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$%675$&7�
Meso-scale (level of fibre bundle) analysis of damage in non-crimp fabric (NCF) composites of sheared 
configurations is presented. Modelling is performed by means of continuous damage mechanics and local 
analysis of failure within a unit cell. The finite element (FE) model of the composite unit cell accounts for the 
geometry of resin rich zones caused by the stitching distortions. The damage evolution law of Ladeveze is 
employed in conjunction with the degradation scheme of Murakami and Puck criterion. Experiments serve 
twofold: (1) to adjust parameters for damage modelling (tensile tests of ± 45° lay-up at different fibre volume 
fractions), (2) to verify the modelling. The model describes non-linearity of the stress-strain diagrams during 
the tensile tests, strain at initiation of matrix intra-ply cracking and final failure.  

�� ,1752'8&7,21�
Biaxial non-crimp stitched carbon fabric (NCF) reinforced epoxy composites are explored. 
The textiles are pre-sheared before the impregnation to study influence of the draping on 
mechanical properties. The study is performed both experimentally and numerically 
focusing on the meso-scale, where individual fibre bundles and matrix resin rich zone 
caused by stitching distortions are distinguished. The purpose of the research is to predict 
stiffness degradation, damage initiation and final failure based on meso-scale geometry and 
properties of unidirectional (UD) composites. The latter are extracted from tensile tests of 
UD and ±45° non-crimp composites.  

The NCF composites were extensively investigated in recent years. Greve [1] approximated 
the internal structure of sheared NCF composites by UD laminates and adopted damage 
mechanics of Ladeveze [2] to describe the stiffness degradation. The final failure was 
predicted by Puck criterion [3]. Edgren [4] accounted for waviness and resin rich zones in 
2D model of NCF composite. The degradation was described by micro mechanical models 
developed for analysis of conventional laminated composites. 

Here, 3D FE models of sheared NCF composites are presented. The models account for the 
geometry of the distortions induced by stitching and local fibre volume distribution around 
them. The accent is done on local meso stress distribution within the UD fibre bundles. 
Following [1], damage evolution law of Ladeveze is employed to govern the shear modulus 
reduction. The degradation of the transverse properties is introduced via Murakami 
degradation scheme [5], which is based on clear geometrical meaning of the damage 
parameter. The transverse degradation “switches”, when the Puck criterion [3] 
(implemented locally) indicates the transverse intra-ply crack occurrence. Hence, the 



presented modeling focuses on the structural features, which govern meso stress 
distribution and damage accumulation process. 

Meso model is verified against macro parameters (elastic moduli and tensile diagrams) and 
meso features (the damage onset). Experimentally, the damage initiation is registered by 
acoustic emission measurements and posterior X-Ray examination [6, 7]. Tensile tests of 
±45° non-crimp composites serve to extract parameters of the damage evolution law. 

�� *(20(75<�$1'�7(67�'(6&5,37,21�
���� 0DWHULDO�DQG�VSHFLPHQV��
The bi-axial multi-ply carbon reinforcement fabrics (Figure 1a) are stitched by Polyester 
(PES) yarns in Tricot pattern with a weight of 7.6 tex and an areal density of 6 g/m² (2 % of 
total weight). The stitching has no other function but to bind the plies together. Pattern of 
polyester yarns induces long distortions triangular in plane [8]. Dispersed glass yarns in 
between 0° and 90° plies serve to stabilise the material. The textiles are produced based on 
the UD plies with an areal density of approximately 150 g/m². 

