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Abstract 

This paper presents new developments in the use of the size effect method for obtaining the compressive 

fracture toughness of 2D woven carbon fibre composites. A modification of the Double Edge Notch 

Compression (DENC) specimen geometry is proposed, to fit the Combined Loading Compression (CLC) 

standard fixture, and shown to reduce peak load dispersion. The notch tip diameter sensitivity on the peak load 

is also investigated, experimentally and numerically, and shown not to have a significant influence on fracture 

toughness. The use of the CLC fixture also allows for the residual compressive strength of the material to be 

calculated from post-peak crushing. 
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Nomenclature ��    critical crack extension for a fully developed fracture process zone 

CV%   Coefficient of Variation percentage 

det �   determinant of the deformation gradient 

�	    initial notch tip diameter 

�

�()�    longitudinal tensile / compressive damage variable for the tows 

��    matrix damage variable  �, ��   displacement and the corresponding failure value 

�

 , ���  in-plane compressive elastic moduli of the weave 

�

� , ����    in-plane elastic moduli of the tows: longitudinal and transverse 

����     through-thickness elastic modulus of the tows   

�

∗    normalised compressive elastic modulus, with respect to the equivalent modulus 

��    elastic modulus of the epoxy matrix 

��     equivalent modulus 

�
�    in-plane shear modulus of the weave 

�
��     in-plane shear modulus of the tows 

� , ��   compressive driving force curve, and its critical value (equal to the fracture toughness) 

��
� , ���
�   compressive and tensile longitudinal mode I intralaminar fracture toughness of the fibre tows  ���� , �����  compressive and tensile transverse mode I intralaminar fracture toughness of the fibre tows ����
��, ����
�� , ������� in-plane and through thickness mode II intralaminar fracture toughness of the fibre tows ����    mode I fracture toughness of the epoxy matrix 

�    half the specimen length 

��    length of the Embedded Cell �, �   fitting parameters for bilogarithmic regression 

�    compressive load 

     crack growth resistance  !!    steady-state fracture toughness 

"
�� , "
�� , "���   in-plane and through-thickness shear strengths of the tows 

SD    Standard Deviation 

%    specimen thickness 

tr(')   trace of the stiffness matrix 

(), ()*    vertical nodal displacement and velocity 

(+    out-of-plane displacement 

,
�, ,�
   in-plane major and minor Poisson’s ratio of the weave 
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,
��     in-plane Poisson’s ratios of the tows 

-
�, -��   through-thickness Poisson’s ratios of the weave 

-
�� , -���    through-thickness Poisson’s ratios of the tows 

,�    Poisson’s ratio of the epoxy matrix 

., .	   deformed and undeformed volumes of the element 

/    characteristic specimen size 

0123   width of the finite element model tows 0�   width of the embedded cell 4
, 4�   in-plane tow axes of the weave: warp, and weft directions 5� , 5��   compressive and tensile longitudinal strengths of the tows 5�, 5��   compressive and tensile strengths of the epoxy matrix 

56    residual compressive strength 

7� , 7��   compressive and tensile transverse strengths of the tows 

89    crack length increment 

:, :	   shape parameter, and its initial value 

;    correction factor 

;	, ;́	   correction factor value at : = :	, and its derivative with respect to : 

>    dimensionless elastic parameter for material orthotropy 

?    dimensionless elastic parameter for material orthotropy 

@     nominal stress 

@A     peak nominal stress 

ξ    shape parameter 
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1. Introduction 

 

State-of-the-art physically-based composite damage models require the use of various strength and fracture 

toughness values in order to properly define the softening laws associated with different failure mechanisms [1–

7]. The experimental procedures used to measure strength and interlaminar fracture toughness have been 

extensively investigated and standardised (eg. [8–13]). Considering intralaminar fracture toughness, extensive 

literature can be found on the development of mode I tensile intralaminar fracture toughness experiments ([14–

17], among others). However, its compressive counterpart is not as well documented. In compression, the 

initiation and propagation of a crack in a notched structure manifests as a through-thickness kink-band [18,19]. 

This phenomenon only holds true for notched structures, since unnotched geometries can fail due to other 

compressive failure mechanisms. Obtaining a correct measurement of the compressive fracture toughness is 

especially important when modelling impact and crush loading scenarios.  

 

Similar to the tensile experiments, both stable and unstable crack propagation techniques have been 

proposed to measure this compressive fracture toughness [19–21]. The stable crack propagation techniques have 

focused on the development of the Compact Compression (CC) specimen geometry combined with different 

data reduction methods, such as the area method and the Finite Element Method (FEM)-based approach [21]. 

The FEM approach was proven inaccurate by Catalanotti et al. [22], due to the contact tractions that develop on 

the crushing faces of the propagated crack. These tractions directly increase the measured load, and also modify 

the stress distribution around the propagating crack, dissipating energy which does not contribute to the 

continued kink-band crack propagation, thus leading to an overestimation of the fracture toughness. 

