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ARTICLE INFO ABSTRACT

Keywords: The design of damage-tolerant aeronautical composite structures often involves thin-walled components that
Fracture mechanics are susceptible to in-plane mixed-mode fracture. Unlike with metals, this process is complicated by the
Mixed-mode fracture composites anisotropy and the lack of standardized procedures for predicting failure in notched, holed or

Intralaminar damage

Composite materials

Contour integral analysis
Phenomenological fracture criterion

cracked composites under mixed-mode loading. This study introduces a novel Modified Arcan Fixture (MAF)
for testing Compact Tension Shear (CTS) specimens of carbon fibre woven reinforced polymer composite.
Digital Image Correlation (DIC) was used to capture strain fields and calculate Stress Intensity Factors (SIFs),
which were then compared to analytical predictions for different mode combinations and notch lengths. R-
curves were generated for specimens exhibiting self-similar crack propagation. The results revealed that failure
modes were dominated by tensile cracking in Mode I and compressive cracking in Mode II, indicating that a
single-parameter fracture criterion inadequate for the failure description. A theoretical model that incorporates
both tensile and compressive cracking is proposed, which can accurately predict the complete mixed-mode
fracture envelope. Furthermore, Scanning Electron Microscopy (SEM) and X-ray micro-tomography were used
to elucidate the mechanisms of surface failure and the morphology of internal damage.

1. Introduction contrast, a comprehensive understanding of the effects of fibre orienta-
tion, specimen size, and fixture configuration on intralaminar cracking
The growing use of composite materials demands accurate pre- under mixed-mode loading is not yet fully established for composite
diction of crack propagation to design reliable, lightweight damage materials. Singular stress and strain fields for isotropic materials have
tolerant structures. Aviation industry has shown that minimizing struc- been extensively studied as in Williams [14] and Erdogan and Sih
tural weight reduces fuel consumption and operational costs in avia- [15], while fracture criteria have been proposed through a combination
tion, therefore resulting in thinner structures, where the plane stress of SIFs such as Maximum Tangential Stress (MTS) and Strain Energy
condition assumption is valid. However, the heterogeneous nature of Density (SED) [16,17]. A comprehensive review on isotropic criteria is
composites requires different approaches to the cracking phenomena

A Renheon presented in Wang et al. [18]. Complex variable solution method pro-
as cracks can propagate in different materials in different propaga- posed by Lekhnitskii [19] followed by [20-23] extended the singular
tion modes. Cracking in composites is commonly categorized into two

primary mechanisms: interlaminar cracking, where cracks propagate
along the matrix interface between plies, and intralaminar cracking,
where cracks extend through both the matrix and the fibres within a
single ply. This terminology is adopted throughout this work, consistent
with [1-4]. However, many authors [5-8] also suggest the translaminar
fracture nomenclature for through-the-thickness cracking.

Several studies have addressed interlaminar cracking under mixed-
mode, including accurate finite element procedures as in [8-13]. In

stress field description based on SIFs for the anisotropic case.
Experiments on mixed fracture in glass fibre unidirectional com-
posites were performed by Wu [23], resulting in an empirical relation
between SIF’s to describe fracture. Buczek and Herakovich [21] and
Gregory and Herakovich [22] proposed a Maximum Normal Stress
Ratio criterion for composite materials, where the maximum tangen-
tial stress is compared to the material strength in the corresponding
direction. In this criterion an elliptical tensile strength envelope along
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Abstract. Impact damage to composite structures results in multiple, complex
failure modes, often requiring the replacement of entire components and thereby
escalating aircraft maintenance costs. To address this issue, the present study
investigates the damage propagation behaviour with particular emphasis on intra-
and interlaminar failure modes. Carbon fibre/epoxy composites were subjected to
tensile after impact (TAI) fatigue tests at different energy levels to induce ditferent
damage modes and extents within the specimens. A non-destructive testing tech-
nique (C-scan) was used to assess the interlaminar damage propagation, while
the intralaminar fracture toughness of the post-impact specimens was charac-
terised using a finite fracture mechanics model. The results show that the crack
propagation behaviour is strongly influenced by the initial impact damage char-
acteristics, in particular the impact energy level. Lower impact energies tend to
promote interlaminar failure modes leading to fatigue crack propagation by delam-
ination. Conversely, higher impact energy levels induce fibre fracture, resulting in
a self-similar relationship between intra- and interlaminar propagation.

