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With the wide adoption of composite materials for a variety of applications, the prediction of their failure re-
mains a challenging prospect. To complicate this scenario, out-of-plane fibre waviness defects, also known as
wrinkle defects, are a major type of manufacturing defects that can degrade the mechanical performances of
continuous carbon fibre composite panels, especially their compressive strength. In this work, the effects of such
defects on square composite specimens are addressed through Finite Element (FE) analysis. A Matlab-Abaqus FE
routine is proposed, which is capable of generating a wide variety of composite specimens with several types of
embedded wrinkles and a number of controllable parameters. Parametric analyses are then performed to
investigate the effects of defects characteristics on the knockdown in compressive strength, and several con-
clusions are drawn. Results show that is possible to determine the dependence of compressive strength on various

wrinkle parameters such as amplitude or angle.

1. Introduction

With the wide adoption of composite materials in industry, used in a
variety of different applications [1], the prediction of their failure re-
mains a challenging prospect. This is in fact demonstrated by the various
and not yet perfect failure criteria that have been proposed in the past,
culminating in the World-Wide Failure Esercixes (WWFE) [2,3]. To
complicate this scenario, internal defects such as variations of their
mesostructure can occur in composite laminates as a result of
manufacturing techniques [4], usually in the form of porosities, fibre
misalignments, debonds or local variations in the fibre-volume fraction
[5]. Failure of composite laminates under mechanical loading is strongly
influenced by these types of defects [6]. One of the most commonly
encountered defects is out-of-plane fibre waviness, commonly indicated
as wrinkles [7], which appear on thick or curved laminates as bands of
out-of-plane wavy plies. These types of defects can seriously degrade the
mechanical performances of such laminates.

To describe the geometry of a standard out-of-plane wrinkle, various
parameters can be adopted. The wave angle (commonly called wrinkle
angle, 6), along with the amplitude A or the wavelength L, are common
parameters used to describe typical fibre waviness [8]. Various studies
have been conducted to experimentally characterize composite speci-
mens with artificially induced wrinkle defects, manufactured by
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inserting additional 90° prepreg strips to induce undulations in the
laminate structure after curing [9]. Adams and Hyer [10], Wisnom and
Atkinson [11] and Bradley et al. [12] made compression tests of wrin-
kled specimens using this process showcasing that shear stresses local-
ized in the wavy region result in early matrix cracking and debonding.
Lemanski et al. [13], Mukhopadhyay et al. [14] and Ferreira et al. [15]
recognized the influence of wrinkle severity on the compressive failure
strength. They found a 30% knockdown reduction of compressive
strength for 12° angle waviness defects [14] and 54% for 22° ones [13]
and built validated Finite Element (FE) models of such experimental
tests for further analyses and confirmations [13,15].

From these studies, it has been highlighted the importance of un-
derstanding which wrinkle parameters, in terms of severity and extent,
are most significant in the overall knockdown of mechanical perfor-
mances of defected composites. This is important for practical applica-
tions, as to determine if and when components with such defects will
still be safe to use or have to be eventually discarded. Various authors
have investigated the characterisation of fibre waviness using non-
destructive testing (NDT) by means of eddy current testing [16], X-ray
computed tomography (CT) scan [17] or ultrasonic techniques [18] - the
latter two more capable of 3D characterisation and therefore more
suitable for industrial purposes, while the first one limited to more su-
perficial defects. As demonstrated by Alghamdi et al. [19] and Makeev
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Fig. 1. (Left and centre) Examples of wrinkle defects in composite laminates; (right) FE model of the waviness defect in a composite specimen. Source: images

extracted from [14].

and Nikishkov [20], measured properties of X-ray CT data can be used to
produce accurate FE models of wrinkled specimens which can provide a
good predicting capability for performance. Freemantle et al. [21],
Sandhu et al. [22] and Smith et al. [23] created damage maps starting
from ultrasonic B-scan data and used them to validate proposed FE
models.

Composite laminates with embedded wrinkle defects subjected to
compressive stress states show complex failure mechanisms involving
both intra-laminar and inter-laminar damages, i.e. fibre breakage, ma-
trix cracking and delaminations [14]. Many models have been proposed
in the past to numerically describe these kinds of damages in FE analysis
frameworks. In the present work, intra-laminar damages are considered
by means of the failure criteria proposed by Hashin and Rotem in [24],
which is capable of treating fibre breakage in tension, fibre buckling in
compression, and matrix cracking and crushing due to shear and ten-
sion/compression. For the onset of inter-laminar damages (de-
laminations), the Cohesive Zone Method (CZM) approach has been
chosen, which is based on the theoretical work about cohesion of Dug-
dale [25] and Barenblatt [26]. It is mathematically described by a
Traction-Separation Law coupled with a quadratic damage initiation
criterion [27], and a power-law criterion is used to govern the mixed-
mode behaviour damage evolution [28].

As said, the significance of wrinkle defects in composite structures
has been demonstrated by both experimental and numerical analyses
available in the literature, and the importance of their evaluation in
quality control of manufacturing has been highlighted. Nonetheless,
there is still uncertainty on which parameters have the most consider-
able influence on the detrimental effects of such defects, in particular on
compressive strength. As highlighted before, different authors have
proposed the amplitude A, the wavelength L or the wrinkle angle 0 as
candidates for mathematically describing wrinkle severity. In particular,
Lemanski et al. [13] and Mukhopadhyay et al. [14] have proposed the
maximum angle as a defining parameter, while as another example,
Fedulov et al. [29] used the height of the wave. Moreover, Hsiao and
Daniel [30] used the wavelength, Caiazzo et al. [31] used the amplitude

Amplitude A

and El-Hajjar and Petersen [32] proposed a gaussian bell to model the
wave, also defined in terms of amplitude.

