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Abstract

A three-dimensional micromechanics framework is developed to estimate the mode I through-thickness

intralaminar crack resistance curve of unidirectional carbon fibre-reinforced polymers. Finite element models

of geometrically-scaled single edge notch tension specimens were generated. These were modelled following

a combined micro-/meso-scale approach, where the region at the vicinity of the crack tip describes the mi-

crostructure of the material, while the regions far from the crack tip represent the mesoscopic linear-elastic

behaviour of the composite. This work presents a novel methodology to estimate fracture properties of com-

posite materials by combining computational micromechanics with the size effect method. The size effect law

of the material, and consequently the crack resistance curve, are estimated through the numerically calculated

peak stresses. In-depth parametric analyses, which are hard to conduct empirically, are undertaken, allow-

ing for quantitative and qualitative comparisons to be successfully made with experimental and numerical

observations taken from literature.

Keywords: B. Fracture toughness, C. Computational Modelling, C. Micromechanics, Size effect method

1. Introduction1

The use of composite materials in the automotive and aerospace sectors necessitates the need to model2

and evaluate their mechanical performance under several loading scenarios, at different strain-rates, i.e. from3

quasi-static to high-rate loading regimes [1, 2]. The development of structural components may be hindered4

by limited design capabilities, high development costs, and slow production rates. The use of numerical5

simulation tools provides an opportunity to address these shortcomings [3, 4, 5, 6, 7]. Typical analyses of6

the mechanical performance of composite components make use of meso-scale (ply-level) material damage7

models to capture their behaviour under damage-inducing loads. However, these intralaminar damage models8

(e.g. [8, 9, 10]), depending on the damage mode, usually require, as an input, the corresponding steady-state9
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offracture toughness, Rss, derived from the crack resistance curve (R-curve) of the material, which is commonly10

determined experimentally. As evidenced in Figure 1, intralaminar crack propagation in unidirectional (UD)11

composite materials may occur in distinct manners, either promoting higher degree of matrix cracking, fibre-12

matrix interface debonding, and fibre bridging (cracks (i), (ii), (iii), and (iv)), or fibre breakage as a main13

toughening mechanism (cracks (v) and (vi)). A similar nomenclature to the one defined in this paper was used14

by Ref. [11]. It is postulated that a propagating intralaminar crack transverse (ii) and through-thickness (iii)15

to the fibres present similar damage mechanisms. This work is concerned with the determination of the mode16

I through-thickness intralaminar fracture toughness and corresponding R-curve, similar to the experimental17

work conducted by Pinho et al. [12], in which a crack propagates in direction (iii), as shown in Figure 1.18

[Figure 1 about here.]19

Several experimental methods have been developed to characterise the mode I intralaminar fracture20

toughness of carbon fibre-reinforced polymers (CFRPs) for a crack propagating perpendicular to the fibres21

(cracks (v) and/or (vi) in Figure 1). These are most commonly grouped into stable and unstable crack22

propagation techniques. Stable crack propagation techniques involve the calculation of the fracture toughness23

through the measurement of a propagating crack, by tracking the crack tip location, and generally make use24

of the Compact Tension (CT) specimen or its variants [13, 14, 15, 16, 17] for intralaminar crack propagation.25

By contrast, using the size effect method proposed by Bažant [18], unstable crack propagation techniques26

make sole use of the peak loads of geometrically-scaled Single/Double Edge Notch Tension (SENT/DENT)27

specimens [19, 20, 21, 22, 23]. The peak load condition resulting from unstable crack propagation of such28

specimens occurs after some small value of initial propagation, before the Fracture Process Zone (FPZ) of29

the material can be fully developed.30

Few authors have studied mode I transverse/through-thickness intralaminar crack propagation (crack (ii)31

or (iii) in Figure 1, respectively) using computational micromechanics [24, 25, 26, 27]. Canal et al. [24]32

studied the fracture behaviour of an E-glass/epoxy unidirectional laminate by means of stable 3-Point-Bend33

(3PB) tests. The mechanical behaviour was then simulated using a 2D micromechanics framework. They34

concluded that the mode I “matrix-dominated” intralaminar fracture toughness was mainly dependent on the35

fibre-matrix interfacial strength and toughness, while the matrix properties played a secondary role. Herráez36

et al. [26] developed a 2D numerical framework to analyse the mode I transverse fracture behaviour of an37

AS4/8552 composite using the Linear Elastic Fracture Mechanics (LEFM) displacement field. The authors38

used a framework that required the incremental update of the Boundary Conditions (BCs) throughout the39

numerical simulations and also the qualitative tracking of the position of the crack tip, which can induce40

subjective errors. More recently, Tan and Mart́ınez-Panẽda [27] presented a coupled Phase field-Cohesive zone41

model (PF-CZM) framework to model this specific type of stable intralaminar crack growth, obtaining good42

quantitative and qualitative correlations with experimental results. However, they considered extremely tough43

fibre-matrix interfaces, more similar to the ones used when modelling interlaminar regions, compensating for44

other toughening mechanisms that were neglected in those models. Due to the two-dimensional formulation45
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models should be taken as a lower bound rather than a propagation value. Moreover, they all used simpler47

constitutive material models for the matrix material, when it has been shown that in order to accurately48

simulate the epoxy yielding behaviour, a paraboloidal yield criterion should be used [28, 29].49

The “matrix-dominated” steady-state intralaminar fracture toughness is typically assumed to have the50

same value as the corresponding steady-state interlaminar fracture toughness (which unlike the former,51

have well-established testing methods) - this assumption can be incorrect as the occurrence and extent of52

toughening mechanisms, such as fibre bridging, can largely vary in these different crack propagation directions.53

