assumed as the melted state of the composite 

facilitates efficient conductance at the interfaces. A non-uniform convection coefficient is 

implemented to consider the heating of the air throughout the channels, thus the non-uniform 

cooling of the platens. Heating cartridges are modelled as a uniform surface heat flux on the 

platen surfaces in contact with the cartridges. This heating flux is calculated to match a total 

heating power of 500W per cartridge during heating. Air flowing through the cooling channels is 

modelled as a fluid-structure thermal convection interaction. The average convection coefficient 

(ho) varied linearly along the channels so that initial coefficient of 1.4ho to a final coefficient of 

0.6ho. This variation is calculated using an ABAQUS/CFD simulation of the cooling channel. As 

the conductivity of the composite is low compared to that of steel and the mould temperatures at 

the interface are of primary interest, constant thermal properties for PEEK/composites are 

assumed despite their phase changes during the process. Forced convection coefficient and the 

heating power are determined to match the temperature decrease during the experiment. 



Swaroop B. Visweswaraiah                                                                          Doctoral Thesis (2018), McGill University 

Part Level Studies  148 

Surface radiation is the predominant heat loss when the tool is hot. It is given by:  

R = AEk (Tsurface
4 - Tambient

4) Equation 5-1 

Where A is the area of the tool outer surface or the tool surface in contact with ambient air, E is 

the Emissivity, k is Stefan-Boltzmann constant, Tsurface is the tool surface temperature, Tambient is 

the ambient temperature. If we assume the whole tool surface is at 400°C, ambient temperature is 

25°C and emissivity is 0.9, the radiated power to the ambient environment is approximately 

500W. It is 1/8 of the maximum heating power. Surface convection with ambient air is a 

secondary heat loss, and becomes predominant when the mould cools down and is given by:  

C = Ah(Tsurface - Tambient) Equation 5-2 

Where C is the Convection power, h is the convection coefficient. If we assume the whole tool 

surface is at 400°C, ambient temperature is 25°C and convection coefficient h is 10 W/(m2-°C), 

we obtain a convection power of approximately 200W, a secondary heat loss.  

Materials 
Density 

(kg/m3) 

Thermal 

conductivity 

(W/(m-°C)) 

Specific Heat 

(J/(kg-°C)) 

H13 steel (At 25°C) [141] 7810 24 460 

PEEK [142] 1320 0.25 1340 

Carbon/PEEK, ROS in-plane [142] 1600 3.5 1340 

Carbon/PEEK, ROS out-of-plane 

[142] 
1600 0.95 1340 

914 glass ceramic [143] 5600 2.8 460 

Table 5-2: Thermal properties and constants used in finite element simulation 
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Contact conductance W/(m2-°C) 

Contact between solid parts 1.50E+03 

Steel – melted composite 1.50E+05 

  

Convection coefficients W/(m2-°C) 

Natural convection (external surface) [144] 10 

Average Forced convection (cooling channels) 200 

  

Radiation  

Stefan-Boltzmann constant (kW.mm-2.˚C-4)  6.67E-17 

Emissivity [144] 0.9 

  

Heating power load (Surface heat flux) kW/m2 

500 W/cartridge (heating phase) 136 

165 W/cartridge (dwell phase) 45 

The parts of the tooling set-up are discretized using 20-node quadratic heat transfer bricks 

(Figure 5-6.a). The cylindrical regions around the heating cartridges and the cooling channels are 

meshed using 10-node quadratic heat transfer tetrahedrons. For simplification, tight radii, small 

holes and screws are neglected. Stresses inside the mould are not considered, and the elements 

are non-deformable. Transient heat transfer analysis is used with time steps: 1s for the initial 

step, then automatic increments, with a maximum time step of 3 to 5 minutes. Two separate 

simulations are carried out for the heating and cooling phases. The cooling simulation uses 

results from the heating simulation as an input for initial temperature fields.  
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Thermal behaviour of the flat plate tooling set-up - Validation  

In the simulation, the heating phase consisted of 500W power input in each cartridge until 400°C 

is reached at the control thermocouple locations. A constant power is induced to ensure 

temperature stabilization in the tool. This allowed validating the 15 minute dwell time used by 