From the literature analyzed a missing consensus emerges on the
effect of defect geometry on structural performance. Therefore, there is a
need for a parametric study of wrinkle defects, to understand the in-
fluence of different parameters and their consequent importance. This
can give industrial guidance for the NDT of manufactured composite
components in the quality-control phases. Such comprehension has been
not achieved completely in the past due to the difficulties associated
with both manufacturing induced wrinkle defects with controllable
parameters for testing and validation purposes and creating large
numbers of FE models of such defects to perform extensive numerical
analyses. In the present paper, a newly developed Matlab routine is
presented which has the capability to produce FE models of a wide va-
riety of wrinkled specimens to be imported and analysed in Abaqus/
Explicit. Using this tool, a parametric study is performed to explore the
wrinkle parameter space and understand the influence of different pa-
rameters on the compressive failure strength of wrinkled composite
laminates. A detailed discussion of wrinkle geometry effects on tensile
and compressive loading, wrinkle angle and amplitude as well as
embedded wrinkles with flat or non-flat laminates are presented.
Finally, experimental validation is performed by comparing the ob-
tained numerical results with experimental data on identical models
available in the literature. The numerical model proposed aims to
simulate the behaviour of square composite specimens with embedded
wrinkles generated from a variety of defects with controllable charac-
teristic using a versatile automative tool to generate models with
different types of defects. The primary purpose of this tool is to provide a
parametric analysis of different defect characteristics to understand
their relative importance on the strength knockdown in both tension and
compression loading. The viability of the proposed procedure for
application in industrial testing will be evident, showcasing capability to
numerically assess the acceptability criteria of defected composite parts
which can help reduce costly scrapping/repairing of manufactured
parts.

Cosine profile

Wrinkle angle 6(A, w,, L)) »
Peak position x;

These parameters are for a 1D wave. For a 2D surface = A, w;, w,, L}, Ly, X, Yo, 0

Fig. 2. Definition of wrinkle parameters for the proposed mathematical model of the waviness defect. The definition of such surface is expressed in Eq. (1), which
outlines a relationship between the following eight wrinkle parameters (highlighted in Fig. 2, for the x-z projection only):
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Fig. 3. Linear through-the-thickness amplitude variation, with visualization of the wrinkle angle definition.

The paper is organized as follows: Section 2 the numerical tool is
presented, with the definition of wrinkle parameters and their pro-
grammatic implementation as well as the characterization of the pro-
posed FE models. Section 3 then presents the results from the parametric
study performed, where several wrinkle parameters are addressed.
Finally, in Section 4 the obtained results are discussed, and several
conclusions are drawn, together with the experimental validation of the
numerical model.

2. Scripted wrinkle generation numerical model

For the generation, and successive Abaqus implementation, of high-
fidelity models of wrinkled specimens a Matlab routine has been
developed, capable of generating a detailed ply-by-ply model of a
wrinkle-defected composite specimen in a form of a.inp input file. The
wrinkle’s geometry is defined using a simple yet realistic mathematical
description of the wrinkle waviness, implemented through a small set of
parameters capable of generating a wide class of defect geometries with
controllable characteristics. A collection of images representing wrinkle
defects in composite laminates and their corresponding FE models is
shown in Fig. 1.

2.1. Mathematical model representation of the wrinkle shape

The mathematical model of the defect’s topology, which describes
the typical undulation shape using a three-dimensional cosine surface
modulated by a Gaussian envelope, has been chosen based on the
analysis outlined in [4]. This model will define the curved surface of a
generic ply inside the laminate. The intersection of such type of surface
with the x-z plane is shown in Fig. 2 (y-z projection follows the same
trend), where its defining parameters are highlighted. From this point
the x-axis will be taken as the reference direction for 0° plies, and will
also be referred to as load-axis.

- 6- Wrinkle angle;

- A- Maximum ply amplitude;

- L; and L, - Wavelengths in the x and y-directions respectively;

- wi and wy - Wrinkle gaussian half-widths in the x and y-directions
respectively;

- Xxo and Yy - Wrinkle centre location coordinates.
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It is noticeable how for creating a single ply two different surfaces
need to be defined in Eq. (1), representing the upper (top) and lower
(bottom) surface. These surfaces are characterized by two different
maximum amplitude values, A; and A,, in order to take into account the
through-the-thickness variation of the wrinkle severity inside the lami-
nate. The two surfaces are separated (in the z-direction) by the pristine
ply thickness ¢, which can be individually defined for each ply. The ply
bulk material is therefore defined based on the volume between the two
surfaces, with homogenized material properties assigned to it.

2.2. Through-the-Thickness variation of wrinkle severity

For modelling the through-the-thickness amplitude variation, the
implemented routine creates a suitable set of interpolation values taking
into account both the desired min and max values of amplitude. These
are the amplitude values at the two external surfaces and at the centre,
respectively. It then considers the number of plies in the laminate and
the ply thickness values for the various plies and assigns the interpolated
amplitude values at the successive interply surfaces. This is to obtain the
maximum selected value of amplitude in the centre of the laminate,
guaranteeing at the same time perfect contact between the various plies.
Different types of interpolation can be potentially defined (linear,
Gaussian, stepped, etc).

2.3. Wrinkle angle definition

The wrinkle angle 6 is not directly appearing in Eq. (1). The reason is
that the wrinkle angle is not an independent parameter that can directly
define the wrinkle shape, but it is a function of amplitude, wavelength
and gaussian half-width in the longitudinal direction: = 6(A, L1, w1)
[4]. Simplifying the angle definition by considering the parameter
L;—o0, so that the gaussian half-width w; can replace the definition of
the wavelength parameter, a fixing of one of the two parameters
(amplitude A and wavelength w;) is required to solve the nonlinear
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SC8R elements

Ply-angle obtained from
stacking sequence vector
and assigned to each ply

| Material orientation
follows curvature

| Reference direction
coincident with x-axis

Fig. 4. Mesh and material orientation definition for the generic curved ply.

equation 6 = 6(A, w;). Requesting the user to define both the desired
angle 0 and one of the two parameters, between amplitude A and
wavelength wy, the second missing parameter can be calculated by an
iterative process and the obtained couple (A, w;), satisfying the
requested angle 6, can be therefore used in creating the various plies.
The definition of the wrinkle angle ¢ is based on taking the arctangent of
the first directional derivative of the wave function in the point of cur-
vature change, i.e. zero of the second derivative, mathematically:

Jf (x,y)
)

0 = tan™" (max( 2)
where the function f in Eq. (2) is obtained from the upper surface
definition in Eq. (1).

Summing the results of the two previous paragraphs, an example of
the linear amplitude variation, with the visualization of the wrinkle
angle definition, is shown in Fig. 3.

2.4. Global script generation

A conceptual representation of the workflow followed by the Matlab
routine is contained in Appendix 1, divided into two parts: 1) Laminate
configuration, 2) Wrinkle generation. In the laminate configuration
phase, the user is asked to define the stacking sequence and the ply
thickness(es) value(s). In the wrinkle generation phase, the user can
select different defining parameters (angle, amplitudes, etc), and
different subroutines will generate the desired defect. As represented in
Appendix 1, different alternative paths can be followed for generating
the defect, giving therefore multiple possibilities to the user. Several
types of embedded wrinkle defects will be studied in the next Section 3
and will be briefly presented in Section 2.6.