 
The biaxial fabrics were sheared at 30º, 45º and 50º (corresponds to the ply angles ± 30º, 
± 20º, ± 22.5º – Figure 1b) in an aluminium frame. After every 5º of the shear, the fabric 
was left in the frame for some time to allow for its relaxation [6]. The maximum shear 
angle (50º) is close to the shear locking angle of the fabric. The geometrical features of the 
textile were measured on the dry fabric [9] – Table 1.  
7DEOH��. *HRPHWULFDO�SURSHUWLHV�RI�WKH�ELD[LDO�1&)�FRPSRVLWHV�
6KHDU�DQJOH��q� �� �� ��� ���
)LEUH�RULHQWDWLRQ��q� ± 45 ± 45 ± 30 ± 20 
7RWDO�ILEUH�YROXPH�IUDFWLRQ���� 22.6 39.4 24.2 39.4 
9ROXPH�IUDFWLRQ�RI�RSHQLQJV���� 12.0 12.0 7.4 10.0 
1XPEHU�RI�SOLHV� 16 8 8 8 
7KLFNQHVV�RI�WKH�FRPSRVLWH��PP� 3.5 3.0 3.0 3.0 
8QLW�FHOO�GLPHQVLRQV��PP×�PP� 4.9 × 1.7 4.9 × 1.7 3.46 × 2.08 2.37 × 2.26 
'LVWRUWLRQ�ZLGWK��IDFH�EDFN��PP� 0.28 ± 0.01/ 

0.43 ± 0.02 
0.28 ± 0.01/ 
0.43 ± 0.02 

0.18 ± 0.01/ 
0.44 ± 0.02 

0.21 ± 0.02/ 
0.33 ± 0.02 

'LVWRUWLRQ�OHQJWK��IDFH�EDFN��PP� 5.05 ± 0.29/ 
7.15 ± 0.27 

5.05 ± 0.29/ 
7.15 ± 0.27 

4.75 ±0.20/ 
5.40 ± 0.28 

4.66 ± 0.22/ 
4.97 ± 0.32 

The non-sheared composites are presented by two configurations of high and low fibre 
volume fractions (22.6 and 39.4 %), which was achieved by varying number of the plies. 
Hence, the damage parameters can be extracted for a range of fibre volume fractions. The 
composites were manufactured by Resin Transfer Moulding [6].  
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���� 7HQVLOH�WHVW�
Quasi-static tensile tests were displacement controlled and performed with a speed of 
3 mm/min. To register the displacement during the test, extensometers with a gauge length 
of 50 mm and 25 mm respectively were attached to the specimens (dimensions 25×250 
mm). The acoustic emission sensors were placed on the same side of the specimen with a 
distance of 110 mm between them. Signals from the sensors were afterwards analysed and 
those signals coming from the grips were filtered out. Tests were performed in the non-
fibre directions of the orthotropy – 0º and 90º. The tensile diagrams of the tests in 

longitudinal 0º direction are 
presented on Figure 2.�
The ± 45º specimens exhibit highly 
non-linear behaviour with the large 
deformation at failure. The non-
linearity and the strain at failure 
decrease with the shear angle 
growth. The mechanism of the 
failure is also different. In the non-
sheared configurations extensive 
transverse cracking is accompanied 
by delaminations, which further 
leads to the fibre pull-out and 
separation of the specimen. Failure 
of the sheared composites is due to 
the fibre rupture.  

���� 'DPDJH�LQLWLDWLRQ�UHJLVWUDWLRQ�
The strain at the crack initiation was determined by the acoustic emission measurements. 

Then, samples loaded to this strain were X-
Rayed to verify the crack occurrence. The pre-
loaded samples were immersed in the solution 
of a penetrant, so that the cracks could be seen 
with sufficient contrast. The X-Ray images 
were compared with those obtained on 
unloaded samples. Apart from the cracks, 
stabilising glass yarns and resin rich zones 
indicating fibre direction can be seen. For all 
the discussed samples the damage initiation 
strain values are close – 1.0-1.3 %.  

The X-ray images of the non-sheared 
specimens loaded at 1.0 % (Figure 3a) show 
mainly short local thermal cracks (the same 
could be seen on the unloaded specimens), 
which develop along the stitching yarns. At 

1.3 % of applied strain long transverse intra-ply cracks occur. At the initial stage there are 
very few cracks over the specimen (Figure 3b). 