Furthermore, both of these data reduction techniques require the tracking of the crack length during the stable 

propagation. While the crack tip is already difficult to locate in stable mode I tensile fracture toughness tests 

[17], its location becomes even more of a subjective estimate in CC testing, especially when measured optically 

[22]. Although other less subjective crack measurement techniques have been employed in literature, including 

Digital Image Correlation (DIC) [22], and infrared thermography [23], such methods might be too complex for 

industry to adopt.  

 

Unstable crack propagation techniques have been developed based on the size effect method, making use 

of the energetic (non-statistical) size effect observed in notched composite specimens [19,20]. Such methods 

require experimental testing of scaled notched specimens, from which a size-independent fracture toughness 

can be calculated [24]. The size effect method, originally developed for concrete [25], and later adapted for the 

similarly-quasibrittle composite materials [26], has been used to obtain the intralaminar mode I [15,27], mode 

II [28], and compressive fracture toughness [19,20] of carbon fibre reinforced polymers (CFRP). This technique 

does not require the measurement of the crack length, but only the peak loads of the scaled specimens. 

Furthermore, since the peak load in unstable tests occurs just after initial crack propagation, diffused damage 

only develops after the peak instability, thus not affecting the measured fracture toughness. 
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While this size effect method has already been tested on unidirectional (UD) CFRP, no literature is available 

on bi-dimensional (2D) woven composites in compression. This work seeks to apply the size effect method to 

derive the compressive crack resistance curve (R-curve) and steady-state fracture toughness ( !!) of a 5-Harness 

Satin (5HS) 2D woven CFRP composite. Geometrically-scaled Double Edge Notch Compression (DENC) 

specimens are tested, from which a size effect law is derived. A significant scatter was observed in the peak 

nominal stress for UD composite DENC specimens loaded under edge compression [19]. This scatter issue is 

addressed through a modification of the DENC specimen geometry, to allow the use of a Combined Loading 

Compression (CLC) fixture [9]. The notch tip diameter sensitivity of the peak load is also investigated for this 

modified specimen geometry, both experimentally and numerically. The use of the CLC fixture also allows the 

extraction of post-peak residual crush load data, by maintaining the alignment of the two portions of the 

fractured specimens after the unstable failure. This crush data is used to calculate the residual compressive 

strength, 56, along the two fibre-dominated principal directions of the weave, which is another material input 

property of some current composite damage models [3]. This residual compressive strength is usually estimated 

to be the transverse matrix-dominated strength in UD composites [29]. However, no literature is available on 

the residual strength of 2D woven composites, and no standard experiments are available to measure this 

property. Thus, this work seeks to provide an experimental technique which can provide both the intralaminar 

compressive fracture toughness and the residual compressive strength of woven CFRP composites. 

 

 

2. Data reduction 

2.1 Size effect method for compressive intralaminar fracture toughness 

Two specimen geometries were investigated (shown in Figure 1), and are hereon referred to as Double Edge 

Notch Compression (DENC) and Double Edge Notch Combined Loading Compression (DENCLC). The DENC 

specimens were edge-loaded, similar to the experiments in literature [19]. DENCLC specimens included an 

additional fixed grip length on each side of the gauge section, to facilitate their use in a standard CLC fixture. 

An analytical model was used to calculate the compressive fracture toughness from these specimen geometries. 

Considering a nominal specimen geometry under compressive loading (Figure 2), the compressive energy 

release rate, �, for a crack propagating perpendicular to the warp direction, 4
, in a 2D orthotropic laminate is 

[30]: 

 

 � = 
�� C�  , (1) 

 

where C is the compressive stress intensity factor. Under a state of plane stress, the equivalent modulus, �� , is 

calculated as [15,30]: 

 �� = >
/EF�

��� G �
HIJ , where (2) 

 > = �KKL�MML  ,   ? = N�MML�KKL�OMK − √,
�,�
  . (3) 
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Figure 1 - DENC and DENCLC specimen geometries. 

Here, > and ? are two dimensionless parameters that define the orthotropy of the laminate. �

 , ��� are 

the compressive elastic moduli in the weft and warp directions, �
� is the in-plane shear modulus, and ,
�, ,�
 

are the in-plane Poisson’s ratios of the weave. 

 

The stress intensity factor is expressed as a function of a nominal stress, @, a characteristic size, /, and a 

dimensionless correction factor, ;, 

 

 C = @ √/ ;  . (4) 

 

The characteristic size was here chosen to be half the total width (2/) of each specimen. The nominal stress 

for a specimen of thickness %, was calculated as @ = �/(2/%). The correction factor ; depends on the orthotropy  

of the laminate (>, ?), and on the geometrical parameters of the specimen (S = �// and : = 9//). For the 

DENC specimens, the gauge length, 2�, was scaled according to the fixed ratio of S = 1.5, while the DENCLC 

gauge length was scaled with S = 1. The shorter gauge length of the DENCLC specimens was a consequence 

of the dimension limitations imposed by the standard CLC fixture. The dimensionless ratio : relates the crack 

length, 9, to the width of the specimen. Its initial value, :	 = 9	//, was kept constant at 0.5 for all specimens. 

