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Summary 

 

This PhD thesis is the results of a three-year work aimed at improving the knowledge on 

the micromechanics of damage formation and evolution on composite laminates subject 

to fatigue loadings. Fatigue damage affects the elastic properties and could lead to out-

of-specification deformations. Being able to predict the damage evolution at the lamina 

scale enables an improved design and development of composite components. 

The first research topic concerns the characterization of fatigue crack initiation and 

propagation in laminates, with particular emphasis on the variable amplitude block and 

spectrum loadings, common in real structural applications. The effects of variable 

amplitude loadings were analysed experimentally from macro-scale and a micro-scale 

perspective. Based on the obtained observations, a modelling approach to deal with 

generic spectrum loadings was developed. 

The second research line was about delaminations in laminates, induced by the presence 

of off-axis cracks. Experimental damage analyses were carried out on a specifically 

designed specimen configuration. The phenomenon was then simulated using Finite 

Elements and a fracture mechanics approach. Developing damage evolution models 

requires to know the stress fields in plies in the presence of damage (cracks and 

delaminations), so the last research area consisted in the development of a stress 

distribution model for generic laminates subject to in-plane and bending loads. The same 

model can be used for also estimating the full stiffness matrix of laminates in the presence 

of cracks.  
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1 

Introduction: motivations, problems, and 

methodology 

 

1.1. Introduction 

Composite materials, also known simply as "composites," are materials made up of at 

least two constituents that are combined to create a new material with superior 

performance. The properties obtained differ greatly from those of the individual 

components. The term "composite" will be used in this work to refer to structural 

materials obtained by combinations of two or more distinct engineered materials that are 

not miscible. Since the constituent materials are separated by an interface, their physical 

and chemical properties remain distinct. In essence, composite materials are 

heterogeneous at the microscale level, resulting from the combination of a matrix and 

reinforcement phases. Generally, the matrix is the least performant of the constituents. Its 

primary function is to hold the reinforcements together while distributing loads between 

the reinforcement, distinguished by its superior mechanical properties. 

In nature, various materials collaborate to form composites whose structure allows them 

to withstand external loads. In woody plants, for example, the fibers are aligned to provide 

the greatest specific strength along the loading direction. Since the beginning of the last 

century, the same concept has been used to develop advanced composite materials. 

In terms of volume and value, thermosetting and thermoplastic polymers are the most 

commonly used as matrix materials. The reinforcement ranges from spherical or elliptical 

inclusions (particle reinforced materials) to short, long, or continuous fibres. Continuous 

fibers have an infinite aspect ratio, whereas discontinuous or short fibers have finite 

aspect ratios (typically it varies from 10 to many thousands). Continuous fiber composites 

have the best mechanical properties because a higher aspect ratio increases the 

composite's stiffness and strength. 
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Carbon, glass, and aramid fibers are the most commonly used reinforcement materials, 

though natural fibers such as flax, hemp, and bamboo are becoming more popular due to 

their higher sustainability. Continuous fibers can be arranged in a variety of ways, ranging 

from unidirectional composites (UDs), in which fibers from the same layer are aligned, 

to textiles, in which fibers are clustered in bundles. The interaction of the matrix and the 

fibers results in an anisotropic mechanical response. As a result, different fiber 

orientations can be used in different parts of the same component, tailoring the material 

for the specific application, and providing additional design benefits. 

 

 

Figure 1 ï Global demand for CF from 2010 to 2021. [2] 

 

Although the concept of combining the properties of different materials dates back to the 

ancient Egyptians (papyrus paper), modern fiber-reinforced composites were not 

developed until the last century. The 1930s, in particular, can be considered a 

revolutionary era. Carleton Ellis (USA) invented unsaturated polyester and the first "low-

pressure" thermoset resin in 1933, while Pierre Castan (Switzerland) filed his first patent 

on epoxy resin in 1938. Games Slayter (USA) patented continuous glass fiber production 

the same year. Carbon fibers were invented later, in the late 1950s. Akio Shindo filed a 

patent in 1959 for the use of polymeric fibers (PAN only) as a precursor for carbon fabric. 

Very exhaustive documentation on the history of composites, its key milestones and 

achievements was written by I. Verpoest under the commission of JEC Group [1]. 
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This new class of materials is an excellent candidate for meeting the needs of a more 

sustainable world. Composites, due to their high stiffness and strength properties, can be 

used as lightweight structural components in many emerging fields such as sustainable 

mobility and wind energy. M. Sauer and D. Schüppel [2] presented a very interesting 

market investigation in 2021 to support this thesis. Figure 1 depicts the increasing trend 

in carbon fiber (CF) demand over the last few years, as well as projections for the coming 

years. For an observation period beginning in 2010, the average annual growth rate was 

+9.77%. 

 

 

Figure 2 - Carbon emissions abatements under the 1.5°C Scenario (%) [3] 

 

According to the 2015 Paris Agreement, the International Renewable Energy Agency, 

IRENA, analysed the goal of limiting global temperature rise to 1.5°C above pre-

industrial levels by 2050. According to IRENA's analysis [3], over 90% of the solutions 

influencing a successful outcome in 2050 involve renewable energy via direct supply, 

electrification, energy efficiency, green hydrogen, and bioenergy combined with carbon 

capture and storage (BECCS), as summarized in Figure 2. As explained in this 

introduction, composites are expected to play a critical role, particularly in the key sectors 

of renewable energy and energy efficiency. 
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The aircraft industry is one example of a sector that is working to improve its energy 

efficiency. Bhatta estimated [4] that a 1 kg weight reduction in a plane saves $3000 per 

year in fuel consumption, with a significant reduction in CO2 emissions. According to 

this scenario, commercial aircraft structural parts have been designed with composite 

materials since the mid-1980s. Figure 3 depicts the rapid increase in composites over the 

last twenty years by showing their weight percentage in commercial airplanes. 

 

 

Figure 3 - Weight percentage of composites in commercial aircrafts over time [5]. 

 

In the renewable energy sector, the wind energy industry has been a key driver of 

composites demand, with the continuous development of greater power generation 

necessitating the use of increased hub height and rotor diameter throughout the years 

(Figure 4). This translates into a continuous increase in composite utilization to meet the 

energy requirement demand. The average hub height of turbines erected in 2021 was 93.9 

meters, which was 4% higher than in 2020 and 66% higher than in 1998-1999. In 2021, 

the average rotor diameter was 127.5 meters, 2% higher than in 2020 and 164% larger 

than in 1998-1999 [6]. 
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Figure 4: Average turbine nameplate capacity, hub height, and rotor diameter for land-

based wind projects [6]. 

 

The usage of composite materials, though, is not free from problems or it is as 

straightforward as isotropic materials. Many aspects should be analysed carefully to 

optimize the material usage and its longevity. In fact, by being discontinuous materials 

both at the microscale and at the macroscale, they are characterized by a higher inner 

complexity. As with other materials, all the lifecycle steps play an important role on the 

component behaviour, starting from the laminate design, its manufacturing and finally its 

in-service life. As explained in the next section, fatigue loads need to be taken into 

account carefully; the work of this thesis and the objective to understand some key aspects 

and model the laminate behaviour are summarized in the last section of this chapter. 

 

1.2. Laminated composites: overview and fatigue behaviour 

Composited materials are the class of materials where two distinct parts are mixed to 

generate a new material which has improved proprieties. Reinforced concrete is 

considered a composite material because isotropic metal rods are bonding with the 

uniform concrete, generating a different and non-isotropic material. 



Chapter 1 

6 

 

In this thesis, we are analysing the behaviour of plastic material reinforced with 

continuous fibers. Such materials are used where stiffness over the weight ratio is an 

important driving force and we can see some affirmed examples in the industrial 

applications, such as: wind turbines, gas tanks, competitive car monocoques, airplane 

wings, tails and fuselage, and train panels. In these cases, many layers of fibers are laid 

over a mould to form a laminate with the desired proprieties. Fibers are held together in 

sheets by stitching or unreticulated resin, depending on the final application and the 

volume of production.  

The most widely used fibers are Glass fibers for their price, Carbon fibers for their high 

stiffness among which we can distinguish from high modulus and high strength fibers. 

Kevlar fibers are used for their shear-resistance proprieties. In the recent years, bio-based 

fibers are growing in use even if their proprieties are inferior to their glass or carbon 

counterparts. In the experimental part of this research Glass fibers are used because they 

permit to observe the damage evolution with simple and reliable techniques. Many sectors 

still use this technology for its price to performance ratio, and not to exclude that the 

findings are applicable also to carbon epoxy materials. 

 

 

Figure 5: Generic damage progression in a crossply laminate respect to the fatigue life. 

The represented damage modes are in order: matrix cracking, crack density saturation, 

delamination initiation and propagation, failure caused from fiber breaks [7]. 

 

In the following paragraphs, the damage progression of laminates made of unidirectional 

plies is introduced to understand the study motivations. In the case of a single lamina 
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loaded under fatigue, its damage evolution depends on the orientation of the ply. If it is 

oriented towards the load, the fatigue strength is very high, and the first damage observed 

is the formation of localized fiber damage followed by a localized clustering of these fiber 

breaks which appears just before the final failure. Which fiber is going to break depends 

on their different nanostructures and the manufacturing process, local misalignments. 

Swolfs et al [8] demonstrated that it is possible to describe this formation using a Weibull 

distribution that depicts the fatigue strength distribution for the fibers. 

In a general application, tough, the laminate is composed by plies in different orientations 

to sustain multidirectional loads and to have a more balanced stiffness and strength along 

the in-plane directions. Plies not oriented to the load are subject eventually to matrix 

cracks if the load tends to open the interface between fibers. For a monodirectional 

laminate where the fibers are not aligned with the load, we would see a split between the 

fibers at some point and no evident damage evolution. This is because once the crack 

nucleates, it will propagate along the fiber direction, splitting the specimen.  

More damage modes and evolution will occur if numerous layers are held together. For a 

general laminate loaded under tension, the initial damage event is the formation and 

propagation of off-axis cracks until a saturation condition. These phenomena are followed 

by the propagation of delaminations that usually take a longer life fraction. What happens 

is that in thicker laminates at the tip of the crack there will be some small detachment 

between the two layers. This crack between the laminae is called delamination and 

propagates in different directions depending on the acting driving force. Crack tips induce 

stress concentrations that could also cause localized fiber breaks which shorten the life of 

the load-bearing laminae.  

Other types of damage are appearing for other loading conditions, for instance, the 

compression of plies could induce a misalignment of fibers that will shift and break in the 

so-called kink bands; impacts on the surface of a composite generally induces extensive 

delaminated areas; the manufacturing process if not controlled, could induce local stress 

concentrations in correspondence of pores or the reduction of the fiber-matrix adhesion; 

etc. 

The presence of damage has a detrimental effect on the material elastic proprieties. This 

should be considered carefully in order to meet the demand for the specification during 

the life of a composite components. High performance components are the result of a long 
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design cycles which often consists of testing at different scales. Being able to describe 

the damage evolution of single plies and then their impact on a complex laminate subject 

to cyclic multiaxial loads can be helpful in reducing the development steps and the 

number of trials to obtain the desired result. 

With this objective in mind our research group developed, over the years,  mechanism-

based damage evolution models [9] able to describe the evolution of cracks and 

delaminations. Some important aspects were still needed to be understood or modelled. 

The goal of this PhD thesis was to work in this direction, with topics introduced in the 

next section. 

 

1.3. Objectives and contents 

With the aim to fill the gaps emerged from the literature and provide some steps forward 

in terms of understanding of the fatigue behaviour of laminated composites, the objectives 

and contents of the present thesis are summarized in the following points: 

1) Experimental observation and analysis of the crack initiation and propagation in 

multidirectional laminates made of unidirectional composites under variable 

amplitude fatigue loadings.  

2) Experimental observation, analysis, and simulation of the delamination damage 

behaviour in multidirectional laminates made of unidirectional composites under 

fatigue loadings. 

3) Modelling of the stress redistribution on generic cracked laminated composites 

under in-plane and bending loadings. 

The experimental and modelling activities are briefly described in the following sub-

sections.  

1.3.1. Experimental observation and analysis of the crack damage behaviour of 

unidirectional composites under variable amplitude fatigue loadings. 

Experimental analyses were conducted to investigate the effects of variable amplitude 

fatigue on the crack formations. In general, mechanical components are subject to loads 

that are not always the same during their service life. This effect is generally accounted 

by summing the damage contribution of the different loads in a linear way, but in many 
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cases, this has been found to be wrong. Literature on composite materials was mainly 

based on showing the effect on the final failure of the laminate, until recently [10].  

Being able to understand and describe the variable amplitude effects on the crack density 

evolution at the lamina level permits to assess the initial stiffness reduction and the effect 

on the later stages of the damage evolution. In chapter 2 an introduction to the 

methodologies applied, the definition of cracks as observed on glass-epoxy specimens, 

the damage acquisition procedures, and the crack density prediction strategy [9] are 

reported.  

The transverse crack initiation, propagation, and crack density evolution in cross-ply 

laminates are studied in Chapter 3 under two-stage loadings with varying load levels. 

Based on the linear damage accumulation rule, which is commonly used in crack density 

prediction models from the literature, a theoretical formulation for the cracking 

probability under variable amplitude blocks is obtained. Micro-scale damage evolution 

investigations are also presented, providing mechanistic support for this approach, for 

sufficiently long blocks. 

Fatigue tests on a glass/epoxy cross-ply laminate were performed using constant 

amplitude, two-stage repeated blocks, and three different types of spectrum loadings in 

Chapter 4. The damage evolution was studied in terms of transverse crack initiation, 

propagation, and crack density evolution. The linear damage accumulation rule, which 

had previously been validated for long block loadings, was discovered to be unsuitable 

for a generic spectrum. Indeed, it leads to an underestimation of the number of cracks and 

the rate at which they propagate. The findings are discussed in order to identify the main 

spectrum features that influence the evolution of fatigue damage. To interpret the results 

and predict the crack density evolution under spectrum loadings, a theoretical framework 

is developed. 

1.3.2 Experimental observation analysis of the delamination damage behaviour of 

unidirectional composites under fatigue loadings 

The propagation of delaminations is a harmful damage mode because it causes the plies 

to separate, reducing overall laminate performance and reliability. The evolution of 

delamination damage on unbalanced [0/45]s laminates was observed and quantified using 

proper image processing techniques in Chapter 5. The free edges of the specimens were 
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discovered to have an effect on the initiation direction and the evolution of the 

delamination; this effect is examined, explained and simulated using an energetic fracture 

mechanics approach.  

1.3.3 Modelling of the stress redistribution on cracked laminated composites under in-

plane and bending loadings 

The classical lamination theory permits to calculate the stress trends on plies of a laminate 

and its stiffness. When a laminate is damaged by the presence of cracks, its stress state is 

not uniform anymore. Modelling this phenomenon permits first to understand the material 

performances for a certain state of damage, and also is critical for developing damage 

evolution models that are aware of the previous damage state. Indeed, the crack density 

prediction model in Ref. [9] requires the stress distributions between cracks to be known 

for predicting the initiation and propagation of further cracks. This was done with a shear 

lag model [11], used also for estimating the damaged laminate stiffness. The shear lag 

model was valid for symmetric laminates only, under in-plane loads. To extend this 

formulation, to be applied in more generic cases, on Chapters 6 and 7 the development of 

an analytical shear lag model capable of accounting the extension-bending coupling is 

introduced. This type of approach was chosen to follow the research group method [11], 

given the lack of development for this type models forward a more comprehensive 

approach.  
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2 

Crack formation under fatigue loadings: 

methodology, problems, observations and 

damage analysis tools. 

 

2.1. Introduction 

The mechanism of crack formation and propagation in composite laminates is complex 

and has not been fully described in all its aspects, despite many experimental and 

theoretical studies that have been conducted on this subject. There are many factors that 

can affect the formation and propagation of cracks in composite materials, such as the 

type of composite, the type of loading, the environment, and the manufacturing process. 

Even though the cracks are initially small, they grow as the test proceeds, depending to 

the local microstructure of the laminate and lead to a deterioration of the mechanical 

properties of the material.  

 

Figure 1: Representation of the main macroscopic damage events on a cross-ply 

laminate subject to tension in the vertical direction, fibers not to scale. The circle (a) 

represents a transverse crack fully trough the thickness propagated, referred in this 

(a)

(b)

(c)
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thesis as a macro crack. The highlighting (b) represents a crack induced delamination, 

which separate the transverse to the longitudinal laminae. Finally (c) represents a 

cluster of broken fibers in the longitudinal lamina.  

Given a generic laminate subjected to a mono-directional load, the plies whose fiber are 

aligned within the load direction are referred as longitudinal laminae, or laminae at 0 

degrees. The plies of which the fiber direction is orthogonal to the load direction are 

usually called transverse laminae, and all the other direction are referred as off-axis plies. 

During the process of damage evolution, longitudinal laminae help keeping the laminate 

together, so the system wonôt fall apart, for this reason these plies are also called load-

bearing plies. The formation of cracks in composite materials is a damage phenomenon 

that shows up in the earliest stage of fatigue on laminates where not all the laminae are 

aligned with the load. In this section two crack definition are introduced. The first, 

referred as ñmacro-crackò or simply as ñcrackò, is a crack that spans along the thickness 

of the cracked ply as shown in Figure 1 (a) or in Figure 2 (b). The second type is 

denominated ñmeso-crackò and represents the previous stage of evolution of a macro 

crack, when the ply thickness length is not reached as shown in Figure 2 (a). A macro-

crack results from the through-the-thickness propagation of a meso-crack. 