Keywords: Fatigue - Crack Propagation - Finite Fracture Mechanics - Polymer
Composite

1 Introduction

The progressive adoption of carbon fibre-reinforced polymer (CFRP) composites in the
aeronautic and aerospace fields has led to a substantial weight reduction while ensuring
optimal correlation with mechanical properties [1, 2]. This remarkable increase in struc-
tural application underscores its significance as a transformative material in achieving
lightweight design objectives without compromising structural integrity [3].

Structural components within aircraft are designed to withstand the load per estab-
lished airworthiness regulations [4]. Nevertheless, unexpected structural damage can
compromise the stability of these components [5]. Such damage leads to a decay in

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2025
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Keywords: The demand to capture translaminar crack growth under fatigue loading scenarios led this work
Open-hole contribution to carry out the Finite Fracture Mechanics (FFM) method in fatigue damage growth
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and the application of the Paris model to generate the translaminar damage propagation pre-
diction. The purpose of this study is to analyse the effect of fibre orientation on translaminar crack
propagation rate using the FFM model, which includes cycle damage increment estimation and
fractographic analysis. The results confirm the feasibility of FFM in predicting crack growth and
estimating life under cyclic loading. However, C-scan analysis and the revised crack propagation
direction are critical in determining the realistic crack length, considering adhesive failure along
the fibre direction. Additionally, this work contribution is also related to the application of the
Paris model (based on dL/dN vs AK) to generate the translaminar damage propagation prediction
model. The most dominant damage mechanism was the splitting pattern, which changed the
aspect of failure for each laminate architecture as a function of fibre orientation. The laminate
with multidirectional fibre orientation exhibited higher resistance to translaminar crack propa-
gation due to the growth of splitting and delamination in multiple directions. The fibre orien-
tation changed the propagation path, which influenced the fracture toughness and crack
propagation rate behaviour.

1. Introduction

The use of laminated composites as a lightweight material in industrial sectors has increased due to the need to preserve natural
resources and reduce CO, emissions [1]. However, this has resulted in a demand for more complex design methods. This demand is
often significant limitation for carbon fibre composite applications, mainly for structural components [2,3]. An example is bolted joint
for attaching multiple parts, where holes in the laminate can act as a raiser, potentially leading to catastrophic failure in this region
[4,5]. These limitations can arise from hole fabrication/drilling [6], exposure to environmental conditions [7], or the mechanical
behaviour resulting from the discontinuity in the fibre created by the hole [8].

Analysing the initiation and propagation of intralaminar damage is a complex challenge in fracture mechanics. Conventional
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Abstract. The ever-growing use of fibre reinforced composites as primary structural components within the
aerospace industry has required more accurate models for predicting failure. While on the one hand experimental
validation is still necessary, specially for composite manufactured parts, on the other, time and budget consuming
test campaigns are employed. Therefore, research has played an important role in the development of efficient
yet safe structures. For the maximum load bearing capacity of a structural member, different approaches can be
employed. Most commonly, stress analyses are employed to determine critical values and regions. While this
approach can be sufficient for regions with small stress gradients, it might not be enough for notched members, for
example. In such cases, crack stability analysis is usually carried out, from which the maximum load capacity can
be determined. There is however a lack of data and analysis on the fracture behavior under mized-mode in-plane
loading, for fibre reinforced composites. Therefore, this paper provides experimental data on the mized-mode
behaviour of woven fabric reinforced thermoset composite specimens, using a Modified Arcan Fizture for mized-
mode testing. Specimens were manufactured by the Resin Transfer Moulding process and machined. Digital
Image Correlation technique was used to measure the normal and shear strain fields along the notched length,
allowing for a stress intensity factor to be determined. Mazimum load as a function of loading angles presented
a correlation with predictions for fracture dominated behaviour for opening modes only and stress failure criteria
for sliding modes. Proposed criterion requires as input parameters, critical stress intensity factors and strength
values, only. These results justify the development of such criterion to be implemented on user material models
for finite element analysis, and high-fidelity virtual testing campaigns.