By maintaining a constant S, ; can be determined as a sole function of : and  ?. 
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Figure 2 - Arbitrary DENC specimen geometry. 

  

This correction factor ; was determined numerically, by applying the Virtual Crack Closure Technique 

(VCCT) to a parametric FEM model, created in the commercial software package Abaqus® [31], as shown in 

[17].  

 

 Similar to what has been presented in literature for Mode I intralaminar fracture toughness [17], the concept 

of Trace Theory [32] was applied to the elastic compressive properties of several commercially available 2D 

woven CFRP materials. By exploiting their similarities, simplified general expressions were derived for the 

correction factor and the energy release rate, applicable to the majority of such balanced woven materials. A list 

of these material properties is found in Table 1, including the trace of the plane stiffness matrix, tr('), and two 

trace-normalised elastic properties: the equivalent modulus, �� ∗, and compressive modulus, �

∗ . Trace Theory 

shows that the normalised compressive elastic properties have constant values. As a result, orthotropy 

parameters > and ? should also remain relatively unchanged for such materials. For the materials investigated, 

the normalised elastic properties were found to be constant, with a very small coefficient of variation, CV%. 

While > was also found to be constant (> X 1) for such balanced weaves, ? had a more significant variation, 

with a CV% of 14. For the investigated materials, the 95% confidence interval was found to be 5.8 Z ? Z 7.8. 
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Table 1 – Compressive elastic and orthotropic properties for commercially available and tested 2D woven CFRP composite materials. 

Material 
�

 

[GPa] 

��� 

[GPa] 

�
� 

[GPa] 

,
�  

[-] 

tr(') 

[GPa] 

��  

[GPa] 

> 

[-] 

? 

[-] 

�∗�  

[-] 

�

∗
 

[-] 

Tencate TC250-HTS40  

12k Plain weave [33]  
55.3 55.4 3.58 0.039 118.0 26.56 1 7.68 0.23 0.47 

Cytec EP2202-T650  

3k Plain weave [34] 
59.2 59.3 4.45 0.053 127.7 30.39 1 6.60 0.24 0.46 

Cytec 5320-1-T650 

3k Plain weave [35] 
64.6 61.2 5.07 0.053 136.3 33.70 1.06 6.15 0.25 0.47 

Hexcel 8552-AS4 

3k Plain weave [36] 
63.4 62.1 4.96 0.046 135.7 33.08 1.02 6.28 0.24 0.47 

Gurit SE 84LV-RC200T 

3k 2x2 Twill weave ̂  [37] 
58.3 59.0 5.01 0.042 127.5 31.69 0.99 5.81 0.25 0.46 

Material 1^^ 

6k-5HS weave 
61.5 60.3 3.69 0.030 129.3 28.50 1.02 8.22 0.22 0.48 

 

     

Mean 

SD 

CV% 

1.02 

0.025 

2.5 

6.79 

0.949 

14.0 

0.237 

0.012 

5.0 

0.468 

0.007 

1.5 

^The shear modulus was obtained from ASTM D7078 [10] standard testing. 

^^Material 1 is a 2D woven toughened epoxy resin system, with Intermediate Modulus (IM) carbon fibres. The elastic properties were 

obtained from ASTM D3039 [8] and ASTM D7078 [10] standard testing.  

 

The effect of a variation in ? on the correction factor ; was investigated for both DENC (S = 1.5) and 

DENCLC (S = 1) geometries (see Figure 3), for an average value of ? = 6.8. When considering this average 

value of ? (6.8) for the materials listed in Table 1, the variation in ; was found to be a maximum of 2.9%, 

within the 95% confidence interval 5.8 < ? < 7.8. This variation in ; due to ? would have been reduced to less 

than 1% if longer specimens (S > 3) had been used [17]. However, using a high value of S for specimens in 

compression would promote premature buckling. The S value of 1.5, and the range of sizes chosen for the DENC 

specimens, are equal to those already tested in literature [19,38]. In these works, specimens were cut from 

laminates with an equal thickness, and similar elastic properties, to those tested here. DIC and strain gauges 

were used to make sure there was no premature buckling. Thus, the chosen value of S was deemed to be 

sufficiently small to avoid buckling. In the case of testing thinner laminates, or materials with lower elastic 

properties, specimens need to be monitored during tests, to confirm that buckling is still not present. 
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Figure 3 - Correction factor, ;, variation with specimen geometry and material orthotropy. 

  

Using the average orthotropy value of ? = 6.8, the generalised expressions for the correction factor of the 

two specimen geometries are 

 

; = Ftan Gde� J (0.64 :� − 0.69 : + 1.5)  for S = 1.5, DENC, (5) 

 

; = Ftan Gde� J (1.26 :� − 1.27 : + 1.5)  for S = 1, DENCLC. (6) 

 

The compressive energy release rate can therefore be expressed as 

 

 � = 
�� /@�;�(:)  . (7) 

 

 Making use of the previous observations on the trace-normalised elastic properties, where �∗�  and �

∗  can 

be considered constant, Eq. (7) can be reformulated as [17]: 

 

 � = �MMh∗
�MMh �� ∗ /@�;� = ��MMh /@�;� ,  (8) 

 



10 

 

where �

∗ �� ∗⁄ = 0.468/0.237 X 2 (see Table 1). The generalised expressions for the correction factor and 

energy release rate are particularly useful, helping avoid the need of recalculating ; (using VCCT) for other 2D 

woven CFRPs, thus simplifying the data reduction. 