 

Figure 2: Sections of a cracked cross-ply GE laminate obtained with computed nano 

tomography at the Department of Management and Engineering of Vicenza. Section (a) 

represents a mesocrack and section (b) represent a macro crack. The white pixels 

highlighting the cracks are the result of penetrant liquids filling which have different 

density respect to the laminate constituents. Specimen from the CP3 panel. 

(a) (b)
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To understand the causes of crack formation and which is the driving force governing this 

process, many different approaches can be followed. The simplest one and most 

straightforward is testing a unidirectional laminate in different orientations, which leads 

to the following results. 

If a unidirectional laminate is loaded under tension-tension fatigue, and all of the laminae 

are at 90 degrees respect to the load, the fibers are acting as stress concentrators, and after 

a certain amount of cycles, if the applied deformation is higher than a certain threshold, 

a separation between the fiber and matrix will occur. This separation is usually referred 

to as debond. If the morphology of the local area, governed by the fiber distribution, is 

such that many debonds could coalesce together, then a crack will form and its unstable 

propagation along the fiber direction will lead to the separation of the specimen and its 

failure. This process generalized here applies well to most of the long-fibers laminates, 

but the relative stiffness of fibers and matrix plays a major role in the damage 

micromechanics, also a third phase should be taken into account which is the interface 

between the fiber and the matrix, usually referred as sizing.  

Again, if an off-axis unidirectional lamina is tested under fatigue, the formation of the 

first crack will lead to the specimen separation. In these type of fatigue tests the cycles to 

specimen failure coincides to the crack formation. 

Generally, between transverse plies and off-axis plies the driving force for crack initiation 

is different and is described for the first two cases by Carraro in [1]. The Local Hydrostatic 

Stress parameter has been shown to be a good parameter to assess the initiation of crack 

in plies which orientation are transverse or almost transverse, leading to a nearly pure 

transverse stress state. When the in-plane shear stress is sufficiently higher than the 

transverse stress, the crack initiation is controlled by the Local Maximum Principal Stress 

in the matrix. Using a local stress parameter, which in this case is computed at the fibre-

matrix scale, permits to compare results of plies with the same constituents but from 

different laminates or with different fibre volume fraction. As described in [1], the local 

stress parameters are obtained through a finite element simulation and can be related to 

the ply stresses using multiplicative coefficients. 

The other main damage events, such as the delamination between plies or fibre breaks, 

show up after the initial formation of cracks and are mostly caused by the crack-induced 

stress concentrations, along with the local morphology. The formation and propagation 
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of delaminations is described in chapter 5, while this part of the thesis, consisting of 

chapter 2, 3 and 4 analyses the formation and evolution of cracks on cross-ply laminates 

under fatigue loadings. 

This chapter describes the manufacturing process and the monitoring and data acquisition 

techniques adopted to characterize the damage formation, plus some consideration on 

crack initiation. These topics are propaedeutic to Chapters 3 and 4, where the results of 

extensive experimental campaigns aimed at analysing the crack initiation and growth 

under Variable Amplitude (VA) loadings are reported and discussed. 

 

2.2. Composite manufacturing, specimen preparation 

In order to detect and monitor cracks as they appear during a fatigue test by using a normal 

camera, all the specimens were manufactured using glass-fibers reinforced epoxy. The 

manufacturing process was conducted in the experimental mechanics laboratory of DTG 

with the procedures described below. The specimen size was decided following different 

criteria, including the type of applied fatigue load, the monitoring techniques applied, the 

number of specimens to obtain and the orientation of the cracked ply which affects the 

stress redistribution in the proximity of tabs, which for cross-ply specimens is minimal. 

 

Figure 3: Image of a specimen with tabs, from the first panel tested, and the relative 

dimensions in mm. The cross marks for motion compensation of the acquired images 

can be spotted on the frontal surface.  
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The obtained laminates were not fully transparent as stitching polyester yarns could be 

spotted. These yarns are present on the dry fibers and serve to keep them on place. Thus, 

they are perpendicular to the fiber direction of the respective plies. The resin used was 

chosen to allow the polymerization process to take place at room temperature, preventing 

internal stresses from forming and thus removing a source of  bias on crack closure or 

opening. 

The composite specimens for fatigue or quasi-static load testing represented in Figure 3 

were obtained from cutting a large composite laminate slab obtained through vacuum 

assisted resin transfer moulding process. The procedure here described refers to the cross-

ply [02/902]s laminate but was also applied to different types of laminates with similar 

thickness. 

 

Figure 4: Schematics of the ply cutting from the unidirectional fibers roll to obtain a 

[02/902] s cross-ply laminate panel.  

The process which is described in this section could be summarized as follows: 

- Ply cutting. 

- Mould preparation. 

- Support material preparation. 

- Lay-up process and vacuum bagging. 

- Resin mixing and resin transfer. 

- Consolidation, demoulding, post-curing. 

- Specimen cutting and specimen preparation. 

First, the panel dimensions were selected. As the dry unidirectional fibers come in a roll 

half meter wide, a size of 500x250mm was used for the panel to optimize the material 

usage. The fiber commercial designation is UT-E500 from Gurit with density of 500 

[g/sqm] and tex (linear density of a single fiber) of 1200 [g/1000m]. From the fiber roll 

the eight plies were cut with scissor as shown in Figure 4: 4 mats with fibers along the 

5
0
0
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shorter direction and 4 mats with fibers along the longer direction. While handling the 

dry fibers, non-powdered nitrile gloves were used to reduce the fibers contamination from 

hands, which could lead to a reduction of the resin adhesion.  

The mould used for this lamination was a 10mm thick tempered glass panel, with 

dimensions of 600x400mm. The mould preparation involved first the cleaning from 

residual resin with razor blade and acetone. Then borders and corners were covered using 

tape and butylene to prevent the perforation of the vacuum bag. Detaching agent was 

applied at least three times, with a dry up window of 20-30 minutes between each 

application. The release agent was available in liquid or wax form and for both types the 

applying process consisted in a first, broad application, followed by 1 minute drying time 

before the spreading processes, conducted applying pressure using a micro-fiber towel or 

a paper towel to obtain a uniform distribution. This process was conducted wearing nitrile 

gloves and under the extractor hood as these compounds are volatile and toxic. 

The support materials adopted are essential to enable and improve the flow of the resin 

during the infusion process. The panel was infused along the shorter side to obtain the 

lower possible pressure drop trough the inflow area to the outflow. For the referred panel 

size the support materials used with their dimensions where the followings: 

¶ 2 Airtight glass cans with respectively three and four tube intakes in the cap. 

¶ 7 LDPE tubes 750 mm long, internal diameter 8 mm. 

¶ 2 LDPE tube spirals 500 mm long. 

¶ A peel-ply sheet with the dimension 510x370 mm. 

¶ A net sheet with mesh width of 2 mm, dimension 495x250 mm. 

¶ 4 net strips, same as the previous one, dimensions 500x50 mm. 

¶ One breather/bleeder cloth ply with dimension 500x50mm. 

¶ One nylon infusion bag with dimensions to fit the mould 

¶ Butylene adhesive strips. 

¶ Paper duct tape. 

¶ Tube clamps. 

When the mould is ready the layup process started with the lay downs of fiber sheets first, 

paying attention to the orientation respect to the chosen stacking sequence. The plies were 

held down with small duct tape at the corners. Over the dry laminate the peel ply cloth 

was placed, making sure an equivalent space is respected at the bottom and the top of the 
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laminate for the intake and the outtake tubes positioning. Also here, small pieces of duct 

tape were used to held down the cloth. In the area over the fibers the bigger net was 

placed, shifted 40 mm from the top where the breather cloth was placed, with an overlap 

of 10 mm. This design permits to reduce the resin flow and favours the resin packing 

when most of the panel is filled. Small butylene balls were used to keep the net in position 

over the peel-ply. At this point, the two spirals were taped at the extremities to two tubes 

and placed one on top and one on bottom of the laminate. Each spiral was laid between 

two net strips, slightly overlapping the bigger net to favour the resin flow towards the 

panel (in the bottom area) or the resin collection (in the top area). 

 

Figure 5: Picture obtained during the infusion process of a cross-ply panel. The resin 

flow direction is from the bottom to the top of the laminate. The resin outflow container 

is not noticeable as it was behind the panel. 

The mould was inserted in the vacuum bag whose openings were ready to be closed with 

butylene strips, but letting the four tube endpoints coming out. The tubes going to the 
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intake part were connected to the glass can with four connections inserted all the way 

down to catch the resin, the other two connections of this container were one towards the 

vacuum system and the other one towards the degasser to pick the resin from it. The tubes 

on the outflow are connected to the other can which was used to collect resin drops. The 

third tube on this container was connected to the vacuum system. All the tubes were 

airtight secured using a butylene strip at the connection point. Once this system was setup 

all the tubes extremities except the one connected to the vacuum system were interrupted 

using clamps. Vacuum was applied gradually making sure no wrinkles appear on the 

laminate surface. Once the pressure was stabilized also the last tubes from the vacuum 

system were clamped, the pressure was then monitored to check for eventual leaks.  

When the airtightness of the vacuum bag-mould was assured, the resin was prepared for 

the infusion. The following amount of resin was chosen for this laminate dimension also 

considering the waste resin which remain in the tubes at the end of the process. The resin 

used was the RIMR235 from Hexion which was mixed to the hardener RIMRH235  at 

the 33.5% wg of the main resin. The resin used was 800gr and the hardener poured was 

consequently 268gr. These two components were joined together in a metal container to 

undergo the degassing process. The container is closed, and vacuum is applied for two 

minutes. At this point a completely submerged rotating blade was switched on at 300 rpm 

for a duration of 4 minutes. At this point no foam was present at the top surface and the 

resin was ready to be moved to the intake can. The two tubes towards the panel were 

clamped and vacuum was applied to catch the resin from the degassing can, avoiding the 

intake of air bubbles. This transfer process was driven by the pressure vacuum and thus 

was slow. After the infusion was complete the tube drawing resin (not yet emptied) was 

clamped, and the end part cut away. At this point the resin in the intake glass container 

was clear with no bubbles. 

After 30 minutes from the start of the mixing process the infusion towards the composite 

panel started. The container was put in a metal can filled with cold water to avoid 

overheating slowing the process, as the reticulation process is in this case exothermic. 

The pressure at the outlet was set as -1bar (full vacuum) while on the inlet was set at -0.8 

bar, this small pressure difference allows the resin to flow through the laminate panel 

slowly, filling every ply. The intake pressure is lowered at -0.9 bar a couple of times 

during the filling to permit a cleaning and packaging of the outward resin. The process 

was monitored by placing the mould upright, with backlight highlighting eventual 
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unfilled voids, as shown in Figure 5. While the resin reaches the top of the laminate, the 

intake pressure was slowly increased to -0.6 bar to fill completely. At this point, when no 

visible voids were present and resin is flowing out from the top, the outward tubes were 

closed first with clamps, then the inwards, again with clamps, in order to avoid pressure 

redistribution in the panel. At this point the panel was placed horizontally and left 

consolidating at room temperature. 

After 24h the panel was demoulded, and the support materials removed with the help of 

some tools. The panel was then put in the oven at 60°C degrees for 12 hours for post 

curing. At this point the specimens are traced and cut using a saw. A small allowance was 

considered at the panel extremities and specimens are also marked before cutting to 

associate the specimen number to its original position. This permits a better control and 

understanding of eventual issues along the fatigue campaign. For example, from graph of 

Figure 6, which depicts the mean thickness of the specimens from the same panel, it can 

be observed that the packing is slightly higher at the panel sides.  

 

Figure 6: Mean thickness of the specimens obtained from the same composite panel. 

The letter L in the legend indicates specimens cut from the lower part, while U refers to 

specimen from the upper part of the panel. 

The edges were polished on a disc polishing machine, starting with180 grit sandpaper, 

succeeded to several steps towards a finer 4000 grit paper. Specimen for the microscope 

observation also went through cloth polishing with colloidal silica suspension. 

Rectangular, 1.2 mm thick glass epoxy cross-ply tabs obtained with prepreg plies were 

applied at the specimen extremities with cyanoacrylate adhesive at least 12 h before the 

test. Between subsequent tests, specimens were kept in a vacuum chamber at constant 

room temperature and low humidity thanks to the silica gel beads. No trends on initial 

stiffness of the pristine specimens with respect to the testing time was observed with this 

strategy. 
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During this PhD research period, several specimens from different panels were tested. 

The destination of the tests and the number of specimens for each panel are briefly 

reported in Table 1. This table only refers to the cross-ply specimens. For [0/45]s 

specimens, used for delamination damage analysis, please refer to chapter 5. 

Table 1: Cross-ply panels used during this Ph.D. research. 

Panel 

name Availability  

Number of 

specimens Destination 

CP2 Already available 30 CA, two-stage 

CP3 Manufactured 36 CA, two-stage 

CP4 Manufactured 24 CA, rept. blocks, rept. spectra 

CP5 Manufactured 42 CA, rept. blocks, rept. spectra 

 

 

2.2.1 Fatigue testing, constant amplitude and spectrum testing procedure 

A hydraulic MTS-T100 tensional-torsional fatigue testing machine located in the 

multiaxial fatigue laboratory of the Department of Management and Engineering (DTG) 

of Vicenza was used for the analysis and experiments reported in this thesis. The machine 

is controlled by an MTS FlexTestÊ60 digital controller, paired with the MTS 

Multipurpose Elite software, which has been configured for the different types of tests 

described later in this subsection. The general procedure for the fatigue testing was the 

following one: 

- Specimen is inspected for the presence of tabs and the pristine state of polished 

sides. The observation area extremities are marked with a marker or a white-out 

eraser. 

- The specimen is measured, a calliper is used to measure the thickness in six points, 

while the width is measured with a calliper at the top and the bottom of the 

observed area. The mean values are used to compute the section of the specimen. 

- The external load multiplier is computed from the specimen section and the 

applied stress. 

- The specimen is clamped to the test machine heads with the help of a set square 

for alignment. A slow ramp till the stress level of 50 MPa is applied with the 

extensometer mounted to obtain the initial stiffness. During this ramp no cracks 
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were showing up and the stress strain relation was linear for all the tested 

specimens. 

- The camera is positioned and focused on the specimen frontal surface, with the 

use of a tripod. The camera is linked to a LabView system that can acquire pictures 

at timed intervals. The time between one picture and the next one is selected from 

previous experience, as a balance between storage occupied space and a proper 

characterization of the evolution of all cracks. 

- Parameter as the applied load spectrum, the external load multiplier, maximum 

number of cycles and the applied load frequency are given as an input to the 

control software. 

- The fatigue test starts together with the image acquisitions. The first image is 

acquired before the competition of the first cycle, thus reporting the specimen in 

the pristine state. 

In the case of a constant amplitude testing, the load is applied trough a sinusoidal wave 

using the custom ñWaveform commandò. The PID control parameters are adjusted every 

time a new specimen with different material and dimension is used, in order to ensure 

that the load profile and particularly the peaks and valleys applied are correctly reached 

without overshooting at the applied load frequency. 

In the case of a spectrum loading, the load block is loaded from a text file where 

subsequent peak and valleys are listed, normalized to the maximum peak value. The 

ñProfileò command is used in this case. An internal compensator of the controller ensured 

the correct  adhesion of the load command, as reported for example in Figure 7 for a 

fraction of a fatigue loading of a tested specimen. 

 

Figure 7: Load command and machine response for a spectrum loaded specimen. 
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2.3. Crack acquisition 

To quantify the damage related to the presence of cracks many experimental techniques 

have been developed to comply with different needs. As the intention is to monitor the 

evolution of crack formation during a fatigue process, non-destructive monitoring is 

applied. 

The most straight-forward approach is represented by the actual observation of the cracks 

from the surface or side of the test coupon, but this approach is limited to a certain 

combination of materials which are transparent or permits to highlight the cracks. This 

approach has been adopted for the damage acquisition on this thesis, also for the reason 

that the quantification of crack length is mostly a non-arbitrary process. Deciding which 

frontal damage can be categorized as a crack is through an arbitrary decision and is 

explained in the next section. 

For composite materials such as carbon fiber reinforced epoxy, some of the 

methodologies to detect the damage that could also be implemented are the followings: 

- Embed, incorporate sensors inside a laminate, such as grated optical fibers or 

electrical cables. They are good to monitor the damage state along the life of a 

component since their behaviour is influenced by the deformation of the material. 

Different approaches and techniques can be used to obtain data ranging from local 

stiffness variation to a broader damage description [2]. These approaches, together 

with the use of the laminate as a conductive medium, are fundamental in the 

structural health monitoring field. 

- The computed tomography as an important technique, in fact it permits to generate 

a 3D voxel representation of the material, fibres, voids matrix and cracks can be 

detected with ease but acquiring and processing this type of images is expensive 

and time consuming [3]. Also, if damage is ñclosedò, as no stress keeps the crack 

faces open, the crack can hardly be detected. 

- The digital image correlation (DIC) approach is also adopted for in-situ and real 

time detection of crack damage. In this case the determination of cracks in inner 

plies is dependent on the damage affected deformations on the external observed 

ply and the effective resolution of the acquisition apparatus [4]. 

- The ultrasonic techniques on composite materials are mainly used to detect the 

extensive damage such as delaminated area due to impact and fails to correctly 
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detect ply cracks as they are perpendicular to the specimen surface. Other 

techniques similar to the ultrasonic for full field surface measurement with active 

development, are the pulse thermography approaches which again can detect 

internal, extended damage in a faster and cheaper way [5]. 

