
Composites Science and Technology 211 (2021) 108847

Available online 6 May 2021
0266-3538/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Analysis of the influence of ply-orientation in delamination progression in 
composites laminates using the Serial/Parallel Mixing Theory 

A. Solis a, E. Barbero b,*, S. Sánchez-Sáez b
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A B S T R A C T

In this work, an analysis on the influence of fibre-orientation in the progression of delamination was carried out. 
The study was focused on a cracked beam according to an End Notch Flexure test configuration. The Serial/ 
Parallel Mixing Theory was used as the composite constitutive law along with a continuum damage model to 
simulate delamination. This mathematical approach was implemented in a custom-made FEM code and applied 
to model the delamination progression. The model was validated with two sets of experimental results from the 
literature involving 0◦ fibre-oriented laminates. After validation, a beam made of plies oriented between 0◦ and 
90◦ was analysed. The model predicts the loss of stiffness and strength due to the increment of fibre angle. In 
addition, the stress concentration phenomenon at the crack tip and delamination onset was properly represented. 
The difference observed in the progression of delamination along the width of the beam highlights the need for a 
three-dimensional representation to model fibre-oriented beams.   

1. Introduction

It is well-stablished that several failure modes can appear in com-
posites, as matrix cracking, delamination, fibre failure, fibre debonding, 
fibre pull-out etc [1–3]. For that reason, the study of failure in composite 
materials becomes more complex than isotropic materials, i.e. metal 
alloy. 

Delamination is one of the most dangerous failure modes in lami-
nates since the strength and stiffness of the structure can be jeopardized 
significantly, even when the damage it is not visible to the naked eye, 
especially under compression loads [4,5]. This is a fairly common failure 
mode and may occur due to manufacturing defects linked to poor 
adhesion at the interface between plies or can be triggered as a cause of 
service loads [6]. Additionally, the initiation of this damage mode can be 
activated through matrix cracking in the interior of a ply. These cracks 
produce high interlaminar stresses in the interface between plies with 
different orientations [7–9]. Initiation and progression of delamination 
are difficult phenomena to model; for these reasons many works have 
been carried out to study this problem using various methodologies. 

A simple method for estimating the onset of delamination is made via 
stress criteria, applying polynomial equations of the stress components 
along thickness direction. Usually, the quadratic expression proposed 

initially in Refs. [10,11] was used. This model has been applied to es-
timate the damage generated by impact loads [12,13]. This approach 
requires a very fine mesh in the interface between plies, and also does 
not predict delamination propagation accurately. Some authors [14] 
affirm that this method is not recommended in areas with stress singu-
larities or near to free surfaces. 

To predict the progression of delamination, a commonly used tech-
nique is Fracture Mechanic [15]. This approach requires the presence of 
an initial defect and cannot be applied directly to a laminate in which 
there is no initial delamination [14]. These models have been used in 
combination with stress models to predict damage by delamination. 
Whilst the former predicts an initial delamination, fracture mechanics 
can be used to describe delamination propagation [14]. 

Continuum damage models have been commonly applied to model 
interlaminar and intralaminar damage [16–18]. Cohesive zone model 
has been also broadly used to model delamination [19–22]. This 
methodology requires the knowledge of the delamination location, to 
introduce in this zone the cohesive element. In addition, the mechanical 
properties of the material in the interface of the plies are to be known, 
which is not always easy to estimate from experimental tests. 

The two previous methodologies require complex models with a high 
computational cost. An alternative is the use of Serial/Parallel Mixing 
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Theory (S/PMT) initially proposed in Ref. [23] to estimate laminate 
failure. This theory has been successfully applied to predict micro-
buckling damage in open hole laminates under compressive loads with 
one or several holes [24,25], in fatigue and vibrations problems [26,27]. 
The S/PMT takes as inputs the properties of fibre and matrix instead of 
the laminate constants as a macroscopic entity. This characteristic al-
lows to consider different constitutive laws for each constituent, 
enabling the study of separate failure mechanisms explicitly without the 
need of additional considerations like cohesive elements which imply 
large computational times. 