The X-ray images of the sheared (30°) specimens before and after applying tensile loads 
are depicted in Figure 3(c,d). In the images of the specimens before loading (Figure 3c) 
only the stabilising yarns can be seen and no thermal cracks are observed. On the other 
hand, after applying tensile loads – some short matrix cracks in the fibre directions are 
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found. Unlike the non-sheared materials, the cracks develop mainly from edges of the 
specimens. Summary of the failure and stiffness characteristics is presented in Table 2.  
7DEOH���6WLIIQHVV�DQG�GDPDJH�IHDWXUHV�RI�WKH�ELD[LDO�FRPSRVLWHV��Experiment���)($�
Shear angle 
(Ply angle),°  

Fibre volume 
fraction (%) 

Young 
modulus, 

GPa 

Poisson’s 
ratio 

Strain at 
matrix crack 

onset , % 

Strain at 
failure, (%) 

Stress at 
failure, MPa 

0 (±45) 22.6  9.9±0.4 /  
�����

0.83±0.04 / 
�����

1.30 /  
�����

8.7±0.3 
n/a 

177.4±3.9 
n/a 

0 (±45) 39.4 6.6±0.3 / 
�����

0.69±0.02 / 
�����

n/a  
�����

4.5±0.5 
n/a 

121.7±5.1 
n/a 

30 (±30) 24.2 18±1.6 / 
�����

1.21±0.08 / 
�����

1.30  
������

2.1±0.2 / 
�����

298.7±20.9 / 
������

50 (±20) 39.4 44.4±4.8 / 
������

1.18±0.11 / 
�����

1.0 
������

1.3±0.2 
����

495.6±37.4 
�������

���� 'DWD�SURFHVVLQJ�
The tensile tests of the UD ±45° laminates serve to define the damage parameters [1] and 
in-plane shear response. The stress-strain state in the plies corresponds to almost pure shear 
conditions. According to ASTM Standard D 3518 [10] the ply shear stress 12τ  and strain 

12γ in UD plies can be estimated as following:  

��
�

εεγ
σ

τ −== 1212 2
                (1) 

where x, y – is the global coordinate system (y – is the direction of loading), 1,2 – is the 
local one (1 – is the fibre direction), �� εσ , – is the stress-strain response in tensile test, 

����� ενε −=  – is the lateral strain, ���ν – is the Poisson’s ratio. 

The resin rich zones in the plies of the NCF composites occupy up to 12 %. Therefore, in 
order to get the shear diagrams for UD composite, a certain assumptions have to be done. 
The iso-strain state (used in classical laminate plate theory) can be suggested as a rough 
estimation. Then, the stress within the ply can be found with respect to the volume fraction 
of the resin rich zone �9  and shear modulus of the epoxy matrix 	* :   
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The resulting diagrams are given in Figure 4a.  

 

a) 

��������������������

Vf = 22.6 %

Vf = 39.4 %

,%12γ

���! 
,12τ

��������������������

Vf = 22.6 %

Vf = 39.4 %

,%12γ

���! 
,12τ

 b)  
)LJXUH����D��7KH�VKHDU�GLDJUDPV�IRU�WZR�ILEUH�YROXPH�IUDFWLRQV��9I���E��'HJUDGDWLRQ�RI�VHFDQW�VKHDU�

PRGXOXV�ZLWK�WKH�UHVSHFW�WR�WKH�GDPDJH�ILFWLWLRXV�IRUFH��



The dependence of the shear diagram on the fibre volume fraction is explicit. The highest 
non-linearity follows the damage initiation threshold. The drop of the secant modulus at the 
damage initiation is about 35 %, whereas at the failure it is about 86 %. There are two 
factors, explaining the “switch” in the mechanical response: (1) degradation due to the 
transverse cracking, (2) fiber scissoring: in [10] it is suggested that fiber rotation of 1º takes 
place for every 2% of axial strain. 