Keywords: Fracture Mechanics, Mized-mode Fracture, Composite Structures.
1. INTRODUCTION

Structural engineers seeking efficient design solutions are constantly searching for a balance between allowable
stresses, to prevent any relevant failure behaviour, and the overall structural weight. Aerospace industry, for
example, requires efficient structural designs as the payload cost per kilogram is much higher than other transport
industries, such as automotive and naval. For this task, specifically, composite materials bring the potential of
optimization due to their weight-specific material properties. However, optimum design parameters are difficult
to be achieved as a deep understanding on the failure analysis of structures and high confidence on material
properties are required.

Failure in continuous fibre-reinforced composites are usually described in terms of interlaminar failure, as-
sociated with delamination, and intralaminar failure regarding matrix cracking and fibre breakage. For many
in-plane loading applications, the maximum load bearing capacity of a composite structure is directly associated
with intralaminar modes, as the fibres are subjected to most of the external loads. While many stress based
failure criteria were developed to predict failure under bi-axial and even tri-axial stress states, they prove to
be inaccurate in the presence of stress raisers, such as notches or sudden geometry variations. Moreover, the
application of stress concentration factors, in an attempt to predict maximum stresses on a notched structure
may lead to infinite stresses at the notch/crack tip. Therefore, some concepts of Fracture Mechanics, such as
the Stress Intensity Factor (SIF) and Strain Energy Release Rate (SERR) allowed for designers to predict not
only maximum load bearing capacity, but also the crack evolution. Experimental evidence of the existence of
an energy driven Fracture Criterion has been provided by Laffan et al. (2012, 2013); Blanco et al. (2014); Souza
et al. (2019); Xu et al. (2021) with tests performed on Compact Tension specimens under Mode 1. Buczek and
Herakovich (1985) showed that for off-axis notched specimens under tension, maximum tangential stress crite-
rion would accurately predict crack direction, and cracks propagated parallel to the fibre direction, as the ratio
between stresses in the matrix direction and respective strength is close to unity. These results were once again
evaluated by Cahill et al. (2014) where an experimental campaign on notched specimens and numerical models
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Keywords: This paper describes a systematic review on the propagation of translaminar damage in FRP considering
Structural composite different specimen configurations, data reduction schemes, fracture analysis, and mechanical properties. In
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particular, the influence of the specimen configuration (open-hole, edge-notched family, compact compression,
compact tension, and compact tension shear) in results is highlighted. In this review, the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) protocol was carried out as a guide. The VCCT
(Virtual Crack Closure Technique) and CDM (Continuum Damage Mechanics) are the two main categories of
numerical modeling approaches used to simulate the translaminar fracture in composites. Previous studies
on translaminar fracture toughness characterization indicate that unwanted failure mechanisms commonly
observed in opposite regions to the specimen’s crack tip may be avoided by using edge-notched specimens
and open-hole tensile tests combined with data reduction schemes based on Finite Fracture Mechanics criteria.
Additionally, CTS (Compact Tension Shear) presents the most prominent advantage of resulting in higher stress
concentration at the crack tip, avoiding unwanted compressive and other damage effects into fracture toughness
behavior, adding the advantage of the mixed mode loading application and reliable R-curve. The main findings
are discussed, and the shortcomings were identified to guide further investigations and provide a reference
document to aid a better understanding of the benefits still to be exploited in this field.
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1. Introduction applications [1,2]. In response to this demand, over the past decade,
there has been a significant increase (~ 300%) in the use of fiber-
The aeronautical/aerospace industries are continually searching reinforced polymer (FRP) composites in structural components [3].