Landry et al.[52]; this dwell period is sufficient for a steady-state temperature field (Figure 5-6.b) 

to be established in the tool. The cooling phase at a cooling rate of 10oC/min was simulated to 

reproduce the experimental conditions used in [121]. The authors studied the flat plate tooling 

set-up and measured the temperature at 18 thermocouples positioned at the part surface during 

the cooling phase (Figure 5-6.c). By a simple trial and error approach, the proper heating power 

that would maintain the right cooling rate was determined to simulate the plate temperatures 

during the cooling phase. It was noticed that temperature gradients inside the composite part are 

significant, especially during the cooling phase. This is attributed to the composite material, 

which is a thermal insulator compared to H13 steel. Thus, large temperature variations in the 

through-the-thickness direction of the flange can be observed. Further, the part temperature 

decreases very abruptly at the flange corners. The main reason for this gradient is that although 

the plate was heated uniformly, the tool was cooled down from the sides, because of radiation 

and natural convection on the external surfaces. Possible ways of avoiding this would have been 

to insulate the sides of the mould. Figure 5-6.d compares the simulated temperatures at the 

thermocouples’ positions with actual thermocouple data from [137]. The comparisons of the 

temperature gradient between simulation and experiment were within reasonable accuracy and 

could be greatly improved by simulating the PID controllers more accurately, by considering the 

change in the thermal conductivity of the composite throughout crystallization of the resin, by 

retrieving data at the exact coordinates of the thermocouples and by modelling phenomenon such 
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as material shrinkage. The finite element simulation for the flat plate tooling set-up thus was 

extended to simulate the tooling set-up for fabricating T-stiffeners.  

 

Figure 5-6: a) Finite element model of the flat plate tooling set-up (For clarity, forward side frames are 

not displayed); b) Steady state temperature distribution in the tooling; c) Flat plate thermocouple locations 

[137]; d) Experimentally measured thermocouple temperatures (Exp) vs. simulation (FEM) of controlled 

cooling of flat plate with an illustration of the temperature gradient in the flat plate 
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Thermal behaviour of the tooling set-up for fabricating T-stiffeners 

The heating phase was simulated using the finite element model for the T-shape tooling set-up 

(Figure 5-7.a). The dwell phase of 15 minutes was verified to establish a steady-state temperature 

field in the tool (Figure 5-7.b). For the cooling phase, the objective was to determine a strategy 

that resulted in horizontally uniform temperatures, while allowing preferential cooling of the rib 

before the flange. Landry [52] identified this as the crucial criterion to avoid surface defect 

formation. If the flanges were too cool and crystallized before the rib, the latter would be 

relieved of the pressure from the mould by the crystallized flange and defects would occur in the 

rib. The mould design makes it difficult to separate flange and rib crystallization, because of the 

large thermal mass of the inserts. A preferential cooling strategy for the tooling set-up is devised 

and validated through experiments. To maximize the thermal gradient between the rib and the 

flange: bottom air cooling was switched on while the top of the mould was maintained at 400°C. 

When the bottom temperature reached 220°C, the heating was switched off, and the part was 

cooled down to 100°C for de-moulding (Figure 5-4.b). The finite element simulation showed that 

even if the thermal gradient between the control thermocouples is large, temperatures on rib 

surface and on the bottom of the flange remain close because of the large thermal mass of the 

inserts. However, since there is a strong temperature gradient through the thickness of the flange, 

it is difficult to define a ‘flange temperature’. Figure 5-7.c depicts the temperature gradient 

between the top surface of the flange and the tip of the rib.  It is about 20°C as per the cooling 

strategy, ensuring that the rib cools prior to the flange. 
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Figure 5-7: a) Finite element model of the tooling set-up (For clarity, forward side frames are not 

displayed); b) Steady state temperature distribution in the tooling with preferential cooling strategy; c) 

Temperature distribution across the T-shape during the cooling phase indicating a temperature gradient of 

20°C between flange and the rib corners 

5.1.5 Results and discussion 

Processing observations 

Micrographs of the junctions of T-stiffeners reveal swirling-free regions and minimized strand 

waviness (Figure 5-8). The 90° fibres of the flow-control element accommodated its shape to the 

strand flow with consistency regardless of the chosen configuration, FCE size and strand size 

thus proving the robustness of the flow-control strategy. Figure 5-8 also shows an additional 

layer of 0o ply added on the flange proving that the flow-control element eliminates ply waviness 
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when added as flange reinforcements despite the number of plies. The flow-control element 

forces a directed flow of strands through the rib cavity thus eliminating knit lines at the junction. 

The flow-control element conforms to the shape of the cavity as per the design calculations of 

Appendix B. The flow-control element does not seem to have induced preferential orientation of 

the strands, as a close analysis of the micrograph reveals strands of various angles at and around 

the junction. The flow-control element was accurately implemented into one-shot compression 

moulding with minimal preparation. The mechanical benefits of the flow-control element are 

discussed in the subsequent sections.  