Therefore, this work aims to provide a novel and efficient three-dimensional (3D) micromechanical FE tool to54

estimate the mode I through-thickness intralaminar R-curve of composite materials. A numerical framework55

is built for unstable crack propagation modelling, making use of the size effect method [18], having the56

advantages of: limiting the detailed region to a small embedded cell (EC) around the pre-crack tip; generating57

small virtual specimen geometries which are hard or even impossible to manufacture experimentally; and58

avoiding the necessity to track the position of the crack tip throughout the numerical simulations. The59

predictive capability of computational mechanics for heterogeneous materials largely depends on the scale at60

which damage is explicitly modelled [30, 31]. In particular, micromechanics can be used as a reliable tool for61

analysis and derivation of upscaled material properties in composite materials [32, 33, 34, 35, 36, 37]. Thus,62

with the appropriate constitutive material models and making use of unstable crack propagation virtual63

specimens, it is possible to better understand the mechanisms that underlie mode I through-thickness crack64

propagation in unidirectional fibre-reinforced composite materials.65

2. Numerical framework66

The 3D numerical framework is composed of different FE models of SENT specimens. They each consist67

of an EC, in which the inner structure of the material was modelled (fibres, matrix, and their interface),68

and of meso-scale parts that describe the homogenised behaviour of the micromechanical region. The EC69

is composed of several plies, each having a dispersion of fibres generated using a random distribution algo-70

rithm [38], embedded in an epoxy matrix and in fibre-matrix interfaces. The homogenised laminae behave71

linear-elastically and are connected to the EC by means of Tie Constraints. Figure 2 shows a front view of72

the EC and the surrounding homogenised regions. The following sub-sections report the constitutive material73

models and corresponding mechanical properties used to model each of the constituents and homogenised74

volume, as well as the FE framework used to conduct the numerical simulations.75

[Figure 2 about here.]76

2.1. Constitutive material models77

At the micro-scale, mode I through-thickness intralaminar crack propagation mainly involves matrix and78

fibre-matrix interface related dissipation mechanisms. Consequently, the carbon fibres modelled here are79

3
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ofconsidered to have a linear-elastic transversely isotropic behaviour. The geometry and material properties of80

the AS4 carbon fibres [39] are reported in Table 1.81

[Table 1 about here.]82

Since the Drucker-Prager or the Mohr-Coulomb models have been shown to perform poorly when mod-83

elling the behaviour of epoxy resins [28, 29], a more representative elasto-plastic damage constitutive material84

model, proposed by Melro et al. [40], was implemented as a VUMAT user subroutine in Abaqus®/Explicit [41].85

To ensure consistency between the input and output fracture energies during damage localisation, a modifi-86

cation of the damage model was made following Arefi et al. [42].87

Initially, the epoxy behaves elastically until a paraboloidal yield criterion is met [43]. In order to correctly88

define the plastic deformation under the presence of hydrostatic pressure, a non-associative flow rule is89

defined. The yield surface defined by the yield criterion depends only on the tensile and compressive yield90

strengths that are both affected by hardening, depending on the equivalent plastic strain, εpe:91

εpe =

√
1

1 + 2ν2p
εp : εp, (1)

with νp being the plastic Poisson’s ratio of the matrix material and εp the plastic strain, in tensorial notation.92

The degradation of the stiffness of the material is applied by using a damage model developed within the93

frameworks of the thermodynamics of admissible processes and uses a single damage variable, dm. Damage94

onset is defined by the following damage activation function:95

Fm
d = φm

d − rm =
3J̃2

Xm
c Xm

t

+
Ĩ1(Xm

c −Xm
t )

Xm
c Xm

t

− rm, (2)

where φm
d is the loading function, Xm

c and Xm
t respectively represent the compressive and tensile strengths96

of the material, and rm is an internal variable relating to the matrix damage variable and it is given by:97

rm = max{1,max
t→∞

{φm
d,t}}. (3)

Following [42], the invariants J̃2 and Ĩ1 are functions of the applied strain, ε22:98

Ĩ1 =
1

(1 − 2νm)(εmf − εm0 )
{ε22[Em(εmf − εm0 ) + 2νmXm

t ] − 2νmXm
t εmf }, (4a)

J̃2 =

(
1

(1 + νm)(εmf − εm0 )
{ε22[Em(εmf − εm0 ) − νmXm

t ] + νmXm
t εmf }

)2

, (4b)

99

where εm0 and εmf are the tensile initiation and failure strains of the matrix material under uniaxial tension,100

respectively. Since the constitutive material model incorporates plasticity, the value of the initiation strain101

is not simply given as εm0 = Xm
t /Em. Therefore, the initiation strain is stored when the failure criterion102

presented in Equation (2) is verified. The failure strain is given as:103

4
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2Gm
Ic

lme Xm
t

+ εpe, (5)

and the damage variable of the epoxy matrix is defined as [42]:104

dm =
εmf (ε22 − εm0 )

ε22(εmf − εm0 )
. (6)

By replacing the resultant loading function on the yield/damage surface [43], it is possible to derive the105

following expression for rm, in terms of ε22:106

ε22 =

√
q2 − 4ps− q

2p
, (7)

with:107

q = 2b(1 − b)cεmf + (1 + 2b)d, (8a)

p = c(1 − b)2, (8b)

s = c(bεmf )2 − 2bdεmf − rmXm
c Xm

t , (8c)

b =
νmXm

t

Em(εmf − εm0 )
, (8d)

c =

(
Em

1 + νm

)2

, (8e)

d =
Em

1 − 2νm
(Xm

c −Xm
t ). (8f)

To avoid mesh size dependency, the characteristic element length, lme = 3
√
V m
e (where V m

e represents108

the volume of the associated finite element), and the mode I steady-state fracture toughness of the epoxy,109

Gm
Ic, were used to regularise the computed dissipated energy [44]. Due to the lack of a consideration of a110

material length, this formulation (crack band model) is local and under certain conditions it may not be the111

most appropriate one to model continuum damage [45]. However, as a consequence of the type of materials112

and stress-states considered here, the crack band model was deemed to be appropriate to model this type of113

crack propagation, since it ensures the correct energy dissipation in a localised damage band and it gives the114

correct transitional size effect [46].115

The elastic and strength properties of the epoxy matrix considered here are the ones characterised by116