 

2.3.1 Image processing algorithm 

During the fatigue tests, images are acquired periodically using a Baumer LXG-200M 

matrix camera. The output of the camera is shown in Figure 8. The observable area of 

50mm is delimited by those four black marks which are also the reference points for the 

motion compensation and are applied with correction fluid before the start of the test. The 

cracks are visible by naked eye thanks to the diffused backlighting emitted by a white led 

panel at the back of the specimen.  

The processing steps to obtain the crack data are the following: 

¶ image motion compensation 

¶ uncracked image subtraction 

¶ image cropping 

¶ application of Gabor filter 

¶ binarization 

¶ region detection  

¶ crack density computation 

Images are acquired from the camera during the test, so while the specimen is deformed 

by the application of load. Thanks to the combination of strong lighting and short 

diaphragm closing time, the output images are clear and focused. Still, the elongation 

deformation is different in each image, so images are scaled one-dimensionally using the 

black reference points with respect to a reference image. The motion compensation 

algorithm seeks the best match between a reference image and a target image. In our case, 

the reference image is typically the first image, and the target image is the image for 

which compensation is required. To find the best match, the motion compensation 

algorithm estimates the motion between the reference and target images, using the point 

matched on the reference image respect to the target image. Finally, it uses the best match 

to generate a deformation map of the target image. 
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Right after the motion compensation processing also another important operation is 

applied. The images undergo a pixel subtraction from the reference image, chosen as the 

first one which is taken at the cycle 0, before the occurrence of any damage from fatigue 

loading. This permits to rule out image features that could be erroneously considered as 

cracks, mainly the polyester tows. Also, the resulting image is cleared from surface 

imperfections, that can be seen as squares on Figure 8, leading to a better crack 

identification both from human observation and with the use of image processing 

algorithm that proceeds as follows. 

 

Figure 8: Unfiltered image number 120 of specimen CP5-L20. At the top and the 

bottom of the specimen the machine clamps can be recognized.  

At this point we want to set the evaluation area of the frontal surface of the specimen for 

the crack density determination. The compensated and subtracted image is cropped 

among the reference marks and along its width on the horizontal direction. The actual, 
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measured, width of the specimen is included now and is used to calculate the mm/pixel 

ratio of the cropped area. In general, every specimen has a slightly different width value, 

caused by the manual polishing process, described in a previous paragraph.  

The compensated, subtracted, and cropped image which was originally the picture on 

Figure 8 is reported on Figure 9a. To highlight the cracks showing up on the cracked ply, 

a Gabor filter is applied to the image. This is a is popular filter in image processing, it can 

be implemented with a convolution kernel and is relatively fast to compute. This makes 

it suitable for real-time applications like face detection, object tracking, edge detection 

and object recognition. The Gabor filter is a linear filter in image processing which in this 

case is used for texture analysis. The scripts used for Gabor processing can be found on 

the MathWorks File Exchange portal, are named gaborFilterBank() and gaborFeatures() 

and are referenced in [6].  

 

Figure 9: Image processing steps for crack damage from the frontal observation of a 

cross-ply specimen (CP5-L20, image 120): (a) image motion compensated, subtracted 

and cropped, (b) non-binarized Gabor filtering output, (c) over impression of main axis 

(a) (b) (c)
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segments over detected regions. Red lines are counted as nucleated cracks. Blue lines 

are mostly under-developed cracks and are not accounted in crack density 

determination. 

The output of the first function is a frequency domain representation of the picture. 

(represented by a grayscale image), needed in the second function to extract the features 

as a representation of the picture in terms of spatial frequencies. The filter can be applied 

to any input picture, including images with multiple components such as colour images. 

The Gabor filter is selected because it allows for detecting features orientation in an input 

image, which results in the highlighting of the lines at the selected angle. This features in 

our case are the cracks spanning in the 90°-fiber orientation. 

 

Figure 10: Screenshot of the developed GUI to process images with crack damage. On 

the right panel is present the image selector from the selected folder, while on the right 

panel the crop rectangle is highlighted. 

The Gabor filter is applied to the image in Figure 9a with results of Figure 9b. For this 

specific case the orientation of the filter is set at 0° as the cracks are horizontal respect to 

the acquired point of view. The other processing parameters to obtain the centre image 

for this case are the row and columns for the Gabor filtering, together with the scale value 

of the filter. For the specific images and crack size in this experimental work, a good 

combination is represented by the value of 16 for rows and columns, and 5 for gabor scale 

parameter. Playing with the row,col parameter permits to modify the detected crack 

thickness, and the Gabor value is selected as small as possible to enable effective cracks 

to be detectable, but eventual background noise to be removed. After this processing, as 
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the output is a grayscale image, binarization is applied to differentiate between black 

regions (cracks) and the white background.  

At this point the regionprops() algorithm in Matlab is applied, which measures the 

proprieties of regions. Among the outputs of the function the following data are saved to 

be elaborated: BoundingBox, Centroid, Eccentricity, MajorAxisLength, Orientation. 

First, regions with low eccentricity are ruled out, then a threshold of +- 5 degrees is 

applied on the orientation of the main axis of the observed region respect to the ply 

orientation angle. Output length and positions are expressed in pixels, the obtained 

mm/pixel ratio is used to convert these parameters. Finally, the main axis length of the 

observed regions is compared with the c0 value, the minimum crack length to consider a 

crack to be nucleated. If the length is lower than c0 the region is excluded, with results 

pictured on the right side of Figure 9. The processing steps are implemented in a Matlab 

app with GUI shown in Figure 10. 

For this type of laminate (cross-ply with unidirectional fibers with polyester yarns, 

thickness of the cracked ply of 1.2 mm, Glass-Epoxy material), the crack initiation length 

considered is of 2.5 mm. This value has been selected after many critical observations of 

the frontal images. As shown in the figure 4 of next chapter, this threshold is the length 

after which the crack, after a pre-development state, starts to propagate along the 

specimen width (along the cracked layer fibers direction) with a constant ratio between 

the ERR applied and the resulting crack growth rate. The phase preceding the initiation 

of a transverse crack has been analysed and is described in section 2.4 of this Chapter and 

section 3.4.1 of the next Chapter. 

At this point the valid cracks are counted and the total sum of the length is computed. The 

computed crack density may refer either to the  count of the number of effective cracks 

divided by the length of the observation area, total crack density, or accounting for the 

sum of the crack lengths over the area of observation, usually called weighted crack 

density. Both of them have [1/mm] as unit measure, but the latter is more appropriate to 

describe the damage state and is the one that correlates to the stiffness degradation due to 

the presence of cracks. The definitions given are the following. For the total crack density: 

()
cn

ɟ =
L sinÖ q

         (1) 

And for the weighted crack density: 
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With nc the number of cracks, w the width of the specimen, L the length of the area of 

observation and ɗ the crack angle respect to the load direction. The ci parameter stands 

for the length of each crack i, with unit of measure in accordance with the denominator. 

With this definition (2) the observation area is always rectangular, with sides parallel to 

the load direction, the considered cracks are the crack segments inside the area. 

 

Figure 11: Graph with total and weighted crack density for the same specimen tested at 

constant amplitude fatigue, load level 80 MPa.  

The filtering and detection parameters are chosen in order to obtain the best possible 

results in the first part of the damage development. This permits to measure with more 

accuracy the cracks during their formation and evolution. Generally, it may happen that 

later in the fatigue damage acquisition, during the saturation phase, the specimen gets 

darker and less transparent, due to the high amount of cracks and damage in general. This 

may cause some miscounting of the number of cracks in the later test stages and partially 

explains the higher scatter in the last part of the crack density detection. According to 

circumstances, it could also occur that a crack is counted as two separate cracks in one 

image and as a single crack in the next one. In this case one reason can be that two cracks 

are merging together, and it needs some time for the tips to touch. The weighted crack 

density graph is more stable because it is not dependent on the number of cracks but on 

the sum of their length, so it is always increasing. An example of the output from 
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analysing the crack density on a series of pictures is reported in Figure 11 (It can be 

noticed that after a certain number of cycles, the frequency of image acquisition is 

decreased).  

The crack density evolution can be divided in three parts: formation of the first cracks not 

influenced by stress redistribution, formation of other cracks and propagation of existing 

ones, saturation of the number of cracks. The number of cracks that shows up over cycling 

during the first, non-interactive crack formation period respects a trend which resemble 

the first part of a statistical Weibull distribution. This comes from the fact that the 

distribution of strength to initiation is not uniform along the transverse lamina volume 

and is explained in detail [3] from Carraro et al. The process to obtain these distribution 

parameters is briefly explained in the next paragraphs, after an introduction on the SN 

initiation curve obtainment. 

 

2.3.2 Crack initiation detection 

As mentioned in the previous paragraph, image processing is used to detect cracks when 

the crack length exceeds a certain minimum threshold. After this length, the crack begins 

to propagate along the fibre direction. This crack initiation criterion is applied to 

determine the initiation cycles for the SN curve and the algorithm outputs are verified by 

human observation of the images, eventually preferring the latter as more accurate. In this 

way the macro crack initiation cycles are obtained for the first five cracks of each 

specimen tested under constant amplitude. The number of cracks to mean the first macro 

cracks initiations cycles are generally 5 or less, and the number is constant between 

different specimens. This number ensures that the considered cracks are independent 

events, also most of the times they are appearing far from each other. Generally, a small 

tunnelling propagation of these cracks can be observed between the first and fifth 

nucleation, especially on the higher load levels.  

This process is followed each time a new panel is manufactured. Due to the resin quality, 

packing efficiency, humidity level during the infusion process, the initiation fatigue 

strengths vary slightly. In Figure 12 all the SN curves for the different cross-ply panels 

manufactured with the described process are reported. The last two panels, CP4 and CP5 

which were manufactured with new resin and with a short time between each other, fall 
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well in the same distribution even while having a different fibre volume fraction, thanks 

to the use of the effective local stress parameter, LHS, calculated as described in Ref. [1]. 

While, in the previous two panels CP2 and CP3, the resin stocking conditions and its 

usage over expiration were the source for the offset in initiation strength. 

 

Figure 12: SN curves for the initiation of the first cracks on the transverse plies of the 

analysed crossply specimens, grouped by panel origin. The Local Hydrostatic Stress is 

used to map the load level. 

Once the first five cracks initiation cycles were determined, the function to describe the 

SN curve was the following, with the number of cycles as dependent parameter because 

this condition better describe the relation between stress and initiation cycles. 

10 10log ( ) log ( )N A S B= Ö +        (3) 

The parameters A and B are obtained as slope and intercept of the series of points obtained 

applying the base ten logarithm to the experimental initiation data pairs (Stress S and 

cycles to initiation N). The relation is then expressed in the classical SN form with some 

basic algebraic operation: 

aS K N= Ö           (4) 

The fundamental parameter taking in account of the stress level influence on crack 

formation is the slope parameter a which is simply the inverse of the slope A from relation 

(3). The K parameter is related to the fatigue crack initiation strength. Thus, this parameter 

is characterised by a statistical distribution that can be determined as explained in the 

following section, according to the procedure proposed in [7]. 
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2.3.3 Statistical distribution of the fatigue crack initiation strength 

It is easy to see in logarithmic scale a familiar trend in the bottom, initial part of the total 

crack density experimental data in Figure 11. Before cycle 1000, where the crack 

initiation starts to be influenced by the presence of other cracks, the probability of 

initiation, obtained from the number of cracks times the size of the crack initiation area 

over the whole observation area, which for transverse laminae can be reported as: 

0 0( ) cracks

c l
P N n

L w

Ö
= Ö

Ö
         (5) 

In this expression, c0 and l0 are the dimensions of the crack initiation process zone. 

according to the observations reported above and the recommendations in Ref. [7], for 

the specimen described here acceptable values are respectively 2.5 mm and 0.1 mm. 

Dimensions L and w refers to the actual observation area. A representation of these 

volumes is reported in Figure 13. 

 

Figure 13: Representation of the volume of simulation for the prediction of interactive 

crack initiation and crack density evolution. The red volume represents the macro-crack 

initiation representative dimensions. Fibers not to scale. 

As first shown in [7], to obtain the parameters of the statistical distribution, the probability 

of initiation data is linearized using the following Ɋ function, while in the horizontal axis, 

a transformation is applied to the number of cycles relative to that probability, as shown 

in Figure 14. 
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The probability of crack formation after N cycles, P(N) can be also expressed as a 

statistical Weibull distribution as proposed by Carraro [7]: 
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a
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       (7) 

Where the ůeff parameter refer to the local stress parameter used for the characterization 

of crack initiation, a is the slope of the crack initiation SN curve and K0 and m are the 

parameters describing the statistical distribution of the crack initiation. 

One example of regression of these parameters is shown in figure 14 for the crack density 

trend of figure 11. Only the initial linear part of the experimental processed data is used 

to obtain the slope and intercept of the equation shown on the graph. This indeed 

corresponds to the non-interactive crack initiation regime. The parameter m is obtained 

directly and K0 is obtained from inverting the relation and using the effective stress acting 

during this process, which for the transverse crack case is the LHS.  

 

Figure 14: Linearization of the non-interactive part of the crack initiation trend to 

obtain the distribution parameters. 

This permits to predict the formation of macro cracks as described before in the non-

interactive regime. Generally, it is possible to find a good pair of statistical parameters m 

and K0 for a single load level distribution and then using them to predict the first 

initiations in other load levels. A quick clarification on the constant amplitude 
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characterization follows. At least a couple of tests are conducted at the same load level to 

quantify the scatter at the same load level, usually higher for the higher load levels. Every 

specimen crack density trend undergoes the regression of its initiation strength 

parameters. At this point to obtain a value valid for all specimens one should not compute 

the pure mean of the m parameters and then the mean of the K0 parameters, because this 

could induce mistake as the two parameters are related as can be seen in Figure 15 where 

the optimal m and K0 values for all the constant amplitude specimens from the CP5 panel 

are plotted. Acceptable values of these parameters lie inside their distribution. To obtain 

the two parameters the mean value of the K0 parameter is first computed, followed by the 

determination of the m parameter as belonging to a quadratic regression of the parameterôs 

pairs characterized on the various specimens. 

 

Figure 15: Statistical distribution of Weibull fatigue strength parameters for the non-

interactive initiation of cracks in the transverse ply of specimens tested at constant 

amplitude from the CP5 panel.  

The acceptability of the obtained parameters is verified by predicting the crack density 

analytically for all the constant amplitude load levels and comparing it with the 

experimental scatter. This it is shown for the CP5 test set in the Appendix of Chapter 4. 

The effect of changing the load level during the fatigue test in the non-interactive phase 

has been analysed in the first part of this research work and is described is Chapter 3. 
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2.3.4 Crack propagation determination  

Once a macro crack initiates, it begins to propagate along the fiber direction with an 

almost constant relation between the growth rate and the applied Energy Release Rate 

(ERR) [8], as the reached aspect ratio and the interface boundaries with other plies 

constrain a steady state propagation. As long as a crack is not influenced by other cracks, 

the applied method to determine the propagation of cracks on cross ply specimens relies 

in the measurement of crack length on subsequent images. The position of the crack tip 

is used as parameter, rather than the crack length, as each crack tip may have a different 

evolution as a result of the different damage state in its surroundings.  

Inspecting only the cracks that propagate during the non-interactive initiation phase is 

helpful to determine the actual speed under the applied external stress, but it may happen 

that the number of these cracks, especially for lower load-cases, is not high enough to 

represent a good distribution. Also, the degree of influence of some of the already present 

cracks should be accounted properly. For this reason, in the analysis conducted in the last 

panels, the propagation of every crack is considered together with its effective ERR. 

Redistribution is taken in account by measuring the distance to the nearest crack, as 

described in Chapter 4. 

 

2.4. Macro crack formation micro mechanics and observations 

The formation of transverse cracks as described in the previous paragraph, meant as 

cracks that involve the entire 90° ply thickness and propagate long the width, is preceded 

by a crack initiation phase that happens at the micro- or meso-scale scale. The 

development of a debond in a random spot is followed by an evolution along the 3D space 

if the actual morphology of the neighbouring area is favourable. This process causes a so-

called meso-crack, that propagates along the ply thickness. A sequence of images is left 

for the reader as a support for the following observations in Figure 16. These meso-cracks 

can be detected from frontal images, as long as they are sufficiently wide and irregular, 

they will appear as thin horizontal lines that become thicker and thicker as they propagate 

along the thickness. When the meso-crack through-the-thickness propagation is complete, 

the transverse crack is considered initiated and it starts propagating along the width. It 
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also appears thicker and darker from the front images. Examples of meso- and macro-

cracks are indicated in Figure 16. 

 

Figure 16: Sequence of images during a constant amplitude fatigue test at 85 MPa from 

the CP2 panel. 

Among the different crack initiation criteria, Talreja et al proposed [9] a deformation limit 

value that could generate debonds between the fibers and the matrix, some debond in 

favourable position would eventually join themselves and evolve to mesocracks and then 

eventually to macro cracks. In Figure 16, which represent a subtracted and compensate 

series of images, different things can be observed. Focusing for example on the two cracks 

in the centre area of the last acquisition, it can be seen that in the cycles before they appear 

as a thinner, lighter line. This crack, as it shows up in the first (almost undetectable) and 

second acquisition is defined as mesocrack and from our observations in general does not 

span the entire thickness of the cracked layer and thus has not produced crack-induced 

delamination, which generally induce a thickening and darkening of the line. Other 
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observation can be done from this image, such as mesocracks that remain in that state 

while in the same time other macro cracks are initiating and subsequently propagating 

along the specimen width. On section 3.4 of the next Chapter a sequence of images 

relative of a single crack is proposed, highlighting the two different phases and the 

threshold between them, identified as the macro crack initiation. The work of the next 

chapter consisted also in measuring the propagation of these mesocracks when they 

appear on the polished side of the specimen as shown in Figure 17. . 