 

Figure 5-8: Micrograph of a flow-control element with a 0o ply on the flange 

Pressures of about 80 bars ensure complete rib filling. The choice of the pressure value is based 

on the studies that determined the minimal processing pressure needed to obtain the filling of the 

rib for several strand sizes and processing temperatures [52]. The cooling strategy based on the 

thermal analysis of the tooling set-up (Figure 5-4.b) resulted in significant reduction of surface 

porosity (Figure 5-9). Some surface defects of minor scale were still observed at the end of the 

rib and away from the region of interest. These defects of minor influences could be eliminated 

by a rigorous control of the thermal distribution in the tool by reducing the radiation heat losses 

from the side frames of the tool. The micrographs were analyzed using ImageJ image processing 
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software to measure void content and resin rich areas. No noticeable resin rich areas were 

observed, and the void content was in the order of 0.2% in the junction region. ROS parts feature 

some warpage since the fibre layup is unsymmetrical and unbalanced. This warpage is greater 

for thin parts, and reduces with increasing thickness and with hybridization [13, 98]. On the T-

stiffeners, no noticeable warpage of the flanges was observed although no objective 

measurements were made. However, the inclusion of a flow-control element and hybrid 

laminates appears to reduce the overall flange warpage.  

 

Figure 5-9: a) Surface porosity on the inner surfaces, radius regions and on the upper surfaces of the 

flange without preferential cooling strategy; b) Preferential cooling strategy minimizes the surface defects 

on radius region, the lower and upper surfaces of the flanges 

Mechanical behaviour  

The mechanical behaviour, specifically the load vs. displacement curves, failure characteristics 

and a comparison of the stiffness and pull-out loads of all the test configurations are discussed.  

Load vs. displacement curves 
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Typical load vs. displacement curves of the test configurations are shown in Figure 5-10. The 

curve for pure ROS or configuration A is characterized by several delaminations in the T-

junction accompanied by subsequent load drops. After the maximum load capacity has been 

attained, the load drops drastically. The load-displacement curve demonstrates more 

delaminations and load drops until the maximum restricted displacement of the fixture is 

reached. Configuration B has a higher stiffness and load capacity compared to configuration A. 

The most interesting result of this configuration is the reduced variability, which could be 

attributed to the improved flow of strands in the T-junction using the flow-control element. Box-

plots in subsequent sections will quantify the variability of the results. Configuration C exhibits 

the highest stiffness and load capacity among all the configurations while large load drops of 40-

50% are observed in all specimens after the maximum load is attained. This sudden drop results 

after the compression failure of the flange laminate as shown in Table 5-3. Configuration D has 

rib reinforcements in addition to a flow-control element. The stiffness behaviour is similar or 

slightly higher than that of configuration B until a certain point at which the RR plies delaminate 

from the central junction. This delamination is accompanied by a noticeable load drop. The load-

displacement curve is less stiff owing to the reduced load carrying area in the junction. The final 

strengths of this configuration are lower than configuration B, indicating that an addition of rib 

reinforcements would decrease the load carrying capacity of the T-stiffeners. The stiffness of 

configuration E is like that of Configuration C, but the load capacity is lower. A drop of load is 

observed that could be the result of the delamination of the rib reinforcement plies. Similar large 

load drops in configuration C and E are observed, which are the result of compression failure of 

the flange reinforcement. 
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Figure 5-10: Typical load vs. displacement curves of the test configurations 

Failure characteristics 

The failure description and the sequence of failure appearances for all the test configurations are 

listed in Table 5-3. The macroscopic failure sequence is listed as observed during interrupted 

testing.  

 

Figure 5-11: Typical failure images for the configurations (with failure sequence as appeared) 
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Configuration Failure description (numbers refer to points indicated in Figure 5-11) 

A 

Progressive delamination occurred in the radii (1), in the direction of the 

strands. Then a large vertical crack opened in the rib (2), and propagated 

downwards. When it reached the surface of the flange (3), compression 

failure occurred. 

B 

Failure also begins with delamination near the radii (1). However, here, the 

cracks follow the direction of the strands (2) and tend not to cross the FCE. 

At one point, one of the cracks reaches the surface of a radius or the rib. 

C 

Progressive delamination occurred in the radii (1), in the direction of the 

strands. Then a large vertical crack opened in the rib (2) and propagated 

downwards leading to compression failure in the flange (3). No significant 

delaminations are present in the radius, but there is a big crack in the middle. 

There is consistency of failure modes across all the specimens tested. 

D 

Similar to B, except that rib reinforcement plies prevented the cracks from 

reaching the surface. The rib reinforcement plies de-bond completely from 

the radius region (1) and contain all the other cracks. The part completely 

opens up and extends to the rib with a greater magnitude (2). Failure of fibres 

on the RR tapes observed in some cases. 

E 

The rib reinforcement plies de-bond completely from the radius region (1) 

and contain all the other cracks. The part completely opens up and extends to 

the rib with a greater magnitude (2). On some parts, the FCE gets pulled off 

from the laminate group due to the delamination of the laminate group from 

the rest of the structure. 