for materials that meet the mechanical requirements of structural = However, the industrial sector and researchers continually seek
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Efficient yet reliable predictive modelling tools for damage tolerance analysis became an aerospace industry
requirement as composite materials provided the potential for design performance. As damage can be separated
into interlaminar and intralaminar, different approaches were developed over the years. For fracture analysis
of intralaminar damage, a physical link to the Linear Elastic Fracture Mechanics (LEFM) provides a reliable
framework for Continuum Damage Mechanics (CDM) models. These models, however, may exhibit pathological
problems related to mesh dependence, objectivity and convergence issues. Differently from Cohesive Zone Mod-
elling (CZM) for interlaminar damage, most intralaminar models are based on phenomenological approaches
for fatigue analysis and life prediction. This work provides a description of some of the current intralaminar
CDM models shortcomings, related to large strain analysis and finite element topology. A novel progressive
damage model is proposed where damage variables are linked to the deformation gradient. Additionally, a
fatigue damage behaviour under the assumption of a Paris law for crack evolution is implemented in the
proposed methodology. Both static and fatigue analysis were performed on a Compact Tension (CT) specimen
geometry and compared to experimental data available on the scientific literature. Model predictions and
experimental data were confronted allowing for conclusions to be drawn.

1. Introduction as in [1-4], were proposed assuming a bi-linear traction—separation

relation, where the area under the envelope is equated to the critical

In an effort for commercial aviation achieving better performance
and lower emission levels, continuous fibre reinforced composites have
been more frequently adopted in structural designs. While in one hand
composite materials present the capability of compliance with aviation
industry safety requirements leading to overall weight reductions, on
the other, an expressive amount of time and resources are spend on
manufacture, design, analysis and testing. Due to composite materials
inherent inhomogeneous micro mechanical nature, complex behaviour
is observed at this scale. For stiffness dominated analysis, such as
structural stability, vibration and stress concentration, the microscopic
scale can be homogenized and the analysis efficiently carried out.
However, in the search for fail safe and damage tolerant designs, dis-
continuities are introduced and a more detailed description of cracking
and damage propagation is needed. Modelling such behaviour presents
a directly proportional relation between the amount of discontinuities
and computational cost.

Continuum Damage Mechanics (CDM) provided a reliable, yet ef-
ficient framework for modelling cracking in composite materials. For
the interlaminar damage, many zero thickness decohesion models,

* Corresponding author.

Strain Energy Release Rate (SERR) for the static case. In these models,
separation values are obtained by the interpolation of master and
slave nodes that define the cohesive zone. Different formulations for
cohesive process zone were presented and implemented in [5,6], to
minimize size dependency due to the non-local nature of the fracture
process zone. Fatigue damage evolution for decohesion elements were
also proposed and implemented, as in [7-10], where the Paris Law is
commonly assumed for crack propagation.

While interlaminar progressive damage modelling disposes of robust
predictive tools, the case for intra and translaminar damage is still a
topic of interest. Firstly, from the static failure point of view, character-
istic length definitions were studied, due to the necessity to correlate
damage energy dissipation to the volumetric strain energy density at
material points. Bazant and Oh [11] provided a definition suitable
for square elements with mesh mapped to the material directions.
Oliver [12] expanded the concept to general shell elements, through
the interpolation of a singular band of displacements discontinuities.
These characteristic length definitions were implemented in the first
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Abstract: To meet damage tolerance requirements in the aerospace industry, structural designers have increasingly
adopted predictive numerical tools to model damage onset and evolution over the years. Composite material
structures modelling, for example, presents a direct relation between model fidelity and computational cost,
potentially leading to greater design iterations and costs. Continuum Damage Mechanics (CDM) benefits from the
smeared cracking approach and displays the potential of high fidelity associated with efficient modelling.
Conventional CDM models were initially developed under assumptions that may lead to inconsistencies at large
deformation analysis. This work presents a brief review on the fundamentals of progressive damage formulations
for intralaminar damage and proposes a novel consistent methodology. Analytical results were generated for an
elementary level validation for both current and proposed methodologies. These models were implemented as
user material models in Abaqus/Explicit and dependency on the element size discussed. A coupon level validation

was conducted for each formulation, where the same dependency was noted allowing for conclusions to be drawn.