Ref. [35] for Hexcel 8552, through in-situ instrumented nanoindentation. Since the 8552 resin system cannot117

be easily obtained in a neat form, the mode I steady-state fracture toughness was obtained through experi-118

mental testing of a similar epoxy resin (Hexcel RTM6-2), using neat resin DENT specimens in combination119

with the size effect method. Pre-cracks for these specimens were introduced using the tapping method [47, 48])120

in combination with the size effect method [18]. For the sake of brevity, only the final result obtained for the121

steady-state value of the mode I fracture toughness of the epoxy, Gm
Ic, is reported here. Table 2 shows the122

5
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Ic value obtained experimentally123

from the RTM6-2 epoxy.124

[Table 2 about here.]125

The fibre-matrix interface (FMI) was modelled using zero-thickness cohesive elements [49]. Damage onset126

was predicted using a quadratic stress failure criterion. The damage evolution law defined for interfacial127

damage propagation was assumed to be exponential [41]:128

dFMI =

∫ δFMI
f

δFMI
0

σFMI

GFMI
c − GFMI

0

dδFMI, (9)

where σFMI and δFMI are respectively, the interfacial effective traction and separation, δFMI
0 and δFMI

f are129

respectively, the effective separation of the interface at damage initiation and complete failure [50]. GFMI
0 is130

the energy release rate at damage initiation, while GFMI
c represents the fracture toughness of the fibre-matrix131

interface, that is evaluated according to the Benzeggagh-Kenane (BK) law [51], under mode I, mode II, and132

mixed mode (mode I + mode II). Table 3 shows the mechanical properties of the fibre-matrix interfaces133

considered in this work. Even though these interfacial parameters are hard to characterise, they are based134

on previous experimental observations [52, 53, 54] and computational micromechanical predictions [33, 34,135

55, 56, 57].136

[Table 3 about here.]137

Since the homogenised regions of the FE framework are present only to reduce computational cost and138

to guarantee that the virtual specimens are sufficiently large to model the kinematics of a mode I unstable139

intralaminar characterisation test, they were modelled as linear-elastic, transversely isotropic with no damage.140

The elastic properties of these parts are here determined with parallel 3D micromechanical simulations141

using the concepts of Representative Volume Elements (RVEs), Periodic Boundary Conditions (PBCs), and142

volumetric homogenisation. The fibres are dispersed randomly in the RVE by making use of an already143

developed algorithm [58]. Following Melro et al. [59], the generated RVEs have in-plane and longitudinal144

dimensions of 30r and 4r, respectively. Both constituents are modelled using C3D8R finite elements, with145

an average side length of 0.7 µm and constituent material properties from Tables 1 and 2. Table 4 shows the146

mean numerically predicted homogenised ply-level elastic properties of five different generated RVEs, having147

three fibre volume fractions, ωf = 35%, ωf = 56%, and ωf = 71%, with different fibre distributions. The148

value of the homogenised density was obtained following Chamis’ rule of mixtures.149

[Table 4 about here.]150

2.2. Finite element discretisation and boundary conditions151

The micromechanical region is composed of a certain number of layers, as defined in sub-section 4.1,152

having a total width of w. Figure 3 shows a schematic representation of the SENT FE models, highlighting153

6
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ofthe EC and applied BCs. The vertical (x2-direction) displacements of the bottom face of the model are154

blocked and a vertical tensile velocity-type BC is applied to the top face of the model. Each ply in the EC155

has a different random distribution of fibres [38] and a constant thickness of wp = 125 µm. A resin-rich156

region, having a thickness of ŵ = 4 µm, is inserted between plies in order to model interlaminar regions. The157

total height of the ECs, l, was fixed for all models (l = 500 µm), thus, guaranteeing that damage propagates158

only due to the presence of the crack and not due to other features of the model. In the x1-direction, the159

model assumes a state of plane strain, having a fixed dimension of t = 750 µm.160

[Figure 3 about here.]161

A pre-crack was inserted by deleting elements along the centreline of the EC to localise crack growth (see162

Figure 3). The pre-crack length in the EC (depicted in red in Figure 3) was chosen to be equal to the163

thickness of one ply, in order to ensure that onset and propagation of damage develops entirely within the164

EC. The total length of the FE models, 2L, is equal to five times their total width (2L = 5W ). The total165

length of the pre-crack was chosen to be a0 = W/2 for all model configurations.166

It has been shown that the steady-state value of the mode I longitudinal fibre-dominated intralaminar167

fracture toughness of UD [60] and 2D woven [22] composites is not significantly sensitive to the pre-crack168

tip radius of the unstable propagation specimens. By contrast, the experimental measurement of the mode169

I fracture toughness of brittle epoxies has been shown to exhibit a large dependency on this same pre-crack170

tip radius, due to the significantly smaller size of the FPZ of such epoxies, compared with fibre-reinforced171

composites. Consequently, different techniques of inducing pre-cracks generate different stress states and172

plastic regions ahead of the crack tip that yield different values of the measured fracture toughness [47, 48].173

The numerical simulations were thus conducted using a pre-crack height which was approximately twice the174

size of the in-plane dimensions of the FE elements.175

In the longitudinal direction, geometric variability should be assessed by incorporating fibre waviness,176

as done in Refs. [61, 62, 63, 64, 65]. However, the generation of such micromechanical imperfections is177

impractical due to the excessive computational cost, thus prohibiting the generation of FE models with178

a statistically significant number of fibres. Locally, the effectiveness of the matrix is affected by voidage,179

temperature variations, and variability in bulk resin content, amongst others [66, 67]. In an attempt to address180

such defects and longitudinal fibre misalignment, 3D variability is assessed by modifying the matrix and181

fibre-matrix interface corresponding strengths and fracture toughness, by multiplying them by a uniformly182

distributed scalar on the interval (0.7, 1.3). Consequently, the crack front will not grow uniformily along its183

thickness (x1-direction), leading to tunnelling effects [68], thus enabling fibres to slightly bridge, obtaining a184

higher degree of crack tortuosity, and thus taking advantage of the 3D micromechanical framework. Following185

preliminary simulations, the use of the aforementioned uniformly distributed interval allowed for the fibres186

to bridge, whilst not greatly deviating from the reference property values.187

All parts of the model were discretised with C3D8R finite elements, but the fibre-matrix interface that188

was modelled using COH3D8 zero-thickness finite elements. The EC and the homogenised volume have an189