Table 5-3: Failure description of the configurations 

Discussion 
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Figure 5-12 quantifies the pull-out load and stiffness behaviour of all the test configurations 

through box-plot representations. Pull-out load comparisons of configurations A and B indicate 

the effect of the flow-control element. A significant improvement of 24% on the B-basis load 

allowable is observed in configuration B that incorporates an FCE. Configuration B coupons 

have the lowest scatter in loads and stiffness values, and a higher median of the results compared 

to A indicating that the orientation of strands has a small impact on the pull-out stiffness of the 

part. While the flow-control method revealed excellent consistencies and repeatability on 

configurations B, C, D and E, it should be noted that limited studies on the size and shape of 

FCE has been performed in this work. 

A comparison of configurations B and C allows us to assess the effect of adding flange 

reinforcement. Adding 8-layers of a quasi-isotropic laminate on the flange (about 37% of flange 

thickness) significantly increases the load capacity by 8% compared to configuration B, and 

12.5% compared to configuration A, when considering the median of the results. Configuration 

C exhibits a stiffness increase of 18% compared to B and 25% compared to A. The laminate 

group is loaded in compression before failure, and exhibits higher compression strength, which 

explains the higher global strength of T-stiffeners in configuration C. The B-basis allowables of 

configuration B are higher than configuration C due to the variability of results caused due to a 

change in the failure mode. This change in the failure characteristics is caused due to the addition 

of the laminate group and a smaller flow-control element. Configurations B and D, which did not 

feature any flange reinforcements are mainly subjected to delamination near the radii that 

propagated along the interface of the flow-control element. Further, the flow-control element 

should be accompanied with the flange reinforcement to avoid any ply waviness in the flange. 
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Comparing configurations B and D allows us to assess the effect of adding two 0° plies as rib 

reinforcement. Normally, a higher pull-out strength and stiffness is expected with the addition of 

rib reinforcements as they increase the bending stiffness and strength of the rib. However, the 

effect of RR was a reduction of stiffness and pull-out strength as observed in  

Figure 5-12. This can be explained by the failure sequence in specimens of configuration D. As 

the loading increases, the first delamination occurs at the interface of the rib reinforcement plies 

and ROS. This delamination extends throughout the interface reducing the load carrying 

contribution of the rib reinforcement plies to the load capacity of the overall junction. In 

addition, a total delamination of the rib reinforcement plies reduces the effective thickness of the 

junction that resists the bending moment, making the junction thinner than configuration B. A 

thinner junction now exhibits lower bending stiffness, hence a change in the slope as seen in the 

load-displacement curve of configuration D. Similarly, in configuration E, while the rib 

reinforcements tend to reduce the stiffness and pull-out strength of the part, the presence of the 

laminate group takes over the global behaviour boosting the stiffness of the part. The 

hybridization strategies must be adapted to the design requirements and to the loading 

conditions. For instance, rib reinforcement tapes improve the part performance if the rib is 

asymmetrically pulled or if tensile strength of the rib is critical to the design.  
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Quasi-isotropic laminate 
Pull-out load (Estimate)

B-basis values

 

 

 

 

 

 

 

 

 

 

Figure 5-12: Pull-out load and Part stiffness comparisons of the test configurations 

The comparisons of the pull-out loads and stiffness of the test configurations also represent the 

load-to-weight ratio and stiffness-to-weight ratios respectively, as the weights for all the 

configurations are identical.  

Figure 5-12 also compares the pull-out load results of the test configurations with the 

conservative estimate of pull-out strength of a geometrically equivalent quasi-isotropic T-

stiffener assumed to be comprised of two symmetric L-angles fabricated with quasi-isotropic 

layup and a noodle. Using the equations from ASTM D6415 [145] and the experimental results 

obtained by Fortin [39], the ILTS was obtained for a quasi-isotropic L-angle. Using the relations 

from [146] and an interaction of interlaminar tensile and shear stresses, the pull-out load that 
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produces a zero margin of safety is calculated. The effect of the noodle is ignored, the thickness 

of the L-angle is considered constant, interlaminar tensile stress is assumed to be the highest at 

the mid portion of the radius and the minor effect of interlaminar shear stress is considered. In 

practice, the actual coupons of quasi-isotropic T-stiffeners would fail at higher pull-out loads 

than the conservative estimates calculated in this work. The comparisons of pull-out strengths of 

T-stiffeners of ROS with the pull-out load estimate of quasi-isotropic T-stiffeners are to be 

regarded as rather qualitative as the conservative calculations are based on experiments on L-

stiffeners placed back-to-back and not on actual T-stiffeners.  

5.1.6 Conclusions 

Two major flow induced defects that cause variability issues in random strand-based materials 

are recognized as strand waviness and swirling of strands at junctions of geometric features. 