The pre-cracking non-linearity comes from the plastic deformations and micro-damage 
(e.g. fibre-matrix debonding and dispersed fibre splitting). For describing the degradation 
due to the micro-damage, the shear diagrams can be presented in a form of damage 
evolution law. The latter operates with the parameter responsible for the stiffness 
degradation 12G  and damage fictitious force 12< , defined as partial derivative of the elastic 
work of the damaged material Ψ with respect to the damage parameter:  
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where 0
12* , 12*  – are the shear moduli of the intact and damaged plies. The evolution law 

)( 1212 <G  is analogical to the crack-growth resistance curve in classical fracture mechanics, 
where the damage parameter plays a role of the crack length, and 12<  is associated with the 
energy release rate. Ladeveze [2] used linear relation between 12G  and 12< , Greve [1] 
proposed an exponential form. In the current work the material function )( 1212 <G  is 
reconstructed from the shear diagram. Hence, it assumed that secant modulus of the 
diagram at any point is close to the stiffness of the damaged ply. Therefore the plastic 
deformations are neglected and micro-damage is assumed to play the dominant role at the 
initial stage of the deformation. Since no unloading is modeled, the assumption does not 
introduce a significant error.  

The resultant damage evolution laws are presented on Figure 4b. The remarkable 
particularity of these diagrams is that they are almost identical for two different fibre 
volume fractions. Hence, the same dependence will be used for modelling of all the studied 
NCF composites. The following cubic polynom approximates the experiments: 

3
12

2
121212 0099.01122.04848.00053.0 <<<G +−+−=    (4) 

�� )(�02'(//,1*�
���� )(�PRGHOV�

The meso-approach requires building the geometrical model of representative volume 
element of the composite. In the proposed model the crimp/waviness of the plies is 
neglected. The stitching yarns are excluded for simplicity: their stiffness contribution is 
close to the one of the matrix. The effect stitching is accounted by introducing matrix resin 
rich zones of proper dimensions. The distortions cause local variation of orientation and 
volume fraction of the fibres. The latter was introduced as a linear function of the distance 
from the distortion boundaries. The “disturbed” area width is of the same size as the local 
distortion width. Local elastic properties of the fibrous bundles are calculated based on 
analytical formulas of Chamis [11], where fibre volume fraction and the elastic properties 
of the fibres and matrix are the input parameters.  



There should be a hypothesis describing 
an interaction of the representative 
volume element with its neighbours. The 
unit cell of the reinforcement is 
traditionally chosen as the basic 
geometrical entity. It is embedded in the 
self-similar structure and the periodicity 
assumption can be made about the meso 
stress and strain. This assumption leads 
to the periodic boundary conditions 
restraining displacement on the opposite 
side of the unit cell [12]. The meshed unit 
cells of individual plies and the entire 

layer are shown on Figure 5. The results of the elastic homogenisation are given in Table 2. 

The matrix intra-ply crack occurrence breaks the periodicity assumption. The cracks in 
NCF composite often cross the entire width of specimen. Figure 5 shows the consequent 
modelling of the crack propagation: on the first stage the crack is unique: it runs through 
out the unit cell ending at left and right boundaries. Periodicity leads to occurrence of the 
two new continuations of the crack, which also cross the cell leading to two new “ endings” . 
The process continues until the cell turns to dust. Hence, this geometrical peculiarity 
governs the choice of an instrument for the damage modelling. Continuous damage 
mechanics can describe the degradation of the entire fibrous region without diving into the 
local geometry of a crack or a damage zone.  

���� 0RGHOOLQJ�RI�WKH�QRQ�OLQHDULW\�
In the current work it is assumed that all the fibrous plies degrade entirely responding to 
average stress-strain state in it. The rule of the degradation is chosen based on the damage 
mechanics of Ladeveze [2]. According to this approach there are two damage parameters 
responsible for the stiffness reduction under the transverse cracking: d2 (for the transverse 
Young’s modulus) and d12 (for the shear modulus). In [2] coupling between these two 
parameters is introduced in a damage evolution law. 