 

 The nominal stress at peak load, @A, for varying specimen sizes, follows a size effect law, @A = @A(/). 

This law captures the transition between the strength-limit behaviour of small specimens and the Linear Elastic 

Fracture Mechanics (LEFM) behaviour observed in larger structures, typical of quasibrittle composite materials 

[24]. This size effect law can be obtained through regression fitting of the experimental peak nominal stress 

values for the geometrically scaled specimens. For the tested material, a bilogarithmic regression law provided 

the best fit of the experimental data, using a nonlinear least-squares Levenberg-Marquardt optimisation, 

 

 ln @A = ln k√lH3  , (9) 

 

where � and � are the fitting parameters. From this size effect law, asymptotic solutions (/ → ∞) can be 

obtained for the steady-state compressive fracture toughness,  !!, and its critical crack tip extension, ��, at 

which the fracture process zone becomes fully developed. Both these values are intrinsic material properties, 

and can be obtained as [24]: 

 

  !! = opK�� ��, �� = qp�qp� � . (10) 

 

The critical driving force curve at peak load, ��, is tangential to the crack resistance curve (R-curve) of 

the material. Furthermore, the �� of each different size specimen is tangential to the R-curve at a distinct point. 

This fact is used to determine the R-curve as an envelope of critical crack driving force curves, as a solution of 

the following set of equations, 

 

 r�(∆9, /) =  (∆9)  ,.tOL(∆u,3)t3 = tv(∆u)t3  .   (11) 

 

 By substituting the size effect law into the first of Eq. (11), the R-curve can be reformulated as 

 

  (∆9) = ��MMh /@�;�(:	 + ∆u3 ) . (12) 

  

 Assuming that the shape parameters of the specimens are constant, including :	, and recalling that the R-

curve is an intrinsic material property independent of specimen size (w (∆9)/w/ = 0) , differentiating Eq. (12) 

with respect to / gives 
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tt3 (/@�;�) = 0  . (13) 

 

 Solving Eq. (13) for / = /(∆9), and substituting / back in Eq. (12), the R-curve can be obtained. 

 

 

2.2 Residual compressive strength (56) 

 

According to Moran et al. [18], once the compressive strength in the fibre direction of the material is reached 

(5), an initial kink-band is formed through localised fibre microbuckling, at which point the material response 

softens as the fibres in the kink-band rotate, up to the point where they lock up and break. This rotation lock up 

corresponds to a transition from linear material softening to a residual compressive strength, 56, as depicted in 

Figure 4. 

 

The value of this residual compressive strength was obtained from the stable post-peak behaviour of the 

DENCLC specimens. The DENC specimens could not provide a stable post-peak response since the two 

portions of the fractured specimens were no longer aligned. The value of 56 was calculated as the stress 

observed in the fractured ligament, during the crushing process, 

 

 56 = x�(3yup)1  . (14) 

 

 

Figure 4 - Predicted stress-strain response of a 2D woven CFRP under uniaxial fibre-dominated compression. The area shaded in blue 

represents the compressive fracture toughness. 
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3. Material and test specimens 

 

 The material used is a 6k-5HS woven carbon fibre reinforced epoxy, and its elastic properties are listed in 

Table 1, under the name “Material 1”. A [0]12 layup was used, producing a laminate of nominal thickness 3.85 

mm. The laminates were cured in an autoclave following the recommended cure cycle. DENC and DENCLC 

specimens were subsequently cut in a CNC milling machine, using diamond coated cutters. The DENC 

specimen set had notches milled with a tip diameter �	 = 1 mm, and is hereon denoted as DENC1 (Figure 5). 

Two sets of DENCLC specimens were cut, with �	 = 1 mm and 2 mm, to investigate the notch tip diameter 

sensitivity of the peak load, and are respectively denoted as DENCLC1 (Figure 6) and DENCLC2. While six 

specimen sizes were tested for the DENC1 set, the two DENCLC sets were limited to five sizes, due to the 

dimension limitations of the CLC fixture (2/ = 35 mm was not tested). A minimum of 5 specimens were tested 

for each size of each geometry set. Table 2 details the geometries of all the tested sets. 

 

 

Figure 5 – DENC1 specimens. 

 

Figure 6 - DENCLC1 specimens. 
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Figure 7 - Test setup: (a) DENC; (b) DENCLC. 

 

Table 2 – DENC/DENCLC specimen geometries. 