7
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ofaverage seed size of 0.8 µm and 2.5 µm, respectively. Moreover, a biased local seed size was inserted along the190

length (x2-direction) of the homogenised volume, from 50 µm to 2000 µm. To avoid numerical errors induced191

by high element distortion, matrix and fibre-matrix interface elements having dm > 0.9999 (Equation (6))192

and dFMI > 0.9999 (Equation (9)), respectively, were deleted during the simulations.193

Unstable crack growth occurs when the maximum load is reached, leading to the abrupt increase of the194

crack growth-rate and consequently of the local kinetic energy, invalidating quasi-static conditions [69, 70].195

However, since the numerical framework makes sole use of the predictions obtained up to peak load, no extra196

considerations have to be undertaken in order to properly conduct such simulations.197

3. Size effect method using SENT specimens198

This section describes the size effect method proposed by Bažant [18] as a data reduction technique for199

unstable crack propagation testing.200

The mode I through-thickness intralaminar R-curve is here obtained by developing an analytical model201

based on Ref. [19]. For a 2D body, taking x2 and x3 as the two principal axis of the material (see Figures 2202

and 3), the mode I energy release rate, GI , of a crack propagating parallel to the x3-direction is given by:203

GI =
K2

I

É
, (10)

where KI is the mode I stress intensity factor and É is equal to the transverse or through-thickness Young’s204

modulus (É = E22 = E33), respectively. Since the material is isotropic in the O23 plane, the stress intensity205

factor in Equation (10) is only a function of the shape and size of the specimen, and of the remote applied206

stress, σ [71]:207

KI = σ
√
Wκ(α), (11)

where κ(α) is a correction factor which depends on the non-dimensional parameter α = a/W . Since the208

virtual specimens were subjected to a uniform remote displacement rather than stress, the correction factor209

was not calculated following analytical equations provided by, e.g. Tada et al. [72], but it was determined210

numerically following [19]. This was done by applying the Virtual Crack Closure Technique (VCCT) to a211

parametric FEM model, as done in literature [19, 20, 22]. Figure 4 shows the distribution of the correction212

factor, κ(α), for the virtual SENT specimens considered here.213

[Figure 4 about here.]214

The ultimate nominal stress, σu = Pu/(tW ), depends on the characteristic size of the specimen, W ,215

following the size effect law of the material, σu = σu(W ).216

The mode I critical strain energy release rate is obtained by observing that, at peak load, the crack driving217

force curve for each specimen size is tangential to the R-curve at a unique point (see Figure 5):218

8
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GI(∆a) = R(∆a)

∂GI(∆a)

∂∆a
=

∂R(∆a)

∂∆a

. (12)

[Figure 5 about here.]219

Having prior knowledge of the size effect law of the material, σu = σu(W ), and substituting it into the220

first of Equation (12), it is possible to write [19]:221

R(∆a) =
Wσ2

u

É
κ2(α0 +

∆a

W
), (13)

and by differentiating Equation (13) with respect to W , and recalling that the R-curve is an intrinsic material222

property, the following equation is obtained:223

∂

∂W
(Wσ2

uκ
2) = 0. (14)

By solving Equation (14) for W = W (∆a), and then substituting W in Equation (13), the R-curve is224

obtained [19].225

Following Bažant and Planas [18], it is convenient to use one of the following analytical expressions for226

the size effect law: i) the linear regression I; ii) the linear regression II; or iii) the bilogarithmic regression.227

For the material analysed, the bilogarithmic regression law provided the best fit of the numerical data, using228

a non-linear least squares Levenberg-Marquardt optimisation:229

ln σu = ln
M√

N + W
, (15)

where M and N are the fitting parameters. The steady-state mode I intralaminar fracture toughness, and230

the fully developed length of the FPZ are respectively given by:231

Rss =
κ2
0

É
M2, (16a)

lFPZ =
κ0

2κ́0
N, (16b)

232

where κ0 = κ|α=α0 , and κ́0 = dκ/dα|α=α0 .233

4. Results234

4.1. Effect of the size of the EC235

Preliminary simulations were conducted to assess the influence of the number of layers of the EC on the236

peak load, Pu. Since SENT specimens own positive geometry (the crack driving force curve increases with the237

9
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be, at most, equal to the fully developed length of the FPZ of the material, lFPZ. Therefore, maintaining the239

width of the specimens equal to the maximum size that is meant to be analysed (i.e. W = 30 mm), where240

the crack extension before peak load will be largest, five different EC sizes were analysed, with increments241

of 2wp (and ŵ) in the range of 2wp 6 w 6 10wp. Figure 6 shows the numerical predictions of the normalised242

load-displacement curves for different widths of the EC, where δcx2
and Rc

x2
respectively represent the critical243

applied displacement and reaction force, with w = 8wp.244

[Figure 6 about here.]245

Only the ECs having w > 8wp yield a peak load, thus suggesting that the crack extension at instability246

is greater than 5wp. The peak load associated with the model having w = 8wp is approximately 3.6% higher247

that the one having w = 10wp. Therefore, based on these results, in the following numerical analyses, a248

constant width of the EC of w = 8wp + 7ŵ, is considered.249

4.2. Effect of interfacial fracture toughness250

The mechanical properties of the fibre-matrix interface are known to be extremely hard to characterise,251

especially the critical energy release rates. The single-fibre push-in test is a micromechanical experimental252

test which can be used to characterise the adhesion strength of a fibre-matrix interface [73, 74]. However,253

to the authors’ best knowledge, there is no standard experimental technique to characterise the fracture254

toughness of the fibre-matrix interface. Therefore, a parametric study was here undertaken to assess the255

influence of the fibre-matrix interfacial fracture toughness on the estimated peak loads, and consequently on256

the R-curve of the material. For a mode I crack propagating in the through-thickness direction (crack257