Alternatively, these parameters can be related by the degradation scheme (called here the 
Murakami scheme [5]), which is based on the principle of strain equivalence imposed by 
the continuous damage mechanics [13]. The latter has explicit geometrical meaning: it 
introduces the damage parameter as area fraction of the degraded zone projection on the 
coordinate planes. Then, based on energy notion, the degraded stiffness matrix is written as 
(the plane case is shown for simplicity, cracks in the plane 1-3 are assumed):  
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where 0$ %&  are the stiffness of the intact material. Comparison with definition of 12G  (3) 
gives the link between the two parameters: 
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The single damage parameter approach is more convenient and easy to implement and 
hence will be used further in connection to the damage evolution law. The degradation of 
the transverse modulus d2 is much less pronounced than the degradation of the shear 
modulus d12. Greve [1] used a simplified scheme, where only 12G  was accounted for. 
Therefore, the shear degradation is chosen as a governing parameter, while 2G  can be 
expressed in terms of 12G .  

The transverse degradation is only accounted for the transverse cracking (i.e. after the 
damage onset). The degradation of the composite is determined by the crack opening 
displacement [4]. It is assumed that the micro cracking influences the shear response only, 
since the planes of micro-cracks are not well-defined as in the case of meso intra-ply 
cracks. Hence, the equation (6) is modified as: 
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where 
'G12  – is damage parameter corresponding to the load level when the transverse 

cracking occurs.  

The presented approach can be described as a step-wise procedure: first a boundary value 
problem is solved and the average shear stress in the pure UD regions is calculated. The 
meso-damage initiation criterion (see the next paragraph) is employed to check if 

'GG 1212 = . 
The shear degradation and related transverse degradation parameters are estimated based on 
the equations (4) and (7). Then, the degradation is assigned to the UD bundles of the plies 
and the boundary value problem is solved again (at the same load step) to calculate the 
effective response of the damaged composite.  
���� 0RGHOOLQJ�RI�GDPDJH�LQLWLDWLRQ�

The initial damage with transverse cracking is analysed with the Puck criterion [3] 
benchmarked by the World-Wide Failure Exercise [14]. Unlike the modelling of 
degradation (where the average stress governs degradation of UD plies), the criterion is 
applied locally to account for the stress distribution induced by the distortions. The criterion 
introduces the stress exposure factor (SEF), which characterises risk of failure on so-called 
“ action plane”  (defined around the fibre axis by the angle θ): 
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where σ,τ are the normal and shear stress acting on the action plane (n – is the index of 
coordinate normal to the plane, 1 – is the fibre direction and t- is the in-plane coordinate, 
the indexes ||  and ⊥ - define the fibre and transversal direction of the UD yarn segment). 
The crack is assumed to appear when SEF=1 at any possible angle θ. The input parameters 
(such as basic strengths ⊥⊥ 55 ,|| , critical stressing values 

+5 , and inclination parameters S) 
are given in Table 3. These parameters were measured for different fibre volume fractions 



of the UD composite than those used in the model. However, as it was shown by Skudra 
[15], the transverse and shear strength of the UD composite almost do not depend on the 
fibre volume fraction due to the low contrast of transverse stiffness of the carbon fibres and 
stiffness of the matrix (the stress concentration on the micro level plays a decisive role for 
the strength values). It was assumed that the other parameters used in the study (such as the 
inclination parameter in Puck criterion) are also not sensitive to it. 
7DEOH����6WUHQJWK�DQG�LQFOLQDWLRQ�SDUDPHWHUV�RI�3XFN�FULWHULRQ��
3DUDPHWHUV�EDVHG�RQ�PHDVXUHPHQWV�
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The fibre failure is governed by the normal stress along the fibres 1σ . Critical stress level 

,.-
1σ  at the arbitrary volume fraction /9  is often predicted fairly well by the simple rule of 

mixture: 

0
01.23!4 201.21.23!4 201.2

9
999 ))(()( 11 σσσσ −+=     (9) 

where )(1 5
6.7 9σ  – is the strength of UD composite with fibre volume fraction 59 , 

8.9:!; 9σ  – is 
the tensile strength of the matrix. For this carbon-epoxy system the measured UD strength 
is 03D<.=

3.1317%)9.42(1 =σ , 03D>.?@!A ? 1.70=σ . Unlike the matrix inter-ply crack, the fibre 
crack crosses the entire specimen at once leading to the catastrophic failure. Therefore local 
meso stress 1σ  was checked to predict the fibre dominated rupture of the specimen.  

