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A B S T R A C T   

Non-crimp-fabrics (NCF) are promising materials in aerospace applications. The complex internal structure of 
NCF composites could influence the in-plane performances, which needs to be comprehensively studied. The 
novel three-dimensional (3D) meso-scale repeated unit cell (RUC) models were proposed for biaxial NCF com-
posites based on the Finite Element (FE) method to conduct a systematic parameter study, including layup 
sequence, out-of-plane tow waviness, resin-rich areas, transverse tow placements and delamination. The meso 
RUC model could effectively predict the homogenised uniaxial tensile and in-plane shear properties of biaxial 
NCF composites based on their meso-scale constituent and material properties. A multiscale framework was also 
developed for biaxial NCF composites. A micromechanical representative volume element (RVE) model provided 
homogenised mechanical properties for tows, and a macroscopical FE model validated the test results using the 
homogenised results obtained from meso RUC models. The numerical results were in good agreement with the 
experiment results. Therefore, the multiscale framework provides an insight into the critical parameters influ-
encing the in-plane properties of NCF composites and an analysis tool for NCF material design.   

1. Introduction 

The NCF blanket consists of fabric layers in specific orientations 
stitched together with through-the-thickness polyester yarns [1]. NCF 
materials are easy-handling, cost-saving, and permeable [2]. The resin 
transfer moulding (RTM) process offers a cost-effective solution to 
manufacture NCF composites with a high fibre volume fraction, complex 
shape, and good surface quality. The NCF composites manufactured by 
the RTM process enable the mass production of composite structural 
components applied in automotive, aerospace, marine and energy [2]. 
Due to the potential value in the aerospace industry, NCF materials are 
expected to become the primary materials of aircraft wings [3]. There-
fore, it is worth investigating and improving the mechanical properties 
of NCF composites. 

NCF composites consisting of fibre tows and resin-rich areas were 
reported to have heterogeneous structures at meso-scale [4–8]. The tows 
in NCF composites have slightly crimp in the out-of-plane direction, 
caused by the combined effects, including neighbouring plies, stitch 
tension and compaction [1,9,10]. The out-of-plane tow waviness could 
cause the reduction of the compressive strength of NCF composites [8]. 

Diamond-shaped resin-rich areas caused by stitching yarns in NCF plies 
contributed to the decreases in tensile, in-plane shear and compressive 
strengths [11–13]. NCF composites were reported to have better inter-
laminar fracture toughness and damage tolerance than unidirectional 
laminates due to the reinforcement of stitching yarns and increased 
delamination path [8,11,13]. Nevertheless, the inferior in-plane 
strengths could limit the widespread application of NCF composites, 
and the critical factors influencing the in-plane strengths are still under 
investigation. A systematic study has not been conducted regarding the 
roles of structural characteristics and interlaminar strengths of NCF 
composites in determining their in-plane strengths. 

Comprehensive studies [4–8,10,12,14] proposed RVE models based 
on the FE method to investigate the influences of geometrical and ma-
terial nonlinearities on the stiffness [4–7,10,12] and strengths [8,14] of 
NCF composites. Digital image correlation measurements were used to 
generate full-field strain maps and validate the RVE results regarding 
damage initiation and progression in NCF composites [15–17]. The two- 
dimensional (2D) RVE models proposed in some studies [6–8,10,14] 
might not be able to reflect actual stress states in NCF composites. In this 
study, the novel 3D RVE models were proposed to capture more accurate 
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stress states in NCF composites. In addition, most studies mentioned 
above focused on predicting elastic modulus or investigating damage 
initiation. Few studies regarding predicting the tensile and in-plane 
shear strengths using RVE models have been conducted. 

This study aimed to develop novel 3D RUC models for biaxial NCF 
composites to investigate how their structural characteristics and 
delamination influenced the uniaxial tensile and in-plane shear 
strengths. Experimental results provided geometrical parameters for the 
multiscale FE modelling. The stereo-digital image correlation (DIC) 
measurements generated full-field strain maps to validate the FE 
modelling. The FE analysis followed a hierarchical sequence from micro 
to macro to provide homogenised material properties at different scales. 
The homogenised results of micro RVE models could represent the 
properties of tow, which was shown in Appendix A and used as material 
inputs of meso RUC models. The homogenised results of meso RUC 
models were used as material inputs of the macroscopic damage model, 
which represented the cross-sectional properties of biaxial NCF com-
posites. The study also successfully employed the user-defined material 
model (UMAT) developed by Iannucci et al. [18–20] to simulate the 
macroscopical damage of biaxial NCF composite in the uniaxial tensile 
and in-plane shear coupon tests. 

2. Materials and experimental tests 

2.1. Materials 

The composite in this study was composed of carbon biaxial non- 
crimp fabric with an areal weight of 150 GSM per ply (Cristex Ltd, 
UK) and epoxy resin MTM57 (Solvay). The polyester yarns were stitched 
through the thickness and added an areal weight of 8 GSM to the biaxial 
NCF blanket. The fabric was composed of 12 K TORAY T700S carbon 
fibres. Biaxial NCF blankets were cut parallel to fibre directions to 
generate 0◦ and 90◦ plies. A total of 8 plies of biaxial NCF blankets were 

laid up with resin films, followed by autoclave fabrication. The nominal 
volume fraction of the NCF panel was 60%. Depending on the cutting 
direction, two layups of NCF composites were obtained for tensile tests: 
A [0/90]4s and B [90/0]4s. The cutting direction was rotated by 45◦ to 
fabricate the in-plane shear specimens. The specimens were cut into 250 
× 25 mm2 using a waterjet cutter, with an average thickness of 2.4 mm 
± 0.2 mm. End tabs were fabricated from woven glass fibre-reinforced 
polymer composites. The length and thickness of end tabs were chosen 
to be 50 mm and 1.5 mm, respectively. Therefore, the gauge lengths of 
the tension and in-plane shear specimens were both 150 mm. 

2.2. Optical observation of the biaxial NCF composite 

Fig. 1 (a) shows an optical microphotograph of the biaxial NCF 
composite at the cross-sectional view, which indicates that the NCF 
composite is composed of tows and resin-rich areas at meso-scale. Fig. 1 
(b) shows the optical microphotograph of the NCF ply at the in-plane 
view, where through-thickness stitching yarns cause diamond-shaped 
resin-rich areas in the NCF plies and disturb fibre directions locally. 
The construction of the biaxial NCF material is presented in Fig. 1 (c), 
where the stitching direction is at the angle of 45◦ to the fibre direction. 
The minimum repeat unit of the NCF fabric based on the stitching gauge 
is 7.2 × 7.2 mm2. The tow consists of fibre and matrix, based on the 
optical micrograph of the tow at the cross-sectional view, as shown in 
Fig. 1 (d). 

According to previous studies [4–8,10–14], the tow imperfection 
angle φ0 and fibre volume fraction Vf of the tows were important geo-
metric parameters that controlled the mechanical behaviours of NCF 
composites. The distributions of the geometric parameters φ0 and Vf are 
presented in Fig. 1 (e) and (f), respectively. The parameters were sum-
marised from the optical micrographs taken from samples cut at 
different positions of the NCF panel. Using the ImageJ software, the 
imperfection angle φ0 was calculated to be the maximum slope of the 

Fig. 1. The internal structure of the biaxial NCF composite: (a) An optical micrograph at the cross-sectional view; (b) An optical micrograph at the in-plane view; (c) 
The construction of the biaxial NCF material; (d) Cross-sectional view of the tow; (e) Distribution of the imperfection angle φ0; (f) Distribution of fibre volume 
fraction in the tows Vf . 
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0◦ tows, and the fibre volume fraction of the tow Vf was calculated to be 
the areal fraction of the fibres in the cross-section of a tow. At least 50 
data were summarised to present the distributions of each geometric 
parameter. The mean values and standard deviations of φ0 and Vf were 
3◦ ± 1◦ and 74% ± 2%, respectively. 