 

 

4. Experimental and numerical results 

4.1 Experimental peak load and post-peak results 

 Both DENC and DENCLC specimens were tested at 1 mm/min in a Zwick Roell Z100 test machine, using 

a 100 kN load cell. The test setups for both types of geometries are shown in Figure 7. Peak nominal stresses 

and standard deviations were obtained for all specimen sets, and are listed in Table 3. While an evident size 

effect can be noted for all three sets of specimens (decreasing peak nominal stress with size), the standard 

deviations in peak nominal stresses for the DENC1 set are significantly larger than for the DENCLC sets, for 

all the tested sizes. This was attributed to a decrease in the effect of load surface imperfections (flatness and 

parallelism) on the behaviour of the specimen. 

Specimen label 2/ [mm] 2� [mm] (DENC) 2� [mm] (DENCLC) 9	 [mm] 

10 10 15 10 2.5 

15 15 22.5 15 3.75 

20 20 30 20 5 

25 25 37.5 25 6.25 

30 30 45 30 7.5 

35 35 52.5 - 8.75 
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Table 3 – DENC/DENCLC average peak nominal stress, @A (in MPa), and its standard deviation (in brackets) for all tested sizes. 

 

 

 

Figure 8 - Fractured DENC1 specimens. 

 

 

Figure 9 - Fractured DENCLC1 specimens. 

Specimen label 10 15 20 25 30 35 

DENC1 
175.3 

(16.3) 

172.2 

(25.9) 

150.5 

(12.9) 

156.8 

(15.0) 

152.7 

(14.2) 

129.5  

(8.1) 

       

DENCLC1 
198.3  

(4.7) 

179.8 

(7.8) 

170.8  

(6.7) 

154.2 

(7.1) 

157.0 

(6.9) 
- 

       

DENCLC2 
203.3 

(5.8) 

191.2 

(7.4) 

176.5 

(5.7) 

167.0 

(5.5) 

161.0 

(5.9) 
- 
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 Figure 8 and Figure 9 show the fractured DENC1 and DENCLC1 specimens. The kink-band propagation 

in all specimens had a through-thickness inclination. In woven composites, this angle is a result of the 

aforementioned fibre rotation lockup angle, ply offsets, weave architecture and layup orientation [18,39]. Due 

to this through-thickness inclination angle of the propagated kink-band, the crack in one of the two outer plies 

of a specimen can lie outside of the initial ligament height between the machined notches, as shown in the front 

and rear views of the same fractured DENC1 and DENCLC1 specimens in Figure 10 and Figure 11. In the front 

image, all specimens present a crack (highlighted in orange) within the original ligament height, while in the 

rear image the crack in the specimens with 1 mm notches lies outside this ligament height. These figures also 

show that the propagated crack in DENCLC2 specimens was contained within the initial ligament height 

through the whole thickness of the specimen. Since unstable crack propagation occurs at peak load, the post-

peak development of the crack outside the original ligament height should not affect the measured peak load 

values. However, any measurements made after this crack propagation, such as the post-peak crushing load, are 

influenced by the location of the developed crack.  

 

 

Figure 10 - Front view of fractured ligaments (crack in orange) for DENC1 (left), DENCLC1 (centre) and DENCLC2 (right) 

specimens.  

 

 

Figure 11 - Rear view of fractured ligaments (crack in orange) for DENC1 (left), DENCLC1 (centre) and DENCLC2 (right) 

specimens. 
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4.2 Numerical results on notch tip diameter sensitivity 

The effect of the notch tip diameter on the peak load of the specimen was also analysed numerically, by 

comparing the qualitative and quantitative results of two DENCLC Finite Element (FE) models, with different 

notch tip diameters, i.e. �	 = 1 mm and �	 = 2 mm, generated using the software package Abaqus® [31]. 

Similar to the numerical comparison in [17], each model consists of an embedded cell (EC) surrounded by a 

homogenised mesoscale (ply-level) volume. The EC consists of a [0]12 plain weave stack, embedded in an epoxy 

matrix. A plain weave was modelled instead of the 5HS being tested experimentally, in order to reduce the 

computational cost. However, the width of the individual tows (2 mm) is consistent between the experiments 

and the simulations. The homogenised volume is used to represent the linear-elastic behaviour of the composite 

far from the crack region. Figure 12 shows a representation of the FE models, subjected to the appropriate 

Boundary Conditions (BCs), simulating a virtual test of a DENCLC specimen. The width and thickness of the 

virtual DENCLC specimens are 2/ = 20 mm, and % = 3.2 mm, respectively, while the overall length is 147 

mm. 

 

 

Figure 12 - FE model of the DENCLC specimen, including the embedded cell (EC) and homogenised volume, with the applied BCs. 

4.2.1 Pre-compaction simulation of the Embedded Cell 

Following [40], the tows of the EC were randomly disposed, and then pre-compacted in order to obtain a 

representative value of the fibre volume fraction of the material (see Figure 13 right), generating a more realistic 

representation of a cured composite laminate. Two analytical rigid bodies were used as compression plates for 
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the pre-compaction simulation, including a general explicit contact formulation, with a penalty friction approach 

to avoid interpenetration between yarns. During this compaction stage, the dry tows were assumed to have a 

linear-elastic transversely isotropic behaviour, and modelled using fully integrated 3D hexahedral elements 

(C3D8) in order to maintain a realistic tow geometry during compaction (avoiding hourglass deformations). 