Many of the previous methodologies are applied to predict delami-
nation propagation in a beam according to the End Notch Flexure (ENF) 
setup [4,5,21,22,28]. The damage mechanisms appearing in a ENF test 
are matrix cracking, fibre breakage, fibre/matrix debonding and 
delamination, being delamination the dominant damage mechanism 
[29]. This test is normalized, as for example by ASTM D 6671M, and it is 
applied to predict fracture toughness in mode II in the form of the critical 
strain energy release rate GII. This parameter is needed to determine the 
delamination propagation. 

S/PMT model has been also applied to model delamination propa-
gation [30] in 0◦ fibre-oriented laminates using a two-dimensional 
model, with a beam geometry according to an ENF test. However, a 
three-dimensional model is required to predict accurately the progres-
sion of delamination in laminates with several fibre orientations sub-
jected to an ENF test. In this case, the crack front is not uniform along the 
width of the beam [31]. This behaviour is related to the elastic coupling 
in the stiffness matrix on a multidirectional laminate [32]. These phe-
nomena can even appear on 0◦ fibre-oriented laminates, due to the 
different stress conditions close to the free edge or inside the beam 
[33–35]. As far as the authors know, the ability of this theory for the 
progression of delamination in fibre-oriented laminates according to any 
direction has not been analysed by three-dimensional numerical models. 

In this work, a three-dimensional model to predict delamination in 
composite laminates is applied. The constitutive law assumed for the 
composite material is the one described by the equations of the S/PMT. 
The model is verified by means of comparison with experimental data of 
flexural ENF tests taken from the literature, considering two different 
composite materials. Subsequently, the model is applied to describe 
delamination propagation. The notch in the ENF specimen is modelled 
by a fictional material whose properties provoke the onset of delami-
nation in a localized area. Model verification is carried out on global 
variables such as the load-displacement curve, progression of delami-
nation area or the relative displacement of both lips of the crack. This 
three-dimensional approach is used to analyse laminates with different 
fibre orientations and their effect in the damage propagation shape and 
distribution. 

2. Model formulation 

In this section, a brief description of the numerical model applied in 

this work is presented. An in-depth description of the model can be 
found in Refs. [24,25]. Some data about the ENF test, which is the 
problem modelled, is also shown. 

2.1. End Notch Flexure (ENF) test 

This test allows to measure the energy release rate in mode II, GII, of a 
composite laminate. In this test, a transversal load is applied in the mid- 
section of a simple supported beam, with a lateral notch (Fig. 1). The 
specimen failure is induced by the displacement of both sides of the 
laminate mid-plane (points A and B in Fig. 1), caused by the shear 
stresses acting parallel to the plane of the crack. 

In this work, this test is modelled to predict the propagation of 
damage by delamination due to the simplicity of its geometry. An ENF 
specimen made from a composite carbon fibre laminate and the geom-
etry shown in Fig. 1 is modelled. Several orientations for the fibre are 
selected, from 0◦ to 90◦. The delamination appears at the tip of the notch 
due to the stress concentration in this area and progresses toward the 
mid-section of the specimen. 

From this test, two different curves are obtained to verify the pre-
diction of the numerical model: applied load-vertical displacement of 
mid-point of the specimen, and the relative displacement of the points A 
and B (see Fig. 1). These two points are located vertically above the left 
support. They belong to a different layer at both sides of the laminate 
mid-plane. 

The load versus vertical displacement curve allows to validate the 
global response of the beam from the experimental data in Refs. [30,36]. 
In both cases, a 0◦ fibre-oriented laminate was tested. The relative 
displacement of the points A and B is used as a measurement of the 
delamination propagation. 

2.2. Composite constitutive law and damage model 

The composite constitutive model is based in the S/PMT by Rastellini 
et al. [23] which combines the fibre and matrix constitutive laws to 
describe the composite response. In this theory, an iso-strain behaviour 
between both constituents is taken into account in the fibre direction 
while all stresses are considered to be equal in the remaining directions. 