2.3. Mechanical results of uniaxial tensile and in-plane shear tests 

Uniaxial tensile and in-plane shear tests were carried out according 
to the standard ASTM D3039 [21] and D3518 [22], respectively. Tests 
were performed at a 2 mm/min loading rate on a servo-hydraulic Instron 
universal testing machine with a 250 kN loading capacity. With the 2- 
mm gauge length, biaxial strain gauges were attached to the surface of 
tensile and in-plane shear specimens within the gauge length to measure 
the longitudinal and transverse strains. 

At least six repetitive tensile tests for the specimens with layups A 
and B were conducted, respectively. Young’s modulus E0 and Poisson’s 
ratio υ12 were calculated based on the longitudinal strain between 0.1 
and 0.3%. The mechanical parameters E0, υ12 and tensile strengths are 
summarised in Table 1. The tensile strengths measured in this study 
were slightly higher than the values provided in the FALCOM report 
[23], which stated the tensile strengths of biaxial NCF carbon fibre 
composites with a fibre volume fraction of 60% were between 800 and 
1000 MPa. In addition, the tensile strengths of layups A and B have an 
obvious difference, which was explained in the simulation section. 

At least three repetitive in-plane shear tests were conducted on the 
specimens with layups [45/−45]4s and [−45/45]4s, respectively. The 
shear modulus G12 was calculated based on the shear strain between 0.2 
and 0.4%. The layups did not cause an obvious difference in the shear 
test results. The averaged mechanical parameters G12 and shear strength 
are summarised in Table 2. The shear strength in this study was close to 

the values provided in the FALCOM report [23], which stated that the 
shear strengths of the biaxial carbon fibre NCF composites with a fibre 
volume fraction of 60% were between 80 and 90 MPa. 

2.4. Post-mortem photographs 

During the tensile tests, it was worth noting that the surface 0◦ tows 
debonded from the specimens with layup A [0/90]4s first, and then the 
final failure occurred. However, the final failure directly occurred in the 
specimens with layup B [90/0]4s. The post-mortem photographs of the 
tensile and in-plane shear specimens are shown in Fig. 2 (a)-(c). An 
entire view of the specimen and a close-up of the failure zone are pre-
sented to characterise failure modes. In Fig. 2, X-axis and Y-axis repre-
sent fibre directions, and Z-axis represents the thickness direction, 
consistent with the axes marked in Fig. 1. The tensile specimens with 
layups A and B indicate a brittle failure mode [21,24] because a crack 
develops across the section within the gauge length. The crack propa-
gates completely in the specimen with layup B. However, it can be found 
that the surface longitudinal tows debond from the specimen with layup 
A. The specimens with layup A had lower tensile strengths than those 
with layup B, which might be attributed to the debonded tows. The 
phenomenon is validated by the meso FE modelling in Section 3.2.2. 
Fig. 2 (c) shows the failure mode of the in-plane shear specimen. A 
significant softened area is generated due to the large shear deformation. 
The close-up view indicates that interlaminar failure is due to fibre 
rotation [25]. The role of interlaminar delamination on the in-plane 
shear strength is validated by the meso FE modelling in Section 3.3.3. 

2.5. DIC measurements of uniaxial tensile and in-plane shear tests 

Full-field strain measurements were recorded by the stereo-DIC 
(GOM, Germany) during uniaxial tensile and in-plane shear tests. Two 
cameras were used to monitor the deformation of the specimens. The 
measured volume of the sensor was 160 (length) × 135 (width) × 105 
(depth) mm3, and 2752 pixels × 2200 pixels were contained in an 
image. The strain maps were generated with the facet size of 17 pixels ×
17 pixels and the point distance of 15 pixels. Therefore, the pixel size 
was around 0.06 mm. 

Virtual strain gauges with the size of 7.2 mm, corresponding to the 
length of the unit cell for the biaxial NCF composite in Fig. 1 (c), were 
generated in DIC measurements using the GOM correlate software. The 
uniaxial tensile stress–strain curves measured by physical and virtual 
strains are compared in Fig. 3 (a). The results of physical and virtual 
strain gauges are close. For in-plane shear tests, as the applicable range 

Table 1 
Young’s modulus E0, Poisson’s ratio υ12 and tensile strength.  

Layup E0 (GPa) υ12 Tensile strength (MPa) 

layup A [0/90]4s 70.7 ± 3.4 0.044 ± 0.014 1126.5 ± 63.5 
layup B [90/0]4s 68.6 ± 2.5 0.042 ± 0.006 1382.9 ± 35.4  

Table 2 
Shear modulus G12 and strength τ12.  

Shear modulus G12 (GPa) Shear strength τ12 (MPa) 

4.5 ± 0.1 98.3 ± 2.3  

Fig. 2. Post-mortem photographs of test specimens: (a) A tensile specimen with layup A [0/90]4s; (b) A tensile specimen with layup B [90/0]4s; (c) An in-plane shear 
specimen with layup [45/−45]4s. 
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of the physical strain gauges is between ± 0.045, only the virtual strain 
gauges can present the complete in-plane shear stress–strain curves, as 
shown in Fig. 3 (b). The strains of the non-softened and softened areas 
are both presented, and the maximum local shear strain of the NCF 
specimen is in the softened area. The influence of the DIC measurement 
uncertainty on the strain results is discussed in Appendix B. 

3. Mesomechanical FE modelling 

3.1. Model set up 

As shown in Fig. 4, the RUC models consisting of tows and resin-rich 
areas represent internal structures of biaxial NCF composites. The tows 
are assumed to be perfectly straight and have a rectangular cross- 
section. The thickness of an NCF ply is calculated to be 0.15 mm, cor-
responding to the averaged ply thickness. The volume fraction of tow in 
the RUC model is 81%, based on the fibre volume fraction of 60% in the 
biaxial NCF composite and the local fibre volume fraction of 74% in the 
tows. As shown in Fig. 4, eight-node hexahedral solid elements with one- 
point integration are adopted in the meso RUC models. The mesh is 
about 0.08 mm. Two layers of elements are stacked in the thickness 
direction of the tow to capture the bending behaviour. The influence of 
the mesh size on the predicted results is discussed in Section 5. 

Fig. 4 (a) represents the meso RUC model with a minimum size of 1.8 
× 1.8 × 0.3 mm3. According to the previous studies, the extreme 
placements of transverse tows in the internal structure of NCF com-
posites included the in-phase and out-of-phase modes [10,26]. In addi-
tion to the in-phase placed transverse tows shown in Fig. 4 (b), this study 
proposes out-of-phase placed transverse tows symmetric or unsym-
metric about the middle plane, as shown in Fig. 4 (c) and (d). For 
simplification, the structure with the in-phase placed transverse tows 
was named ‘S0’, and the structures with out-of-phase placed transverse 
tows symmetric and unsymmetric about the middle plane were named 
‘S1’ and ‘S2’, respectively. 