 

Figure 17: Image of a fiber interconnected cack path obtained by 50x magnification of 

a polished specimen edge, load direction is vertical. This crack is defined as a 

mesocrack. 

A meso-crack develops for many cycles before it can be identified as macro-crack. The 

number of cycles between these two phases is mostly irregular due to the different 

distribution of fibers constituting the ply. In fact, there may be different factors which 

affect their growth such as: 

¶ matrix-rich regions which hinder the growth of a crack. 

¶ some almost-kissing fibers which favours a more rapid growth. 

¶ some voids or impurities can either block or favour the crack growth.  

In the initial phase the damage shows up is in form of isolated debondings, and 

consequently is non-visible and has no effect on the laminate stiffness. After a while some 

meso-crack can be spotted and generally they have a very small effect on stiffness drop, 

as shown on Figure 18, before the identification of the first macro crack.  

A more pronounced stiffness loss is instead found after the initiation of transverse cracks 

(Figure 18). This is the reason why the present work and the models reported later on are 

focussed on transverse cracks and not micro or meso-cracks. In addition, the detection of 

a transverse crack, as a crack that involves the entire ply thickness and, mainly, propagates 

40 µm
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along the width, is more robust and less arbitrary than quantifying micro-scale damage 

features.  

  

Figure 18: Extensional stiffness acquisition for two crossply specimens tested at 

constant amplitude and superposition of first five macrocracks initiations.  

A trial on tracking meso-cracks initiation from frontal images has been conducted, the 

number of cycles between the appearance of the first detectable damage as subtle 

difference on the frontal image and the initiation of its respective macro crack have been 

measured. Results are reported in figure 19 along with the respective SN curve. The result 

shows that using the macro-crack parameter (nucleated if length higher than the minimum 

length) is a more reliable parameter to describe the formation of cracks. In fact, meso-

crack development is difficult to detect and/or quantify, and results appear more scattered 

respect to their respective macro-cracks initiations.  

The detection algorithm is generally capable of identifying also mesocracks. As specified 

in the image processing section, choosing a correct minimum crack length is fundamental 

to obtain coherent crack density trends. From Figure 19 it can be seen that for the same 

cracks the values collapse in the same band when a correct minimum length is selected. 

Again, the criteria for identifying a macro crack initiation by human observation is that 

after is initiation cycle, it will propagate in a steady manner in the consequent images. 

The development of meso-cracks under constant amplitude and variable amplitude 

fatigue loading have been studied by inspecting the specimen periodically under fatigue 

tests. Results are reported in the chapter 3. 
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Figure 19: SN curve for the first five macro cracks and the relative cycles at which the 

first detectable damage is evident on the surface of the specimen, specimens from the 

CP2 panel. 

 

2.5. Crack initiation and propagation simulation algorithm 

Extensive campaigns have been conducted in different laminates under variable 

amplitude fatigue and a standard procedure for predicting the failure on unidirectional 

laminate making use of constant life diagrams and rainflow counting was defined [10] 

among the others, and different type of variable amplitude damage model were proposed 

[11]. Despite this, no data on damage evolution over the fatigue life was reported in the 

majority of cases. The goal of this thesis is to investigate what happens at the lamina level 

during variable amplitude fatigue in order to provide a criterion for designers to further 

improve and optimise the use of composite laminates under real-world loads. 

The prediction of the fatigue crack density formation and evolution in multidirectional 

laminated has been described by Carraro in [7]. The main concept, already mentioned 

earlier, consists in the hypothesis that the strength to initiation varies across the volume 

subject to cracking. The representative dimensions l0 and c0 for the initiation of a macro 

crack are used to define the statistical element volume, as shown in figure 13. The 90° 

ply is thus discretised into l0 x c0 x h volumes, each of them representing the process zone 

for the initiation of a single transverse crack (h is the 90° ply thickness). During the first 

10

100

10 100 1000 10000 100000 1000000

E
x
t 

S
tr

e
s
s
 [

M
P

a
]

N

First observable damage
Macro crack nucleated (human observation)
Crack length exceeds c0



Crack formation under fatigue loading: Introduction and methodology 

41 

 

step of the simulation, the constant amplitude Weibull parameters are used to assign a 

strength to initiation K to each element, respecting the distribution but the location of the 

different K is randomized. The number of total elements depends on the selected 

specimen size. Simplified steps for the iterative crack initiation and formation numerical 

simulation are reported in Figure 20. The iteration starts applying a single cycle block ȹn 

and calculating for every element k the damage to crack initiation at the iteration i. The 

damage parameter is refereed as Dk,i and is the iterative sum of all the damages of the 

previous cycles or load blocks. It starts at zero and the threshold is the unit value, which 

when reached denotes element failure and, in our case, the initiation of a crack in that 

specific element position. 

, , 1

, ,

i
k i k i

fail k i

n
D D

N
-

D
= +          (8) 

Where ȹni is the number of cycles applied at the iteration i and Nfail,k,i is the number of 

cycles to crack initiation calculated with the statistical element fatigue parameter K 

previously assigned to the element and the local stress parameter calculated for that 

element accounting for the stress redistribution of eventual cracks. In the iterations that 

follows the damage is added to the previous at each element using a linear damage 

accumulation rule (6). Eventually, one element will reach the unit damage value. At this 

point the damage for initiation is not accounted anymore in this and the immediately 

adjacent elements (for computational efficiency), and a new crack is considered initiated. 

From the following ȹn blocks, also the propagation is accounted for both the tips of the 

nucleated cracks. Generally, the size of iteration ȹn should be kept as small as possible 

to grasp small propagations which could affect new nucleations. Observations on 

implementation for different load spectrum are reported in the next two subsections. 

To calculate the actual stress state, and consequently the effective stress parameters such 

as LHS of each element, the distance between the element and the nearest cracks was 

computed. The stress redistribution is then obtained using a shear lag analytical model. 

For this configuration, the presence of cracks reduces the crack-opening stress towards 

the crack surface. More details on the use of shear-lag models to obtain load and 

displacement trends of a cracked laminate are reported on the fourth chapter of this thesis. 

Among the other criteria, the following threshold values are generally applied, with the 

following basis. For the initiation of crack, a local stress limit of around LHSth = 20 MPa 
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can be imposed, obtained from the debonding strain of 0,097% at given Vf value as 

proposed by Talreja in [9]. For propagation, a ERR limit of GI,th = 0,025 kJ/m2 was found  

similar to the value proposed in [7]. This value was measured on cracks that stopped their 

propagation as a result of the stress redistribution. The distance between the analysed 

crack tip and the nearest cracks were used to compute the GI parameter at the crack tip 

along with the applied stress. No cracks propagating under the reported threshold were 

found on constant amplitude loadings. CGR of order of magnitude lower than 10-7 were 

considered as stopped cracks as the value falls within the numerical accuracy of the crack 

measurement.   

 

Figure 20: Simplified calculation loop of the interactive crack density evolution 

algorithm used in this thesis and described in [3].  

The effect of these two parameters is less noticeable on tests at high load level, and a good 

exercise consists in computing the simulations with and without thresholds, comparing 

the damage evolution for the lower load levels, both in terms of predicted cracks as for 

their extension in the weighted crack density. The simulations of the crack densities for 

the two stage loading tests of Chapter 3 were perpetrated using both of the provided 

threshold. The first one, on crack initiation was found to not be effective in the range of 

applied loads, because when the LHS falls below the threshold level due to the stress 

redistribution, the number of cycles to obtain a crack initiation become considerably high 

and sometimes bigger than the tested cycles span. The threshold on crack propagation 

tough, was found to be useful for describing the crack density evolution after the 
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formation of the first cracks. Even if its effect was minimal, it permitted to converge the 

simulation towards the experimental results. 

For the simulations of crack density in the case of applied repeated spectrum no threshold 

was applied either on crack propagation or nucleation. In fact, for the load levels 

considered at constant amplitude on Chapter 4, the description of the crack density trends 

was sufficient, and the redistribution of loads was sufficient to describe the reached 

experimental crack density saturation. Also, regarding the simulation of crack density 

evolution under spectrum loading, the thresholds were not applied as it would have 

increased the cycles to crack formation, even for an insignificant amount of cycles. To 

clarify for the reader, when the correct threshold values are applied, the simulation 

produces good results till the saturation of crack density for tests at constant amplitude 

and the damaged results can be used to calculate the reduction of stiffness caused by the 

presence of cracks. 

As mentioned, even under CA loadings, the stress state to which each element is subjected 

changes with the applied cycles, as a result of stress re-distribution. In addition, in 

practical applications the amplitude of the external load may vary. The applicability of 

the linear damage accumulation rule used here for predicting the crack initiation is 

discussed in the next two Chapters.  

The following subsections describe some criteria used to reduce the number of iterations 

while maintaining accuracy when computing the iterative crack density damage evolution 

model.  

 

2.5.1 Spectrum load block repetition 

When a non-CA spectrum block repetition is applied, the two following approaches is 

applied:  

- When the number of cycles of the load spectrum at the selected load multiplier is 

at the same order of magnitude of the cycles for the initiation of the first crack, 

the simulation should iterate each cycle for the best results. 

- When the number of cycles of the load spectrum at the selected load multiplier is 

considerably smaller than the cycles for the initiation of the first crack, the 
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simulation iterations could be reduced by considering the spectrum block as unit 

cycle repetition. 

In the case that a block of cycles is considered as repetition unit, some parameters are 

calculated before the simulation, namely: 

- The damage to initiation when the block is applied once as a function of the K 

parameter and the applied local stress state. 

- The growth in mm of a certain crack as a function of the local stress and 

displacement field when the load block is applied once. 

For both cases, the damage to initiation and the propagation of the cracks are calculated 

for a discrete number of inputs inside the bound of the tests. When an intermediate value 

is requested during the simulation, the results are linearized between two calculated 

points. The applicability of this method was verified by comparing the simulation results.  

 

2.5.2 Load block repetition algorithm 

The iteration number for these types of simulations can be decreased further. Generally 

considering the presence of a crack formation phase, a crack density evolution and crack 

density saturation phase, the applied repetition unit needs to be smaller at first to maintain 

a good accuracy in the first initiation and it could be bigger during the saturation, given 

that the prevalent damage event is the propagation of cracks. 

To reduce the number of times that the simulation needs to be computed the following 

strategy is applied when a relatively small load block is applied: The simulation starts by 

applying the block once and calculating the damage for each statistical element. The 

second iteration the block is applied twice, and the damage is accounted two times. So 

generally, at each iteration the number of applied blocks is doubled. At the end of each 

the iteration, if the damage to initiation of a certain volume exceeds the unit threshold 

value, that iteration is reset at its initial state and is computed again considering only one 

block repetition. In this way the number of iterations is higher near the initiation phase of 

the crack, describing better their interaction, while the number of iterations is smaller 

when the situation is steadier, like during the saturation phase.  
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The applicability of this method was verified by comparing the simulation trends with the 

single cycle simulation method, starting from the same distribution of strength at the 

elements. The iteration number is in this way decreased of a couple of order of magnitude, 

consequently also the simulation time, maintaining the same accuracy.  

 

2.6. Conclusions 

In this chapter the manufacturing procedure and the preparation of Glass Epoxy cross-ply 

specimens for fatigue testing was first described. The crack initiation phenomenon is then 

discussed and the procedures to extract the crack features are described, with an attention 

regarding the difference between the ñmesoò cracks and the ñmacroò cracks, which 

difference have been explained and motivated by micromechanical observations. The 

described methodology permits to obtain a robust acquisition of crack density evolution, 

later addressed with the model described in [7] which permits to predict the evolution 

under constant amplitude fatigue loadings. The mode of operation is briefly described 

along with some modelling observations. In Chapter 3 the same model is used to predict 

the crack density evolution for two stage loadings with good results with the sole use of 

the linear damage accumulation rule. In Chapter 4 it will be shown the limitations of this 

last hypothesis when load changes repeatedly, as the case for spectrum loading. 
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3 

Crack formation under fatigue loadings: 

analysis of two stage fatigue loadings 

effects 

 

 

 

3.1. Introduction  

Predicting the initiation and propagation of multiple off-axis cracks in composite 

laminates under cyclic loadings is fundamental for a reliable assessment of the stiffness 

loss induced by the fatigue damage accumulation. The formation of off-axis cracks is, 

indeed, the first macroscopic damage event, causing a stress re-distribution and the 

consequent variation of the laminate elastic properties (see Refs. [1-7] among the others). 

The progression of this phenomenon throughout the fatigue life is usually quantified in 

terms of the crack density evolution. Predicting the crack density evolution represents, 

therefore, the first and fundamental step for a stiffness-driven design against fatigue. 

Several models were developed over the years with this aim [8-20]. Some of the models 

predict separately the crack initiation and propagation processes [12, 14-16], whereas the 

others predict the crack initiation only, implicitly assuming that the crack propagation 

phase is unstable, even though this does not agree with the experimental evidence [3-5]. 

In any case, the crack initiation is predicted through energy- or stress-based criteria. The 

formers [8, 11, 13, 18-20] are based on an empirical relationship between the Energy 

Release Rate (ERR) associated to the crack formation and the crack density growth rate, 

according to the approach proposed by Nairn [8]. Stress-based models, instead, predict 

the formation of cracks based on a stress criterion coupled with S-N curves that link a 
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stress parameter with the cycles to crack initiation [9, 10, 12, 14-16]. Among these, one 

was recently proposed by the present authors [14]. 

In the presence of cracks, stress re-distribution takes place, both between cracks in the 

same layer and between different layers. Each point of a laminate is then subjected to a 

stress state that changes multiple times during the fatigue lifetime. Accordingly, the 

formation of a crack is inherently a Variable Amplitude (VA) problem, even when the 

applied load varies with a constant amplitude. This will be referred to as internal VA, in 

contrast to the external VA, related to a change in the applied loading profile. It is not 

possible, thus, to predict the formation of a crack based solely on the crack initiation S-N 

curve. A damage accumulation model, where the word ñdamageò is referred to the micro-

scale events preceding and causing the off-axis crack formation, is therefore required. 

Most of times, the linear damage accumulation assumption is adopted [9, 10, 12, 14, 16], 

whereas the Broutman-Sahu [21] criterion was used in Ref. [16].  

In any case, the choice of the damage accumulation rule was not supported by 

experimental observations of the underlying mechanisms, nor it was proved that the crack 

initiation could be reliably predicted through the adopted approach. Accurate estimations 

of the crack density trends along the fatigue life were obtained using the linear damage 

accumulation rule [9, 10, 14]. Even though this may be seen as a validation of the 

approach, the crack density trend includes other phenomena such as the stress re-

distribution and the crack propagation, making this comparison a promising indication 

but not a proper validation of the linear damage accumulation rule.  

Experimental data and observations on the crack initiation phenomenon under VA 

loadings are not available in the literature, at present. Several works were indeed 

published in the past on the fatigue behaviour of laminates under VA loadings, mainly 

focussing on the final failure [21-32]. A significant sequence effect was observed for this 

phenomenon, making the linear damage accumulation rule not suitable for predicting the 

final failure of a laminate. The entity and the type of the sequence effect was found to 

depend on the materials adopted, the laminate configuration and the loading condition 

[27]. An interesting, even though mostly qualitative, analysis was carried out by Gamstedt 

and Sjogren [33], who outlined a damage-based justification for the sequence effect in 
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the final failure of cross-ply laminates. However, these conclusions on the final failure do 

not make the linear damage rule unsuitable for predicting the crack initiation. 

Quantitative results were reported for the fatigue crack density evolution under VA block 

loadings in Refs. [10, 15, 34, 35].  Bartley-Cho and co-authors [34] reported the final 

value of the crack density in the off-axis plies of quasi-isotropic laminates after load 

blocks with Low-High (LH) and High-Low (HL) sequences. They concluded that the first 

combination leads to slightly higher crack density values. Such a sequence effect is, 

however, not related to the crack initiation, but the full crack density evolution, including 

other phenomena, as already mentioned. Ogi [10] reported the crack density evolution in 

cross-ply laminates under block loadings, showing an abrupt change in the crack density 

evolution rate as the load amplitude was changed in LH and HL sequences. Good 

predictions of the crack density trends were also obtained through the linear damage 

accumulation assumption. The crack density evolution in [0/60/0/-60]s laminates were 

also reported in Ref. [15] under a single LH loadings sequence. The model proposed in 

the same paper was shown to overestimate the crack density in the second block. In this 

case, no damage accumulation rule was assumed. Recently, [45/-45/05]s laminates were 

tested under repeated small block loadings [35]. The crack density evolution rate in both 

the high- and low-level block was found to be significantly higher in this condition than 

under the same stress levels with a Constant Amplitude (CA) loading. A transition phase 

was also found when switching from a high-load to a low-load block. 

The phenomenon of the crack initiation under VA loadings remains thus to be explored. 

Accordingly, the aim of this work is to analyse this problem and provide, first, a 

phenomenological and then, a mechanistic validation to the use of the linear damage 

accumulation rule for predicting the multiple crack initiation and the crack density 

evolution. The attention is focussed on transverse cracks only, i.e. cracks oriented at 90° 

with respect to the load. 