Three hybridization strategies are proposed, implemented and validated experimentally on T-

stiffeners. The mechanical behaviour (specifically the pull-out load capacities) of four test 

configurations of T-stiffeners incorporating hybridization strategies has been studied. Pull-out 

strength tests with roller support conditions were performed and the respective load-

displacement behaviour, failure modes and variability have been quantified and compared with a 

pure ROS based part. Transient heat analysis using finite elements is performed to obtain 

preferential temperature gradients within the tooling set-up. The cooling strategy devised for the 

tooling set-up minimizes surface and part porosity.  

The first hybridization strategy is a flow-control method that uses a flow-control element to 

mitigate strand out-of-plane waviness and swirling in complex junctions of geometric features by 

conforming to the shape of the cavity and assisting the flow of strands. The method demonstrates 
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high processing consistency, repeatability, and ease-of-manufacture. The presence of a flow-

control element alone reduces the test variability and increases the pull-out strength of an ROS 

part by 24% when B-basis allowable values are considered. The second strategy is that of a 

flange reinforcement that is to be incorporated in conjunction with the flow-control element. A 

flow-control element prevents laminate waviness when used with flange reinforcements. Flange 

reinforcement (quasi-isotropic laminate) with a flow-control element produces the highest 

stiffness and strength (25% improvement compared to pure ROS) when median of the results is 

considered. The third strategy is the use of rib reinforcement. The strategy changes the failure 

mode and causes the delamination of the reinforcement from the ROS part causing a detrimental 

effect on the pull-out strength (6% lower B-basis values than pure ROS). However, rib 

reinforcements can be utilized in designs requiring rib strengthening or secondary loads. Lowest 

variation in stiffness and strength results is produced by the configuration with ROS 

incorporating flow-control element only while the highest pull-out loads are obtained for 

configuration incorporating flow-control element and flange reinforcements. The use of the 

proposed hybridization strategies enhances the pull-out strength capacities of ROS based 

stiffening features to a comparable value with the design estimates of pull-out strengths of T-

stiffeners fabricated with quasi-isotropic laminates. 
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Chapter 6  

Conclusions  

6.1 Scientific contributions and Conclusions 

The research work presented in this thesis is a systematic and first of its kind study on hybrid 

fibre architectures of randomly oriented strands and laminate groups, aimed at obtaining trade-

off solutions of formability characteristics and structural performance. Through the performance 

and process improvements proposed in this research, hybrid fibre architectures of ROS and 

laminates have demonstrated strong prospects in extending the use of complex composite parts 

to moderately loaded structural applications from the current non-structural applications. 

The following sections will highlight the specific scientific contributions and conclusions of this 

work under four categories: Literature review, Mechanical characterization, Modelling work, and 

Manufacturing feasibility. 
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a). Literature review: Pertinent research on the mechanical characterization of randomly 

oriented strand composites and systems analogous to ROS-hybrids were categorized into 

a framework of a formal characterization environment of composite structures that 

includes the coupon, part and structural levels. The review on the modelling aspects 

involved the identification of crucial characteristics and principles of significant 

analytical and numerical modelling techniques devised for the prediction of the 

mechanical behaviour of ROS and their hybrids. The literature categorized as a part of 

this work was realized into a ‘general review’ article that forms the first formal review on 

the topic. 

b). Mechanical characterization: Mechanical characterisation of hybrid fibre 

architectures of randomly oriented strands of carbon/PEEK and continuous fibre tapes of 

carbon/PEEK were performed at the coupon levels under tensile and interlaminar shear 

loading scenarios. 

Tensile behaviour. The tensile behaviour of hybrid fibre architectures of ROS and three 

laminate groups (Cross-ply, Angle-ply and Quasi-isotropic) were studied and compared 

with aluminum. Improvements of up to ~40% in stiffness, and strength improvements as 

high as twice are observed for Cross-ply/ROS-hybrid with Tapes-ROS-Tapes hybrid 

stacking and 15% thickness of laminate reinforcement in the hybrid. Tapes-ROS-Tapes 

hybrid configuration produces the best results in terms of stiffness, strength and 

variability. A positive synergy or deviation from rule of mixtures of 19-24% in stiffness 

and 20-27% in strength was observed across all hybrids with Tapes-ROS-Tapes hybrid 

stacking, with the maximum positive synergy observed when the extensional stiffness of 

ROS and laminate groups were equal. 
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Interlaminar shear behaviour. Tapes-ROS-Tapes configurations demonstrated better 

apparent interlaminar shear strengths than the parent materials, across all the laminate 

groups and thickness ratios. Synergies in Tapes-ROS-Tapes configurations of up to 25% 

were observed and were explained using the load sharing among the phases. It was 

observed that the ROS-Tapes-ROS configurations demonstrated negative synergies with 

losses up to 20-25% in interlaminar shear strength.  

c). Modelling work: Predictive stochastics-based FE and analytical modelling techniques 

were proposed for ROS and hybrids while accounting for the main failure mechanisms, 

progressive failure, and load sharing under tensile and interlaminar shear loading 

scenarios. 