Fundings: This study was financed in part by the Coordenacdo de Aperfeicoamento de Pessoal de Nivel Superior —
Brazil (CAPES) — Finance Code 001 and CNPq Grant (No. 301069/2019-0).
1. Introduction

High performance structural behaviour has been the main application for composite materials since their
introduction. For the aerospace industry, however, the increase in performance must be achieved without
compromising safety levels. While in one hand, composites display a potential for structural design optimization,
on the other, time-consuming complex modelling and tests are necessary. Predictive numerical tools for damage

propagation suffer from the rapid increase in computational cost associated with result quality. A cost-effective
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Despite composite materials presenting a viable design solution for structural weight savings, their low resis-
tance to impact damage portraits a potential drawback. This work presents a study on the compressive pre-
loading effects on Low Velocity Impact, LVI, for composite laminated plates. Despite the absence of a standard
testing procedure accounting for pre-load effects, a test rig was designed specifically for LVI on pre-loaded
plates while preserving ASTM D7136M-15 guidelines for the stress-free specimens. Woven fabric composite
laminated plates were manufactured using the Resin Transfer Moulding (RTM) process and subjected to impact
on pre-loaded conditions. Three pre-load levels were prescribed, representing conditions ranging from low
strain levels until post buckling regime. FE numerical models were implemented in ABAQUS FE code, compar-
ing different Continuum Damage Mechanics (CDM) constitutive model formulations with experimental results.
Analytical and numerical predictions showed good correlation with experimental results, allowing for further

application of the test apparatus and methodology.

1. Introduction

Constant advances in development of enhanced performance,
cheaper to operate and easier to maintain aircraft have shifted the
attention of engineers towards more efficient materials and designs
for the past decade. Commercial aviation industry main effort, regard-
ing cost savings, is on structural parts weight reduction and service life
extension, [1]. Therefore, the current challenge, during design phase,
is to develop materials for structural use with improvements in both
performance and life cycle cost, [2]. Structural designs that incorpo-
rate composite materials benefit from higher specific strength, stiffness
and improved fatigue performance, as well as better corrosion resis-
tance when compared to conventional metallic alloys, [1]. Conven-
tional fibre reinforced composite laminates can, however, result in
low impact damage resistance.

Low energy impact damage on composite materials can be intro-
duced accidentally during manufacture, operation or maintenance of
the aircraft and can lead to delamination between layers, matrix crack-
ing and even fibre fractures. Delamination and matrix cracking dam-
age is difficult or even impossible to detect by visual inspection,
resulting in a Barely Visible Impact Damage (BVID). Subsequent com-
pressive loading after the impact can lead to failure below ultimate
design load, since the damage size may increase.
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Certification process of primary aircraft structures is guided by the
airworthiness requirements in [3,4]. However, for composite materi-
als, further design guidelines are found in [5,6] as discussed in
[7,8]. FAA advisory circular 20-107B states that Foreign Object Impact
(FOI) or other accidental damage that may occur during manufacture,
operation or maintenance should be considered when evaluating dam-
age tolerance. It also states that until sufficient experience exists to
make good engineering judgements on energy and impactor variables,
impact surveys should consider a wide range of conceivable impact
scenarios, including runway debris, hail, tool drops and vehicle colli-
sion. Impact tests on aircraft structures are usually carried out on spec-
imens in a stress-free (unloaded) condition, [7]. While reported in the
literature, [9,10], the effect of in-plane loading for aircraft structures
subjected to FOI is still a topic of interest, since test setup for such
experiment is often complex and designed for a specific structure
representation.