In order to model delamination, fibre is considered elastic while the 
matrix can be degraded using a model based on Continuum Damage 
Mechanics (CDM), according to the ideas proposed by Kachanov [37]. 
The matrix formulation used was those proposed by Oller [38] that uses 
an isotropic damage model based on a scalar damage variable 
dm (0≤ dm ≤ 1) to describe the constituent degradation. The matrix 
constitutive law can be written: 

σm =(1 − dm)Cm
o εm (1)  

Where σm and εm are the matrix stress and strain respectively and Cm
o is 

the elastic stiffness matrix of the constituent. The damage scalar 

Fig. 1. Views of the ENF beam geometry and reference points.  
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parameter is described by means of an exponential softening function 
according to Olivier et al. [39] that allows to consider tensile or 
compression combined states. All these aspects are fully described by the 
authors in a previous work [24]. The S/PMT equations have to be solved 
in every quadrature point in a Finite Elements Method (FEM) code also 
developed by the authors. This FEM code bases his calculation in two 
iterative loops. One internal iterating to solve the constitutive equations 
of the composite material given by the S/PMT and another external loop 
that stablishes equilibrium between the internal and external forces. A 
description of the FEM code implemented by the authors can be found in 
Ref. [24]. 

2.3. Finite element model 

The ENF test is then analysed by considering the hypotheses of the 
CDM according to the S/PMT as the composite constitutive law. Field 
equations are solved in the referred FEM code, discretizing the specimen 
into 4950 hexaedrical lineal elements and defining two different mate-
rials. The load is applied quasi-statically and small strains are assumed, 
therefore, neither time dependence nor non-linear geometric effects are 
taken into account. The first material is the composite, while the second 
is an artificial insert defined to represent the specimen’s initial notch. In 
Fig. 2, top and bottom halves and the area of delamination are made of 
composite in which fibre can be oriented with an angle θ regarding the 
longitudinal direction. Furthermore, the area of delamination and insert 
layers are 50 μm thick. 

As already stated, material properties are designed to perform the 
initial fracture represented by the insert material layer. The referred 
insert material is defined to have a null capacity to withstand shear, and 
thus the shear modulus is null. Therefore, a shear stress concentration 
takes place at the crack tip and produces a relative displacement be-
tween both sides of insert layer. When the elastic limit is reached, the 
damage appears and propagates along the area of delamination, being 
these phenomena related to delamination propagation. In order to avoid 
numerical instabilities, the value assigned to the insert material shear 
modulus G is small enough but not zero. Additionally, the insert material 
Young’s modulus has to be large enough to avoid the interpenetration of 
both faces of the insert layer. The two latter conditions can be summa-
rized by ensuring GE→0 for the insert material. 

The insert layer is placed in the laminate mid-plane between one 
specimen free end and the area where the crack tip is located, and 
damage starts. The insert length is 24.9 mm (see Fig. 1). The region 
where delamination progresses is discretized with a finer mesh in order 
to improve the description of the damage in the material. This dis-
cretization strategy has already been used in two-dimensional models in 
Ref. [30] with satisfactory results. In addition, the three-dimensional 
model used in this work allows to analyse composite laminates with 
fibre oriented in any direction. 

3. Model verification 

3.1. Comparison with experimental data from Ref. [30] 

The specimens’ geometry used in the tests is according to standard 
[40] with a thickness of 6.15 mm. In the S/PMT, fibre and matrix me-
chanical constants are inputs separately in order to represent the com-
posite behaviour, so the constituent properties are needed to be 
available. In Martinez et al. [30], fibre and matrix properties are pro-
vided directly and are shown in Table 1. 