(iii) represented in Figure 1), the fibre-matrix interfacial debond growth occurs in mixed-mode loading258

conditions [57, 75]. Four cases were considered for this study, including one with no cohesive elements,259

and three with differing combinations of mode I and mode II interfacial fracture toughness values obtained260

from literature: i) GFMI
Ic = 0.002 N/mm and GFMI

IIc = 0.006 N/mm [33, 76, 77]; ii) GFMI
Ic = 0.020 N/mm and261

GFMI
IIc = 0.050 N/mm [78, 79, 80]; iii) GFMI

Ic = 0.125 N/mm and GFMI
IIc = 0.150 N/mm [27, 81, 82].262

Figure 7 shows the numerical predictions of representative load-displacement curves for different W , for263

the same fibre distribution, with and without cohesive elements. Table 5 shows the numerical predictions of264

the mean peak loads and corresponding standard deviations of three different ECs for each size.265

[Figure 7 about here.]266

[Table 5 about here.]267

As expected, the peak load increases with specimen size. However, this increase is not linearly propor-268

tional, confirming the presence of a size effect. In the post-peak response, after the crack has propagated269

unstably along the whole length of the EC, the homogenised linear-elastic volume is now carrying the load,270
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the predicted load-displacement curves are still linear up to failure, which is an indication of a “brittle” be-272

haviour. However, in the FE models that made use of cohesive elements, the smaller specimen sizes deviated273

from the initial linear-elastic path before peak load, indicating a more quasi-brittle behaviour that deviates274

from simple LEFM predictions. Moreover, for the models having GFMI
Ic = 0.125 N/mm (see Figure 7d),275

a significant amount of non-linearity was observed before unstable crack growth, also indicating a ductile276

behaviour caused by the excessive loading capacity of the fibre-matrix interfaces. The specimens having the277

biggest width, i.e. W = 30 mm and the toughest fibre-matrix interfaces, did not present a peak load due to278

the extremelly tough interfaces.279

Using the values reported in Table 5 and a bilogarithmic regression fit (Equation (15)), the corresponding280

size effect laws, σu = σu(W ), are plotted in Figure 8.281

[Figure 8 about here.]282

The virtual testing of the different sized specimens capture the transition from the plastic limit behaviour,283

for the smaller specimens, to the bigger specimens characterised by LEFM [18, 71]. This transition can be284

observed in Figure 7b, where the smaller specimens (W 6 10 mm) exhibit a non-linear behaviour before peak285

load, while for bigger specimens (W > 15 mm), the mechanical response is linear up to failure, which is in286

better agreement with LEFM. Figure 9 shows the normalised strength, σu/σ0, and corresponding standard287

deviations, as a function of the normalised size, W/W0, in double logarithmic scale, for the different fibre-288

matrix interface fracture toughness. W0 and σ0 represent size effect constants, while σu is given as:289

σu =
σ0√

1 + W/W0

. (17)

Equation (17) relates the nominal strength of the SENT scaled specimens to a characteristic size, describ-290

ing the transition from ductile to brittle behaviour with increasing specimen size [18]. The results presented291

in Figure 9 show a transition from the strength criterion (plastic limit analysis), which is described by a292

horizontal asymptote, to an asymptote of slope −1/2, describing LEFM [18, 71].293

[Figure 9 about here.]294

Figures 10a-10d present the estimated R-curves and corresponding 95% confidence intervals. Table 6295

reports the predicted size effect fitting coefficients, M and N , the fully developed length of the FPZ, lFPZ,296

and the steady-state value of the mode I through-thickness intralaminar fracture toughness, Rss. These297

R-curves were obtained by using the crack driving force curves which where numerically-derived for different298

specimen sizes (in blue), including those which were specifically numerically tested (in red).299

[Figure 10 about here.]300

[Table 6 about here.]301
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ofBoth lFPZ and Rss were observed to increase with higher interfacial fracture toughness, as observed302

experimentally by Montenegro et al. [83], in which tougher fibre-matrix interfaces led to an increase in the303

through-thickness steady-state fracture toughness.304

The variation of Rss with FMI fracture toughness is better depicted in Figure 11, including the corre-305

sponding 95% confidence intervals. The steady-state value of the mode I through-thickness fracture toughness306

estimated for the toughest fibre-matrix interface was expected to yield a broader 95% confidence interval,307

since only five different sized specimens produced peak loads for this specific FMI fracture toughness.308

[Figure 11 about here.]309

The steady-state fracture toughness obtained experimentally for similar thermoset CFRP composites [12]310

is between the steady-state values predicted here for mode I FMI fracture toughness of 0.020 N/mm and311

0.125 N/mm. Comparing to the ones determined numerically by Ref. [26], for the same baseline properties,312

the framework presented in this paper yields a higher estimation of the Rss, this being attributed to the313

consideration of a 3D framework incorporating fibre bridging as an extra toughening mechanism. A simi-314

lar comparison can be performed with the results obtained by Ref. [27] for glass fibre-reinforced polymers315

(GFRP), where for the same FMI fracture toughness (GFMI
Ic = 0.125 N/mm and GFMI

IIc = 0.150 N/mm) the316

present framework estimates, with 95% confidence, higher bounds of Rss and lFPZ.317

From a qualitative point of view, Figure 12 shows the contour plots of the stress in the x2-direction, σ22,318

of different virtual specimens, evidencing the various stages of crack propagation, before (Figure 12a and319

Figure 12b) and after (Figure 12c) peak load. Matrix degradation, fibre-matrix interface debonding, and320

fibre bridging are the main sources of energy dissipation under this type of crack propagation. Small degrees321

of diffuse matrix damage (in small matrix cracks that extend outward of the principal one) can also occur,322

possibly leading to a slight overestimation of the mode I through-thickness intralaminar fracture toughness.323

[Figure 12 about here.]324

As it is shown in Figure 13, this framework is capable of exhibiting similar failure mechanisms as the325

experimental observations captured by scanning electron microscopies (SEMs) provided by Ref. [24].326