Cantwell and Morton [11] presented an experimental comparison
between low and high velocity impact (LVI and HVI) damage, for car-
bon fibre reinforced plastics (CFRP’s). At LVI, fibre fracture in the
lower surface was noticeable, resulting from the high tensile stress
magnitude caused by bending. As impact energy increased, cracks
within the lamina propagated up to the lower ply’s interface, creating
a delamination region. At HVI, the same behaviour was noted, but at
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Abstract. A finite element model for low velocity impact damage of composite laminated plates subjected to compressive
preload is presented using ABAQUS FE code. Intralaminar damage is evaluated in each ply using a progressive failure
model based on Continuum Damage Mechanics approach for fibre-reinforced composites while the interlaminar damage
is evaluated using cohesive elements placed at the laminate’s mid plane. Impact simulations were carried out at different
preload stress levels, ranging from unloaded until a post-buckled regime. The total cohesive zone damaged area and total
dissipated energy during impact was correlated to the incident impact energy and preload stress level.

Keywords: Composite damage, Low velocity impact, Finite element analysis (FEA)
1. INTRODUCTION

Fibre-reinforced composite materials have been a subject of interest for the aerospace industries due to their high
weight-specific mechanical properties. As the aircraft industry demands lower operational and maintenance costs, longer
inspection intervals and damage tolerant structures became design requirements.

During manufacture, service and maintenance operations, foreign object impacts represent a potential structural in-
tegrity threat, since the extension of induced damage in composites is often not detectable by visual inspection. Moreover,
composite laminates are susceptible to strength reduction due to intralaminar and interlaminar damage. Despite the impact
dynamics of composite laminates have been extensively studied in the literature, as presented in a unified comprehensive
manner by Abrate (1998), most of the work has focused on unloaded laminates.

Davies and Zhang (1995) suggested that the onset of delamination in composite laminated plates during impact is
determined by a force threshold, known as delamination threshsold load (DTL), which can be analytically estimated
as function of critical energy release rate G ;. for mode two delamination. Olsson (2003) presented a closed form
solution for the DTL with the assumptions of Hertzian contact law for monolithic composite plates. The effects of in
plane compressive pre-load followed by impact on composite laminates were studied by Zhang et al. (1999), where three
characteristic non-dimensional parameters were suggested in order to assess the nature of impact damage.

Finite element implementations of the impact damage dynamics with compressive pre-load have been described in
the literature. Zhang et al. (1999) divided the preload followed by impact event in two steps. For the first a dynamic
relaxation technique was used in order to predict the buckling shape. Then an explicit dynamic simulation was carried out
for the impact event. Heimbs ef al. (2009) performed all calculations during the same step, but only for pre-loads below
buckling.

The current paper aims to show the implementation of a finite element model, using ABAQUS FE code, capable to
predict intralaminar such as interlaminar damage in composite laminates subjected to compressive preload below and
above axial compressive buckling load.

2. INTRALAMINAR DAMAGE

Damage initiation and evolution within the laminate plies are modelled by the methodology presented by Yokoyama
et al. (2010). This damage model combines a stress based approach for damage initiation with continuum damage me-
chanics (CDM) as well as fracture mechanics using a smeared cracking formulation. The implementation of the algorithm
in ABAQUS/EXPLICIT is performed via user defined material (VUMAT) for shell elements.

Hashin (1980) presented a failure criteria for unidirectional fibre composite materials which account for the prediction
of four different failure modes. Two of them relative to the fibre direction (direction 1 in lamina coordinate system) and
the other two relative to the matrix (direction 2 in lamina coordinate system). In this assumption, failure is predicted by
the evaluation of a stress state where normal and in-plane shear stresses are coupled together. For composite materials