The experimental load versus displacement curve (Fig. 3) shows a 
linear variation until damage progresses, when a slope change is 
observed. In this curve, the vertical displacement of the beam middle 
section is shown. When the damage reaches the geometric centre of the 
beam, a sudden drop of the load appears. The model reproduces this 
behaviour with accuracy. As can be seen, the numerical results present 
an excellent agreement with experimental data shown in Ref. [30], the 
global response is well described by the model. In order to analyse the 
sensitivity of results regarding the mesh elements size, three different 
meshes have been selected to obtain the load versus vertical displace-
ment curve and compare. The meshes selected have 1215, 4950 and 
6300 elements, respectively. The connection between the continuum 
damage model used and Fracture Mechanics (as described in Refs. [24, 
30]) is stablished by equalling the dissipated energy in the process and 
the required energy to create new surfaces. As a consequence of the 

Fig. 2. Finite element mesh of the beam, general view and detail.  

Table 1 
Mechanicals properties of the HexPly 8552 carbon fibre [30].   

Fibre Matrix 

Strength (MPa) – 120.66 
Young Modulus (GPa) 228 4.67 
Poisson ratio 0 0.3 
Fibre Volume (%) 57.4 42.6  

Fig. 3. Load vs vertical displacement. Experimental data from Ref. [30].  

Table 2 
Comparison between curve parameters.   

Predicted Experimental data from 
Ref. [30] 

Difference 
(%) 

Max. load (N) 2197 2209 0.54 
Stiffness (N/mm) 2054 2174 5.5 
Displacement at max. 

load (mm) 
1.09 1.074 1.5 

Max. displacement (mm) 1.3 1.23 5.7  
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previous, the maximum dissipated energy (per unit volume) g in each 
element must be equal to the energy (per unit area) release rate in mode 
II (GII) divided by the characteristic length l of the finite element in the 
direction in which damage locally spreads. However, global response of 
the structure must be mesh independent for the results to be represen-
tative. The mesh sensitivity analysis allows to conclude that the damage 
model used is globally mesh independent. The main parameters of the 
global response are analysed and compared with experimental data from 
Ref. [30] in the Table 2. The differences are less than 1% in the 
maximum load and less than 6% in the other parameters. 

In ref. [30], a two-dimensional model was applied to model the ENF 
test. This approach can be accurate enough to study the global response 
or delamination growth in 0◦ fibre-oriented laminates. As can be seen in 
Fig. 3, the model used in Ref. [30] predicts a similar applied load versus 
displacement curve than the three-dimensional model used in this work. 
Nevertheless, in laminates with plies with orientations different from 
0◦ and 90◦, it has been demonstrated that the delamination growth is 
different along beam width (see Ref. [41]), and then a three-dimensional 
model is needed. 

The insert produces a stress concentration at the crack tip which 
initiates the damage propagation when the vertical displacement in-
creases. This behaviour is well reproduced by the model (Fig. 4a). The 
damaged area is represented in the model by those elements in which 
the damage variable is equal to one. Sublaminates located at both sides 
of the delaminated area experiment a relative displacement as the test 
progresses. Given that fibre inclination is 0◦, delamination uniformly 
spreads according to a perpendicular direction from the fibre, as can be 
seen in the top view of the beam (Fig. 4b). Thus, in this case, a two- 
dimensional model as proposed in Ref. [30] can be used to model 
delamination damage. When the beam middle section is reached by the 
damage, the steep drop in the load shown in Fig. 3 appears. 

Additionally, the relative displacement between point A and B nodes 
(see Fig. 1) versus the vertical displacement applied to the beam is 
shown and compared with the results taken from Ref. [30] in Fig. 5. 

The relative displacement of both sides of the mid-plane can be taken 
as a delamination indicator and damage progression. Firstly, a linear 
behaviour of the A and B nodes displacement is found, followed by a 
non-linear increment and an exponential displacement of both nodes 
indicating the failure of the laminate. As shown, a good match between 
the FEM results is found when compared with the numerical results from 
Ref. [30]. 

As a measurement of the damage propagation, the damage param-
eter is estimated in ten quadrature points. The position of each quad-
rature point is distributed uniformly along the area where delamination 

Fig. 4. Damage by delamination at the maximum displacement applied in the specimen from the tests performed in Ref. [30]. a) Side view b) Delaminated area 
top view. 