[Figure 13 about here.]327

Finally, Figure 14 shows an example of the failure pattern in the EC after unstable crack propagation,328

evidencing fibre bridging as a 3D toughening mechanism.329

[Figure 14 about here.]330

4.3. Effect of fibre volume fraction331

This section aims to evaluate the effect of fibre volume fraction, ωf , on the mode I through-thickness332

intralaminar R-curve of the material having the previously reported fibre volume fractions (see Table 4).333
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Ic = 0.020 N/mm and GFMI
IIc = 0.050 N/mm were maintained constant for all simulations. For334

the sake of brevity, a smaller amount of results is presented.335

Figure 15a shows one of the numerical predictions of the normalised load-displacement curves obtained336

for the three ωf , for the same specimen width (W = 20 mm). As expected, the response of the material337

becomes stiffer when increasing fibre volume fraction. For the smallest fibre volume fraction (ωf = 35%), as338

shown in Figure 15b, an increased amount of plasticity of the epoxy matrix could be noticed before crack339

propagation, followed by fibre-matrix debond propagation, possibly leading to a higher estimation of the340

failure displacement of the material. The increase of peak load reported by the model having the highest341

fibre volume fraction (ωf = 71%) is due to the higher amount of fibre bridging, since there are more fibres342

inside the EC that can bridge (see Figure 15c).343

[Figure 15 about here.]344

The data reduction scheme presented in Section 3 was applied to the data obtained for the two other345

fibre volume fractions (see Table 4 for homogenised material properties). Figures 16a and 16b represent the346

normalised bar plots related to average peak loads and both Rss and lFPZ, respectively, associated to different347

ωf . Since this type of failure mechanism is driven by fibre-matrix interface debonding, it is postulated that,348

for different interfacial mechanical properties, the ratio between the obtained results may differ.349

[Figure 16 about here.]350

Fibre volume fraction seems to play a role on the mode I through-thickness intralaminar R-curve of351

the material, where both Rss and lFPZ increased with ωf . To the best knowledge of the authors, there352

is no experimental evidence of the effect of the fibre volume fraction on this type of crack propagation.353

However, the effect of ωf on the mode I and II interlaminar fracture toughness was studied by Refs. [84]354

and [85], respectively. For mode I interlaminar crack propagation, Ref. [84] concluded that increasing fibre355

volume fraction led to an increase in the steady-state value of the mode I interlaminar fracture toughness.356

This was mostly attributed to the increase of fibre bridging when increasing fibre volume fraction. Moreover,357

incrementing the fibre volume fraction (number of fibres per unit volume) leads to an increase of the tortuosity358

of the crack path. Since the actual length of the crack is larger than the equivalent length of the crack, the359

“apparent” fracture toughness increases. The higher tortuosity might also lead to more crack bridging360

depending on the strength and fracture toughness of the matrix and the interface, thus increasing even more361

the mode I through thickness intralaminar fracture toughness. By contrast, Ref. [85] reported a decrease in362

the fracture properties when increasing ωf . The fracture surfaces near the insert region revealed a larger363

matrix-rich region in the low-fibre volume fraction composite, allowing for the development of a process zone364

that involved a higher degree of plasticity and cracking of the matrix constituent, thus leading to an increase365

in energy dissipation when comparing to high-fibre content composites.366
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of5. Discussion and concluding remarks367

The evaluation and proper characterisation of matrix-dominated intralaminar fracture toughness of com-368

posite materials needs to be improved, since it is a critical material parameter required for state-of-the art369

intralaminar damage models. However, the critical energy release rate for a slit matrix crack propagating in370

the “matrix-dominated” direction (cracks (i), (ii), (iii), and (iv) in Figure 1, respectively) is usually unavail-371

able due to the lack of experimental test methods. Consequently, these are assumed to have the same value372

as the interlaminar fracture toughness (for the AS4/8552 UD composite material, the mode I interlaminar373

fracture toughness has been reported to be in the range of [0.220, 0.320] N/mm [86, 87]), which are usually374

evaluated using standard test methods, such as the Double Cantilever Beam (DCB) [88] for mode I, the End375

Notch Flexure (ENF) [89] for mode II, and the Mixed Mode Bending (MMB) [90] for mixed-mode (mode I376

+ mode II). This is commonly done, since both interlaminar and through-thickness/transverse intralaminar377

fracture mostly involve matrix plasticity and degradation, and fibre-matrix interfacial debonding. However,378

the toughening mechanism which determines the asymptotic value of the fracture toughness is fibre bridg-379

ing. Even if fibre bridging still occurs in through-thickness/transverse intralaminar crack propagation, the380

occurrence of fibre bridging is most likely to be different amongst other crack propagation directions, possibly381

leading to dissimilar values of the fully developed length of the FPZ and steady-state fracture toughness,382

making it necessary to differentiate one type of crack propagation from the other [11].383

The 3D micromechanical framework developed here is able to take into account certain mechanisms384

inherent to through-thickness intralaminar crack propagation. However, it is important to mention that385

there are certain drawbacks which were not assessed. Even if the damage model used here to model the386

matrix replicates the mechanical behaviour of an epoxy resin [40], it still represents a macromechanical387

damage model of a constituent. Chevalier et al. [91] concluded that macromechanical failure models used to388

model the behaviour of the constituents may promote premature failure of the material due to the excessive389

strain localisation in the epoxy matrix. Moreover, as it was estimated here, the numerically predicted390

steady-state fracture toughness is highly dependent on the fibre-matrix interface fracture toughness, making391

it crucial to develop experimental test methods to properly characterise the mechanical properties of such392

interfaces. Finally, damage of the fibrous reinforcements was not considered in this work, possibly leading to393

an overestimation of the predicted peak loads, during fibre bridging.394

Despite the aforementioned pitfalls, the micromechanical framework developed here was able to success-395

fully simulate mode I through-thickness intralaminar crack propagation through an efficient three-dimensional396

modelling strategy, capturing the main toughening mechanisms which underlie this type of crack growth in397

composite materials. Embedded cells were generated containing a random distribution of reinforcements [38],398

the epoxy matrix was modelled using an elasto-plastic damage model [40], and fibre-matrix interfaces were399

modelled using a cohesive zone model [49]. These detailed regions were connected to meso-scale parts in400

order to simulate the behaviour of single edge notch tension specimens, whose properties were obtained by401

conducting parallel micromechanical, linear-elastic numerical simulations, for different fibre volume fractions.402
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ofSummarising, with the present work, the following conclusions can be drawn:403