To investigate the influence of the RVE size, the minimum RUC 
model with the size of 1.8 × 1.8 × 0.3 mm3 was used as a translational 
unit to generate models with the greater sizes, such as 3.6 × 3.6 × 0.3 
mm3, 5.4 × 5.4 × 0.3 mm3, and 7.2 × 7.2 × 0.3 mm3. Periodic boundary 
conditions (PBCs) were applied to the opposite faces of the meso RUC 
models to derive the equivalent stress and strain between the RUC and 
the homogenised internal structure of the biaxial NCF composite, 
following the method proposed in the relevant study [27]. In addition, 
the meso RUC models with the full-thickness of 2.4 mm (equal to the 
thickness of the tensile specimen) and different internal structures S0, S1 
and S2 mentioned above were used to investigate the influences of free 
boundary and internal structure on the in-plane strengths. PBCs were 

Fig. 3. Stress–strain curves measured by physical and virtual strain gauges: (a) Uniaxial tensile test; (b) In-plane shear test.  

Fig. 4. The meso RUC models with different internal structures: (a) The minimum RUC model; (b) In-phase placed transverse tows S0; (c) Out-of-phase placed 
transverse tows (symmetric about the middle plane) S1; (d) Out-of-phase placed transverse tows (unsymmetric about the middle plane) S2. 
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applied on the opposite surfaces of the full-thickness RUC models except 
for their top and bottom surfaces. 

Tow waviness was incorporated into some RUC models for a 
parameter study. As shown in Fig. 5 (a), tow waviness is introduced into 
the S2 structure of the biaxial NCF composite. The shape function of the 
out-of-plane tow waviness is assumed to be sinusoidal [28]: 

z(x) =
(

a1 +
a2

2
−

c
2

)
+

c
2

⋅cos
(

2πx
λ

)

where a1 and a2 represent the thickness of 90◦ and 0◦ tows, respectively; 
λ is the nearest central distance between the cross-section of tows in the 
same layer; c/2 is the amplitude of tow waviness; z and x are the local 
coordinates in the thickness and longitudinal directions of the tow, 
respectively. In this study, a1 and a2 are equal to 0.15 mm, and λ is 1.8 
mm. The parameters c = 0.01, 0.02, and 0.03 correspond to the 
maximum imperfection angle 1◦, 2◦ and 3◦ in the tow, respectively. 

Delamination was added to some RUC models for a parameter study. 
The cohesive surfaces are inserted at the interfaces between NCF plies by 
activating option 9 of tiebreak contact, as shown in Fig. 5 (b). The 
cohesive surface in LS-DYNA has been successfully employed to model 
delamination damage of laminates and fibre–matrix debonding [29–31]. 
The fracture model for the cohesive surface was developed from the mix- 
mode cohesive material model with the bilinear traction-separation law 
[32]. 

The normal stiffness in the contact was set to be K = 105 GPa/m for 
computational stability. According to the relevant studies [33,34], the 
normal stiffness for modelling the ply interface was between 105-107 

GPa/m. The above values caused a difference of less than 1% in pre-
dicting tensile strengths in this study. Therefore, the value 105 GPa/m 
was applied to the interface between NCF plies. The higher value could 
increase the number of iterations and the difficulty to converge [35], 
which was not adopted in this study. As mode I fracture was hardly 
involved in the damage process of uniaxial tension and in-plane shear, 
the cohesive normal t0n and shear t0

s strengths were assumed to be the 
same. The cohesive strengths of 40 MPa [14], 70 MPa [23] and ∞ 
(perfectly bonded) were employed in the parameter study. The normal 
ΓI and shear ΓII fracture energies of cohesive surfaces were assumed to 
be 100 J/m2. 

Polyester yarns were not directly modelled in the meso RUC models 
due to their minor contribution to the global stiffness of NCF composites 
[36]. The stitching yarns cause the generation of diamond-shaped resin- 
rich areas in NCF composites, as indicated in Fig. 1 (b). Therefore, the 
influence of diamond-shaped resin-rich areas on the tensile and in-plane 
shear strengths of the biaxial NCF composite was investigated. Fig. 5 (d) 
presents the meso RUC model with the diamond-shaped resin-rich areas, 

established according to the minimum unit of the NCF fabric shown in 
Fig. 5 (c). 

The meso RUC model with diamond-shaped resin-rich areas was in 
the size of 7.2 × 7.2 × 0.3 mm3, and the meso RUC model with channel- 
shaped resin-rich areas with the same size was chosen as the counter-
part. The channel-shaped resin-rich areas had a width of 0.342 mm. Due 
to the lack of reliable statistics on the sizes of resin-rich areas, the 
maximum width of the diamond-shaped resin-rich areas was assumed to 
be 0.45 mm. Therefore, the minimum width was 0.234 mm, to keep the 
volume fraction of the tows in the meso RUC model with diamond- 
shaped and channel-shaped resin-rich areas consistent. 

It should be noted that the out-of-plane tow waviness caused fibre 
undulation. The local material axis was defined in each element of tows 
so that the major direction was tangential to the sinusoidal shape 
function. Besides, uniaxial tensile strain εx and in-plane shear strains εxy 
were applied to the meso RUC models for different loading cases, 
respectively. The homogenised strain and stress were calculated based 
on the methods proposed in the relevant study [27]. 

3.2. Uniaxial tension 

3.2.1. Material model 
When the meso RUC model was subject to uniaxial tension, matrix 

and fibre tensile failures occurred in 90◦ and 0◦ tows, respectively. The 
tows in the meso RUC model have the same cross-section as unidirec-
tional laminates and hence could be modelled by the built-in material 
model 54 for composite damage in LS-DYNA. The material model has the 
merit of simple parameters input and could predict composite failure 
modes, including matrix failure, fibre–matrix shearing, and fibre failure. 
Matrix cracking was implicitly modelled, and the stress degradation was 
not considered in the element of the 90◦ tow. The stress in the element of 
the 0◦ tow reduced to zero after reaching the fibre tensile strength, 
which causes the final collapse of the FE model. 

The parameters of the tow used in the above material model were 
analysed with the micro RVE models as indicated in Appendix A, 
including elastic modulus and transverse tensile strength. The longitu-
dinal and transverse tensile strengths of the tow with a fibre volume 
fraction of 74% were 3626 MPa and 87 MPa, respectively. The longi-
tudinal tensile strength provided an upper limit for fibre tensile failure, 
estimated based on the rule-of-mixtures (ROM). The transverse tensile 
strength was derived by the micro RVE model with the interfacial 
strength of 80 MPa, assuming the interfacial strength was equal to the 
tensile strength of the epoxy resin. The relevant studies [37,38] have 
demonstrated that the Mohr-Coulomb yield criterion could be used to 
model the plasticity and pressure-dependent behaviour of epoxy resin. 

Fig. 5. (a) The S2 structure combined with tow waviness c = 0.03; (b) Cohesive surfaces for interlaminar delamination in the meso RUC model; (c) The minimum 
unit of the NCF fabric; (d) The schematic of the meso RUC model with diamond-shaped resin-rich areas. 
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Therefore, the built-in material model 173 in LS-DYNA for the Mohr- 
Coulomb yield criterion was used to model the matrix [32]. The mate-
rial parameters of the matrix are listed in Table A1 of Appendix A. 