To this aim, an experimental campaign was carried out on glass/epoxy infused cross-ply 

laminates, first characterising the material behaviour under CA loadings, then the crack 

initiation under external VA block loadings and the crack density evolution under 

combined external/internal VA block loadings. Micro-scale observations were also 

carried out by observing the specimensô edges under an optical microscope, thus 
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providing a useful damage-based insight on the validity and the field of applicability of 

the linear damage accumulation approach. 

The work of this chapter was published in an international journal, with reference: M. 

Simonetto, P.A. Carraro, L. Maragoni, M. Quaresimin, Crack initiation and evolution in 

glass/epoxy laminates under two-stage block loadings, Composites Science and 

Technology, Volume 225, 2022, 109504. 

Before presenting and discussing the experimental findings, the main ideas underlying 

the crack density prediction model presented in [14], which employs the linear damage 

rule, are presented to provide the reader with the background and theoretical foundations 

required for the discussion of the results. 

 

3.2. Prediction of the crack initiation under variable amplitude loadings 

3.2.1 Background and modelling framework 

As mentioned in the introduction, a model was developed to predict the initiation and 

propagation of multiple off-axis cracks in multidirectional laminates under cyclic 

loadings [14]. As a starting point of the model, each ply is discretised into elements 

representative of the process zone involved in the crack initiation phenomenon. Each 

element has dimensions l0·c0 along the transverse and longitudinal directions, 

respectively, and involves the entire ply thickness (see the schematic in Figure 1).  

Discussions and recommendations on the choice of l0 and c0 are reported in Ref [14]. 

Each element represents a possible location for the off-axis crack formation, which is 

predicted based on a power law S-N curve: 

a

eff iů K N= Ö           (1) 

Ni is the number of cycles to crack initiation and ůeff is the maximum cyclic value of the 

effective stress, representative of the driving force for the crack formation. According to 
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the criterion developed in Ref. [36], it is equal to the Local Hydrostatic Stress (LHS) or 

Local Maximum Principal Stress (LMPS) in the matrix, calculated through a multi-scale 

strategy. The crack initiation resistance varies from element to element, reflecting the 

different microstructure (local fibre content and distribution, presence of binding yarns 

etcé) and the possible presence of defects. To each element, an S-N curve is thus 

assigned, with a uniform slope, a, and different intercept K, following a Weibull 

cumulative distribution in the form 

()
m

0

K
P K 1 exp

K

è øå õ
é ù= - -æ ö
é ùç ÷ê ú

        (2) 

This means that each element, subjected to the effective stress ůeff, has a number of cycles 

to failure, and thus to crack initiation, that obeys the following distribution, obtained by 

substituting Eq. (1) into Eq. (2): 

m

eff

a

0

ů
P(N) 1 exp

K N

è øå õ
é ù= - -æ ö

Öé ùç ÷ê ú

       (3)  

P(N) in Eq. (3) expresses the probability that the number of cycles to crack initiation, Ni, 

is lower than a certain number N. Based on this, the damage evolution is predicted by 

carrying out an analytical simulation of the laminate fatigue life, increasing the number 

of cycles by blocks ȹN and calculating the number of failed elements (i.e. of initiated 

cracks), according to their cycles to failure, characterised by the distribution in Eq. (3).  

As discussed in the introduction, even when the applied load varies with a constant 

amplitude, the multiple crack initiation phenomenon represents inherently a variable 

amplitude fatigue problem. Therefore, a damage variable D is calculated for each j-th 

element of the k-th ply at each cycle block, according to a linear damage accumulation 

rule 

( )
( ) ( )

( )

s s
p p

1/a
p 1 p 1i

eff

N N
D j,k,s

N j,k,p j,k,p

K j,k

= =

D D
= =ä ä

å õs
æ öæ ö
ç ÷

       (4) 
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where s is the number of cycle blocks and ůeff (j,k,p) is the effective stress in the element 

during the p-th block. When D equates unity, the element fails leading to the initiation of 

an off-axis crack. 

 

 

Figure 1: Schematic of the ply discretisation into elements 

After recalling the concepts at the basis of the model [14], the remaining part of this 

section is dedicated to analysing theoretically and more in detail the crack initiation under 

VA loadings. As mentioned above, Eq. (3) represents the distribution of the cycles to 

crack initiation under a CA loading with an effective stress ůeff. Let us suppose that a 

block of cycles ȹN1 is applied under the stress level ůeff,1. The damage variable in a 

generic element after this block is calculated as 

1/a1 1
1 1/a

i,1 eff ,1

ȹN ȹN
D K

N ů
= = Ö         (5) 

where Ni,1 is the number of cycles to crack initiation under the stress level ůeff,1. Then, 

consider that the stress level is changed to a value ůeff,2 (Figure 2), independently whether 

this is due to a change in the external load (external VA) or to a stress-redistribution 

within a laminate or a component (internal VA). The objective of the following treatise 

is to obtain the formulation for the P(N) distribution in the second block, based on the 

assumption of a linear damage accumulation. 

 
l0 

x
1
 x

2
 

z 

c
0
 

Cracked

element

Discretisedply

x1

x2



Crack formation under fatigue loadings: Two stage fatigue 

53 

 

Let N* be the number of cycles applied since the beginning of the second block. After 

N* cycles, the damage variable reaches a value 

* *
1/a 1

1 1/a 1/a

i,2 eff ,1 eff ,2

ȹNN N
D D K

N ů ů

å õ
= + = Ö +æ öæ ö

ç ÷
       (6) 

From Eq. (6), the intercept K can be calculated as 

a

a

*a 1

* 1/a 1/a
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       (7) 

By substituting Eq. (7) into Eq. (2), the cumulative distribution function P(D) is obtained: 
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    (8) 

This represents the probability that the damage variable is higher than a value D after N* 

cycles in the second block. The crack initiation probability corresponds to the probability 

that DÓ1, so that it can be calculated by replacing D with 1 in Eq. (8): 
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    (9) 

Eq. (9) expresses the probability of crack initiation after N* cycles under a stress level 

ůeff,2, after applying ȹN1 cycles at the stress level ůeff,1, according to a linear damage 

accumulation rule. It is formally identical to Eq. (3), in which the equivalent number of 

cycles Neq is used instead of N, Neq being equal to 
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       (10) 

As mentioned, one of the aims of the present work is to understand whether the linear 

damage accumulation rule is applicable for predicting the crack initiation under VA 

loadings. To this aim, Eq. (9) will be compared to the experimental results of two-block 

loading sequences leading to the formation of transverse cracks in the second block only. 

 

 

Figure 2: Schematic of the two-block loading sequence 

Before proceeding in this direction, in the next section it will be shown that the same 

expression for P(N*) can be obtained without relying on the linear damage accumulation 

rule, but simply through statistical considerations.  

 

3.2.2 A statistical approach to variable amplitude block loadings 

Going back to the two-block loading example of the previous section, the probability of 

crack formation at the end of the first block is 

time
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       (11) 

As sketched in Figure 3, at the beginning of the second block, i.e., for N*=0, the crack 

formation probability must remain the same as at the end of the first block. The end of 

the first block represents, indeed, the starting point for the second one. As the second 

block has a different stress level, the number of cycles to reach the same crack formation 

probability, P(ȹN1), is different. This can be calculated by equating the expression of 

P(N) at the end of the first block to that at the beginning of the second block, using the 

stress level ůeff,2 and an equivalent number of cycles, ȹNeq: 

mm
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 (12) 

This results in the following expression for ȹNeq: 
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Proceeding with the second block, the probability P(N*) can thus be written as 
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      (14) 

This expression is identical to Eq. (9), even if it has been obtained without any assumption 

on the damage accumulation rate. This could be seen as a statistical support to the 

empirical linear damage accumulation approach previously adopted [14]. The 

experimental validation of Eq. (14) is one of the objectives of the tests carried out in the 

present work, as explained in the following sections. 
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Figure 3: Schematic of the probability conservation under a two-block loading 

 

3.3. Materials and testing methods 

Fatigue tests were carried out on cross-ply Glass/Epoxy laminates manufactured through 

the vacuum-assisted resin infusion process. 250mm x 500mm flat laminates with stacking 

sequence [02/902]s were manufactured and cured at room temperature to prevent the 

formation of thermal stresses. Post/curing was then performed at 60 °C for 12 h. 

Rectangular specimens were cut from the panel with a length of 120 mm and a width of 

21 mm. The average thickness was equal to 2.4 mm. The unidirectional Glass fibres UT-

E500 by Gurit and epoxy resin RIMR-235 (hardener RIMRH-235) by Momentive were 

adopted. The lamina elastic properties are reported in the appendix of this Chapter. 

The edges of each specimen were polished starting with a P180 sandpaper, down to a 0.5 

ɛm silicon oxide suspension, to prevent preferential edge crack initiation due to the saw 

cutting marks [5] and to allow microscopic observations on the edges. The fibre volume 

fraction, Vf, was measured by micrographic observations after a sulphuric acid attack to 

increase the contrast between fibre and matrix. The resulting fibre volume fraction was 

Vf=0.61. Glass/epoxy cross-ply tabs with length of 25 mm were bonded to the specimensô 

ends using methyl methacrylate adhesive, obtaining a gage length of 70 mm.  

N

P(N)
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The specimens were tested on a bi-axial MTS T100 (809) tension/torsion machine, 

equipped with a 100 kN load cell. Load-controlled cycles were applied with a load ratio 

R of 0.05 and a frequency of 10 Hz. The temperature was not seen to increase more than 

4-5°C during the tests. The macro-scale damage evolution was monitored using a Baumer 

full frame camera positioned in front of the specimen while a led panel was used for back-

illumination.  

The periodically acquired images were then processed to detect the presence of transverse 

cracks, as explained in Refs. [7, 37]. No cracks were present in the specimens before 

testing. To analyse the damage evolution from a micro-scale perspective, some of the 

tests were periodically interrupted, and the specimenôs edges were inspected through an 

optical microscope. The experimental campaign consisted of two types of tests: 

1) Two-block loadings with multiple transverse crack formation in both blocks: these 

tests had the twofold aims of characterising the CA crack initiation and propagation, 

through the analysis of the damage evolution in the first block, and validating the crack 

density prediction model [14], in the presence of combined internal/external variable 

amplitude loadings. 

2) Two-block loadings with transverse crack formation in the second block only: in these 

tests the number of cycles in the first block was chosen low enough to prevent the 

initiation of transverse cracks, thus allowing the validation of the P(N*) formulation in 

the second block (Eq. (9)), in a condition characterised by an external VA loading. By 

doing so, the effects of the stress re-distribution and crack propagation were eliminated, 

allowing the analysis of the crack initiation only. 

For the first type of tests, the number of cycles and load levels, in terms of the maximum 

cyclic value of the global applied stress, ůx,max, are reported in Table 1. Two repetitions 

were carried out for each condition. The number of cycles for each block in the HL and 

LH sequences has been kept the same, so that the possible influence of the load sequence 

on the crack density evolution could be appreciated. In this case, the number of cycles in 

the second block, ȹN2, was fixed as we were not interested in the final specimen failure. 

The aim was indeed to verify the suitability of the crack density prediction model under 

block loadings. 
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Table 1: Stress levels and number of cycles for the two-block tests with transverse crack 

formation in both blocks 

  
Block 1 Block 2 

ID sequence 
ůExt,Block1 

[MPa]  

ȹN1 

[cycles] 

ůExt,block2 

[MPa]  

ȹN2 

[cycles] 

HL-80-60 HL 80 10000 60 100000 

HL-70-50 HL 70 20000 50 600000 

LH-60-80 LH 60 100000 80 10000 

LH-50-70 LH 50 600000 70 20000 

 

 

Table 2: Stress levels and number of cycles for the two-block tests with transverse crack 

formation in the second block only 

ID 
ůx,max,block1 

[MPa]  

ůx,max,block2 

[MPa]  

ȹN1 

[cycles] 
ȹN1/Ni,1 

HL-69-55-01 69 55 222 0.06 

HL-69-55-02 69 55 1665 0.45 

LH-55-69-01 55 69 8290 0.21 

LH-55-69-02 55 69 17760 0.45 

 

For the second type of tests, the maximum stress levels of 55 MPa (low) and 69 MPa 

(high) were chosen. Four different LH-HL configurations were chosen, as reported in 

Table 2, with two repetitions for each testing case. Ni,1 is the number of cycles to the 

transverse crack initiation calculated from the 50% probability of survival S-N curve. 

This was obtained for the first 5 cracks in each specimen from the type-1 block tests (see 

appendix).  

 

3.4. Macro-scale test results and model application 

In this section, the macro-scale block loading test results are reported in terms of 

transverse crack initiation and propagation and crack density evolution. The variable 



Crack formation under fatigue loadings: Two stage fatigue 

59 

 

amplitude formulation reported in section 3.2 and the crack density prediction model are 

applied to the experimental data for the sake of validation and the results are discussed.  

 

3.4.1 Constant amplitude characterisation 

In this sub-section, the results obtained from the first block of the type-1 tests are 

presented. As already mentioned, the number of cycles of the first block was chosen high 

enough to promote the initiation and propagation of multiple transverse cracks, allowing 

the characterisation of the CA material behaviour.  

Through the analysis of the acquired front pictures, it was possible to obtain the number 

of cycles for the initiation of each transverse crack. Before proceeding further, it is 

important to clarify that with the term transverse crack we mean a 90° crack that involves 

the entire 90°-layer thickness and propagates along the fibre direction (the so-called 

tunnelling crack propagation).  

A representative example of the transverse crack formation, as visible from the filtered 

front pictures, is shown in Figure 4, which reports the evolution of the appearance of a 

horizontal strip of a specimen where a transverse crack forms. In the first steps, it is 

possible to observe an initiation phase when the crack appears as a thin line. At this stage, 

as proved by the micro-scale observations reported later in section 3.5, the damage is in 

the form of debonds that progressively propagate and connect forming a meso-scale crack 

that propagates through the thickness. Accordingly, a transverse crack, meant as a crack 

that spans the entire layer thickness and propagates along the longitudinal direction, is 

not formed yet. From a certain point (transverse crack initiation in Figure 4), the crack 

appears as a much thicker and darker line, of which the tips propagate along the width as 

more cycles are applied. At this stage the crack has reached the full 90°-layer thickness, 

so that it can be considered as an actual transverse crack. According to this scenario, the 

number of cycles to the initiation of a transverse crack was identified, from the front 

pictures, as the number of cycles at which the crack begun its propagation along the width. 

When this happened, the length of the detected crack, corresponding to c0 in Figure 1, 

was almost always within the range 2-3 mm.  
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The cycles to the initiation of the first five transverse cracks within an observation length 

of 50 mm in each specimen were collected and linked to the maximum cyclic stress, 

obtaining the crack initiation S-N curve reported in the Appendix of this Chapter (the 

number of five cracks was chosen to provide more statistically relevant results and, at the 

same time, ensuring that they were far enough to be non-interactive and thus independent 

events). The results are reported in terms of the maximum cyclic value of the LHS, this 

being the effective stress to be used when the loading condition is characterised by very 

low (or null) values of the in-plane shear stress. The LHS was calculated, from the global 

stresses, as explained in Ref. [36]. A key parameter obtained from this analysis is the 

curve slope, i.e. the exponent in Eq. (1), equal to aLHS=-0.096 in this case (the subscript 

LHS is used here in agreement with [14] to refer to the fact that the crack initiation is 

LHS-controlled). 

 

  

Figure 4: Transverse crack formation and propagation from front images 

As already mentioned, each c0·l0 element of the 90° layer is characterised by a Weibull 

distribution of the intercept K of the S-N curve (Eq. (2)). The shape and scale parameters 

were calculated based on the procedure outlined in Ref. [14], resulting in mLHS=15 and 

K0,LHS=148 MPa. In agreement with the previous observations and Ref. [14], c0 and l0 

were chosen equal to 2.7 mm and 0.1 mm, respectively. 

N
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The propagation of transverse cracks along the 90° fibre direction was analysed by 

measuring the crack length increment for the first initiated cracks in each specimen during 

the first block. As expected, the crack propagation occurred in a steady state manner, the 

mode I ERR being independent of the crack length, as well documented in the literature 

[3, 38]. Therefore, each crack propagated with a constant rate, as far as it was far enough 

from other surrounding cracks.  

By calculating the ERR through a shear lag model [39], the Crack Growth Rate (CGR) 

was linked to the maximum cyclic value of GI, GI,max, by means of the typical power law  

d

I,maxCGR C G= Ö          (15) 

as shown in the Appendix of this Chapter. 

The tunnelling crack propagation was also analysed in the later stages of the tests, in the 

presence of close neighbouring cracks, to understand whether a propagation threshold 

exists. It was found that no crack propagation occurred for GI,max values lower than 0.025 

kJ/m2, so that this can be considered as a threshold value GI,th. This is taken in account 

using the following equation, using n1=5 (see the Appendix): 

n1

I,thd

I,max

I,max

G
CGR C G 1

G

è øå õ
é ù= Ö Ö -æ öæ öé ùç ÷ê ú

       (16) 

The crack initiation and propagation data obtained from these analyses are the necessary 

input properties for the crack density evolution model [14] that will be later applied to the 

VA experimental results. 

3.4.2 VA characterization: tests without transverse crack formation in the first block 

In the second type of tests the number of cycles in the first block was kept low enough to 

prevent the formation of transverse cracks. Then the applied stress level was changed, 

and the number of initiated transverse cracks (nc) was measured as a function of the cycles 

in the second block, N*. The probability P(N*) could be experimentally obtained as 
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where nel is the number of elements in which the 90° layer is discretised (see section 3.2), 

w is the laminate width and L the observation length (again, c0=2.7 mm and l0=0.1 mm). 