2.5. FE model description

2.5.1. Material and section properties

For implementing section properties of each ply a one-ply continuum
shell section is defined using the Abaqus composite layup tool, with the
definition of a relative thickness of 1. The ply is meshed with quadri-
lateral 8-noded continuum shell elements (SC8R elements in Abaqus),
with reduced integration, hourglass control and finite membrane
strains. The correct ply-angle is extracted from the defined stacking
sequence vector and assigned to each ply (reference direction for the ply
orientation coincident with the x-axis), with three through-the-thickness
integration points and the correct material orientation and stacking di-
rection - essential for performing simulations involving curved fibres - as
represented in Fig. 4. Relative to the simulations performed in the
following Section 3 each ply has been meshed with one element
through-the-thickness, and an element size of 0.5x0.5 mm has been set

Table 1
Unidirectional carbon-epoxy Hexcel® IM7/8552 material properties. Source:
data extracted from [34,35].

Mechanical Properties Strength Properties ~ Damage Evolution Properties

P 1570 kg/m"3  xT 2300 MPa Type Energy
Enn 161.0 GPa X¢ 1000 MPa Softening ~ Linear
Eyy =Ess 11.38 GPa 'd 62.3 MPa GT 10 kJ/m"2
G2 =Gi3 5.17 GPa Y¢ 253.7 MPa G¢ 10 kJ/m"2
Gas 3.92 GPa st 89.6 MPa G} 290 J/m"2
V12 = l13 0.32 ST 126.9 MPa GS 290 J/m"2
Vo3 0.3813 a 0 n 107(-6)

by default together with a ply thickness of 0.125 mm. The side di-
mensions for the square specimen are chosen as 30x30 mm. A homo-
geneous unidirectional carbon-epoxy Hexcel® IM7/8552 resin/fibre
material, possessing a fibre volume fraction of V; = 57.70% [33], has
been implemented with the mechanical properties extracted from
[34,35] and outlined in Table 1. Assembly of the wrinkled laminate is
then performed by superimposing the individually created plies,
meaning that the various plies — each modelled as an individual part in
Abaqus, with its own geometry, mesh and section properties — are
stacked on top of each other to form the laminate, with contact prop-
erties defined to model the cohesive behaviour. This modeling technique
allows capability to capture delamination between plies, a critical fail-
ure mechanism that initiates from fibre waviness defects. A represen-
tation of the assembly strategy is shown in Appendix 2.

2.5.2. Intralaminar damages

Damage occurrence for the individual plies of the composite lami-
nate (intralaminar damages) has been considered by means of the
Hashin Failure Criteria [24], which is suitable for treating damages in
anisotropic materials since it considers four different failure modes for
both fibre and matrix in tension and compression, i.e. fibre breakage in
tension, fibre buckling in compression and matrix cracking and crushing
due to shear and tension/compression. It relies on damage initiation
parameters indicated as XT,X¢, which represent longitudinal tensile and
compressive strengths, Y7, YC, which represent transverse tensile and
compressive strengths, S', ST, which represent longitudinal and trans-
verse shear strengths, and an additional parameter a representing the
influence of shear stress on the fibre tension criterion.

After damage onset has occurred for at least one of the four condi-
tions, damage evolution is treated with the use of an energy-type
degradation behaviour with linear softening, suitable for describing
stiffness degradation of the material after at least one of the four
Hashin’s criteria is met [36], through the definition of tensile and
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Fig. 5. Bilinear Traction-Separation Law for the definition of cohesive contact
between plies.

compressive fracture energies G/, G in longitudinal direction and GI,
G$ in transverse direction. These energies represent the fracture energies
needed for the damage propagation after its onset and are therefore
directly related to the four initiation criteria, while the linear softening
represents a linear degradation of the stiffness of the damaged material.
Damage stabilization has been also considered by the definition of a
viscosity coefficient 5. The outlined strength and damage evolution
properties, extracted from [34,35], are collected in Table 1, together
with the mechanical ones previously cited.

2.5.3. Interlaminar damages

A general contact interaction has been defined with a hard-contact
behaviour applied on all external surfaces, while a cohesive behaviour
has been defined between each interply surface by making use of the
Cohesive Zone Method (CZM) approach for considering inter-laminar
damage occurrence. Based on the theoretical work about cohesion the-
ory of Dugdale [25] and Barenblatt [26], the Cohesive Zone Method
(CZM) relies on the definition of a Traction-Separation Law (T-S Law),
usually expressed in a bilinear form such as that shown in Fig. 5, which is
a relation between the stress components ¢ acting at the interface be-
tween two neighbouring plies, and the separation components § defined
between the two interfaces due to delamination onset and evolution
[27,28].

The purpose of the T-S Law is to account for the progressive loss of
stiffness in the damaged interface, since damage can be considered as a
progressive phenomenon, for which the ability of the cohesive interface
to sustain loads is not completely lost at damage onset [37]. For
implementing the bilinear curve, a linear elastic behaviour is first
defined through the use of a penalty stiffness coefficient K, until the
interfacial strenght indicated by ¢° is reached, which represents the
point of damage onset [27]:

K,5<8

o=K=K={ | _pk <5< De O]

3)

Where D is the damage variable that ranging from 0 to 1 — 0 indicating
pristine material and 1 the completely damaged interface —, accounts for
the progressive evolution of delamination damage, and &° can be
expressed as 8° = ¢°/K.

After damage onset, a progressive degradation is followed, with the
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stiffness of the cohesive interface being progressively lowered until the
maximum displacement & is reached and delamination advances:

0,6 <8

D:{l,(s:éf

(€]

For the calculation of the maximum displacement &, an energetic
consideration is needed: since from the cohesion theory it is known that
delamination grows when a suitable fracture toughness value is reached
[38], the area under the bilinear law must be equal to that value of strain
energy, and therefore & can be expressed, taking into account the value
related to the particular delamination mode considered (I, II, III or
mixed) as:

§ =2G/d° 5)

The cohesive contact behaviour has been implemented in Abaqus
defining damage initiation by means of the quadratic stress criterion
(QUADS criterion in Abaqus) [38], with interfacial strength values ¢?,
6% = o9, and fracture energies Gic, Guc = Gme (for simplicity Mode III
strength and toughness are considered the same as Mode II). The QUADS
criterion, which works well for mixed-mode conditions since it in-
terrelates all three critical tractions defined, is met when the following
relationship holds [38]:

6.2 op? o2
G +Go) +p) =1 ©)

The damage evolution has been treated by specifying an energy type
evolution with a power-law description based on the Benzeggagh-
Kenane mixed-mode behaviour [39] which makes use of a coefficient
BK =2.1 and permits the treatment of mixed-mode delaminations
involving mode I, IT and III types. The cohesive properties utilized are
extracted from [34] and reported in Table 2.