3.2.2. Influence of RVE size and internal structure 
The meso RUC models with different sizes were constructed to 

investigate the influence of the RUC size on the tensile strength. The 

Fig. 6. The meso RUC models with different sizes and internal structures subject to uniaxial tension: (a) Tensile strengths of layup A; (b) Tensile strengths of layup B.  

Fig. 7. The local X-stress distributions along a path in the longitudinal direction of the 0◦ tows in the meso RUC models under uniaxial tension with structures S0, S1 
and S2 at applied strain ε = 0.01:(a) The surface 0◦ tows in the models with layup A; (b) The 0◦ tows below the surface 90◦ tows in the models with layup B. 

Fig. 8. The influence of tow waviness and interlaminar strength on the tensile strengths of the meso RUC models: (a) Tensile strength vs tow waviness of the models 
with the interlaminar shear strengths of 40 MPa, 70 MPa and ∞; (b) Local X- and XZ-stress distributions along a path in the longitudinal direction of the interior 
0◦ tow in the models (layup B) with tow waviness c = 0 and 0.03 at the applied strain ε = 1%. 
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effects of layups A [0/90]4s and B [90/0]4s were achieved by imposing 
tensile displacement in the Y- and X-directions, respectively. The tensile 
strengths of the meso RUC models are summarised in Fig. 6 (a) and (b). 
The results show that the tensile strengths are not influenced by the in- 
plane size of the RUC models due to the application of PBCs. However, 
the tensile strengths of full-thickness RUC models have an apparent 
difference. The difference was explained by the following stress analysis 
of the 0◦ tows in the full-thickness models. 

Fig. 7 shows the local X-stress distributions along a path in the lon-
gitudinal direction of the 0◦ tows in full-thickness meso RUC models 
with internal structures S0, S1 and S2 at the applied strain ε = 1%. The 
path in the models with layup A is chosen from the surface 0◦ tow, as 
shown in Fig. 7. The path in the models with layup B is chosen from the 
0◦ tow below surface 90◦ tow. The stress concentrations are generated 
due to several factors, including the bending effect, resin-rich areas and 
the unsymmetric structure. The reasons for the stress concentrations at 
different locations are shown in Fig. 7 (a) and (b). 

Due to the free boundary, a significant bending effect was found in 
the surface 0◦ tows in the models with layup A. The bending effect 
caused the stress concentrations of the surface 0◦ tows in the models 
with layup A. The bending stresses of the surface 0◦ tows were increased 
in the unsymmetric S2 structure. The bending effect was constrained in 
the models with layup B due to the surface 90◦ tows. The stress con-
centrations in layup B were mainly caused by resin-rich areas. There-
fore, the internal structures S0, S1 and S2 had a minor influence on the 
tensile strengths of the models with layup B. 

Therefore, the meso RUC model with the characteristics of S2 
structure and layup A simultaneously had the lowest tensile strength 
among all the full-thickness RUC models. The tensile strengths of layup 
B were mainly influenced by the stress concentrations caused by resin- 
rich areas. The bending effect in layup A caused higher stresses than 
the stress concentrations near resin-rich areas, leading to the significant 
reduction of tensile strengths with layup A in experimental results. 

3.2.3. Influence of tow waviness and delamination 
Fig. 8 (a) shows the influence of tow waviness and interlaminar 

strength on the tensile strength. The increase of tow waviness leads to 
the reduction in tensile strengths. However, the models with layup B 
have a greater reduction than those with layup A. The stress concen-
trations in the models with layup A were still dominated by the bending 
effect caused by the stretching of surface 0◦ tows. Fig. 8 (b) presents the 
local X- and XZ-stress distributions along a path in the longitudinal di-
rection of interior 0◦ tows in the models with layup B. The local stresses 
in the models with tow waviness c = 0 and 0.03 are compared. It can be 
found that the maximum X-stresses are caused by the resin-rich areas in 

the model with c = 0, while the maximum X-stresses are caused by the 
bending effect of crimped tows in the model with c = 0.03. In addition, 
the XZ-stresses increase with tow waviness. Therefore, the increase of 
tow waviness had a more significant influence on the tensile strength of 
layup B than that of layup A. Interlaminar strengths had a minor influ-
ence on the tensile strengths because delamination was not involved in 
the damage process of uniaxial tension. 

3.2.4. Influence of the shape of resin-rich areas 
The comparison between the tensile strengths of the meso RUC 

models with the diamond-shaped and channel-shaped resin-rich areas is 
presented in Fig. 9 (a). The presence of diamond-shaped resin-rich areas 
causes a 24% reduction in the tensile strength. Fig. 9 (b) shows the local 
X- and XY-stress distributions along a path in the longitudinal direction 
of the 0◦ tows in the RUC models with diamond and channel-shaped 
resin-rich areas at the applied strain ε = 1%. The channel-shaped 
resin-rich areas cause minor stress concentrations. The X- and XY- 
stress concentrations are significant due to the diamond-shaped resin- 
rich areas, promoting the fibre tensile failure in the 0◦ tows. 

3.3. In-plane shear 

3.3.1. Material model 
The 45◦ and −45◦ tows were subjected to the same shear deformation 

in the biaxial NCF composite under pure in-plane shear loading. There-
fore, the material model 157 in LS-DYNA was used to model the nonlinear 
shear behaviours of the tows in the meso RUC model. According to the 
material model, the tows behaved elastically before reaching the yield 
strength and then presented nonlinear behaviour based on an effective 
plastic stress–strain curve. The brittle orthotropic Tsai-Wu failure crite-
rion was combined with the anisotropic plastic material. The strength of 
120 MPa, predicted by the micro RVE model with the interfacial strength 
of 100 MPa and a fibre volume fraction of 74%, was used in the material 
model as the maximum shear strength of the tow. 

The in-plane shear stress–strain curve derived from the micro RVE 
model proposed in Appendix A was transferred to the effective plastic 
stress–strain curve as the input for the material model. With the pure 
shear boundary condition, stresses in the degree-of-freedoms except for 
XY were all in small magnitudes. Therefore, using the effective plastic 
stress–strain curve to describe the in-plane shear nonlinear behaviour of 
the tows was feasible in the current situation. Besides, the built-in ma-
terial model 173 in LS-DYNA for the Mohr-Coulomb criterion was used 
to model the yielding and pressure-dependent behaviours of the matrix. 
The material parameters of the matrix are listed in Table A1 of Appendix 
A. 

Fig. 9. The meso RUC models with the diamond and channel-shaped resin-rich areas under uniaxial tension: (a) Tensile strength; (b) Local X-stress and XY-stress 
distributions along a path in the longitudinal direction of the 0◦ tows in the meso RUC models at the applied strain ε = 1%. 
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3.3.2. Influence of RVE size and internal structure 
The in-plane shear stress–strain curves of the meso RUC models with 

different sizes are depicted in Fig. 10 (a). The change of the in-plane 
sizes has a negligible influence on the shear responses. The full- 
thickness meso RUC models with S1 and S2 structures have higher in- 

plane shear strengths than the model with the S0 structure. Fig. 10 (b) 
compares the local XY-stress distributions along a path in the longitu-
dinal direction of the tows in the models with S0 and S2 structures at the 
applied shear strain γ = 10%, respectively. The maximum XY-stresses 
are reduced in the model with the S2 structure due to the dispersion 

Fig. 10. The meso RUC models with different sizes and internal structures subject to in-plane shear: (a) In-plane stress–strain curves; (b) Local XY-stress distributions 
along a path in the longitudinal direction of the tows in the meso RUC models with S0 and S2 structures at the applied shear strain γ = 10%. 