Finally, in order to force periodicity on the outer shape of the ECs, the models were subjected to 2D Periodic 

Boundary Conditions (PBCs) [40,41]. The overall in-plane dimensions of the EC were: �� = 10 mm and 0� = 15 mm (see Figure 13 left), with a final thickness of 3.2 mm after the compaction process. 

 

 

Figure 13 - Embedded Cell isometric representation (right), and a front view highlighting the weave pattern (left). 

4.2.2 DENCLC specimen simulation 

Through orphan mesh capabilities, the homogenised volume of the specimen was generated by extruding 100 solid layers at each of the compacted boundaries of the EC. The hexahedral elements, used for the tows 

during compaction, were exchanged for their reduced integration version (C3D8R), allowing the tows to be 

assigned the intralaminar damage model for the specimen simulation. Similarly, the homogenised volume was 

also discretised using C3D8R elements. The complex volumes existing between the compacted tows of the EC, 

representing matrix resin pockets within the weave, were discretised using 3D tetrahedral solid elements 

(C3D4). The elements in the EC had an average size of 0.03 mm. The notches were created by removing 

elements along the centreline of each specimen, ensuring that :	 = 0.5 was the same for both FE models, as 

shown in Figure 14. 

 

4.2.3 Material models 

The stress localisation due to the notches ensured that damage initiated and propagated within the EC. 

Therefore, the homogenised volume was assumed to behave in a simple orthotropic linear-elastic manner, 

helping reduce the total computational cost of the FE simulations.  

 

The compacted tows were modelled using a transversely isotropic intralaminar damage model, originally 

developed by the Advanced Composites Research Group (ACRG) at Queen’s University Belfast (QUB) [42–

44]. The behaviour of the material in the three principal directions is modelled as linear elastic up to failure, 

while shear deformations follow nonlinear inelastic laws.  The model, implemented as a VUMAT subroutine in 
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Abaqus®, uses strain-based damage initiation functions to predict damage initiation along the fibre direction, 

and a modified version of the Puck and Schürmann [45] failure criterion to capture the transverse and through-

thickness matrix dominated damage initiation [46]. Different damage variables were used to represent the 

evolution of damage in the material, each corresponding to a different failure mechanism. The model also makes 

use of an advanced way to calculate the characteristic element length and a non-linear damage model for 

inelastic deformation, stiffness degradation, and load reversal. For more information, the reader is referred to 

[42–44,47]. 

 

 

Figure 14 - Representation of the initial notch tip within the EC, �	 = 1 mm (top), and �	 = 2 mm (bottom). 

The resin in the EC was modelled using an isotropic elasto-plastic damage model originally proposed by 

Melro et al. [48]. The behaviour of the material is assumed to be elastic until a paraboloidal yield criterion is 

met [49]. The constitutive model also accounts for pressure dependency and different yield strengths in tension 

and compression. A damage model defined by a single damage variable is used, where damage initiation is 

defined by a damage activation function similar to the paraboloidal yield criterion. Mesh dependency is avoided 

through the regularisation of the dissipated energy, using the characteristic element length and the mode I 

fracture toughness of the resin [50]. For the sake of brevity, the model is not completely described here. For 

more information, the reader is referred to [48,51] for a detailed description of the constitutive material model. 

 Since the outcome of these two simulations was only used to compare the peak loads obtained for specimens 

with different notch tip diameters, the input material properties can be considered to have a minimal effect on 

the comparative results. Thus, elastic and strength properties used to model both constituents were assumed to 

be the ones obtained by Melro et al. [41]. Table 4 and Table 5 list the material properties of the epoxy matrix 

and tows. The elastic properties considered for the homogenised volume are the ones reported for Material 1 in 

Table 1. 
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Table 4 – Epoxy matrix material properties 

 

 

 

 

 

 

 

Table 5 – Tow material properties 

a Estimated 

 

Damaged elements were removed throughout the simulations, to avoid excessive element distortion which 

could trigger early termination. This deletion was performed using the following computational strategy: 

 

Delete element if  = z �� > 0.999�

 > 0.999det � Z 0.5 ∨ det � ≥ 2.0, 

 

where �� and �

  are, respectively, the damage variable of the matrix constituent and the fibre-dominated 

compressive damage variable of the tows. The det � value represents the ratio between the deformed and 

undeformed volume of an element. 