2.5.4. Boundary conditions

To perform tensile and compressive simulations of wrinkled lami-
nates which are characterized by convoluted geometries, and due to the
complex contact interactions and failure behaviours involved in the FE
modeling, a dynamic explicit step has been defined, with a target time
period of 0.1 s. Nonlinear geometry has been activated to take into ac-
count the severe deformations involved, and mass-scaling has been
defined with a target time increment of 10 s to help speed up the
computational time. This time has been carefully selected to ensure that
kinetic energies remain below 5% of total energies so as not to influence
the fracture behaviour with spurious stress oscillations and dynamic
effects, effectively producing a quasi-static loading response.

For the application of imposed displacements to the laminate a
smooth-step amplitude has been created, and one of the two faces in the
y-z plane of the laminate has been completely fixed by constraining all
nodes’ six degrees of freedom in the surface. On the opposite face, all
nodes have been given an imposed displacement in the loading direction
with the sign determining if the load is in tension or in compression,
while the other degrees of freedom have been fixed, as shown in Fig. 6.
For computing compressive strength values, the reaction force outputs
have been requested on all the nodes of the loaded side and, for visu-
alization purposes, the cohesive contact damage field variable (CSDMG
variable in Abaqus) has been activated to visualize the delamination
contour plots.

Table 2

Cohesive interfacial properties. Source: data extracted from [34].
of o o0 Gy Gy Gy Type Mixed-mode behavior BK
15 MPa 340 MPa 340 MPa 210 J/m"2 663 J/m"2 663 J/m"2 Energy Bezeggagh-Kenane 2.1
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Loaded side: imposed
displacement on all
nodes of this surface in
x-direction, other
degrees of freedom
constrained.

U1 =imposed

U2=0

u3=0

UR1=0

UR2=0

UR3=0

Fig. 6. Boundary conditions applied to a generic laminate for performing tensile and compressive simulations.

2.6. Wrinkle model generation demonstration

A brief description of several possible wrinkle geometries that can be
defined by the present tool is contained in this paragraph, to highlight
key features and capabilities that will be further developed in the next
section. Fig. 7 presents a collection of defected square specimens
together with the defined wrinkle parameters as per Section 2.1. The
simplest type of defect, Fig. 7(a, b, c) is constituted by a bi-dimensional
single wave extruded with a constant profile, which will be reffered to as
a Full-wave defect and that can be used to address the effects of angle and
amplitude severity on the knockdown effect. The amplitude variation
between successive couple of plies can be governed by a linear or
Gaussian evolution or, more realistically, a stepped one which is
particularly useful for describing wrinkle defects resulting from the
autoclave process [14]. By reducing the amplitude of the Full-wave
defect in the extrusion direction, a Bulge defect is obtained, Fig. 7(d),
which is not visible from the outside since the wave has been con-
strained to remain inside the laminate, having a maximum amplitude at
the centre. The previous defects have been shown to have flat top and
bottom surfaces: this is not always the case, as in real scenarios the
vacuum bagging used for curing composites in the autoclave will make
wrinkle defects appear on the upper surface [40]. Non-flat type of de-
fects can therefore be defined as in Fig. 7(e). Finally, complex stacking
sequence definitions can be managed by the tool, particularly in the case
of non-uniform ply-thicknesses as in Fig. 7(f).

3. Parametric study of wrinkle defect

In this section, FE simulations conducted on various square wrinkled
specimens generated by the implemented Matlab routine are described.
Results are shown and compared to gain an understanding of the in-
fluence of different wrinkle defects on the tensile and compressive
failure behaviour of such laminates. A quasi-isotropic 48-plies laminate
of carbon-epoxy IM7/8552 material has been considered, with a stack-
ing sequence of [45,/905/ — 45,/05]3s and nominal ply thickness of
0.125 mm. To save computational time, successive couple of plies with
the same ply-angle have been merged as a single ply and therefore a 24-
plies laminate with [45/90/ —45/0];5 stacking sequence and ply
thickness of 0.250 mm has been modelled. Such quasi-isotropic layup
has been chosen as representative of layups used in industrial practice
[14]. The considered specimens are 30x30 mm squares with a total
laminate thickness of 6 mm, meshed with 0.5x0.5 mm element size, for a
total of 86,400 SC8R elements simulated.

For identification purposes, simulations have IDs in the form “N-F/B-
M”, where N is the wrinkle angle in degrees, F/B indicates the type of
defect that could be Full-wave or Bulge, and M is the maximum amplitude
in terms of ply thicknesses (eg. 10F5 means 10° wrinkle angle, Full-wave

type defect, maximum amplitude equals to 5 plies, or 5x0.125 mm =
0.625 mm). An outline of the performed analyses is contained in Fig. 8.
For representing the simulation results, various plots of the stress-
displacement response are collected in this section. For qualitative
comparison between the different models analyzed, the delamination
damage contour plots at different stages of the loading have been pre-
sented by means of the CSDMG variable in Abaqus. The different stages
were selected based on general trends or to capture specific behavior
observed, such as initiation of delamination damage and damage pattern
before and after significant load drops. These points have been associ-
ated to specific points in the stress-displacement plot for each specimen
for ease of identification using IDs in Fig. 8.

3.1. Tensile and compressive loading

In the first set of simulations, comprising the four simulations
BenchT, BenchC, 15F5T and 15F5C, tensile (T) and compressive (C) an-
alyses have been performed on both a pristine model (Benchmark)
produced by inputting a 0° angle in the wrinkle generation phase, and a
15° wrinkled specimen with a defined amplitude of 0 mm on external
edges (flat top and bottom surfaces) and 0.625 mm on the central layer,
equal to 5 times the ply thickness’ original value. The defected laminate
has a single full-wave type of defect, consisting of a constant wrinkle
profile along the specimen’s width (therefore visible from the outside
frontal and rear faces). These simulations are performed in order to
quantify the strength reduction effect for a medium/high-severity
defect. Results from such simulations are collected in Fig. 9.

In the tensile tests of Fig. 9 the benchmark model initially failed at
the specimen ends, where the boundary conditions have been applied;
the damage then propagated towards the centre of the specimen as the
applied displacement increased. The wrinkled laminate shown an
initially localized delamination at the centre of the laminate where the
wave has been positioned, which then propagated towards the loading
ends. In both cases, failure occurred in the + 45/-45° interfaces and in
the 90° ones, triggered by matrix cracking and shear stresses as ex-
pected. Regarding the compressive tests of Fig. 9, the benchmark model
shown a clear crushing failure happening towards the encastred side.
The wrinkled laminate again shown an initially localized failure corre-
spondent to the defect’s centre subsequently evolving towards the two
sides, thus encompassing the whole laminate and producing visible
multiple delaminations and bulging of the upper surface.