Fig. 11. The influence of tow waviness and interlaminar strength on the in-plane strengths of the meso RUC models: (a) In-plane shear strength vs tow waviness of 
the models with the interlaminar shear strengths of 40 MPa, 70 MPa and ∞; (b) Local XY-stress distributions along a path in the longitudinal direction of the tows in 
the models with tow waviness c = 0 and c = 0.03 at the applied shear strain γ = 10%. 

Fig. 12. The meso RUC models with diamond and channel-shaped resin-rich areas under in-plane shear: (a) In-plane shear stress–strain curves; (b) Local XY-stress 
distributions along a path in the longitudinal direction of the tows in the meso RUC models at the applied shear strain γ = 10%. 
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of resin-rich areas, leading to the higher shear strength. 
The influence of layups [45/−45]4s and [−45/45]4s on the in-plane 

shear strength was negligible. The pure shear boundary conditions 
caused the equivalent shear deformations in all the layers of the biaxial 
NCF composites. The critical factor influencing the in-plane shear 
strength was the stress concentrations due to resin-rich areas. 

3.3.3. Influence of tow waviness and delamination 
Fig. 11 (a) shows the influences of tow waviness and the interlaminar 

strength on the in-plane shear strength. The increase of tow waviness 
improves the in-plane shear strength slightly, but the influence of 
interlaminar strength on the in-plane shear strength is negligible. Fig. 11 
(b) presents the local XY-stress distributions along a path in the longi-
tudinal direction of the tows in the models with waviness c = 0 and c =
0.03 at the applied shear strain γ = 10%. The increase of tow waviness 
contributes to reducing stress concentrations in the tows, leading to the 
higher in-plane shear strength. 

Besides, the interlaminar strength of cohesive surfaces between NCF 
plies did not cause a significant influence on the in-plane shear strength 
because the major damage mechanism causing the nonlinear shear 
response was matrix plastic deformation of the tows. The meso RUC 
results showed that interlaminar delamination occurred when the tows 
reached the maximum shear strength. Hence, interlaminar delamination 

Fig. 13. FE modelling results of the biaxial NCF composite subject to uniaxial tension and in-plane shear: (a) Local strain εx in the tensile FE model at the applied 
tensile strain ε = 1.4 %; (b) Local shear strain γxy in the in-plane shear FE model at the applied shear strains γ = 27%; (c) Stress–strain curves of uniaxial tension and 
in-plane shear FE modelling. 

Table 3 
Material properties of the biaxial NCF composite for numerical simulation.  

Property Values 

Elastic properties Ex = 70GPa; Ey = 70GPa;G12 = 4.9GPa; v21 =

0.04 
Strength and failure strain σx = 1076MPa,σy = 1375MPa, γ0 = 0.27, γfail =

0.6 
Intralaminar fracture 

toughness 
Gx,f = 80 kN/m2, Gy,f=80 kN/m2 

Note Layup A [0/90]4s was used  

Table 4 
FE modelling results of different mesh sizes.  

Test type Uniaxial tension In-plane shear 

Mesh size 
(mm3) 

Failure 
strength σ 
(MPa) 

Failure 
strain ε (%) 

Failure 
strength τ 
(MPa) 

Failure 
strain γ (%) 

3 × 3 × 2.4 990.3 1.4 99.2 27.6 
2 × 2 × 2.4 994.7 1.4 99.0 27.4 
1 × 1 × 2.4 996.3 1.4 98.8 27.3 
Difference 0.6% 0.2% 0.5% 0.9%  
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was not the dominating factor deciding the maximum shear strength of 
biaxial NCF composites. 

3.3.4. Influence of the shape of resin-rich areas 
The influence of diamond-shaped resin-rich areas on the in-plane 

shear strength was investigated. As shown in Fig. 12 (a), the stress–-
strain curves indicate that the presence of diamond-shaped resin-rich 
areas causes the reduction in the in-plane shear strength of the meso 
RUC model. Fig. 12 (b) compares the local XY-stress distributions along 
a path in the longitudinal direction of the tows in the models with 
diamond-shaped and channel-shaped resin-rich areas at the applied 

shear strain γ = 10%. The diamond-shaped resin-rich areas cause higher 
XY-stresses, leading to the lower in-plane shear strength. However, a 
4.7% reduction in the shear strength was slight, compared to a 24% 
reduction in the tensile strength. 

4. FE modelling of coupon test 

4.1. Model set up 

The damage mechanics-based progressive damage model, proposed 
by Iannucci et al. [18–20] for woven carbon composites, has been 

Fig. 14. The influence of the mesh size: (a) Local X-stress distributions in surface 0◦ tows of the meso RUC models with layup A at the applied strain ε = 0.01; (b) 
Tensile strengths of the models with layup A. 

Fig. 15. The comparison between DIC measurements and the meso RUC model: (a) Strain map εx of the tensile specimen at the applied strain ε = 0.01 (facet size =
17 pixels, point distance = 15 pixels); (b) The local strain maps εx generated with different parameters; (c) Strain distribution εx along the sections in the meso RUC 
FE model and DIC measurements. 
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implemented in LS-DYNA for the shell element (plane stress) formula-
tion. The damage was initiated with a strain-based approach and then 
developed following a fracture mechanics approach to avoid a mesh- 
dependent solution. The model described the macroscopical damage 
at the ply-level, including tensile and compression failure of fibre bun-
dles in local warp and weft directions and in-plane shear damages. The 
accumulations of damages were defined with damage variables oper-
ating at the ply-level. 

The damage model proposed above was used in this study to model 
the macroscopic damages of biaxial NCF composites. The cross-sectional 
properties of the biaxial NCF composite, including 0◦ and 90◦ NCF plies, 
were homogenised in an integration point. The thick shell element 
formulation was used to model the intralaminar damage of the biaxial 
NCF composite. A thick shell element could contain a different number 
of integrations, representing NCF plies with different fibre directions. 

Fig. 13 (a) shows the boundary conditions in the FE modelling of 
uniaxial tension and in-plane shear tests. The boundary conditions are 
imposed on the surfaces of the end tabs. The Z-motion of the end tabs is 
constrained to model the clamping effect. The X-motion of the end tabs 
on the left side is constrained, and a prescribed X-motion is applied to 
the end tabs on the right side. 

The material properties of biaxial NCF composites derived from the 
meso RUC model with tow waviness c = 0.03 are summarised in Table 3. 
The in-plane shear stress–strain curve derived from the meso RUC model 
was also used as a material input. The fracture toughness of the biaxial 
carbon fibre NCF composite Gf was estimated to be 80 kN/m2, based on 
160 kN/m2 measured from the carbon fibre reinforced NCF laminate 
[39]. The fracture mechanics approach was also used to calculate in- 
plane shear failure. The shear strains γ0 = 0.27 and γfail = 0.6 were 
used as initial and failure strains, respectively. The failure strain γfail =

0.6 was estimated from the softening area of the in-plane shear specimen 
by the DIC measurement. 