 

Mechanical property Epoxy matrix 

Elastic modulus �� = 3760 MPa 

Poisson’s ratio ,� = 0.39 

Tensile strength 5�� = 93 MPa 

Compressive strength 5� = 180 MPa 

Mode I fracture toughness ���� = 0.09 kJ/m� 

Mechanical property Tows 

Elastic moduli �

� = 138910 MPa; ���� = ���� = 9380 MPa  

Poisson’s ratios -
�� = -
�� = 0.245; -��� = 0.350 

In-plane shear modulus �
�� = 5080 MPa 

Longitudinal tensile strength 5�� = 2057 MPa 

Longitudinal compressive strength 5� = 1200 MPaa 

Transverse tensile strength  7�� = 68 MPa 

Transverse compressive strength 7� = 123 MPa 

Shear strengths "
�� = "
�� = 48 MPa; "��� = 39 MPa 

Mode I longitudinal intralaminar fracture toughness ���
� = 101.5  kJ/m� [15] 

Compressive longitudinal intralaminar fracture toughness ��
� = 61  kJ/m� [19] 

Mode I transverse intralaminar fracture toughness ����� = 0.2  kJ/m�a 

Compressive transverse intralaminar fracture toughness ���� = 0.4  kJ/m�a 

Mode II intralaminar fracture toughness ����
�� = ����
�� = ������� = 0.4  kJ/m�a 
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4.2.4 DENCLC specimen simulation results 

 Figure 15 shows the quantitative numerical predictions of both DENCLC virtual specimens, normalised 

with respect to the higher of the two failure stresses, and its corresponding displacement. Four points are 

highlighted (A to D) throughout the load-displacement curves. These points correspond to different stages of 

the compressive intralaminar crack propagation, as represented in Figure 16 and Figure 17. These contour plots 

present the fibre compressive damage variable (�

 ) within the tows, for the two notch tip diameters.  

 

Figure 15 - Normalised nominal stress - displacement curves for the DENCLC FE models, highlighting four distinct points. 

 

 

 

Figure 16 - Fibre compressive damage and crack propagation through the EC volume corresponding to the four distinct points (A-D) in 

the load displacement curve,  for the smaller notch diameter specimen (�	 = 1 mm). 
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Figure 17 - Fibre compressive damage and crack propagation through the EC volume corresponding to the four distinct points (A-D) in 

the load displacement curve,  for the larger notch diameter specimen (�	 = 2 mm). 

 

The ordinate value of the plot presented in Figure 15 represents the ratio between the current stress, @, and 

the maximum nominal stress of the two curves, @A�u�, while the abscissa value represents the ratio between the 

current displacement, �, and the maximum displacement of the two curves, �A�u�. The four points identified 

portray: (A) slight fibre damage at the initial notch tip; (B) crack propagation in the outer plies of the EC; (C) 

advanced crack propagation throughout the EC, including preferential crack localisation at the edges of warp 

tows; (D) unstable intralaminar crack propagation after peak load. The difference between peak loads for these 

two specimens was shown to be very small. From both qualitative numerical predictions (Figure 16 and Figure 

17), the cracks developed before peak load were contained within the initial ligament height (�	), in-between 

the initial notches, making the quantitative predictions valid up to unstable crack propagation. 
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5. Compressive fracture toughness and residual strength 

5.1 Compressive fracture toughness (��) 

 

 The bilogarithmic size effect law of Eq. (9) was fitted to the experimental peak nominal stress data for each 

of the three specimen sets (Table 3). The fits for each set can be observed in Figure 18, including the 

corresponding 95% confidence intervals. A larger variation was observed in the DENC1 specimen data when 

compared to the two DENCLC sets. The downward shift of the size effect law fitting for the DENC1 set, when 

compared to the DENCLC sets (Figure 18d), can be attributed to the larger correction factor value, ;, of the 

DENC geometry (Figure 3). The difference between the fits of the two DENCLC sets is not significantly 

different. The fit coefficients (�, �), and the R-curve parameters �� and  !!, for all specimen sets, are listed in 

Table 6.  

 

 The R-curve for each set of specimens is depicted in Figure 19, including their respective 95% confidence 

intervals, and an overall comparison. These confidence intervals were derived from their corresponding intervals 

obtained for the size effect laws. Both the DENC and DENCLC specimens produced similar R-curves and  !! 

values. However, the 95% confidence interval for the DENC set was significantly wider than the two DENCLC 

sets. Hence, the use of DENCLC specimens is recommended. Furthermore, since the  !! value of the DENCLC2 

set falls within the 95% confidence interval of the DENCLC1 set, it was concluded that, even if the size effect 

law for the DENCLC2 specimen is higher than that of the DENCLC1, the measured fracture toughness of the 

former falls within the 95% confidence intervals of the latter. This conclusion cannot be extended to specimens 

with larger notch diameters, where the measured peak loads could be higher, artificially increasing the calculated 

fracture toughness. The steady-state fracture toughness,  !!, obtained here for 2D woven composites (32.5 

kJ/m2), is comparable to the laminate level fracture toughness measured for Hexcel IM7-8552 cross-ply UD 

composites using the size effect method (30.5 kJ/m2) [19].  

 

 

Table 6 - Size effect law fitting parameters, critical crack extension and steady-state fracture toughness. 

 

 

Specimen label � [MPa√mm] � [mm] �� [mm]  !! [kJ/m2] 

DENC1 771.4 13.8 4.39 33.8 

     

DENCLC1 760.4 10.0 3.21 28.3 

     

DENCLC2 815.6 11.0 3.53 32.5 
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Figure 18 - Size effect laws: (a) DENC1; (b) DENCLC1; (c) DENCLC2; (d) Comparison. 