Fig. 5. Relative displacement between A and B points vs vertical displacement 
compared with numerical results shown in Ref. [30]. 
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progresses, as shown in Fig. 6a. Since the location of the quadrature 
points selected in Ref. [30] are not the same, it is not possible a direct 
comparison. Nevertheless, a similar trend is found in the curves. The 
element labelled as FE1 is located at the crack tip where damage starts. 
Conversely, the FE10 is located in the geometric mid-section of the beam 
where the vertical displacement is applied. 

As shown in Fig. 6b, the damage appears first in the FE1 element 
while the last one being damaged is the FE10. When the damage in this 
element is equal to one, the failure of the beam appears. Intermediate 
behaviours can be found in the finite elements situated in between. 

3.2. Comparison with experimental data from Ref. [36] 

The geometry of the specimens in Ref. [36] is also according to the 
standard [40]. In this case, the specimen thickness is 3.76 mm. The 

notch is also modelled by an insert of the same properties as the ones 
described previously. In this case, the insert is 12.7 μm thick and 50.8 
mm long. 

In [36], the properties of the ply are available. As said, the S/PMT 
requires the properties of fibre and matrix separately as inputs in order 
to represent the composite behaviour. For this reason, these properties 
have been estimated iteratively from the ply properties. The properties 
used are shown in Table 3. 

As already stated, the global response of the laminate in the ENF test 
is represented by the load versus displacement curve which is compared 
with the experimental results from Ref. [36]. The results are shown in 
Fig. 7. 

A good correlation, as much in values as in the trend, between the 
model and the experimental data is observed. Delamination produces 
the global failure of the laminate as the damage progresses to the mid- 
section of the beam when a sudden drop in the curve appears. The 

Fig. 6. Damage progression. a) Geometric position of the quadrature points b) Damage parameter vs vertical displacement.  

Table 3 
Mechanical properties of the AS4/8552 prepeg. Ply data taken from Ref. [36].   

Fibre Matrix Ply 

Failure stress (MPa) – 58.66  
Young modulus (GPa) 232.88 4.46 141.3 
Poisson ratio 0 0.28  
Shear modulus (GPa) – 4.8 4.8 
Fibre volume (%) 60 40 –  

Fig. 7. Load vs vertical displacement. Experimental data from Ref. [36].  

Table 4 
Comparison between curve parameters.   

Predicted Data from [36] Difference (%) 

Max. Load (N) 1077 1123 4 
Stiffness (N/mm) 408 446 8 
Displacement at Max. Load (mm) 2.75 2.77 0.72 
Max Displacement (mm) 3 2.79 7.52  

Fig. 8. Relative displacement between A-B points vs vertical displacement.  
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main characteristics of the latter curve are listed and compared with the 
ones taken from Ref. [36] in the Table 4. A good correlation is also 
found. 

Lastly, the A-B nodes relative displacement versus vertical 
displacement curve is shown in Fig. 8. The latter results are no available 
in the mentioned reference [36] so that a comparison is not possible. 

As can be seen, the behaviour of the relative displacement between 
the A-B nodes is qualitatively the same than the one shown in Fig. 5, 
corresponding to the another set of experimental results. The relative 
displacement increases linearly until the laminate failure occurs, before 
which increases abruptly. This behaviour can be interpreted as a sign of 
delamination and his advance. In view of results, the model is consid-
ered accurate enough to model the delamination damage propagation in 
a ENF beam. 

4. Results 

In this section, the model has been used to study the influence of ply- 
orientation in the progression of the damage by delamination. A four- 
layer HexPly 8552 carbon/epoxy laminate oriented according to a 
stacking sequence [+θ/+θ/+θ/+θ] is numerically analysed using the 
FEM scheme described above. A virtual ENF test was carried out on a 
laminate beam with the geometry recommended by ASTM D7905M [2]. 
From the virtual test, the load versus vertical displacement curves are 
shown in Fig. 9 for fibre-orientation from 0◦ to 90◦. 

As can be seen, the slope of the curve decreases as the fibre- 
orientation angle increases, due to the reduction in the longitudinal 
stiffness of the laminate. For the same level of vertical displacement, the 

Fig. 9. Load vs vertical displacement for different fibre orientations.  