4.2. FE modelling results 

The maximum element size should be smaller than 5.7 mm due to the 
restriction of the characteristic element length l* proposed in the study 
[20]. Therefore, different mesh sizes (1 × 1 × 2.4 mm3, 2 × 2 × 2.4 mm3 

and 3 × 3 × 2.4 mm3) were used in the tensile and in-plane shear FE 
models. The mesh size in the thickness direction was kept constant 
because the specimens were in 2D-stress states during tensile and in- 
plane shear tests. The shell element with multiple integrations could 
effectively model in-plane damages of the specimens. Stacking shell el-
ements could cause redundant out-of-plane stresses. Fig. 13 (b) shows 
the local strain εx in the tensile specimen with the coarse (3 × 3 × 2.4 
mm3) and fine meshes (1 × 1 × 2.4 mm3) at the applied strain ε = 1.4 %. 
It can be seen that the tensile strain εx is distributed uniformly within the 
gauge length, and the maximum tensile strains in the coarse and fine 
meshes are consistent. Fig. 13 (c) also compares the influence of coarse 
and fine meshes on the local strain γxy in the shear specimen at the 
applied strains γ = 27%. With the reduction of mesh size, the higher 
shear strain begins to be localised at the softened area. The uniaxial 
tensile and in-plane shear stress–strain curves are shown in Fig. 13 (c), 
indicating that numerical results are in good agreement with the 
experimental results. The failure strengths and strains in the tensile and 
in-plane shear FE models with different mesh sizes are summarised in 
Table 4. The FE results show a good converge as the differences of failure 
strength and strains predicted by different mesh sizes are within 1%. 

5. Discussion 

Studies [6,15] reported that damage onset in the tows could be 
captured by the continuum damage mechanics (CDM) approach, but the 
damage propagation was predicted incorrectly. The built-in material 
model 54 for composite damage in LS-DYNA was based on the CDM 

approach with the maximum strain or stress criteria. Matrix cracking 
could extend through the entire 90◦ layers, using the stress degradation 
in the material model. However, an experimental study [6] charac-
terised different types of matrix cracking in the transverse tows of NCF 
composites and clarified that the through-thickness cracks were only 
one of them. Studies [6,15] suggested measuring the density of matrix 
cracks to predict the degradation of modulus and Poisson’s ratio or 
inserting discrete cracks into the RUC models, which was not applicable 
for this study. Nevertheless, the difference between tensile strengths 
predicted by the meso RUC models with and without stress degradation 
was within 0.2 % in this study. Therefore, using the CDM approach to 
model the tows in this study was feasible because matrix cracking caused 
a slight influence on the prediction of the overall tensile strength of the 
biaxial NCF composite. 

The influence of mesh size on the meso RUC model was discussed. In 
the preceding RUC analysis, the mesh of the meso RUC models was 
0.0855 × 0.0855 × 0.075 mm3. As shown in Fig. 14 (a), the meso RUC 
models with different mesh sizes are created to model the damage 
behaviour of the tensile specimen with layup A, where ‘m’ and ‘n’ 
represent the number of elements in the Y- (longitudinal) and Z- 
(thickness) directions, respectively. Due to symmetry, only half of the 
surface 0◦ tows in the full-thickness RUC models are presented. Fig. 14 
(a) presents the local X- stress distributions at the applied strain ε = 0.01. 
The damage initiation and propagation in the surface 0◦ tow are asso-
ciated with the maximum X-stress (red region). The tensile strengths 
predicted by the models with different meshes are depicted in Fig. 14 
(b). Fig. 14 (a) shows that when more than one element layer is stacked 
in the thickness direction, the damage is localised in the element layer 
below the surface element layer. In addition, Fig. 14 (b) shows the 
converged results of the predicted tensile strengths (within 10% of the 
mean test result) except for the strength of the finest mesh size (m = 20, 
n = 4). This might be caused by the localisation when using the local 
damage model, leading to the mesh-dependence problem. 

Some studies [40–42] mentioned the mesh-dependence problem due 
to progressive damage models used for modelling the tow in textile 
composites. Fracture energy [43,44] and non-local damage model 
[45,46] have been implemented in progressive damage models or ho-
mogenisation algorithms to avoid mesh dependency. However, the 
method of fracture energy might not eliminate the pathological damage 
localisation as it mainly controlled damage evolution rather than initi-
ation. Thus, a non-local damage model was expected to be a solution to 
minimise the mesh-dependence problem in future work. 

In this study, avoiding overly refined mesh size was the simplest 
scheme to eliminate pathological damage localisation. The scheme of 
stacking two-element layers in the tow thickness direction was adopted 
because it could reasonably account for the bending behaviour of tows 
and the debonding of surface tows. Although decreasing the mesh size in 
the in-plane direction should not obviously influence the predicted 
result, the calculation time could be increased. Besides, the progressive 
damage model was developed for the macroscopic damage of unidi-
rectional laminates, which might not correctly predict the in-situ 
strength of a localised material point. Future studies could validate the 
feasibility of using the laminate damage models to model the meso-scale 
tows under more complex loadings. 

Fig. 15 compares the axial strains εx of the DIC measurements and 
the meso RUC model with diamond-shaped resin-rich areas at the 
applied tensile strain ε = 0.01. Fig. 15 (a) presents the strain map εx 
within the gauge length of the tensile specimen, with a facet size of 17 
pixels × 17 pixels and a point distance of 15 pixels. Fig. 15 (b) compares 
the local strain maps εx, corresponding to the small window marked in 
Fig. 15 (a), with different facet sizes and point distances. The strain 
distributions along the sections of the strain maps and the meso RUC 
model are compared, as shown in Fig. 15 (c). 

Fig. 15 (b) shows that using the smaller facet size and point distance 
can increase the maximum and minimum strains in the local strain 
maps. However, the FE model has more obvious peaks and valleys than 
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the DIC measurements, while the strain distributions measured by DIC 
are close to the averaged value of the FE result. It should be noted that 
the strains measured by DIC represented the surface deformation of the 
tensile specimen consisting of 16-layer NCF plies, while the strains of the 
meso RUC model represented the deformation of the interior layers. The 
relevant study [47] indicated that the nesting of layers in textile com-
posite could smooth the strain profile and reduce the resolution. 
Therefore, the choice of the specimen thickness could be a major reason 
for the low resolution. However, the strain maps measured from the thin 
specimen could not represent the actual values of an interior layer of a 
thicker specimen. The other way of improving resolution was to reduce 
the measured volume and focus on a local area of the specimen. How-
ever, a large number of local strain maps were required to avoid local 
effects, leading to a tremendous amount of experimental work. Despite 
the low resolutions of DIC measurements, the distance between the 
major stress concentrations is about 7.5 mm, corresponding to the dis-
tance between the neighbouring diamond-shaped resin-rich areas, as 
shown in Fig. 15 (c). The good agreement indicates that meso FE 
modelling is a potential tool to investigate the actual strain distributions 
of the internal layers. 

The novel 3D meso RUC model offered a virtual testing framework 
for NCF composites, which could well capture the in-situ strengths. The 
in-plane shear strength was predicted as 117 MPa by the meso RUC 
models with the out-of-phase structures S1 and S2 under a pure-shear 
boundary condition. The result of in-plane shear strength 117 MPa 
was used as a material input of the macroscopical damage model in the 
FE modelling of in-plane shear coupon tests. The predicted results were 
in good agreement with the experiment result with the in-plane shear 
strength of 98 MPa. Thus, the in-plane tests based on the standard ASTM 
D3518 underestimated the actual in-plane shear strengths. Besides, the 
lower tensile strength of the specimen with layup [0/90]4s was influ-
enced by the bending effects of surface 0◦ tows. The lower tensile 
strength could not represent the tensile strength of the NCF composites 
using off-axis plies as the surface layers. Further study regarding the 
biaxial NCF composites under compression and impact loadings can be 
conducted to validate the multiscale FE modelling. 