Tensile behaviour. The 3D FE models utilized three important stages: the use of a strand 

placement and generation procedure and empirical parameters to replicate the processing, 

intralaminar progressive failure analysis using Hashin failure criteria for damage 

initiation and fracture energy based linear softening law for damage propagation, and the 

use of traction-separation cohesive element laws to model the interlaminar progressive 

analysis or interface behaviour. Overall, the models represent improvements compared to 

similar models in literature and match the trends observed during experiments and 

predicts the tensile stiffness and strength of the specimens. 

Interlaminar shear behaviour. A semi-empirical model based on a stochastic strand 

placement procedure in conjunction with analytical expressions was developed for 

understanding and explaining the load sharing in the phases when subjected to out-of-

plane shear loading. Further, the model successfully captured the relative behaviour of 
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the configurations and the extent of synergy in various hybrids, with reasonable 

accuracies. The model used the ratio of the bending to the shear stress levels in 

configurations relative to that of the stress levels ratios in ROS to predict the relative 

behaviour and synergies. The model exhibited a potential to reduce testing efforts by 

providing relative behaviour of ROS-hybrids with reference to a few standard tests of 

benchmark laminates. 

d). Manufacturing feasibility: At the part level, the feasibility of manufacturing hybrid 

fibre architectures was assessed by fabricating T-stiffeners.  

Three hybridization strategies were proposed to mitigate flow-induced defects such as 

strand waviness and swirling of strands at junctions of geometric features and were 

demonstrated on T-stiffeners. The first hybridization strategy involved the use of a flow-

control element at the complex junctions and allowing it to conform to the shape of the 

cavity and assist the flow of strands. The presence of a flow-control element alone 

reduces the test variability and increases the pull-out strength of an ROS part by 24% in 

B-basis values. The second strategy involved the use of a flange reinforcement in 

conjunction with the flow-control element. Flange reinforcement (quasi-isotropic 

laminate) with a flow-control element produced the highest stiffness and strength (25% 

improvement compared to pure ROS). The third strategy involved the use of rib 

reinforcements. The strategy changes the failure mode and causes the delamination of the 

reinforcement from the ROS part causing a detrimental effect on the pull-out strength 

(6% lower B-basis values than pure ROS).   
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6.2 Future work 

While integrated structures of ROS-hybrids offer attractive benefits in comparison to their 

metallic counterparts, several challenges concerning the mechanical characterization and 

modelling must be addressed for the implementation of ROS/ROS-hybrid architectures on a 

production scale and are discussed briefly henceforth.   

6.2.1 Challenges - Mechanical characterization 

Strand length effects. The strong dependence of material strength on strand size raises questions 

regarding the accuracy of strength measurements obtained by testing cut-to-shape specimens, 

since the actual ROS parts are mostly net-shape moulded including the holes. Any cutting or 

drilling operations would reduce the effective strand size at the edges and may lead to premature 

crack initiation. Work on net-shapes parts include that of Eguémann [38] and Landry [137]. 

Landry investigated the strand orientations in an actual stiffened bracket and showed that higher 

stiffness is observed in net-parts with proximity to the moulding walls. Nevertheless, it is 

reasonable to believe that the cut coupons represent conservative estimates of a net shaped part, 

but this topic warrants further study. 

Test framework, Design allowables, Inspection methods. The suitability of the typical 

building block approach used for composites is to be studied in relevance to ROS/ROS-hybrids, 

as the part qualification seems part-centric rather than material centric owing to the multiplicity 

of failure mechanisms and design freedom. Further, the suitability of the test methods used for 

laminated composites must be studied in relevance to ROS material in greater detail. The 

variability of the experimental data calls for the use of basis values to quantify the design 

allowables. The use of basis design allowables is severe with smaller number of the test 
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population and requires extensive material qualification involving numerous tests for statistical 

confidence. All the research works in the literature have been tested with limited numbers of test 

coupons. Thus, more statistical confidence on the experimental data is needed.  

Further, work is needed on reliable and low-cost quality non-destructive inspection methods for 

ROS/ROS-hybrid parts in a production environment. Employing vibrations based measurements 

for stiffness characteristics of ROS parts seem promising [55, 147], while the strength 

measurements as a function of defects is still a challenge. MicroCT/CT-scan techniques do show 

potential to quantify the orientations of small samples. 

Notch sensitivity. ROS materials are notch-insensitive [148], a behaviour attributed to the 

inherent stress risers in the material architecture. In their preliminary work, Visweswaraiah et al 

[30] studied the notched behaviour of ROS-hybrids and demonstrated the notched behaviour, 

while improving the overall notched properties of the hybrids. Such a study facilitates the 

designers to anticipate failure locations, and their magnitudes in actual parts. Systematic 

conditions for notched sensitivity in hybrids are to be developed. 