Fig. 10. σxx stress distribution of the beam with different fibre orientations: a) 0◦, b) 45◦, c) 90◦.  
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load is lower for higher angles, and thus the strain supported by fibres 
decreases. Since the S/PMT provides the same strain level in the fibre 
direction for both constituents, the increment of fibre inclination pro-
duces lower values of strain for both fibre and matrix, reducing the 
matrix level of damage and, hence, delamination. This trend reaches a 
point in which matrix is not damaged and the laminate does not fail, at 
the same level of applied displacement. This phenomenon is observed 
between 15◦ and 30◦ of fibre- orientation approximately. Influence of 
ply-orientation on the global response of the CFRs laminates ENF test 
has been found experimentally by Ref. [42]. Load and geometry sym-
metry (regarding the mid-section) induced by fibre oriented longitudi-
nally produces the same situation at both sides of the laminate. This 
situation reverts as the inclination angle rises. During the increment of 
the fibre-inclination angle, the situation goes from being symmetrical 
when the angle is 0◦, to another symmetric situation when the fibre is 
transversally located (90◦). A wide variety of asymmetric situations also 
take place, corresponding to intermediate angles. 

A shear stress concentration appears at the tip of the initial crack due 

to the null capability of the insert material to support load, this leads to 
the initiation of the delamination in the laminate. This phenomenon can 
be estimated by the differences in the longitudinal displacements be-
tween points located in the same x-coordinate, over and below the 
insert. In Fig. 10a, the longitudinal stress σxx (stress in x-direction) is 
shown. As it has been previously described, the contiguous areas from 
the insert to the laminate mid-plane present stress with opposite sign. 
The distributions corresponding to 45◦ and 90◦ of fibre orientation are 
also shown in Fig. 10b and c. In these last cases, the sign differences of 
stresses are barely significant, indicating that matrix is not damage and 
delamination does not occur. 

The following set of results consists in the relative displacement of six 
pairs of points equally space along the laminate left end width when the 
maximum vertical displacement is applied (see Fig. 11a). Each point of 
the pair is located at both sides of the horizontal mid-plane of the 
laminate. The difference of the displacement, along the width, between 
both sides of the laminate is shown for the ten values of the angle 
inclination considered in Fig. 11b. 

Fig. 11. Nodes relative displacement: a) Position of the pairs of points whose relative displacement is analysed b) Nodes relative displacement along the lami-
nate width. 

Fig. 12. Damage variable for different fibre orientations. Laminate front (left), back (middle) and delaminated area top view (right): a) 5◦, b) 15◦, c) 30◦.  
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Fig. 13. Nodes relative displacement vs vertical displacement for different fibre orientations: a) 0◦, b) 1◦, c) 15◦, d) 30◦, e) 45◦, f) 50◦, g) 60◦ and h) 90◦.  
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On laminates without longitudinal symmetry (θ∕=0◦), different lon-
gitudinal stresses σxx are generated at both sides of the horizontal mid- 
plane of the laminate (Fig. 10) when the fibre-orientation is from 0◦ to 
30◦ (Fig. 11b). This change of stress sign introduces the conditions in 
which delamination could be developed. Laminates with fibre- 
orientation angles between 0.5◦ to 30◦ present an unequal relative 
displacement of the pairs of points located at both ends of the laminate 
width (Fig. 11b). This difference in relative displacement is associated 
with a different damage progression across the beam width (Fig. 12). 
This phenomenon was observed numerically in multidirectional lami-
nates in Ref. [28]. 

As mentioned previously, the increment of fibre-orientation angle 
provokes a reduction of the capacity of the laminate to bear flexure. Due 
to the reduction of the imposed strain by the fibre, according to S/PMT, 
the damage developed in the matrix tends to reduce as fibre-inclination 
rises, diminishing delamination. Fig. 12 shows the damage distribution 
on front and back faces of laminates with 5◦, 15◦ y 30◦ fibre-orientation. 