3.2. Wrinkle angle variation
In the second set, comprising the six simulations 5F5, 10F5, 12F5,

15F5, 15B5, 20F5, compressive tests have been performed on 5°, 10°,
12°, 15° and 20° wrinkled laminates, with a single full-wave type of
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Fig. 7. Capabilities of the implemented Matlab routine in terms of defect variations. (a, b) Full-wave defects with linear amplitude variation and different severities (a
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(a)

Full Wave Defect, Linear Amplitude Variation
5° Wrinkle Angle, 1 mm Max Amplitude
[a, A, xg. ¥, Wi, Wa, Ly, Lol = [15, 1, 15, 15, 9.943, o0, o0, o]

(©

Full Wave Defect, Stepped Amplitude Variation

12° Wrinkle Angle, 1 mm Max Amplitude
_”Q. A » X0 YO» W1 Wo, N.—. FN_ = :M' Om. _M_ _u. m.Nop 0, 00, 00“_

(e

Full Wave Defect, Linear Amplitude Variation, Variable Ply Thickness
15° Wrinkle Angle, 1 mm Max Amplitude
[a, A, xg, ¥g, Wi, wo, Ly, L] = [15, 1, 15, 15, 3.288, co, c0, o]

(b)

Full Wave Defect, Linear Amplitude Variation
15° Wrinkle Angle, 1 mm Max Amplitude
[a, A, xg, Yo, Wi, W, Ly, Lo] = [15, 1, 15, 15, 3.288, o0, o0, o0]

(d)

Bulge Defect, Linear Amplitude Variation

7° Wrinkle Angle, 1 mm Max Amplitude
la, A, xg, ¥, wy, wo, L1, Lo] = [7, 1, 15, 15, 10, 10, 20, 20]

(f

Full Wave Defect, Linear Amplitude Variation
15° Wrinkle Angle, 1 mm, 0.625 mm Amplitudes
[a, A, xg, yg, Wi, wa, Ly, La] = [15, 1, 15, 15, 3.288, co, oo, c0]

- low angle, b — high angle); (c) Full-wave defect with stepped amplitude variation; (d) Bulge defect with linear amplitude variation and central ply represented; (e)

Full-wave defect with unequal thickness laminate; (f) Full-wave defect with non-flat upper surface.
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Laminate Configuration

Wrinkle Defect Configuration

Simulation Data

Stacking Sequence . Laminate Wrinkle " ", Wrinkle Parameters CPUs used /
(Number of Plies) Ply Thickness Dimensions Angle Amplitudes Type of Defect [x0,y0.w1.w2, L1, Lo, s, 1] 1D Name Load Type CPU time #
BenchT Uniaxial Tension 16 / 03:06:55 h
0° Not Defined***
16/ 03:02:56 h
15° 0 mm, 0.625 mm Full Wavet
16/ 02:16:33 h
10° 0 mm, 0.625 mm Full Wave 16/02:35:18 h
12° 0 mm, 0.625 mm Full Wave [15, 15, 2.5710, o0, o0, o0, 30, 0.5] 12F5 16 /02:43:41h
[+4527905/ - 455102] 5 ¢
. 0.125 mm* 30x30x6 mm Full Wave [15, 15, 2.0550, oo, o0, 00, 30, 0.5] 15F5 16 / 02:40:04 h
(48 plies)
15° 0 mm, 0.625 mm -
Bulgett [15, 15, 2.0550, 7.5, o, 0, 30, 0.5] 15B5 16 / 02:52:46 h
20° 0 mm, 0.625 mm Full Wave [15, 15, 1.5400, e0, o0, 0, 30, 0.5] 20F5 ial Compression 16 / 02:43:06 h
0 mm, 0.250 mm [15, 15, 0.8220, oo, o0, o0, 30, 0.5] 15F2 16/ 02:55:03 h
15° 0 mm, 0.625 mm Full wave [15, 15, 2.0550, o0, o0, o0, 30, 0.5] 15F5 | 16/02:40:04 h
0mm,1mm [15, 15, 3.2880, o0, 0, o0, 30, 0.5] 15F8 16 / 02:31:57 h
0 mm, 1 mm, 0.500 mm 15F84n! 16/
15° Full wave [15, 15, 3.2880, , 0, 0, 30, 0.5] s
Amplitude vectord Stepped 16/

* Approximated to a 24-plies laminate by merging successive couple of plies, obtaining therefore an effective ply thickness of 0.250 mm.

** If two numbers are shown, the first refers to the external upper and lower laminate’s surface amplitudes and the second to the central surface one (laminate

refers to the lower external surface, the second to the central surface (laminate midplane) and the third to the upper external surface. A linear amplitude variation is assumed unless specified.

*** For the benchmark model which represents the pristine laminate,

equal to (30, 0.5) nonetheless.

1 The Full Wave defect represents a constant wrinkle profile with a single wave, extruded along the width of the specimen, perpendicular to the loading direction.
11 The Bulge defect represents a constrained wave inside the laminate, thus guaranteeing pristine external edges and faces.

111 The defects are categorized with a construct in the form N-F/B-M, where N

the wrinkle angle in degrees, F/B

value. 5F5 represents therefore a 5° wrinkle angle, Full-wave, 0.625mm max amplitude defect (pedices can be added, like T for Tension, C for Compression, nf for non-flat external surface).
2 Stepped amplitude variation with the following values between successive interplies, starting from the bottom of the laminate: [0, 0.1, 0.3, 0.3, 0.3, 0.3, 0.5, 0.5, 0.5, 0.5, 0.7, 0.8, 0.8, 0.8, 0.7, 0.5, 0.5, 0.5, 0.5, 0.3, 0.3, 0.3, 0.3, 0.1, 0].
1 Cranfield University’s Crescent HPC used for performing simulations. Cpus utilized are Intel® Xeon® E5-2660, simulation time has been extracted from the .sta ABAQUS™ file at last time increment and comprises both the total simulation

time and the paral

plane, where the angle is defined), while if three numbers are shown, the first

the wrinkle defect is not defined, therefore the amplitudes are Omm on both the external surfaces and the midplane and the wrinkle parameters are indeterminate. (s, r) are

ate if the defect is a Full-wave one or a Bulge one, and M indicates the amplitude in terms of the original ply thickness

ization time. Queue time is not considered, therefore the actual time spent on simulation is generally higher. 16 cpus have been chosen to maintain parallelization time low and perform multiple simulation at the same time.