Cost analysis. While the use of ROS and ROS-hybrids seems to be a cost-effective alternative to 

the traditional autoclave processes, the non-recurring tooling costs associated with the 

manufacturing method such as compression moulding could be high. Nevertheless, the 

possibility of including integrated nested features such as holes minimize post-moulding 

operations such as drilling/trimming thus saving costs. ROS architecture also allows for the 

effective utilization of chips from cut scraps of continuous plies and promotes the re-use of 

composites. Thus, the cost-effectiveness of using ROS/ROS-hybrids vs. their benefits, needs to 

be verified case-by-case using a cost analysis method [149]. 



Swaroop B. Visweswaraiah                                                                          Doctoral Thesis (2018), McGill University 

Conclusions   171 

6.2.2 Challenges - Numerical modelling 

Homogenization and RVE. Although RVE and homogenization schemes seem suitable and 

attractive to predict the mechanical behaviour of ROS-hybrids, challenges on the selection of a 

suitable RVE size, the definition of the boundary conditions, the extent of the effect of geometry 

and process parameters on the failure and results variability should be better understood. For 

example, physically modelling strand waviness might involve high computational expenses and 

yield inconclusive results. Processing parameters are one of the key aspects that drive the overall 

characteristics of ROS and their hybrids, and models should be inclusive. The applicability of the 

numerical models developed for ROS-hybrids are to be applied at the part-level. 

More confidence is to be established by modelling the strand orientations measured through CT 

scans of actual specimens and be replicated in the simulation. The testing can be done by running 

interrupted tests to detect and to monitor damage evolution with increasing load levels and be 

compared with the simulation. Studies on the applicability and validity of several FE models 

proposed for ROS in relevance to hybrid fibre architectures are yet to be explored. 

Residual stresses, Strand waviness. While residual stresses play a crucial role in determining 

the geometric tolerances, the strand out-of-plane waviness affects the properties. Both these 

aspects require more attention. A practical approach is to stochastically apply the effect of the 

factors such as strand waviness on the stiffness properties via empirical knockdown factors on 

the design allowables. While this approach could lead to conservative results, it does account for 

the material uncertainties. Such empirical knock down factors are to be determined as a part of 

future research. While the modelling methods proposed in this research certainly guide the 

design process, the factors listed above are to be considered for more accurate results. 
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Appendix A  

Three-point bending of a laminated 

beam with arbitrary layup 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A-1: Three-point bending specimen 
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Nomenclature: 

 

b = width of the beam 

L = span of the beam 

h = height of a point within the beam in the z direction 

u = displacement component in the x direction 

w = displacement component in the z direction 

px(x) = axial force in the beam at a distance x from the origin 

pz(x) = transverse force in the beam at a distance x from the origin 

M = bending moment applied 

A11 = extensional stiffness term of the beam laminate 

B11 = extension-bending coupling term of the beam laminate 

D11 = bending stiffness term of the beam laminate 

Q11 = off-axis modulus of the lamina 

x  = axial stress in the lamina due to the bending moment 

xz = interlaminar shear stresses in the laminate 

 

Theoretical derivations: 

 

Inserting displacement relations into equations of motion will result in 

 

𝐴11
𝜕2𝑢

𝜕𝑥2 − 𝐵11
𝜕3𝑤

𝜕𝑥3 + 𝑝𝑥(𝑥) = 0     Equation A-1 

𝐵11
𝜕3𝑢

𝜕𝑥3
− 𝐷11

𝜕4𝑤

𝜕𝑥4
+ 𝑝𝑧(𝑥) = 0    Equation A-2 

 

Solving these two equations for u and w will result in the following differential equations 

 

[
𝐴11 𝐷11−𝐵11

2

𝐴11
]

𝜕4𝑤

𝜕𝑥4
= 𝑝𝑧(𝑥) −

𝐵11

𝐴11

𝜕𝑝𝑥(𝑥)

𝜕𝑥
                                    Equation A-3 

[
𝐴11 𝐷11−𝐵11

2

𝐵11
]

𝜕3𝑢0

𝜕𝑥3 = 𝑝𝑧(𝑥) −
𝐷11

𝐴11

𝜕𝑝𝑥(𝑥)

𝜕𝑥
            Equation A-4 

 

Stress in the axial direction in any lamina can be found by the following 
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𝜎𝑥 = 𝑄11 (
𝜕𝑢0

𝜕𝑥
− 𝑧

𝜕2𝑤

𝜕𝑥2
)      Equation A-5 

 

Further, the interlaminar shear stresses are given by 

 

𝜏𝑥𝑧 =
1

𝑏
∫

𝜕𝜎𝑥

𝜕𝑥

𝑧

ℎ
𝑑𝑧      Equation A-6 

For a simply supported beam with a centrally placed load as shown in Figure A-1 

 