6. Conclusion 

This study proposed novel 3D RUC models of biaxial NCF composites 
to investigate the critical factors influencing their uniaxial tensile and in- 
plane shear strengths. A systematic parameter study was conducted 
based on the meso RUC models, including layups, the placement of 
transverse tows, tow waviness, delamination, and diamond-shaped 
resin-rich areas. 

The predicted results of meso RUC models provided insight into the 
critical factors influencing the in-plane strengths of the biaxial NCF 
composite. Due to layer shifting existing in NCF composite, the out-of- 
phase placed tows were more common than the in-phase placed tows. 
The out-of-phase placement of tows in NCF composites was found to 
have different influences on the tensile and in-plane shear strengths. The 
out-of-phase placed tows could be unsymmetric about the middle plane 
of NCF composites, leading to the bending effects of surface 0◦ tows 
during uniaxial tension. Therefore, the layup [0/90]4s had a lower 
tensile strength than the layup [90/0]4s. However, when the meso RUC 
models were under in-plane shear, the dispersion of resin-rich areas 
caused by the out-of-phase placed tows reduced stress concentrations. 
Therefore, the out-of-phase placement of tows in NCF composites could 
lead to a reduction in the tensile strength of the layup [0/90]4s but an 
increase in the in-plane shear strength. In practical application, the off- 
axis plies should be placed as the surface layers to avoid the debonding 

of surface 0◦ tows during tensile loading. 
Similarly, tow waviness in NCF composites had different influences 

on the in-plane strengths. Under uniaxial tension, increasing tow 
waviness led to higher bending stresses, reducing the tensile strength. 
Under in-plane shear, increasing tow waviness reduced stress concen-
trations caused by resin-rich areas, enhancing the in-plane shear 
strength. Therefore, the reduced tensile strength was a major drawback 
for NCF composites in structural application. In future work, the influ-
ence of tow waviness on the compressive strength should be investi-
gated. Interlaminar delamination was not involved in the damage 
process of uniaxial tension and in-plane shear. Therefore, the inter-
laminar shear strength did not significantly influence the uniaxial tensile 
and in-plane shear strengths, indicating that the improved interlaminar 
resistance by stitching yarn may not enhance tensile and in-plane shear 
strengths. The presence of diamond-shaped resin-rich areas in NCF 
composites, associated with the diameter of stitching yarns [13], caused 
the degradation of uniaxial tensile and in-plane shear strengths. How-
ever, the decrease in the tensile strength was significantly higher than in 
the in-plane shear strength. Therefore, the diameter of stitching yarns 
and tow waviness were major factors controlling the tensile strength of 
NCF composites. 

The homogenised results obtained from the meso RUC models were 
used as material inputs in the macroscopic damage model of biaxial NCF 
composites, developed by Iannucci et al. [18–20] as a UMAT in LS- 
DYNA. The UMAT was used in the FE modelling of biaxial NCF com-
posites in uniaxial tension and in-plane shear coupon tests. The nu-
merical modelling results were in good agreement with the experimental 
results. Therefore, the micro RVE model, the novel 3D meso RUC models 
and the macroscopical damage model comprised a virtual testing 
framework, providing an insight into the critical parameters influencing 
the mechanical properties of NCF composites. The multiscale framework 
improved the numerical methods of analysing NCF composites and 
contributed to a potential numerical tool for the application of NCF 
composites. 
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Appendix A. Micromechanical FE modelling 

A.1. Model set up 

Micro RVE models were created to investigate the mechanical behaviours of tows in the NCF composites. A micro RVE model was composed of 
fibre and matrix. The transverse tensile and in-plane shear strengths of the tows were predicted by the micro RVE models. As shown in Fig. A1 (a) and 
(b), micro RVE models are constructed with 30 carbon fibre inclusions (Vf = 74%) but different fibre distribution patterns. The relevant studies 
[37,48,49] have demonstrated that 30 fibre inclusions were enough to capture the transverse mechanical behaviours of unidirectional laminates. 
Eight-node hexahedral solid elements are adopted in micro RVE models, and their FE discretisation is presented in Fig. A1 (a) and (b). As shown in 
Fig. A1 (c), two thin element layers are stacked in the longitudinal direction (X-axis) of the micro RVE model because the deformation gradient along 
the longitudinal direction can be negligible under transverse tensile or in-plane shear loadings [37]. In total, approximately 18,800 elements are 
employed in the micro RVE models. The geometries of the micro RVE models are assumed to be periodic at the Z-Y plane, so the nodes on the opposite 
surfaces can be matched. PBCs were applied to the opposite surfaces of the RVE models following the method proposed in the relevant study [27]. 

Fig. A1 (d) shows that the cohesive surface can be used to model the fibre–matrix debonding. Interfacial normal and shear strengths were equal 
t0
n = t0

s for simplification. The interfacial strengths 40, 80, and 120 MPa were labelled ‘S40’, ‘S80’, and ‘S120’ to investigate the influence of interfacial 
strength on the mechanical properties of tow. Fibres and matrix were perfectly bonded in the model labelled as ‘S∞’. Interfacial fracture toughness was 
assumed to be 100 J/m2. The fracture toughness was demonstrated to dominate the maximum displacement of debonding [38], which was not in the 
interest of this study. The penalty stiffness was set as K = 108 GPa/m for computational stability [37,48,49]. 

A.2. Material model 

The carbon fibre T700 in the micro RVE models was assumed to the linear elastic because fibre damage was not involved in the damage process of 
transverse tension and in-plane shear of biaxial NCF composites. The built-in material model in LS-DYNA for the Mohr-Coulomb yield criterion was 
employed to model the MTM57 resin. The mechanical parameters of fibre and matrix are tabulated in Table A1. The parameters c (cohesion yield 
stress) and ϕ (angle of internal friction) in the Mohr-Coulomb yield criterion were set to be 52 MPa and 15◦, respectively, based on the relevant studies 
[37,38]. 

Fig. A1. Micro RVE model set-up: (a)-(b) FE discretisation of the micro RVE models with 30 fibres and the fibre volume fraction of 74%; (c) Illustration of element 
stacks in the X-direction; (d) Illustration of cohesive surface to model fibre–matrix debonding. 

Table A1 
Mechanical properties of carbon fibre T700 and resin MTM57.  

Elastic properties Carbon fibre (T700) Resin (MTM57) 

E11(GPa) 230 a 3.35c 

E22(33)(GPa) 28b  

G12(13)(GPa) 24b 1.24c 

G23(GPa) 7.2 b  

ν12(13) 0.23b 0.35c 

ν23 0.33b   

a TORAY datasheet. 
b Carbon fibre properties from the literature[38]. 
c SOLVAY datasheet. 
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A.3. Transverse tension 

At the initial stage, fibre and matrix showed linear-elastic behaviours. When the interfacial stresses exceeded the interfacial normal strength t0
n , 

fibre–matrix debonding occurred rapidly. A transverse crack develops throughout the RVE model, as shown in Fig. A2 (a) and (b). Matrix yielding 
occurs at the region of the transverse crack, which controls the maximum strength of the RVE model. 