Set 2

Fig. 8. Overview of the performed simulation studies.
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Benchmark vs 15°

Tensile Test
! ; .

3 BenchT
450 | ——15F5T |

Stress [MPa]

o 0.05 01 0.15 02 025 03 035
Displacement [mm)

Encastred Side

L_’N

Composite Structures 305 (2023) 116541

Benchmark vs 15°
Compressive Tgst

Stress [MPa)

o 0.05 01 015 02 025
Displacement [mm)

15F5C

BenchC

-
-

trtt
Loaded Side

2
3
4

Fig. 9. Pristine benchmark model vs 15° wrinkle model with 0.625 mm amplitude. (Left) tensile simulation; (right) compressive simulation. Delamination contour
plots at critical moments are represented by means of CSDMG damage field variable, with blue color indicating pristine material and red color complete delami-
nation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

defect (F simulations) or internal bulge defect (B simulation). Flat top
and bottom surfaces have been considered for all simulations. These
simulations are conducted to understand the effects of the wrinkle angle
on the compressive strength reduction, for a constant max amplitude. As
part of the second set of simulations, a comparison between the full-
wave type of defect and the bulge defect has been performed relative
to the 15° angle case, this time by constraining the defect to remain
inside the specimen for producing a bulge-type defect to be compared
with the full-wave type. Results from such simulations are collected in
Fig. 10 and Fig. 11. The analysis of the compressive tests performed on
the wrinkled laminate by modifying the wrinkle angle shows that the
failure behaviour maintains the same characteristics between the
various angles. Initial localized failure is triggered by Mode II de-
laminations occurring between the —45° and 0° ply, which then extends
suddenly to the whole laminate due to instability failure between plies,
at the compressive strength level. As noticeable from the analysis of the
different behaviour between full-wave and bulge defects, the diminished
cross-sectional area of the bulge defect in the loading direction has a
clear effect on the compressive strength.

3.3. Wrinkle amplitude variation

In the third set, comprising the three simulations 15F2, 15F5, 15F8,
compressive tests have been performed on 15° wrinkled specimens with
a full-wave type of defect by varying the maximum amplitude, equal in
these cases to 0.250 mm, 0.625 mm and 1 mm, to understand the effect
of varying amplitude for constant wrinkle angle. Results from such
simulations are collected in Fig. 12. As noticeable from the analysis of
Fig. 12, the influence of the wave amplitude on the compressive strength
is not negligible.

3.4. Flat vs Non-Flat surface and stepped amplitude variation

The defects shown in the previous section were idealized for the
purpose of addressing the effects that the governing parameters singu-
larly had on the knockdown of defected specimens. For validating the
proposed numerical model and the presented results, a comparison with
experimental data available in the literature will be performed in the
next paragraph (see Section 4.1 — Validation of the Numerical Models),
which will require more realistic defects to be considered. In fact, defects
embedded on real specimens such as those produced by inserting pre-
preg strips inside the manufactured components in the 90° laminate
direction, show a specific shape that can be approximated by a stepped
model [4,14]. Frequently, due to the rigid tooling and the vacuum
bagging used for curing composites in autoclave, wrinkle defects appear
on the upper surface (while the lower one is in contact with the rigid tool
and thus ends up being flat) [40]. To address this phenomenon, the last
set of two simulations have been proposed with a 15° wrinkle angle
investigated for comparison purposes with previous results. The first is a
non-flat upper surface defect with linear amplitude variation between
plies, the second a stepped model where successive groups of [-45°, 0°,
45°] plies possess the same amplitude value, and the 90° plies present
subsequent amplitude variation to permit the overall through-the-
thickness amplitude evolution. Results from such simulations are
collected in Fig. 13.

4. Discussion of results

From the analysis of the previous results, different conclusions can be
drawn. In the tensile tests of Fig. 9, the stress-displacement plots show a
clear difference in behaviour between the pristine laminate and the
wrinkled one. The pristine laminate is characterized by a net load drop
after failure, associated with the failure of the loaded side of the lami-
nate which can be considered ripped off, while the wrinkled one is
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Wrinkle Angle Variation, Constant Amplitude
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Fig. 10. Comparison of different wrinkle angles with 0.625 mm amplitude (compressive simulation).
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Fig. 11. Comparison between full-wave and bulge defects for the same wrinkle angle and amplitude (compressive simulation).
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Amplitude Variation, Constant 15° Wrinkle Angle
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Fig. 12. Comparison of different amplitudes with the same 15° wrinkle angle (compressive simulation).

Non-Flat Upper Surface and Stepped Model
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Fig. 13. Comparison between non-flat upper surface model and stepped model (compressive simulation).

characterized by successive small load drops each followed by a linear
elastic region with diminished stiffness. The maximum compressive
strength is diminished from the 469.3 MPa of the pristine laminate to the
379.4 MPa of the wrinkled one, showing therefore a 20.84% reduction
in tensile strength for a 15° wrinkle with 0.625 mm wave amplitude.

11

Regarding the compressive tests of Fig. 9, the analysis of the stress-
displacement plot shows a similar failure behaviour between both
models. Both models achieve a clear load drop and show a slight con-
stant decrease in load in the post-failure range, with small oscillations
mainly due to vibrations in the material. The maximum compressive
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Fig. 14. Stress contour plot (S, Mises field variable) for 15° wrinkle angle with 0.625 mm maximum amplitude (15F5 model) at different simulation phases.
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Fig. 15. (Left) knockdown on compressive strength for varying wrinkle angle and constant amplitude (second set); (right) knockdown on compressive strength for

varying wave amplitude and constant angle (third set).

strength is diminished from 342.9 MPa of the pristine laminate to 291.6
MPa of the wrinkled one, showing therefore a 14.96% reduction in
compressive strength for a 15° wrinkle with 0.625 mm wave amplitude.
In both cases, lower stiffness is noticed for the wrinkled laminate in the
elastic region compared to the benchmark model.

From the analysis of the compressive tests performed on the wrinkled
laminate by modifying the wrinkle angle (Fig. 10 and Fig. 11) it is
noticeable how the most consistent final delaminations happen on the
external plies of the lower side, while the upper surface shows the
inflexion correspondent to the wrinkle wave shape. The reason this
failure mechanism happens is because the wave profile with linear
amplitude variation shows thicker plies on the lower half of the laminate
and thinner ones above. These upper plies are therefore subjected to
stress concentrations which push the plies out-of-plane promoting a
bulging and subsequently introducing localized delaminations below.
This delamination then propagates through the interface as the applied
displacement increases. For visualization purposes, stress contour plots
for the 15° wrinkle angle at the phases selected and shown in Fig. 10 are
displayed in Fig. 14. The initial stress affecting the 0° angle plies, and the
successive concentrated stress strip visible on the upper bulging are
noticeable from this image, the last one being a direct consequence of
the upward push previously described.