The experimental trend of P(N*), together with the predictions obtained through Eq. (9), 

is shown in Figures 5a)-d) for the four testing conditions. A good agreement can be 

observed until a certain probability value, then the predictions diverge from the 

experimental trends. This is due to the fact that, as the number of cracks increases, a 

significant stress re-distribution takes place and influences (delays) the initiation of new 

cracks. According to the shear lag model in Ref. [39], the limit condition for non-

interacting cracks is associated to a weighted crack density of 0.125 mm-1, for which the 

maximum transverse stress in the 90° ply decreases of less than 1% with respect to its 

nominal value in the absence of damage. From the tests, it was possible to observe that 

when the weighted crack density was about 0.125 mm-1, the total crack density was 

around 0.4-0.45 mm-1. Accordingly, the cracking probability P(N)=ɟĿl0·c0/w associated 

to the limit condition for non-interactive cracks was of approximately 0.005-0.0055. This 

agrees quite well with the P(N*) value at which the experimental and predicted trends in 

Figure 5 start diverging. 
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Figure 5: Predicted and experimental trends of P(N*) from block loadings with 

transverse cracks in the second block only 

In Figure 6, the data are presented in a more concise and comprehensive way. On the 

horizontal axis, the number of cycles in the first block is divided by N1,P, which is equal 

to the number of cycles required to reach a probability P(N) equal to P under a CA loading 

with ůeff,1. Inverting Eq. (3), considering ůeff= ůeff,1, N1,P is calculated as 
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On the vertical axis, N*P represents the number of cycles in the second block required to 

reach a probability P(N) equal to P, obtained experimentally as in Eq. (17). It is 

normalised by N2,P, equal to the number of cycles required to reach a probability P(N) 

equal to P under a CA loading with ůeff,2, calculated as 
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For each specimen, three values of P (namely 0.0005, 0.001, 0.0015) were chosen, low 

enough to remain in the non-interactive crack formation regime. According to the linear 

damage summation rule (section 3.2.1) and the probability conservation (section 3.2.2), 

the linear correlation shown with a solid line in Figure 6 is obtained. The dashed-line 

scatter band is obtained by summing ± one standard deviation calculated for the same 

range of cracking probability in the CA tests. It can be seen that the experimental data are 

distributed around this linear trend and fall inside the scatter band, confirming again, from 
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the phenomenological point of view, the suitability of the linear damage accumulation 

approach.  

 

 

Figure 6: Comparison between the experimental results of P(N*) = 0.0005, 0.001 and 

0.0015 and the linear damage accumulation approach 

 

3.4.3 VA characterization: block loadings with transverse crack formation in both 

blocks 

Through the analysis of the front pictures, it was possible to obtain the evolution of the 

weighted cracks density, ɟw, defined as 
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where ci is the length of the i-th initiated crack and nc the number of cracks. As already 

discussed in previous works [3, 7], this definition of the crack density is equivalent to the 

ratio between the total crack surface and the 90° ply volume, a parameter that is directly 

correlated with the stiffness degradation, according to the micromechanics theory [40].  
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Figure 7: Weighted crack density evolution under block loading for a) HL-80-60, LH-

60-80 and b) HL-70-50, LH-50-70 sequences  

The experimental trends for the block loading sequences are reported in Figure 7. In the 

same figure, the results of the simulations obtained with the crack density prediction 

model [14] are included. The linear damage accumulation rule was used to deal with the 

internal VA problem, its suitability being proved by the analyses discussed above. 

Concerning crack propagation in the second block, it was not considered to be influenced 

by the first block application. This was confirmed by experimental measurements 

showing a crack growth rate measured in the second block compatible with that in the 

CA regime (see the Appendix). The very good agreement between the experimental and 

predicted data reveals the accuracy of the proposed model. This suggests the suitability 

of the linear damage summation in the presence of combined external and internal VA 

loadings. According to both the experimental results and the model predictions, when the 

load blocks are applied with a LH sequence, the weighted crack density at the end of the 

second block is slightly higher than that obtained with a HL sequence. Conversely, the 

final crack density is slightly lower for the LH block application. According to these 

results, the sequence effect on the weighted crack density at the end of the tests seems 

very limited and slightly dependent on the applied loads. Of course, this conclusion is not 

general and is valid only with reference to the present material and load combinations. 
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3.5. Micro-scale test results 

As mentioned in section 3.4.1, each detected transverse crack initially appears as a thin 

horizontal line in the front pictures (see Figure 4). As the number of cycles increases, it 

becomes thicker and darker and starts propagating along the 90° fibre direction. To 

understand the mechanism behind this macroscopic evidence, the specimen edges were 

periodically inspected under an optical microscope. 

By doing so, it was possible to verify that, in correspondence of the appearance of a thin 

horizontal line in the front pictures, some damage was present at a lower length scale. As 

shown in Figure 8, this is represented by a crack that does not involve the entire layer 

thickness (left of Figure 8). From now on, we will refer to such incomplete cracks with 

the term meso-cracks, to differentiate them from the transverse cracks which, instead, are 

fully propagated through the thickness. From Figure 8, it can be seen that, increasing the 

number of cycles, the meso-crack has almost reached the interfaces with the 0°-plies. At 

this point, it appeared as a much thicker line from the front image and started propagating 

along the width. In this condition it was counted as a transverse crack. 

In these specimens, it was not possible to observe damage conditions characterised by 

isolated debonds only, probably because of detection difficulties (very small crack 

opening, recovered after the load removal). However, it is reasonable to think that the 

formation of the meso-crack comes from the initiation, propagation and coalescence of 

debonds.   

The meso-crack length was measured and plotted against the number of cycles during the 

first block of the type-1 tests. Quantitative results are reported as black diamonds in 

Figure 9, where the meso-crack length, 2a, is plotted against the number of cycles (for 

each crack, cycle zero is the cycle at which the meso-crack was seen for the first time). 

The phenomenon is highly scattered. Indeed, at a fixed load level, some meso-cracks 

propagate fast while others have a much lower growth rate (results for the first CA blocks  

only are reported in the Appendix, for a clearer visualization).  
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Figure 8: Sequence of propagation for an edge meso-crack (ůx,max=80MPa) 

An attempt of correlating the meso-crack growth rate with the ERR calculated through 

FE analyses was done. In the FE model, each layer was modelled as a homogeneous solid 

with orthotropic elastic properties and a crack with a semi-length a was simulated as 

explained in the Appendix of this Chapter. The meso-crack growth rate was calculated 

from the 2a vs N data reported in Figure 9 as the secant slope between contiguous data 

points, and then plotted against the mode I ERR, GI,max,meso.  Results are shown in 

Appendix. No correlation at all was found and it was not possible to describe the meso-

crack propagation process through the typical power law. The reason is that this is not a 

crack propagating within a homogeneous medium and the meso-crack is not sufficiently 

long with respect to a microstructural characteristic length such as one or few fibre 

diameters. Thus, the process zone involved in the propagation of a single debond or meso-

crack is small and does not include a microstructural representative volume. Therefore, 

the resistance to crack propagation changes continuously and randomly during this 

process, depending on the position of the crack tips. For instance, when a crack tip 

propagates at the fibre-matrix interface the resistance to crack propagation is lower than 

in the bulk matrix. Accordingly, a meso-crack is continuously subjected to accelerations 

and arrests, depending on the position of its tips. This observation is very important for 

the damage-based justification of the linear damage accumulation rule reported later. 
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Figure 9: Comparison of the meso-crack growth data under CA loadings and in the 

second load block of LH sequences at a) 70 MPa and b) 80 MPa and c) HL sequence at 

60 MPa 

The meso-crack propagation analysis was carried out also in the second block of 

dedicated two-block tests, with the aim of understanding the possible influence of the first 

block application on its propagation and, thus, on the transverse crack formation process 

in the second block. Additional tests were carried out. The first block was stopped after 

the formation of a sufficient number of meso-cracks at the edge of the specimen, to be 

periodically measured during the second block. Two LH (50-70 MPa and 60-80 MPa) 

and one HL (80-60 MPa) sequences were adopted. The duration of the first block was of 

120000 cycles at 50 MPa, 25000 cycles at 60 MPa and 1000 cycles at 80 MPa. Two 

specimens were tested for each test case.  

During the second block, the tests were stopped and the specimen edges were scanned 

under the microscope after 1, 10, 100 etc.. cycles. The results are reported in Figure 9, 

where the second block propagation data for meso-cracks already present in the first block 

are plotted as red triangles. Comparable trends can be observed between CA and LH and 

HL block loading data. Sometimes, accelerations can be noticed at the beginning of the 

second load block in LH sequences. When this happens, the meso-crack growth rate 
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rapidly decreases after the first cycles and reaches a value compatible with that obtained 

under CA loadings. In the HL sequence, instead, in most cases the meso-crack was not 

seen to propagate in the first 1000-2000 cycles of the second block, but then it started 

propagating with a growth rate compatible with those obtained under CA loadings.  

    

Figure 10: Comparison between the meso-crack growth rate under CA loadings and in 

the second block of LH load sequences with a maximum cyclic stress of a) 70 and b) 80 

MPa 

In Figure 10, the meso-crack growth rate, calculated as the secant slope between 

contiguous points, is plotted against the number of cycles in the second block of the LH 

sequences. It is important to say that in approximately 50% of the analysed cases there 

was no visible crack growth in the very first cycle (this does not mean that an irreversible 

damage process did not occur at the crack tip, but simply that it was not visible or clearly 

measurable). These data are not reported in the figure as they are characterised by a null 

value of the crack growth rate. In the other cases there was a propagation in the first cycle, 

typically occurring with a significantly higher rate with respect to the CA values. The 

overall consistency of the CA and LH data suggests that the meso-crack growth in the 

high-load block is not influenced by the application of the previous low-load block, if not 

in the very first few cycles (1-10). Even when the initial acceleration occurs, its influence 

in terms of cycles to the transverse crack formation is negligible when the second block 

is long enough. The same analysis is carried out for the HL sequence in Figure 11. As no 

propagation could be detected in the very first (å1000) cycles, the meso-scale crack 

growth rate is mostly reported only after about 1000 cycles in the second block. From this 

point on, da/dN is well included within the upper and lower bounds obtained under a CA 

loading at 60 MPa, showing no influence of the previous block application on the meso-

scale crack growth, at least after a certain number of cycles in the second block. In the 
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analysed sequence, this number of cycles is around 1000-2000, higher with respect to that 

in the LH sequences, but this should be compared to a much higher number of cycles 

required for completing the meso-crack propagation and forming a transverse crack under 

the low load.  

 

Figure 11: Comparison between the meso-crack growth rate under CA loadings and in 

the second block of a HL load sequences with a maximum cyclic stress of 60 MPa 

According to this analysis, the meso-scale crack growth after a certain number of cycles 

is not influenced by the previous block application. Thus, there is no significant load 

interaction effect in the transverse crack initiation process, provided that the second block 

is long enough with respect to the number of cycles at which the CGR perturbation was 

observed. This represents a mechanistic validation of the linear damage accumulation 

approach. Obviously, this is valid for sufficiently long blocks only, as those applied in 

the present work, or those related to the stress re-distribution due to the crack formation 

process in external CA loadings.  

 

3.6. Analytical damage-based justification of the linear damage 

accumulation rule 

Based on the micro-scale observations reported in the previous section, it is possible to 

state that: 

i) The transverse crack formation results from the initiation, propagation and coalescence 
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ii) The propagation of the meso-cracks is not influenced by the application of a previous 

block, apart from the very first cycles; 

iii) The propagation of the micro or meso-crack is governed by a ñlocalò Paris law in the 

form 

n

I

da
M G

dN
= Ö           (21) 

where GI is the local mode I ERR at the meso-crack tip. The coefficient M changes 

randomly during the propagation, depending on the tip position (interface or matrix for 

instance). Eq. (21) is written assuming a mode I propagation. The developed framework 

is totally independent on this assumption, and the mode I ERR GI could be changed with 

an effective ERR that accounts for the mode mixity. 

The local ERR can be written as 

2

I 2G Y a= Ös Öp         (22) 

where Y is a geometric shape parameter that, again, varies randomly during the 

propagation, depending on the tip position. ů2 is the transverse stress applied to the 90° 

ply. 

Let us consider that the micro- or meso-crack length increases from a value a0 (length of 

a single debond after its initiation, for instance) to a value af corresponding to the 

transverse crack formation. The latter can be independent of the load level, as for instance 

equal to the ply thickness, or function of the load level. The last condition is associated 

to reaching a meso-crack length af such that the propagation becomes unstable under the 

applied maximum cyclic load. This scenario is not confirmed by our edge observations, 

according to which the through-the-thickness propagation is globally stable. Accordingly, 

in the following, af is considered to be independent of the load level. By integrating the 

local Paris law, the number of cycles to the transverse crack formation can be expressed 

as 
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f

0

a

i n 2n n na
2

da
N

M Y a
=

Ö Ös Öp Öñ         (23) 

As M and Y vary with the meso-crack length, they cannot be taken out of the integral. 

Let us define the function g(a)=M·Yn. Then Eq. (23) can be re-written as 

f

0

a

i 2n n na
2

1 da
N

g(a) a
=
s Öp Öñ         (24) 

Integrating by parts we obtain 

f

0

ss s
a

0f
i 2n n 2a

2 f 0

aa1 a
N g '(a)da

s g(a ) g(a ) 2g(a)

è ø
= - +é ù
s Öp Öê ú

ñ      (25) 

where s=1-n. As g(a) varies randomly, gô(a) oscillates continuously between positive and 

negative values, so that the integral in Eq. (25) can be considered equal to zero. 

Accordingly, Eq. (25) can be written as 

s s f
i f 02n

2 f 0

g(a )1 B
N a a

g(a ) g(a )

è ø
= -é ù
s ê ú

       (26) 

where B is a constant equal to 1/(ˊn·s). As everything but the stress is constant in Eq. (26), 

this corresponds to the power-like formulation for the transverse crack initiation S-N 

curve 

2n

i 2N const -= Ös         (27) 

Eq. (27) can be rewritten in terms of the effective stress ůeff, equal to the LHS in this case, 

calculated starting from the transverse stress, turning out in an expression formally 

identical to Eq. (1). 

This conclusion is valid both if we consider the propagation of a single or multiple 

micro/meso-cracks, then coalescing and reaching a length equal to the entire ply 

thickness. 
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Now, let us assume to apply ȹN1 cycles under a maximum cyclic transverse stress equal 

to ů2,1. From Eq. (26) we can write 

s s 2n1 1
1 0 2,1 1

0

g(a ) g(a )
a a N

g(a ) B
- = Ös ÖD       (28) 

Then, let us change the stress level to ů2,2Íů2,1. Under the hypothesis that the first load 

block does not influence the crack growth rate under the second stress level (verified for 

sufficiently long blocks), the number of cycles ȹN2 required for the formation of a 

transverse crack is then 

s s f
2 f 12n

2,2 f 1

g(a )1 B
N a a

g(a ) g(a )

è ø
D = -é ù

s ê ú
       (29) 

After some manipulations and using Eq. (28), it yields 

2n

2,1

2 i,2 1

2,2

N N N
å õs

D = -D Öæ öæ ösç ÷
        (30) 

where Ni,2 is the number of cycles required for the transverse crack formation under a 

constant maximum cyclic stress equal to ů2,2. According to Eq. (27),  

2n

2,1 i,2

2,2 i,1

N

N

å õs
=æ öæ ösç ÷

         (31) 

so that, dividing Eq. (30) by Ni,2 one obtains 

2 1

i,2 i,1

N N
1

N N

D D
+ =         (32) 

which corresponds to the linear damage accumulation rule adopted for predicting the 

multiple crack initiation. The treatise reported here may be seen as the rationale behind 

the use of this simple rule, limited to the case of sufficiently long blocks. 
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3.7. Conclusions 

Because of the stress re-distribution in the presence of multiple cracks, the fatigue crack 

initiation phenomenon is inherently a variable amplitude problem (internal variable 

amplitude). This must be taken into account for predicting the crack density evolution in 

laminates. To analyse this problem, fatigue tests were carried out on glass/epoxy cross 

ply laminates under variable amplitude block loadings, focusing the attention on the crack 

initiation phenomenon and the crack density evolution.  

The linear damage accumulation rule gave satisfactory results in predicting the crack 

initiation probability under external variable amplitude block loadings (the load 

amplitude was changed before the initiation of cracks in the first block, thus eliminating 

the influence of the stress re-distribution). Then, a previously developed crack density 

prediction model, making use of the linear damage accumulation rule, was shown to 

predict with a high accuracy the crack density evolution under combined external/internal 

variable amplitude block loadings. These results represent a phenomenological validation 

of the linear damage accumulation approach.  

Micro-scale observations revealed that the formation of a transverse crack was preceded 

by the initiation and through-the-thickness propagation of micro-meso scale cracks. No 

correlation was found between the meso-crack growth rate and the associated Energy 

Release Rate, because of the heterogeneous nature of the problem. However, the growth 

rate was found not to be influenced by the application of previous load blocks with a 

different amplitude, apart from the very first cycles in a low-high load sequences. This 

provides a mechanistic basis for using the linear damage accumulation rule to predict the 

nucleation of cracks in the case of sufficiently long block loadings.  
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3.8. Appendix - Supplementary material for the two-stage experimental 

campaign 

In this section, constant amplitude data and damage observations acquired on the 

composite panel CP3 are reported to support the reader with the results and observation 

described in this chapter about two stage fatigue loadings, which tests have been 

conducted on the same panel. Considerations about mesocrack propagations are also 

reported. 