On 5◦ laminates that almost present symmetry with respect to the 
vertical mid-section, the damage distribution is almost the same on both 
faces (Fig. 12a). For laminates with fibre-orientation of 15◦ and 30◦, the 
damage distribution is completely different on both faces (Fig. 12b and 
c). As fibre inclination increases, the delamination spreads according to 
non-uniform fronts, as can be seen on the top view of the delaminated 
area in Fig. 12. Given that S/PMT assumes that fibre and matrix strains 
are equal in the fibre direction, the imposed strain transmitted to matrix 
diminishes as the inclination of the fibre increases and his capacity to 
bear flexural strain is reduced. Therefore, the damage by delamination is 
reduced asymmetrically in the matrix constituent. Lastly in Fig. 13, the 
nodes relative displacement on function of vertical displacement for 
three pairs of nodes through the specimen width (right, centered and 
left) is shown. 

The nodes relative displacement is related to damage initiation. For 
laminates with fibres oriented at 0◦, the tensile stress is supported by the 
fibres and maximum damage occurs in the matrix. On the other hand, 
when the orientation is 90◦, fibres do not bear load and the strain 
imposed to the matrix is minimized so that no damage is generated and, 
hence, no delamination. For both fibre orientations (Fig. 13a and h), the 
relative displacement for the three pairs of nodes represented was the 
same. However, while in Fig. 13a (0◦ laminates) a sharp rise appears in 
the last load increase due to failure by delamination, in Fig. 13h (90◦

laminates) an elastic behaviour is observed. Also, an abrupt increase in 
the relative displacement is observed on laminates with fibre- 
orientation until 15◦ (Fig. 13a- c), producing asymmetrical failure by 
delamination. 

In addition, it can be observed that the variation of the fibre- 
orientation produces different nodes relative displacement in the three 
pairs of nodes represented. This fact produces that the damage observed 
in both faces of the laminate is not the same (Fig. 13b-g). These differ-
ences increase when the orientation angle varies from 0◦ to 30◦

(Fig. 13a-d). From the lately angle to 90◦, the differences diminish until 
be null (Fig. 13d-h). 

5. Conclusions 

In this paper, the delamination initiation and propagation in a 
laminate beam subjected to a virtual ENF test (according to the ASTM 
D7905M standard) was analysed, applying a three-dimensional FEM 
scheme. In this FEM, the Serial/Parallel Mixing Theory was imple-
mented as the composite constitutive law combined with a continuum 
damage model to describe the matrix constituent. This approach was 
proved to have the capability to reproduce experimental results from 
literature for two different sets of data. The cases selected for validation 
purposes correspond to ENF beams made from unidirectional laminates 
whose fibres are oriented longitudinally. 

In order to properly analyse the progression of delamination, espe-
cially for laminates with fibres not oriented in the beam longitudinal 

direction, a three-dimensional discretized scheme is needed. The model 
was capable to predict the relative displacement between points above 
and below the crack and its variation along the beam width. As shown, 
this difference was related with damage propagation. A 0◦ to 90◦ swept 
of fibre-orientation was carried out in order to study the influence of this 
parameter in delamination progression. The fibre oriented longitudi-
nally implies an ENF test which presents load and geometry symmetry 
that maximizes the flexural stress supported by the fibre and, therefore, 
delamination. As the fibre inclination increases, the delamination 
damage has proven to decrease for the same level of imposed vertical 
displacement. This reduction of the mentioned damage by delamination 
occurred asymmetrically in the intermediate fibre angles within the 
studied rank. 

The influence of fibre-orientation in the difference of the relative 
displacement between both lips of the crack was analysed, allowing to 
stablish in the rank within 5◦ to 30◦, the most significant differences for 
the laminate lay-up studied. As the ply-orientation increases, for the 
same level of imposed vertical displacement, a reduction in matrix 
damage and, hence, delamination was observed. The stiffness decrease 
of the beam subjected to flexion was examined through the declination 
of the load versus vertical displacement curve slope for the different 
fibre inclinations studied. 
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