It is concluded that the wrinkle shape has a clear effect on governing
the damage onset and failure evolution scenarios. From the comparison
of the various curves collected in Fig. 10, it is noticeable a general trend
of diminishing compressive stiffness and strength for increasing angles,
with failure strength values of 338.8 MPa for the 5° model, decreasing to
289.2 MPa for the 20° model.

As expected, a decrease in both the maximum compressive strength
and stiffness with an increase in the angle is observed. However, the
decrease of the compressive strength is not proportional to that of the

12

wave angle. In fact, for low angles (below 10°) a very low diminishing of
failure strength is recorded, correspondent to 1.19% knockdown for 5°
and 2.21% for 10°, while for higher angles the diminishing is more se-
vere, with an 11.11% knockdown for 12°, 14.69% for 15° and 15.66%
for 20°. Also, while for defects less than 10° the displacement at failure is
slightly higher than that of the pristine laminate, for higher severity
defects it is diminished. For visualization of these results, a plot of
compressive strength knockdown versus wrinkle angle for constant
maximum amplitude is shown on the left of Fig. 15.

It is hypothesized here that the nonlinear relationship between
knockdown effect and angle is due to the dependence of compressive
strength reduction for single-wave wrinkled laminates also on wave
amplitude. Therefore other simulations belonging to the third set have
been run, this time maintaining the same wrinkle angle of 15° but with
three values of amplitude, i.e 0.250 mm, 0.625 mm and 1 mm, corre-
sponding to 2, 5 and 8 times the original ply thickness values. As
noticeable from the analysis of Fig. 12, for an increase in amplitude of
the defect, which for fixed angle also corresponds to an increase of the
defect wavelength, a clear decrease in compressive strength is recorded,
with failure strength values of 332.8 MPa for the 0.250 mm amplitude
defect, 291.6 MPa for the 0.625 mm amplitude one, and 270 MPa for the
1 mm one, correspondent to 2.95%, 14.69%, and 21.27% knockdowns,
respectively, compared to the pristine laminate. The displacement at
failure is also constantly diminished between the three simulations. As
expected, initial failure mainly happens between the —45° and 0° plies,
triggered by shear stresses. A plot of compressive strength knockdown
versus maximum amplitude for constant wrinkle angle is shown on the
right of Fig. 15.

An explanation of this nonlinear relationship between strength
knockdown and wrinkle angle for a constant amplitude value, for a
single full-wave type of defect, comes from the fact that the wrinkle
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Compression knockdown for different types of embedded wrinkles
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Fig. 16. Compressive strength values for different types of 15°

angle is not the only defining parameter as it is the combination of angle
and amplitude that defines the severity of the knockdown effect. It is
hypothesized that a critical aspect ratio exists between the defect’s
maximum amplitude value and wavelength in the load direction w;, for
which the sensitivity of the knockdown effect to the amplitude variation
for a constant wrinkle angle is higher. Therefore, while for low angles
(subcritical defects in Fig. 15) the increase of amplitude has a quasi-
negligible effect on the knockdown in compressive strength, for higher
angles (supercritical defects in Fig. 15, like the studied 15° one) small
variations of amplitude produce tangible diminishing of the compressive
strength. Caution should therefore be put when comparing the obtained
results with those available in literature, since for the same angle
different knockdown values can be found for different amplitudes.
Similar results can be seen also in the work of Xie et al. [4], who found a
sigmoidal relationship between knockdown and wrinkle angle. It is
suggested here that this phenomenon requires a closer evaluation link-
ing a number of real defects and confirming which parameter ranges
produce realistic wrinkle defects before firm industrial guidance for NDT
evaluations can be made.

Regarding the comparison between full-wave and bulge defects
(Fig. 11), it is noticeable how for the same wrinkle angle and defect’s
amplitude, while a maximum compressive strength of 291.6 MPa is
recorded for the full-wave defect, the bulge one show a higher value of
331.69 MPa. This represents a knockdown value of 3.27% for the bulge
type defect compared with 14.69% for the full-wave one. It is believed
that the reinforcing effect comes from the straight plies surrounding the
defect which helps maintain a good effect on resisting compressive
loads, while for the full-wave defect the entire cross-section is affected
by the defect.

As for the comparison with experimental results found in the liter-
ature, the results of the simulations presented in Fig. 13 show that the
non-flat upper surface model is affected by a clear knockdown in
compressive strength due to the initial bulging, and reaches therefore a
maximum stress of only 247.76 MPa corresponding to a knockdown of
27.74% compared to the pristine laminate. This is the highest knock-
down that has been recorded in this study for a 15° wrinkle angle, and
since it is due to the high amplitude in the central midplane, equal to 1
mm, and the initial bulge with the same fashion of the deformed shape,
it represents an upper bound for the 15° wrinkle defect. The stepped
model, on the other hand, shows a maximum compressive strength of
273.23 MPa, corresponding to a knockdown in compressive strength of
20.32% when compared to the pristine laminate. It should be noticed,
however, that this model has been obtained by making the 90° plies as
thin as possible (without reaching zero thickness values which are not
physically possible, although 90° plies can be made thin in small regions

wrinkle defects, compared to pristine laminate (benchmark model).

13

due to the disposition of fibres inside the resin matrix), and having
groups of successive [-45°, 0°, 45°] plies ([-45°, 0°, 0°, 45°] in the
central part of the laminate) with the same amplitude value. In this re-
gard, by inputting a wrinkle angle of 15°, the maximum amplitude has
been estimated to be 0.8 mm, which is slightly lower than 1 mm for the
non-flat model (15F8 model used for comparison). It is noticeable that
the stepped model with 0.8 mm amplitude behaves very similar to the
linear model with 1 mm amplitude. It is therefore concluded that real
defects in composite laminates, which are realistically more similar to
the proposed stepped model than the idealized linear models studied,
present slightly higher knockdown than those presented in this study,
which are therefore underestimations. A comparison of the different
strength values achieved for the 15° wrinkle defects is reported in
Fig. 16 where it is noticeable the influence of defect type and amplitude
for constant wrinkle angle.