3.8.1 Additional details on the CA experimental results 

The elastic properties of the plies are listed in Table A1. 

Table A1: Material properties 

E1 51595 MPa  

E2 15521 MPa  

G12 5754 MPa  

ɜ12 0.278   

ply thickness 0.3 mm 

 

The transverse strength was measured in previous works and resulted equal to 43 MPa 

±7.5%. An example of a sequence of front images taken during the tests and processed as 

in Refs. [7,37], is shown in Figure A1, where the presence of transverse cracks is 

highlighted (black horizontal lines). 

 

 

Figure A1: Sequence of filtered front images during a fatigue test. 
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As explained in the paper, the cycles for the initiation of the first five cracks in each 

specimen were considered to plot the CA crack initiation S-N curve shown in Figure A2 

and calculate its slope, aLHS. The maximum value of the LHS was used in the vertical 

axis. 

 

 

Figure A2: Transverse crack initiation S-N curve under CA loadings 

 

The CGR under CA loading, obtained by measuring the crack length as explained in the 

paper, was plotted against the maximum cyclic value of the steady state mode I ERR. The 

results are shown as blue diamonds in Figure A3. The black line corresponds to the power 

law fit, whereas the red dashed curve is obtained using Eq. (16) in chapter 3, considering 

n1=5 and a threshold value GI,th=0.025kJ/m2. The red triangles represent instead the CGR 

measured from cracks propagating in the second block of the type-1) tests. The results 

are compatible, revealing the absence of load interaction in the through-the-width 

propagation. 

 

10

100

100 1000 10000 100000 1000000

L
H

S
m

a
x
[M

P
a

]

cycles to transverse crack initiation, Ni

LHSmax=90.2·N-0.096



Crack formation under fatigue loadings: Two stage fatigue 

77 

 

 

Figure A3: CGR-ERR curve for the tunnelling propagation of macrocracks on the 

transverse ply of the cross-ply laminate. 

 

3.8.2 Meso-crack propagation: correlation with the meso-scale ERR 

As explained in , the meso-crack propagation was characterised under CA loadings. Their 

length, 2a, is plotted against the number of cycles in Figure A4, for every stress level. 

  

  

Figure A4: Meso-crack propagation curves for specimens tested under a maximum 

stress level of a) 80 MPa, b) 70 MPa, c) 60 MPa and d) 50 MPa 
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A finite element model was developed to obtain the ERR at the crack tip for the meso-

crack propagation. The commercial code ANSYS 19.2© was adopted. Due to the 

symmetric lay-up, only the upper part of the laminate was modelled, imposing symmetry 

boundary conditions at the bottom of the 90° layer. 2D analyses were carried out. A meso-

crack with a semi-length a was positioned in the transverse plies on the left side and 

symmetry conditions were applied on the remaining part of the left side of the 0° and 90° 

layers.  

 

 

Figure A5: Schematic of the FE model and magnification of the mesh over the crack tip 

area. 

 

A uniform longitudinal displacement was applied on the right side, thus guaranteeing a 

symmetry condition also with respect to the right side of the model. The length of the 

model was equal to three times the full 90° ply thickness, enough to avoid any influence 

of such a length in the results. A free mesh was generated using quadratic triangular 

PLANE183 elements from the ANSYS library with a generalised plane strain behaviour. 

Square elements with a size ȹa = 0.006 mm were used in proximity of the crack tip for 

calculating the ERR through the Virtual Crack Closure Technique (VCCT). A 

representative image of the deformed shape and the mesh is reported in Figure A5. The 

trend of the mode I ERR, normalised with respect to the square of the global applied 

stress, is reported in Figure A6 as a function of the semi-crack length, a, divided by the 

half-thickness of the 90° layer (0.6). 
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Figure A6: Normalised ERR against the normalised meso-crack length 

 

 

Figure A7: Meso-crack growth rate against the mode I ERR 

 

As described in section 3.5, the meso-scale crack growth rate da/dN was obtained from 

the data in Figure A4 and plotted against the maximum cyclic value of the meso-scale 

mode I ERR, GI,max,meso. The results are shown in Figure A7, from which no correlation 

can be identified between the ERR and the meso-crack growth rate. 
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4 

Crack formation under fatigue loadings: 

damage evolution in cross-ply laminates 

under spectra loadings 

 

 
 

4.1. Introduction 

The early stages of the fatigue damage evolution in multidirectional composite laminates 

are characterised by the initiation and propagation of multiple off-axis cracks ([1]-[6]). 

As a result, the laminate stiffness decreases and may reach a value that makes a structural 

component unsafe or malfunctioning. Predicting crack initiation and propagation is thus 

very important in the design of composite parts against fatigue. For this reason, the off-

axis cracking phenomenon has been extensively studied by the scientific community in 

the last four decades.  

A ply-level damage parameter that correlates with the stiffness degradation is the so-

called weighted crack density, ɟw, equal to the sum of the crack surface area divided by 

the ply volume [7]. This can be easily simplified as the sum of the length of the cracks in 

a ply, divided by its surface area, in a certain region of interest ([3], [6], [7]). For 

predicting the weighted crack density, it is thus necessary to predict the initiation and 

propagation of multiple off-axis cracks. 

Several researchers have proposed, over the years, their own models for predicting the 

crack density evolution, making use of stress-based ([8]-[14]) or energy-based 

approaches ([15]-[18]). Whatever criterion is used for predicting the crack initiation, it 

must deal with the fact that in the presence of cracks a stress-redistribution occurs. 

Therefore, a point in a laminate is not subjected to the same local stress state over the 
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entire fatigue life, even if the external load profile is characterised by a constant amplitude 

and maximum cyclic load. This phenomenon was referred to as internal variable 

amplitude loading [19], as shown in Chapter 3. This differentiates from the external 

variable amplitude loading, which is linked to variations in the amplitude of the applied 

cyclic load, very frequent in real applications. A crack initiation criterion must thus 

include a damage accumulation rule to deal with the internal or external variable 

amplitude loading. The linear damage accumulation rule is the most common approach, 

used, for instance, in Refs. ([8]-[11]). A recent work has proved that this simple rule is 

formally correct under block loadings, when the number of cycles in each block is 

sufficiently high. This is the case of the internal variable amplitude and two-stage block 

loadings with long blocks, as reported in [19] and Chapter 3. This conclusion was drawn 

based on experimental observations of the micro-scale damage evolution preceding the 

formation of a transverse crack in cross-ply laminates, as briefly recalled in section 4.2.2 

of this chapter. 

Practical applications are often characterised by spectrum loadings, typically not 

characterised by the presence of long block with the same load amplitude. Based on the 

microscopic observations in Ref. [19] and Chapter 3, the linear damage accumulation rule 

for crack initiation may not be suitable in such conditions. However, the phenomenon of 

crack fatigue crack initiation under generic spectrum loadings has not been extensively 

studied in the literature yet. In Ref. [20], Bender et al. tested [45/-45/05]s glass/epoxy 

laminates under repeated two-stage small blocks. They observed that the off-axis crack 

initiation and propagation, and thus the weighted crack density evolution, were much 

faster than under Constant Amplitude (CA) loadings at the same load levels. No 

comparisons were made with the linear damage accumulation prediction for crack 

initiation, but the results suggest that it may underestimate the number of initiated cracks. 

The fatigue failure of a 20° off-axis UD laminate was characterised under a spectrum 

loading in Ref. [21] . This being a purely UD laminate, the final failure corresponds to 

the crack initiation [22]. Using the linear damage accumulation rule, calibrated on CA 

tests, non-conservative predictions of the life to crack initiation were obtained. 

Several works were published on the fatigue behaviour of laminates under spectrum 

loadings (see, for instance, Refs. [23]-[31]), but they are focussed on the macroscopic 

laminate behaviour, in terms of fatigue failure or residual strength. No observations or 

criteria were reported for the off-axis crack initiation and propagation under Variable 
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Amplitude (VA) spectrum loadings, which is the target of the present work. It is worth 

noting, however, that  in all cases VA loadings were more critical than CA loadings and 

the linear damage accumulation rule cannot be applied for predicting the global laminate 

behaviour under a generic spectrum loading. This phenomenon was called cycle mix effect 

[23]. It refers to the fact that the damage induced by a cycle in a spectrum, thus preceded 

by cycles with a different amplitude or maximum stress, differs from the one that would 

be caused by the same cycle in a CA scenario. This concept, originally conceived for the 

global laminate behaviour, can be transferred also to the crack initiation phenomenon, 

according to the observations in Ref. [19] and Chapter 3. Indeed, it was found that the 

first cycles in a high-load block, following a low-load block, was characterised by a faster 

micro-scale damage growth than under CA loadings. Then, such a damage growth rate 

decreased back to the same values as under CA cycles, making the linear damage 

accumulation rule suitable for long blocks, as anticipated. For short blocks, or single 

cycles, this is not true anymore. However, no indications or models are available so far 

for treating the crack initiation and propagation under spectrum loadings. 

Accordingly, the aim of this work is to analyse these two phenomena by testing 

glass/epoxy cross-ply laminates under different loading conditions, from small, repeated 

blocks to three different types of spectrum loadings, analysing the influence of the 

spectrum features on the damage evolution. 

Initially, a theoretical background is given, useful for analysing and interpreting the 

results shown in the subsequent sections, related to the transverse crack initiation, 

propagation, and weighted crack density evolution under spectrum loadings.  

 

4.2. Theoretical considerations 

4.2.1 Crack initiation under CA loadings 

A crack density prediction model was recently published by the authors [11]. For 

predicting the fatigue crack initiation, the volume of an off-axis ply is virtually discretised 

in elementary volumes involving the entire ply thickness, h, with dimensions l0 and c0 

along the transverse and longitudinal directions, respectively [11] (see Figure 1). Such 

elements are representative of the process zone for the formation of a single off-axis 
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crack, meant as a crack that spans the entire ply thickness and propagates along the fibre 

direction. Each element has a life to crack initiation governed by a power law in the form 

effa

eff eff iK Ns = Ö           (1) 

where Ni is the number of cycles to the crack initiation and ůeff is an effective stress to 

account for multiaxial stress states [32]. This can be equal to the Local Hydrostatic Stress 

(LHS) or Local Maximum Principal Stress (LMPS) in the matrix, when the shear to 

transverse stress ratio is lower or higher than about 0.5, respectively [32]. The exponent, 

aeff, is assumed to be the same for every element, whereas the coefficient Keff, 

representative of the fatigue strength to crack initiation, is distributed among the elements 

according to a Weibull-type cumulative distribution function: 

m

eff
eff

eff ,0

K
P(K ) 1 exp

K

è øå õ
é ù= - -æ öæ öé ùç ÷ê ú

       (2) 

K0 and m are material parameters that can be calibrated as outlined in Ref.[11].  

At this point, the concept of the total crack density is recalled, ɟ=nc/L, where nc is the 

number of initiated cracks and L is the length of the observation region. Expressing Keff 

from Eq. (1), substituting into Eq. (2) and considering the definition of ɟ, the total crack 

density can be predicted as a function of the applied cycles as [11] 

m

NI eff

a

0 0 0,eff

w
1 exp

l c sin K N

å õå õå õsæ öæ ör = Ö - -æ öæ öæ öÖ Ö q Öæ öç ÷ç ÷ç ÷

      (3) 

where w is the laminate width and ɗ the fibre orientation. Eq. (3) is valid when the 

effective stress does not change from element to element and from cycle to cycle. Thus, 

it can only predict the total crack density evolution when a CA cyclic load is applied and 

when the cracks are far enough from each other to be considered Non-Interactive (NI) 

from the stress re-distribution point of view. This is typically verified in the early stages 

of the fatigue life.  
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Figure 1: Schematic of the ply discretisation into elements for a cross-ply laminate 

 

4.2.2 Crack initiation under long-block loadings 

According to the microscopic observations reported in Ref. [19] and Chapter 3, the 

formation of a transverse crack, involving the entire ply thickness, is preceded by the 

initiation and evolution of damage at the micro-scale. The process starts with fibre-matrix 

debonds that propagate and coalesce into a meso-scale crack, which stably grows along 

the thickness direction until it reaches the two interfaces. Calling 2a the length of the 

micro- or meso-scale crack, its through-the-thickness propagation follows a power law in 

the form 

n

I

da
M G

dN
= Ö             (4) 

where 

2

I effG Y a= Ös Öp         (5) 

Y and M are coefficients that depend on the position of the crack tip (and the matrix 

elastic propreties for Y). Accordingly, as obtained in Ref. [19] and Chapter 3, the number 

of cycles to the transverse crack formation can be obtained by integrating the crack 

growth rate in Eq, (4): 

s s f
i f 02n

eff f 0

g(a )1 B
N a a
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        (6) 

B is a constant, s=1-n, a0 and af are the initial and final meso-crack lengths, respectively, 

and g(a) is a function of the crack length equal to M·Yn. Eq. (6) is of the same form as 
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Eq. (1). Assuming that a block of ȹN1 cycles is applied under the maximum cyclic stress 

ůeff,1, integrating Eq. (4) results in 

s s 2n1 1
1 0 eff ,1 1

0

g(a ) g(a )
a a N

g(a ) B
- = Ös ÖD       (7) 

If now the maximum stress is changed to ůeff,2, the number of cycles required for the 

transverse crack formation can be calculated as 

s s f
2 f 12n

eff ,2 f 1

g(a )1 B
N a a

g(a ) g(a )

è ø
D = -é ù

s ê ú
       (8) 

This is valid when the meso-crack growth in the second block follows the same law as it 

would do under a CA loading (Eq. (4)) at that stress level. As proved in [19] and Chapter 

3, the crack growth in LH block sequences is accelerated in the very first (1-10) cycles of 

the second block. After that, the same crack growth rate as in CA tests is recovered for 

the remaining cycles of the block. This means that if the second block is long enough, the 

cycle mix effect in the very first cycles can be neglected. In this situation, after some 

manipulations of Eq. (8) and Eq. (6), the linear damage accumulation rule can be obtained 

for crack initiation: 

2 1

i,2 i,1

N N
1

N N

D D
+ =         (9) 

In generic multiple-stage block loadings, under the same assumptions, the power law 

integration in the k-th block yields 

s s 2nk k
k k 1 eff ,k k

k 1

g(a ) g(a )
a a N

g(a ) B
-

-

- = Ös ÖD      

 (10) 

Following the same procedure as for two-stage block loadings, the crack initiation occurs 

when the damage parameter, D, equals 1: 

bn

k

k 1 i,k

N
D 1

N=

D
= =ä          (11) 

where nb is the number of blocks. 
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4.2.3 Crack initiation under generic spectrum loadings  

Consider now a block of ns cycles that repeats periodically in time (Figure 2). As each 

cycle can have, in general, a different maximum stress (or amplitude), a single block will 

be referred to as a spectrum. Let ůeff
max be the highest peak stress in the spectrum. For 

simplicity, the load ratio R is considered the same for every cycle in the block, even 

though the conclusion remains valid also in more generic loading conditions. 

 

 

Figure 2: Schematic representation of a periodic spectrum repetition 

 

Integrating the power law for the meso-crack growth between cycles k-1 and k (one single 

cycle), leads to 

s s 2nk k
k k 1 eff ,k k

k 1

g(a ) g(a )
a a

g(a ) B
-

-

- = Ös Öa       (12) 

A coefficient Ŭk has been introduced to deal with the cycle mix effect, which is expected 

to be of fundamental importance under a spectrum loading. Indeed, each cycle can be 

seen as a one-cycle block which, according to the observations of [19] or Chapter 3, 

discussed also above, causes a meso-crack growth rate different than under CA loading 

at the same stress level. Ŭk should be higher than 1 if ůeff,k>ůeff,k-1 (the meso-cracks 

propagate faster). In the opposite case, it could be equal or lower than 1, but no definitive 

indications can be withdrawn from Ref. [19] and Chapter 3 on this. More in general, the 

value of Ŭk is expected to depend on several factors among which the k-th absolute stress 

level, the previous ones (k-1, k-2, etcé), the difference, or the ratio, between the k-th 

stress level and the previous ones, the number of cycles spent on previous lower or higher 

stress levels and so on. With the current knowledge, it is not possible to provide a 

time

k

k-1

ns

ůeff
ůeff

max



Chapter 4 

92 

 

formulation for the dependence of Ŭk on the influencing parameters. From Eq. (12), in 

analogy with the treatise in section 4.2.2 and Ref. [19] or Chapter 3, the damage induced 

by the k-th cycle can be written as 

k k

i,k

1
D

N
D = Öa         (13) 

The damage caused by a single spectrum repetition is, thus, 

s s eff eff

1 1
n n a a

eff eff
s k k s smax

k 1 k 1i,k eff ,k eff

K K1
D H n

N= =

å õ å õ
D = Öa = a Ö = Ö Öæ ö æ öæ ös sç ÷ç ÷
ä ä     (14) 

where 

s eff

1

n max a
eff

s k

k 1s eff ,k

1
H

n =

å õs
= Öaæ öæ ösç ÷
ä         (15) 

Hs is therefore a spectrum-dependant parameter, representative of the average damage 

history in one single repetition. The total damage after nb repetitions of the spectrum block 

is thus 

eff eff

1 1

a a
eff eff

b s s s b smax max

eff eff

K K
D n D H n n H N

å õ å õ
= ÖD = Ö Ö Ö = Ö Öæ ö æ ö

s sç ÷ ç ÷
    

 (16) 

Expressing K from Eq. (16), substituting into Eq. (2) and considering that the off-axis 

crack initiation condition coincides with DÓ1, the following cracking probability is 

obtained as a function of N: 

m

eff

a a

0 s

P(N) 1 exp
K H N

å õå õs
æ ö= - -æ ö
æ öÖ Öç ÷ç ÷

       (17) 

Eventually, the total crack density in the NI regime, under a spectrum load, can be 

calculated as 

m

NI eff

a a

0 0 0 s

w
1 exp

c l K H N

å õå õå õs
æ öæ ör = - -æ ö
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      (18) 
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The crack initiation under spectrum loadings can thus be predicted with the same 

formulation as for CA loads, where the actual effective stress is replaced with an 

equivalent effective stress equal to  

eq eff
eff a

sH

s
s =           (19) 

Therefore, if the Weibull parameters m and K0 are known from CA tests and Hs is 

calibrated for a particular spectrum, the crack initiation can be predicted through the same 

model proposed in Ref. [11], simply using the equivalent stress in Eq. (19). Of course, Hs 

is a spectrum property, so its value can be used, in principle, only for the particular 

spectrum for which it was characterised or an equivalent one (characterised by the same 

cycle mix effects). This even depends on the material, given the presence of the slope 

parameter aeff, but this has no impact on the findings in this chapter because all performed 

tests are from the same composite panel. 