[
𝐴11 𝐷11−𝐵11

2

𝐴11
]

𝜕2𝑤

𝜕𝑥2 =
𝐹

2
𝑥 = 𝑀     Equation A-7 

 

Using boundary conditions, 
𝜕𝑤

𝜕𝑥
= 0 or slope = 0 at the mid point of the beam, i.e., at 𝑥 =

𝐿

2
 

 

[
𝐴11 𝐷11−𝐵11

2

𝐴11
]

𝜕𝑤

𝜕𝑥
=

𝐹

4
𝑥2 −

𝐹𝐿2

16
      Equation A-8 

 

Similarly, using boundary conditions, 𝑢0 = 0 at 𝑥 = 0 

 

[
𝐴11 𝐷11−𝐵11

2

𝐵11
]

𝜕𝑢0

𝜕𝑥
=

𝐹

2
𝑥      Equation A-9 

 

Substituting all the above expressions into the stress equations 

 

𝜎𝑥 =
𝑄11𝐹𝑥

2(𝐴11 𝐷11−𝐵11
2 )

(𝐵11 − 𝑧𝐴11 )     Equation A-10 

 

𝜏𝑥𝑧 =
𝐹

2𝑏(𝐴11 𝐷11−𝐵11
2 )

∫ 𝑄11(𝐵11 − 𝑧𝐴11 )
𝑧

ℎ
𝑑𝑧   Equation A-11 
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Appendix B  

Design calculations for a Flow-Control 

Element 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B-1: Flow-control element and the calculation of the width of plies 
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Nomenclature 

AFCE   =  Final area of the flow-control element 

LFCE   =  Final length of flow-control element 

HFCE   =  Final height of the flow-control element 

WFCE   =  Final base width of the flow-control element 

aFCE   =  Initial area of the flow-control element 

lFCE   =  Initial length of flow-control element 

hFCE   =  Initial height of the flow-control element 

wFCE   =  Initial base width of the flow-control element 

wi ply   =  individual ply width of ith ply in the FCE 

Nply  =  number of plies in the initial flow-control element 

tply  = thickness of a ply 

Procedure: 

• The final expected base width (WFCE) of the flow-control element in the T-section is to be 

chosen (points A-B in Figure B-1) 

• Flow-control element must promote the strand flow at least until the end of the radius on 

the web (point C in Figure B-1). Hence a suitable height (HFCE) is chosen 

• Ellipse arcs that mark out the expected final shape of the flow-control element are 

connected between the chosen points (arc between points A and C, arc between points B 

and C) 

• Area of the expected final shape of the flow-control element (AFCE enclosed area of 

points A-B-C) is calculated 
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• A suitable length for the flow-control element can be chosen. We recommend the length 

of the flow-control element (LFCE) be equal to the depth of the T-section 

• As length is a parameter that has been decided, we can now work with a 2D 

representation 

• The initial triangular shape of the flow-control element is a triangular stack of plies as 

shown in Figure B-1 

• The height of the initial flow-control element (hFCE) is first determined. We recommend 

half the flange height for good results 

• AFCE obtained in step 4 is to be equal to the area of the triangle (aFCE) (represented by the 

enclosed area of points a-b-c) 

• The base width (points a-b) of the triangle is calculated from the known parameters. This 

is the base width (wFCE) of the bottom most ply in the flow-control element 

• Nply = hFCE/tply determines the number of plies in the flow-control element, and their 

widths are determined such that they fit into the triangular area. The orientation of all the 

plies are parallel to that of the depth of the T-section 

• The stack arrangement can be held together by tacking them in case of a thermoset 

prepreg or by manually tacking them using a heat gun at few places along the length of 

the element in case of thermoplastic prepregs 

• An additional ply might be added to retain the flow-control element in place during 

compression moulding 
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• This flow-control element must be placed over the strands before closing the mould 

platens. The element controls the flow of the strands providing it a smooth transition of 

thicknesses and finally consolidates into the final shape of the flow-control element 

• For symmetric sections, a symmetric flow-control element should be designed while for 

unsymmetrical sections; un-symmetric flow-control elements can be used. As the 

configuration shown in Figure B-1 is symmetric, this procedure is illustrated for a 

symmetric flow-control element design. For unsymmetrical sections, instead of 

considering the full area of the triangle, half the area should be considered, and 

corresponding ply stacks must be designed 

• FCE dimensions were variable from one test configuration to another, due to the 

differences in the available space in the flange cavity. Nonetheless, total FCE mass was 

roughly constant, ranging from 1.6g to 2.0g (approximately 3% of total part mass). The 

FCEs were made by tacking together small UD plies with a soldering iron. A small wing 

was added to accurately position the FCE within the mould cavity. 
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