• Preliminary results have shown that, to simulate an unstable intralaminar through-thickness crack404

propagation, the size of the EC has to be, at least, as long as the fully developed FPZ of the material.405

• By generating different sizes of SENT virtual specimens and using the size effect method originally406

proposed by Bažant [18], it is possible to determine the crack resistance curves of the material. The407

transition from ductile to brittle behaviour with increasing specimen size was also observed [18, 71].408

Fibre bridging is also a mechanism which was found to toughen the response and it can be captured409

using the three-dimensional framework presented here.410

• Four different values of fibre-matrix interface fracture toughness were considered to assess their influence411

on the numerical prediction of the through-thickness R-curve of the material. With increasing interfacial412

fracture toughness, both lFPZ and Rss increased as well, mostly due to the amount of crack shielding413

created by the tougher fibre-matrix interfaces, as seen experimentally [83].414

• The effect of fibre volume fraction on the numerical predictions of the R-curve was also a topic under415

study. It was seen that decreasing fibre volume fraction, the response becomes more non-linear due416

to the presence of matrix-rich regions. However, by contrast, increasing fibre volume fraction led to417

a higher prediction of the steady-state fracture toughness, a consequence of having more fibres inside418

the EC that can bridge, also leading to a higher degree of crack tortuosity, as seen experimentally by419

Ref. [84].420

• Although a justification has been proposed here for the use of a fully 3D FE model, it should be noted421

that further scope for its use relies on the possibility of considering initial misalignment of the fibrous422

reinforcements, which can be modelled by using the algorithm proposed by Refs. [61, 64] that considers423

fibre misalignment as a stochastic process, as done by Ref. [65]. It is conceivable to postulate that this424

will further improve the accuracy of the proposed methodology.425

In this work, computational micromechanics has been demonstrated to be an effective tool for assessing426

and understanding the mechanical behaviour of heterogeneous materials, giving more insight into the con-427

ditions governing mode I unstable crack propagation in a three-dimensional environment. Specimens which428

are hard to test physically were simulated, and the different micro-scale failure mechanisms were captured at429

a level which cannot be represented using meso- and/or macro-scale mechanical models.430
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[27] Wei Tan and Emilio Mart́ınez-Pañeda. Phase field predictions of microscopic fracture and R-curve513

behaviour of fibre-reinforced composites. Composites Science and Technology, 202:108539, jan 2021.514

[28] M.N. Charalambides, A.J. Kinloch, and F.L. Matthews. Adhesively-bonded repairs to fibre-composite515

materials II. Finite element modelling. Composites Part A: Applied Science and Manufacturing,516

29(11):1383–1396, nov 1998.517

[29] Elhem Ghorbel. A viscoplastic constitutive model for polymeric materials. International Journal of518

Plasticity, 24(11):2032–2058, nov 2008.519

[30] Pedro P. Camanho and Albertino Arteiro. Analysis Models for Polymer Composites Across Differ-520

ent Length Scales. In The Structural Integrity of Carbon Fiber Composites, pages 199–279. Springer521

International Publishing, 2017.522
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gener, and André R. Studart. Mode I transverse intralaminar fracture in glass fiber-reinforced polymers660

with ductile matrices. Composite Structures, 165:65–73, 2017.661

[84] P. Compston and P. Y.B. Jar. Influence of fibre volume fraction on the mode I interlaminar fracture662

toughness of a glass-fibre/vinyl ester composite. Applied Composite Materials, 6(6):353–368, 1999.663

[85] Peter Davies, P. Casari, and L. A. Carlsson. Influence of fibre volume fraction on mode II interlami-664

nar fracture toughness of glass/epoxy using the 4ENF specimen. Composites Science and Technology,665

65(2):295–300, 2005.666

[86] J. Renart, N. Blanco, E. Pajares, J. Costa, S. Lazcano, and G. Santacruz. Side Clamped Beam (SCB)667

hinge system for delamination tests in beam-type composite specimens. Composites Science and Tech-668

nology, 71(8):1023–1029, 2011.669

[87] V. Mollón, J. Bonhomme, A. M. Elmarakbi, A. Argüelles, and J. Viña. Finite element modelling of670
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Figure 1: Schematic representation of different types of intralaminar crack propagation, mainly promoting a higher degree of
matrix cracking, fibre-matrix interface debonding, and fibre bridging (cracks (i), (ii), (iii), and (iv)), or fibre breakage as a main
toughening mechanism (cracks (v) and (vi)).

682

Figure 2: (a) Front view of the micromechanical region and homogenised outer plies; (b) zoomed image of the EC, highlighting
the mesh density. White - matrix; red - fibres; blue - homogenised volume.
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Figure 3: Schematic representation of the FE SENT models, highlighting the region of the EC and the BCs applied to the
model. The pre-crack is depicted in red.

Figure 4: Variation of the correction factor, κ, with the shape parameter, α.
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Figure 5: Representation of driving force curves for different scaled SENT specimens and R-curve.

Figure 6: Normalised load-displacement curves for different w, maintaining W = 30 mm.

689

690

691

692

693

694

695

696

697

25



Journal Pre-proof
Jo
ur

na
l P

re
-p

ro
of

(a) No cohesive elements (NC). (b) Weak cohesion (WC): GFMI
Ic = 0.002 N/mm.

(c) Medium cohesion (MC): GFMI
Ic = 0.020 N/mm. (d) Strong cohesion (SC): GFMI

Ic = 0.125 N/mm.

Figure 7: Numerical predictions of representative load-displacement curves for different specimen widths, for the same fibre
distribution and different fibre-matrix interface fracture toughness. The red crosses indicate the peak loads.
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(a) Without cohesive elements (NC) (R2 = 0.967). (b) GFMI
Ic = 0.002 N/mm (WC) (R2 = 0.971).

(c) GFMI
Ic = 0.020 N/mm (MC) (R2 = 0.984). (d) GFMI

Ic = 0.125 N/mm (SC) (R2 = 0.969).