The transverse tensile stress σ was determined by the reaction force divided by the total area in the Y-direction, while the strain ε was determined 
by the elongation divided by the total length in the Y-direction. Fig. A2 (c) shows stress–strain curves of the models with different fibre volume 
fractions, interfacial strengths, and fibre distribution patterns. Fig. A2 (d) presents a detailed analysis regarding the influences of fibre volume fraction 
on the strength and modulus, where all the models are assumed to have the interfacial strength of 80 MPa. 

As shown in Fig. A2 (c), the overall strength of the RVE models increases with the interfacial strength. The perfect bonded model was failed by local 
matrix damages. The different fibre distribution patterns could not influence the stress–strain curves. Fig. A2 (d) indicates that the influence of fibre 
volume fraction on the transverse tensile strength is minor as the difference of the strengths is within 3%. However, the transverse tensile modulus 
increases linearly with the fibre volume fraction. Therefore, the overall strength of the RVE model under transverse tension was mainly controlled by 
the interfacial strength. 

Extensive experimental works [50–52] have demonstrated the fracture surface in carbon fibre/epoxy under transverse tensile loading develops at 
the fibre–matrix interface, indicating the interfacial strength is usually lower than the matrix strength. The matrix in the region of stress concentrations 
failed after interfacial debonding, which could not influence the transverse tensile strength. In addition, the plastic failure strains of the matrix are 
strongly influenced by tri-axiality [53], posing a challenge to find an appropriate material model in LS-DYNA to predict the failure of the matrix in a 
complex strain state. The material model of the meso RUC model only required the input of elastic properties and strengths predicted by the micro RVE 
models. Thus, the matrix failure was not considered in this micro RVE analysis. 

Fig. A2. Micro RVE models subject to transverse tension: (a)-(b) An interfacial crack develops through the total thickness of micro RVE models; (c) Stress–strain 
curves of micro RVE models with different fibre volume fraction, interfacial strength, and fibre distribution pattern; (d) Influence of fibre volume fraction on the 
strength and modulus. 

H. Yin et al.                                                                                                                                                                                                                                      



Composite Structures 290 (2022) 115538

15

A.4. In-plane shear 

Shear strains ε12‖ and ε⊥12 were imposed on the X and Y surfaces of the micro RVE models to produce shear stresses τ12‖ and τ⊥12. The symbols ‘‖’ and 
‘⊥’ represented the shear deformations parallel and perpendicular to the fibres, respectively. Shear stresses τ12‖ and τ⊥12 were determined by the total 
shear forces on the X and Y surfaces of the RVE models divided by the corresponding surface areas, respectively. The average shear stress in the micro 
RVE model was calculated as (τ12‖ + τ⊥12)/2, while the total shear strain γ was the sum of the shear strains ε12‖ and ε⊥12. 

Fig. A3 (a) shows the stress–strain curves of the micro RVE models before γ = 0.2. Based on the relevant study [37], the shear stress τ12‖ caused by 
matrix plastic deformation was equivalent to the shear yielding strength of the matrix. The shear stress τ⊥12 caused by fibre rotation accounted for the 
increased curvature of the shear stress–strain curves. Therefore, the shear strain ε⊥12 was imposed on the micro RVE model based on the slope of 
experimental stress–strain curves. Fig. A3 (b) presents a detailed analysis regarding the influences of fibre volume fraction on the strength and 
modulus, where all the models are assumed to have the interfacial strength of 80 MPa. 

The matrix plastic deformations in a micro RVE model at different applied shear strains are presented in Fig. A3 (c). Similar to the previous study 
[37], the yield point I in the stress–strain curves corresponds to the generation of the matrix yield band perpendicular to the X-Y plane. During stage II, 
more parallel matrix yield bands are generated. Besides, fibres rotate during stage II to accommodate the increased shear strain, corresponding to the 
linear hardening region in the in-plane shear curve [37]. Interfacial stresses reach the interfacial shear strength t0

s at stage III, determining the overall 
shear strength. Therefore, in the stress–strain curves of Fig. A3 (a), the increase of interfacial shear strength improves the in-plane shear strength. 
Besides, fibre volume fraction and fibre distribution pattern could not cause significant influences on the stress–strain curves because the in-plane 
shear behaviour is matrix-dominated. According to Fig. A3 (b), the in-plane shear strength is improved by 6% when the fibre volume fraction in-
creases from 60% to 74%. The shear modulus increases linearly with the fibre volume fraction, similar to the trend found in the modulus of the micro 
RVE model under transverse tension. 

The stress–strain curve of the micro RVE model with the interfacial strength of 100 MPa was used as an input in meso FE modelling, providing a 
good fit with the experiment result. The interfacial shear strength of 100 MPa has been proved to be an average value of the carbon fibre reinforced 
epoxy resin laminates [37]. The good match validated the feasibility of the micro RVE models. 

Fig. A3. Micro RVE models subject to in-plane shear: (a) Shear stress–strain curves of micro RVE models with different fibre volume fraction, interfacial strength, and 
fibre distribution pattern; (b) Influence of fibre volume fraction on the strength and modulus of the micro RVE models; (c) Matrix plastic deformation in the micro 
RVE model with Vf = 74% at the applied shear strains γ = 1%, 10% and 20%. 
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A.5. Elastic properties of tow 

The method of solving elastic constants from the compliance matrix of an RVE model was introduced in a previous study [27]. For an orthotropic 
material, nine independent material constants in the stiffness matrix needed to be determined. All the material properties were assumed to be elastic, 
and the interface between fibre and matrix was perfectly bonded under a small strain. The elastic properties of the tow with the fibre volume fraction 
of 74% predicted by models with different element numbers are listed in Table A2. The error caused by the different sizes is within 1%, indicating that 
the homogenised elastic properties are not sensitive to the mesh size. The elastic properties precited by the finer mesh were used in the meso FE 
modelling of NCF composites. 

Appendix B. The DIC measurement uncertainty 

According to relevant studies [54], the noise present within the DIC technique may be associated with measurement uncertainty. The DIC noise 
includes image noise, illumination variations, speckle patterns, etc. The strains in the X- and Y-directions of the unstressed specimen are shown in 
Fig. B1 to characterise the background noise. The strain histograms show that the distributions of measurement error are close to Gaussian. The mean 
values are 0, corresponding to the known zero strain. The maximum and minimum errors are about 0.1% and −0.1%, respectively. The error was 
caused by noise present within the DIC technique, which also existed in the stressed specimen. As the noise did not influence the mean value, the 
measured averaged strains could still reflect the overall deformation of the specimen. Also, the error caused by the noise was small, leading to a minor 
influence on the strain results. 
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[49] González C, LLorca J. Mechanical behavior of unidirectional fiber-reinforced 
polymers under transverse compression: Microscopic mechanisms and modeling. 
Compos Sci Technol 2007;67:2795–806. https://doi.org/10.1016/j. 
compscitech.2007.02.001. 

[50] Hobbiebrunken T, Hojo M, Adachi T, De Jong C, Fiedler B. Evaluation of interfacial 
strength in CF/epoxies using FEM and in-situ experiments. Compos Part A Appl Sci 
Manuf 2006;37(12):2248–56. 

[51] Hughes JDH. The carbon fibre/epoxy interface-A review. Compos Sci Technol 
1991;41(1):13–45. https://doi.org/10.1016/0266-3538(91)90050-Y. 
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