4.1. Validation of the numerical models

The numerical results discussed in the previous section have been
built following an approach of increased complexity: from basic defects
belonging to the first three sets, realistic defects have been considered in
Set 4 (15F84nf and Stepped models). As said, such last models mimic
defects presents in manufactured specimens and are suitable for vali-
dating the proposed approach. For validating the proposed approach,
experimental results have been found in the literature that are compa-
rable to the square specimen and materials analyzed in this study.
Mukhopadhyay et al. [14] manufactured rectangular composite speci-
mens made of carbon-epoxy IM7/8552 material, with a quasi-isotropic
[452/902/ — 45,/05]5¢ stacking sequence and a nominal ply thickness
of 0.125 mm, thus consistent with the models analyzed in this paper.
Their specimen dimensions where 110 mm x 30 mm x 6 mm, with a
gauge length of 30 mm. Wrinkling defects where induced during cure by
inserting additional prepreg strips on 90° orientation on already existing
90° plies, effectively reproducing a quasi-stepped amplitude variation of
the wrinkle defect. Their experimental results where then reproduced
with a numerical model built in Abaqus/Explicit with an approach
similar to the one presented in this paper. From experimental results, a
knockdown of 30% has been obtained for a rectangular wrinkled spec-
imen with a ~ 12° wrinkle angle and a maximum amplitude estimated to
be slightly above 1 mm. This result compares well with the proposed
models, since the 12° angle is a supercritical one for such amplitude
value and it can easily be estimated that for a maximum amplitude
higher than 1 mm with a stepped variation the knockdown in
compressive strength will be placed in the range between 20% and 30%,
extrapolating the behaviours from preceding figures.
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1) LAMINATE CONFIGURATION
Stacking Sequence Element
(vect, eg. [0, 45, —45, 90])
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2) WRINKLE GENERATION

= Amplitude vector creation
- Find W given max A and ¢
- Wrinkle parameters setting

Mins and Max Amplitudes
(vect, eg. [0.1, 0.2, 1.5))

1/2 - PLIES CREATION
| T
Fixed Variable Amp \}u/d:; e
(int, 1/2) 1| nt, 1/2/3)
Theta (float, °) ’ ) 1 = Linear 3
1 = Amplitude 2 = Gaussian
2 = Wavelength 3 = Costum
3
1 - Find max amplitude to define angle
Amplitude Vector (vect) B Cc:lﬁ‘x g‘;;?:mr:?;: ;"tﬂnz
2 - PLIES CREATION
Choice
q":;}%)le Wavelength
2 = Amplitude (float, eg. 10.5)
Amplitude Type
" - Amplitude vector creation
(int, 1/2) [—>{ - Wrinkle parameters setting
2 1 =Linear - PLIES CREATION
2 = Gaussian
Amplitude Type
Wrinkle Presets (int, 1/2/3)
(int, 1/2/3/4/5) 1 = Linear
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Fig. Al. Flowchart of the developed Matlab routine. 1) Laminate configuration process, 2) Wrinkle generation process. The two phases are intended to be completed
in succession, by elaborating the inputs required to the user. The input file is then generated creating a numerical model based on the desired characteristics decided

by the user.

Following such study, Xie et al. [4] proposed a numerical approach
able to create FE models of wrinkle specimens starting from NDT data
and a mathematical representation of the wrinkle defect’s geometry.
Their model implemented the same material properties, stacking
sequence, ply thickness and side dimension of Mukhopadhyay et al.
[14], thus being compatible with the models studied in the present
paper. From numerical analyses, they found a 19% knockdown for 13°
wrinkle angle and 33% knockdown for 18° wrinkle angle, both with
stepped amplitude evolution. Additionally, as it has been highlighted
before, they found a sigmoidal behaviour of knockdown increment for
increasing angle and fixed amplitude, similar to the one presented in
Fig. 15, again confirming the validity of the presented results.

From the good agreement with the aforementioned results, the re-
sults of the parametric study presented, the modelling procedure can be
considered suitable giving confidence to the implemented Matlab
routine as an effective tool in the study of wrinkled defects and their
behaviours.

5. Conclusion

In this work, the effects of out-of-plane fibre waviness defects on the
compressive behaviour of laminated composite specimens have been
investigated from a numerical point of view. A mathematical formal-
ization of the wave shape, which permits the definition of a wide variety
of wrinkle defects through a small set of parameters, has been imple-
mented in a Matlab-Abaqus FE routine, capable of generating several
numerical models of wrinkled specimens. As composite laminates with
embedded wrinkle defects subjected to compressive stress states show
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complex failure mechanisms involving both intra-laminar and inter-
laminar damages, intra-laminar damages have been considered by
means of Hashin failure criteria, while for the onset of inter-laminar
damages the Cohesive Zone Method (CZM) approach has been chosen,
coupled with a quadratic damage initiation criterion, and a power-law
criterion used to govern the mixed-mode behaviour damage evolution.

A range of parametric analyses has been conducted by selectively
varying the wrinkle parameters to understand the relative influences of
defect shapes and severities. In particular, variations of the wrinkle
angle from 5° to 20° and of the wrinkle amplitude from 0.125 mm to 1
mm have been considered, as well as different types of wrinkles such as
full-wave defects and bulge defects. Moreover, realistic defect charac-
teristics have been addressed through the definition of stepped and non-
flat models, which better represent manufacturing defects due to the
autoclave process.

From the analysis of the obtained results, different conclusions can
be drawn. It has been noticed how consistent delaminations happen on
the external plies of the laminate, and a decrease of both the maximum
compressive strength and stiffness with the increase of the angle has
been observed. However, the relation has not been found to be pro-
portional: it is in fact hypothesized that the nonlinear relationship be-
tween knockdown effect and angle is due to the dependence on wave
amplitude of compressive strength reduction for single wave wrinkled
laminates. As such, a critical aspect ratio exists between maximum
amplitude value and wavelength in the load direction, for which the
sensitivity of the knockdown effect to the amplitude variation for a
constant wrinkle angle is higher. Moreover, it has been noticed that real
defects in composite laminates, which are realistically more similar to
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Assembly

Fig. A2. Laminate creation based on assembly of individual plies. Plies are modelled as individual parts in Abaqus with assigned geometry, mesh, material and
section properties and subsequently superimposed (stacked) on top of each other.

the proposed stepped model than the idealized linear models, present
slightly higher knockdown than those presented in this study, which are
therefore underestimations. Finally, a comparison with experimental
validations found in the literature where similar models have been
studied confirms that the implemented Matlab-Abaqus routine can be
considered an effective tool in the study of wrinkled defects and their
behaviours.
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