Figure 8: Bilogarithmic size effect regression curves for different values of fibre-matrix interface fracture toughness.

Figure 9: Numerical predictions of the normalised strength-characteristic size in double logarithmic scale.
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(a) Without cohesive elements (NC). (b) GFMI
Ic = 0.002 N/mm (WC).

(c) GFMI
Ic = 0.020 N/mm (MC). (d) GFMI

Ic = 0.125 N/mm (SC).

Figure 10: Estimated R-curves of the material (in black) with 95% confidence limits (in dashed black), together with individual
GI(∆a) curves for different-sized SENT specimens (blue), including the sizes modelled in this study (red).

Figure 11: Bar charts showing the numerical predictions of Rss and lFPZ vs. FMI fracture toughness, including the corresponding
95% confidence intervals as error bars. Both experimental [12] and numerical [26] estimations of the steady-state through-
thickness/transverse intralaminar fracture toughness for CFRPs are included as reference.
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Figure 12: Contour plots of the transverse stress, σ22 (in MPa), for virtual specimens having different characteristic sizes. (a)
and (b): Before peak load; (c): After peak load.
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(a) Example #1.

(b) Example #2.

Figure 13: Contour plots of the transverse stress σ22 (in MPa - same limits for both figures) in comparison to the experimental
SEM results (in grayscale) provided by Ref. [24] (with permission).

30



Journal Pre-proof
Jo
ur

na
l P

re
-p

ro
of

Figure 14: Bridging area after unstable crack propagation. White - matrix; red - fibres; green - fibre-matrix interfaces.

Figure 15: (a) Quantitative predictions of the normalised load-displacement curves for the three different fibre volume fractions,
having the same characteristic size, W = 20 mm. (b) and (c) Contour plots of the equivalent plastic strain (Equation (1)), and
von Mises stress considering ωf = 35% and ωf = 71%, respectively.
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(a) Normalised peak loads vs. specimen width. (b) Rnorm
ss and lnorm

FPZ .

Figure 16: Bar charts covering normalised predictions obtained for different fibre volume fractions, ωf .
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ofTable 1: AS4 carbon fibre properties [39].

Material property Value

Fibre radius
r [µm] 3.5

Young’s moduli

Ef
11 [GPa]

Ef
22 [GPa]

225
15

In-plane Poisson’s ratio

νf12 [-] 0.2

Shear moduli

Gf
12 [GPa]

Gf
23 [GPa]

15
7

Density

ρf [kg/mm
3
] 1.78 × 10−6

698

Table 2: Matrix material properties [33, 35].

Material property Value

Young’s modulus
Em [GPa] 5.07

Poisson’s ratio
νm [-] 0.35

Plastic Poisson’s ratio
νmp [-] 0.30

Tensile strength
Xm

t [MPa] 121

Compressive strength
Xm

c [MPa] 180

Mode I fracture toughness
Gm
Ic [N/mm] 0.13

Density

ρm [kg/mm
3
] 1.30 × 10−6

699

700

701

702

703
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ofTable 3: Fibre-matrix interface properties [33, 34, 52].

Material property Value

Interface stiffness

K [N/mm3] 106

Interface strengths
τ01 [MPa]
τ02 [MPa]
τ03 [MPa]

75
75
50

Mixed-mode interaction parameter (BK law [51])
η 1.45

Table 4: Homogenised properties of the meso-scale volumes.

Material property ωf = 35% ωf = 56% ωf = 71%

Young’s moduli
E11 [GPa]
E22 [GPa]

84.1
8.2

130.3
9.4

160.9
10.3

Poisson’s ratios
ν12 [-]
ν23 [-]

0.39
0.46

0.32
0.38

0.27
0.29

In-plane shear modulus
G12 [GPa] 3.9 4.8 6.1

Density

ρ [kg/mm3] 1.47 × 10−6 1.57 × 10−6 1.64 × 10−6

Table 5: Numerical predictions of the corresponding mean peak load, Pmed
u , and their standard deviation (in {} brackets) for

models having no cohesive (NC) elements and having cohesive elements with a weak cohesion - WC (GFMI
Ic = 0.002 N/mm),

medium cohesion - MC (GFMI
Ic = 0.020 N/mm), and strong cohesion - SC (GFMI

Ic = 0.125 N/mm).

Width, W [mm] NC [N] WC [N] MC [N] SC [N]

2 9.857 {0.640} 8.579 {0.675} 12.353 {0.517} 14.372 {1.230}
5 18.368 {1.327} 16.164 {0.528} 24.078 {1.734} 28.438 {1.658}
10 31.803 {2.127} 25.361 {2.134} 38.993 {0.548} 46.755 {1.615}
15 38.472 {1.550} 30.660 {1.550} 49.628 {2.124} 59.140 {1.576}
20 41.989 {0.758} 39.910 {1.202} 58.303 {1.464} 66.790 {1.071}
30 54.633 {1.882} 46.671 {1.588} 68.790 {1.208} − − − {− −−}

Table 6: Estimated size effect law fitting coefficients (M and N), fully developed length of the FPZ (lFPZ) and steady-state
fracture toughness (Rss) for different FMI fracture toughness: no cohesion - NC; weak cohesion - WC (GFMI

Ic = 0.002 N/mm);

medium cohesion - MC (GFMI
Ic = 0.020 N/mm); and strong cohesion - SC (GFMI

Ic = 0.125 N/mm).

FMI M [MPa
√

mm] N [mm] lFPZ [mm] Rss [N/mm]

NC 13.978 2.562 0.546 0.110
WC 11.895 2.425 0.517 0.080
MC 18.291 2.917 0.622 0.189
SC 22.179 3.374 0.719 0.278
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of• Micromechanical models were built to investigate intralaminar failure of composites.

• The size effect method was applied as a data reduction technique.

• The size-dependent transition in quasi-brittle behaviour was captured.

• Tougher fibre-matrix interfaces led to an increased composite fracture toughness.

• Fibre volume fraction played a role on the estimation of the intralaminar R-curve.
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