 

 

Figure 19 - R-curves: (a) DENC1; (b) DENCLC1; (c) DENCLC2; (d) Comparison. 
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5.2 Residual compressive strength (56) 

 

 The post-peak crack propagation of the DENCLC2 specimen set was contained within the initial ligament 

height, unlike the propagation observed in the other two specimen sets. Moreover, the two portions of the 

fractured specimens were kept aligned by the CLC fixture after peak load (Figure 20). Thus, only the DENCLC2 

specimens were considered valid for the calculation of the residual compressive strength. Furthermore, to better 

capture the material variability arising from weave architecture and ply offsets, only the largest specimens 

(2/ = 30 mm) of the DENCLC2 set were considered here. 

 

 The post-peak crushing behaviour for this set of specimens was found to stabilise (Figure 21), progressing 

until the two faces of the initial notch came into contact, at which point the load started to increase again. The 

crushing stress for these specimens was calculated along the ligament of length / = 15 mm, using Eq. (15). 

The compressive residual strength (56) was calculated as the average crushing stress observed from all eight 

specimens in this set, over a crushing length of 1 mm, between the stabilisation after peak load and the second 

rise in load. Figure 22 indicates a significant variability in the crush stress observed for the eight specimens. 

This is a result of the different crack band morphologies that developed after the peak load of each specimen. 

The kink-band inclination through the thickness of the specimen depended on the location of the individual 

kink-band failure of each ply. While some specimens developed a smooth kink-band that transected through all 

plies (Figure 23), other specimens developed multiple kink-band inclinations throughout their thickness (Figure 

24). The four specimens which crushed in a similar manner to Figure 23 provided a higher crushing stress than 

the other four which failed similarly to Figure 24. This difference was attributed to the greater amount of 

delaminations observed during the latter type of crushing behaviour, which reduced the crushing load of such 

specimens. This delamination occurred when wedges on one half of the cracked specimen were forced into the 

opposite half, as shown in Figure 24. 

 

 

Figure 20 - DENCLC specimen alignment after peak load (side view). 
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Figure 21 - Load-displacement curves for eight DENCLC2 specimens, 2/ = 30 mm. 

 

Figure 22 - Crush stress variation of eight DENCLC2 specimens, 2/ = 30 mm. 

In total, four specimens failed in a similar manner to Figure 23, with an average crush stress of 103.9 MPa 

(standard deviation of 3.8 MPa). The other four specimens, which failed similar to Figure 24, had an average 

crush stress of 81.6 MPa (standard deviation of 6.1 MPa). Considering that all specimens failed through the 

formation of inclined through-thickness kink-bands, albeit with some differences in morphology, the averaging 

of the crush stress of all eight specimens was deemed an accurate way of taking the different morphologies into 
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account when calculating the residual compressive stress. This average value was calculated to be 56 = 92.7 

MPa (standard deviation of 17.0 MPa). 

 

 

Figure 23 - Crush surface of a DENCLC2 specimen failing with a smooth kink-band inclination: (a) isometric; (b) side; and (c) top 

views. 

 

Figure 24 - Crush surface of a DENCLC2 specimen failing with multiple kink-band inclinations: (a) isometric; (b) side; and (c) top 

views. 
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6. Conclusions 

 

 A careful comparison of experimental results of both Double Edge Notch Compression (DENC) and 

Double Edge Notch Combined Loading Compression (DENCLC) specimens, as well as the numerical results 

of the notch sensitivity study, reveal the following conclusions: 

 

• DENCLC specimens provided a distinct improvement on the original DENC geometry, by reducing the 

scatter in peak loads, hereby improving the accuracy of the results. Although the compressive fracture 

toughness calculated from both types of geometry is similar, the confidence interval for the DENCLC 

specimens is significantly smaller. The use of DENCLC specimens could provide a similar 

improvement in measuring the compressive fracture toughness of UD laminates. 

 

• The experimental and numerical studies on DENCLC specimens have shown that within the two tested 

notch tip diameters, there is no significant difference in the measured fracture toughness. However, this 

conclusion cannot be extended to future experiments with larger notch tip diameters, where the 

measured fracture toughness might be artificially increased. 

 

• Similar to what has been developed for mode I intralaminar fracture toughness [17], the data reduction 

scheme presented for the size effect method has been further simplified through the application of Trace 

Theory, and made applicable to most commercially available 2D woven composites. This simplification 

eliminates the need of further orthotropic corrections for this class of materials, and consequently the 

recalculation of the correction factor through FEM analysis. 

 

• The use of DENCLC specimens, with an initial notch tip diameter of 2 mm, enabled the calculation of 

the residual compressive strength of the material, by virtue of the stable post-peak crushing observed in 

such specimens. 

 

 This study has further developed the size effect method proposed for compressive fracture toughness, and 

applied it to 2D woven composites, to obtain both their fibre-dominated compressive fracture toughness and 

residual compressive strength. Furthermore, the developments presented here have provided an increased 

accuracy in results, and a data reduction technique which can be more easily applied to a wide class of materials, 

paving the way for future standardisation of this experimental method. 
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