�� 5(68/76�$1'�',6&866,21�
The matrix intra-ply crack initiation is predicted well for the non-sheared configuration 
(6 % error –Table 2, Figure 6) via the Puck criterion.  

 
For the pre-sheared composites the intra-ply cracking is estimated beyond the final failure 
registered in the experiments and predicted by the fibre rupture criterion (9). It should be 
noticed though, that all the matrix cracks in the sheared composites initiated at the 
specimen edges. Periodic boundary conditions do not account for the loading conditions at 
the edge, where according to common observations (for heterogeneous materials) the stress 

�
)LJXUH������D��6WUHVV�H[SRVXUH�IDFWRU��6()��IRU�����°�FRPSRVLWH�DW�DSSOLHG�GHIRUPDWLRQ����������E��/RQJLWXGLQDO�

�ILEUH��VWUHVV�IRU������°�DW���������F��/RQJLWXGLQDO�VWUHVV�IRU�����DW��������



concentration is higher. The critical strain at the fibre rupture is predicted close to the 
experimental values. Hence, the mode of macro failure is modelled properly. 

Secant moduli reduction is given in Figure 7. The analysis describes the non-linearity well 
in accordance with the experimental data. It shows that the assumptions used for obtaining 
of the shear diagrams were generally correct. The numerical tests for ±45° composites tests 
were stopped at 3 % of applied deformation since the input data did not account for the 
“ scissoring effect”  and the experimentally obtained damage evolution law beyond this 
deformation stage does not make much sense. 

 
It is remarkable that all the NCF composites were described by the same damage evolution 
law, which shows to be independent on the fibre volume fraction variation and the local ply 
orientation. During the degradation of the sheared composite the transverse degradation 
was not “ switched on”  due to the earlier fibre failure. The transverse degradation was 
present in tests of the non-sheared composites; however it did not influence the overall 
stiffness response (determined mainly by the shear modulus). The latter proves that ±45° 
tests can be used as the source data for obtaining the shear diagram of the UD composite. 

�� &21&/86,216�
The meso-scale approach shows good potential in predicting of the stiffness degradation, 
the damage onset and the final failure. The assumptions used here include absence of 
“ scissoring” , plasticity in the resin rich zones, the stitching and stabilising yarns presence, 
and the ply waviness. Nevertheless, the mechanical behaviour of different composites is 
described generally correct. The presented approach is limited by the active loading, since 
no plastic deformation is considered. However, it can be generalised provided the required 
input (loading-unloading tensile tests). 

The meso scale analysis gives an important overview on the matrix intra-ply crack 
initiation. This requires local stress analysis and accounting for the stress concentration 
caused by the local geometrical features. The modelling was unable to predict the edge 
crack occurrence, which is out of the scope of this study due to the assumption of the unit 
cell periodicity. However, the edge effects did not influence much the mechanical response. 

The prediction of the local crack initiation allows switching the degradation of transverse 
stiffness on. The latter is related to the “ governing”  shear degradation by the scheme of 
Murakami. The validation of the combined degradation scheme is still to be performed, 

� ��
)LJXUH����1RUPDOLVHG�VHFDQW�PRGXOL� sec( LQ�WKH�WHQVLOH�WHVWV�RI�1&)�FRPSRVLWHV� 



since the fibre failure in the sheared composites occurred earlier than the matrix crack 
onset. At this stage, the shear degradation of the ply is shown to be the dominant 
mechanism responsible for the non-linearity of the carbon-epoxy composites. 
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