If also the load ratio varies from cycle to cycle, the formulation of the effective stress 

must also include the effect of R.  

As a last note, if all the Ŭk coefficients in Eq. (15) are equal to 1 (no cycle mix effect is 

considered), then the Hs value is defined as Hs
lin, as it provides the same results as the 

linear damage accumulation rule applied to the spectrum loading. This represented an 

important parameter in the choice of the load spectra for the fatigue tests described in the 

next sections. 

 

4.3. Materials and testing 

To evaluate the transverse crack formation and propagation under spectrum loadings, a 

cross-ply panel was manufactured. The manufacturing process included the following 

steps: ply-cutting, hand lay-up, vacuum bagging, resin mixing and degassing and vacuum 

assisted resin transfer moulding. After three days at room temperature, the laminate was 

post-cured at 60°C for 12 hours. Unidirectional glass fibres UT-E500 from Gurit (500 

g/m2) were used as reinforcement. The matrix consisted in the epoxy system 

RIMR235/RIMH235 (Hexion). After post-curing, the specimens were cut from the panel 

and the sides were polished to 4000 grit sandpaper to eliminate possible edge defects 

induced by the cutting operation. The chosen lay-up was [02/902]s and the obtained 
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specimens were on average 120 mm long, 20 mm wide and 2.44 mm thick (single ply 

thickness of 0.302 mm). The lamina elastic proprieties are reported in Table A1 in 

Appendix of this Chapter. After the application of tabs using cyanoacrylate adhesive, a 

gage length of 60 mm was obtained. A central region of 50 mm length was then 

considered for the observation of the damage evolution. 

The formation of cracks and their propagation was monitored using a BAUMER LXG-

200M camera, acquiring pictures of the ongoing test at timed intervals with the aid of a 

back-lighting LED panel, as in other works [20]. 

Further image processing such as subtraction of the first acquisition of the pristine 

specimen, Gabor orientation filtering and binarization were applied to highlight the cracks 

[33]. Crack parameters, such as the orientation and tipsô position, were obtained using the 

region props algorithm in Matlab®.  

As shown in Ref. [19] or Chapter 3, the first evidence of the crack formation from the 

front pictures is a tiny grey line at 90° with respect to the load. This corresponds to a 

micro- or meso-crack that has not completed its through-the-thickness propagation yet. 

At a certain point, it becomes darker and thicker and starts propagating along the 90° fibre 

direction. From previous experience as shown in [19] or Chapter 3, we know that this 

moment corresponds to the formation of the transverse crack, meant as a full-thickness 

crack that propagates along the width. When this happened, the transverse crack length 

was typically around 2.5 mm.   

Mechanical fatigue testing was performed using the MTS 809 tensional/torsional machine 

with a frequency of 10 Hz. No significant heating (less than 3-4°C) was observed.  

A sinusoidal load was applied, between the maximum level, here referred as peak, and 

the minimum one, the valley. The load ratio R, i.e. the ratio between the peak and the 

valley, is known to influences the fatigue damage evolution. To exclude this phenomenon 

and isolate the effects of the spectrum loadings, all the tests were carried out with a load 

ratio R = 0.05. The variable amplitude spectra were generated having each defined peak 

followed by a valley at that specified load ratio. 

The tests carried out can be grouped into three categories, as discussed later on: 

¶ Constant Amplitude (CA) fatigue tests. 

¶ Repeated two-stage block loadings with different block duration and stress levels. 
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¶ Spectrum tests performed at different maximum stress levels. 

First, some specimens have been tested at CA loadings to obtain the necessary material 

parameters such as the Weibull distribution coefficients, the SN curve exponent, aLHS, 

and the transverse crack propagation curve [11]. The results of the CA tests and the 

obtained parameters are not discussed in the next sections but are reported in Appendix.  

As the linear damage accumulation rule was proved to be correct for long block loadings, 

the first step in this work was to apply repeatedly two-stage blocks. The repetitive unit of 

the initial two-stage tests was represented by one cycle at ůx=65 MPa followed by forty 

cycles at 50 MPa (ůx is the global stress applied to the laminate, equal to the load divided 

by the cross section). Further two two-stage tests were considered, where the number of 

cycles of both blocks was multiplied by a factor of 10 and 100. To see if the maximum 

stress level influenced the damage evolution, the first testing condition (with blocks of 1 

and 40 cycles) was tested also with a high stress level of 80 MPa (1 cycle) and a low 

stress level of 61.54 MPa (40 cycles), thus maintaining the same ratio between the peak 

loads of the two blocks (65/50=80/61.54). The 1-40 block tests are also referred to a spike 

tests in the following sections. For how they were conceived, all the repeated two-stage 

tests have the same linear Hs value calculates with Eq. (15) considering Ŭk=1. The value 

is reported in Table 1, were all the testing conditions are listed.  

As a useful reference for the reader, the value of the transverse stress ů2 in the 90° plies, 

calculated with the classical lamination theory (CLT), is equal to 0.437 times the global 

stress ůx. 

As a second testing condition, a spectrum block of 500 uniformly distributed random 

peaks was generated with the same Hs
lin value of the two block tests. This will be referred 

to as uniform spectrum. For creating the peaks, 500 numbers in the interval [0, 1] were 

randomly generated according to a uniform distribution. These represented the 

normalised peaks, i.e. the ratio between each peak load level and the maximum one in the 

spectrum. As mentioned, after each random peak, a valley with a value equal to 0.05 times 

the peak was imposed, to keep R constant. Three different maximum stress levels were 

considered in this case.  

With the aim of analysing a more practically useful loading condition, the WISPERX 

simplified spectrum for wind turbines testing from Ref. [34] was adopted. This consists 

of 12831 peaks, while the valleys were re-calculated with the defined load ratio (R=0.05) 
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with respect to the previous peaks. Thus, this does not correspond to the actual WISPERX 

spectrum, but this choice was made to isolate the effect of the variable amplitude loading, 

without the influence of R and compressive cycles. This spectrum, identified as 

WISPERX-R0.05, was tested at two different maximum stress levels. 

Table 1: Testing conditions for the repeated spectrum fatigue campaign 

Type of test 

ůx,max 

[MPa]  

Spectrum 

length 

[cycles] Hs
lin 

Number 

of tests 

Constant amplitude 80 - 1.00000 3 

Constant amplitude 70 - 1.00000 2 

Constant amplitude 60 - 1.00000 2 

Constant amplitude 50 - 1.00000 1 

Two-stage blocks (spike) 65-50 1+40 0.0507 2 

Two-stage blocks 65-50 10+400 0.0507 3 

Two-stage blocks 65-50 100+4000 0.0507 3 

Two-stage blocks (spike) 80-61.54 1+40 0.0507 2 

Uniform spectrum 80 500 0.0507 2 

Uniform spectrum 65 500 0.0507 2 

Uniform spectrum 50 500 0.0507 3 

WISPERX-R0.05 spectrum 80 12831 0.01154 3 

WISPERX-R0.05 spectrum 65 12831 0.01154 2 

Gaussian spectrum 80 500 0.01154 3 

Gaussian spectrum 65 500 0.01154 2 

Gaussian spectrum 50 500 0.01154 2 

 

Eventually, a Gaussian spectrum was generated with the same Hs
lin of the WISPERX-

R0.05 block. A gaussian distribution of 500 normalised peaks was generated, considering 

a mean equal to 1 and a standard deviation of 0.25. Then, all the obtained numbers were 

normalised to the maximum one. Again, each peak was followed by a valley with a load 

ratio of 0.05. Three maximum stress levels were considered in this case. 

For all these tests, the spectrum block was repeated periodically until the crack density 

saturation was approached.  
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A graphical representation of the applied blocks, with the peaks normalised to the 

maximum one, is given in Appendix, for all the test cases. Additional material linked to 

this publication contains the load spectrum peaks and valleys for each test. 

 

4.4. Experimental results for crack initiation  

The transverse crack initiation in the repeated two-stage and spectrum tests will be 

analysed in this section. The discussion will be based on the trends of the total crack 

density evolution in the NI regime. This is because its evolution, in the early stages, is 

only governed by the fatigue crack initiation resistance and its statistical distribution. 

Thus, the total crack density evolution in the NI stage is only correlated to the transverse 

crack initiation, not to the crack propagation and stress-redistribution. As a limit condition 

for the non-interaction between cracks, the crack spacing should not be lower than five 

times the cracked ply thickness (5·1.22=6.1 mm in this case). Obviously, as the crack 

spacing is not uniform, its average value should be considered, which can be considered 

equal to 1/ɟw. A crack spacing of 6.1 mm coincides with ɟwå0.16 mm
-1. Comparing 

Figures A2a) and A2b) in Appendix, the total crack density is roughly around 0.35-0.4 

mm-1 when ɟwå0.16 mm
-1. Therefore, the total crack density limit for the NI regime can 

be considered in that range. For the sake of completeness, the full trend of ɟ is reported 

in the following figures, but the reader should only consider what happens below that 

threshold.  

 

4.4.1 Repeated two-stage blocks 

The total crack density evolution for the two-stage repeated block tests is reported in 

Figure 3, together with the model predictions for the NI regime assuming a linear damage 

accumulation. This was obtained by means of Eq. (18) where Hs was substituted with 

Hs
lin, the latter being the same for the three test cases. The Weibull parameters and the 

exponent aLHS are those listed in Appendix, as calibrated on CA tests. Such linear 

prediction largely underestimates the crack density evolution for the 1-40 case. As the 

block duration is progressively increased by a factor of 10 and 100, the experimental 

trends come closer to the linear prediction. This is not surprising, as the number of low-

to-high load changes increases of the same factors when moving from the 100-4000 load 
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case to 10-400 and 1-40, for the same number of applied cycles. As proved in Ref. [19] 

and Chapter 3, and already discussed in section 4.2, such load changes cause a faster 

micro- or meso-crack propagation in the very first cycles. In the case of long two-block 

tests (as in [19] or Chapter 3) this effect is negligible, but in the presence of small blocks, 

and thus several load changes, it becomes strongly detrimental. As expected, for longer 

blocks, i.e. lower number of load changes, this effect is less and less important and the 

linear damage accumulation rule is more adherent to the experimental results.    

 

 

Figure 3: Total crack density evolution for repeated two-stage tests.  

It is clear that using the linear damage accumulation rule, thus considering Hs=Hs
lin 

(Ŭk=1), is not correct. The optimal value of Hs, Hs
exp, can be calibrated on the experimental 

results, by fitting the total crack density trend in the NI regime (ɟ<0.35 mm-1). This was 

done for each specimen in Figure 3. The results for the same testing conditions are 

reported in Table 2 as bound between the maximum and the minimum values obtained 

for each test case. 

Table 2: Optimal Hs values for repeated two-stage tests  

Test blocks Hs
exp max Hs

exp min 

1+40 0.4 0.28 

10+400 0.16 0.07 

100+4000 0.09 0.048 
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The same results are reported in Figure 4 as a function of the number of cycles in the 

high-load block. The average is reported, together with error bars indicating the maximum 

and minimum values. It can be observed once more that for the tests with lower load 

changes, the results are converging to the linear prediction. 

 

 

Figure 4: Representation of the discrepancy between the experimental spectrum load 

history value (Hs
exp) and its linear value for repeated two-stage tests. 

 

4.4.2 Spike and spectrum tests 

In this sub-section, the results for spectrum tests (spike, uniform, WISPERX-R0.05 and 

Gaussian) are analysed. The total crack density trends for all the test cases are reported in 

Figure 5, together with the predictions obtained with the linear damage accumulation rule 

in the NI regime (Eq. (18) with Hs=Hs
lin). It is worth noting that Hs

lin does not depend on 

the maximum stress level in the spectrum, but only on the peak stress ratios. Accordingly, 

all the loading conditions in Figures 5a,b and 5c,d are characterised by the same Hs
lin 

(equal to 0.0507 and 0.01154, respectively). In all the cases, the prediction underestimates 

the total crack density, to an extent that depends on the spectrum type and the maximum 

stress level. For the same spectrum, tests at lower load levels are more influenced by the 

cycle mix effect than those at higher load levels.  
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Figure 5: Total crack densities evolution for different repeated spectrum blocks and 

their prediction with linear cumulative damage rule: a) spike spectrum, b) uniform 

spectrum, c) WISPERX-R0.05 spectrum and d) Gaussian spectrum. 

 

Again, for each data series in Figure 5, the optimal Hs was calibrated fitting the total crack 

density evolution in the NI regime. The maximum and minimum values are reported in 

Table 3 and plotted in Figure 6, as a function of the maximum global laminate stress in 

the spectrum. The average value is also reported in Figure 6. 

 

Table 3: Optimal Hs values for repeated two-stage tests  

ůx,max 

[MPa] 

Spike (Blocks 

1+40) 
Uniform  WISPERX-R0.05 Gaussian 

Hs
exp 

max 

Hs
exp 

min 

Hs
exp 

max 

Hs
exp 

min 

Hs
exp 

max 

Hs
exp 

min 

Hs
exp 

max 

Hs
exp 

min 

80 0.2 0.1 0.15 0.09 0.016 0.014 0.08 0.035 

65 0.4 0.25 0.23 0.17 0.032 0.028 0.13 0.11 

50 - - 0.42 0.38 - - 0.36 0.3 
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For all the spectrum types, the optimal Hs decreases as the maximum stress increases, 

thus approaching the linear value, Hs
lin. This means that the parameters Ŭk depend on the 

absolute stress level, even though a formal dependence is difficult to be foreseen based 

on the current knowledge. As shown in Ref. [19] or Chapter 3, the first cycle in the high-

load block in a LH sequence may cause a locally unstable meso-crack propagation. This 

may reasonably increase with the applied stress, but to a lower pace with respect to the 

meso-crack growth rate, as predicted by the power law (Eq. (4)). Therefore, the 

coefficient Ŭk, quantifying the ratio between the actual propagation and that given by the 

power law, is expected to reduce as the stress increases. This finds a confirmation in the 

results reported in Ref. [19] and Chapter 3, where the meso-crack growth rate in the first 

cycle of a high-load block was found not to be significantly different for stress levels of 

70 and 80 MPa.    

Comparing the Gaussian and the WISPERX-R0.05 spectra, the latter is much less 

sensitive to the cycle mix effect. This agrees with the fact that the WISPERX-R0.05 

spectrum is characterised by several constant amplitude block, with a much lower number 

of load changes with respect to the Gaussian loading, which share the same Hs
lin value 

(see the spectrum representations ad analyses in Appendix). 

Eventually, the spike spectrum is more influenced by the cycle mix effect with respect to 

the random one, having the same Hs
lin. This happens even though the random spectrum is 

characterised by a higher number of load changes, once normalised by the number of 

cycles in the block, ns (see Appendix). A possible explanation is that in the LH changes, 

the additional damage induced by the first high-load cycles depends also on the number 

of cycles spent at the lower stress level. As an example, consider a loading condition in 

which 1000 cycles are applied at a high load, one is applied at a low load, and then a high 

load block is applied again. In that single low-load cycle, negligible variations of the 

microstructural damage state will occur, so that the meso-scale crack propagation in the 

first cycles of the second high-load block will not be influenced by the cycle mix effect. 

The damage will thus evolve as under CA loadings at the high load level. If, instead of 

one single cycle, many low-load cycles are applied, microscale damage events will take 

place that will induce a faster meso-crack growth when the high load is repristinated. In 

the spike spectrum, each high-load cycle is characterised by 40 cycles at a lower level 

(0.77 times the highest one), whereas most of peaks in the uniform spectrum are 
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characterised by a much lower number of previous cycles with a lower stress level (see 

Figure B2c). 

 

  

Figure 6: Optimal Hs values for the spectrum tests. 

 

To conclude, based on Eq. (18) and the analysis of the experimental results, Hs depends 

on: 

- The peak ratios rk=
eff ,k
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, which, in case of uniaxial or proportional multiaxial 

loadings correspond to the ratios x,k
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; 

- The differences rk-rk-1, which reasonably influence the Ŭk values (the cycle mix 

effect is expected to be more pronounced when the difference between subsequent 

peaks is higher); 

- The number of load changes normalised to the spectrum length, mainly the LH 

changes; 

- The number of cycles spent at a stress level lower than ůeff,k, for every k-th cycle 

with ůeff,k>ůeff,k-1 (i.e. for every LH load change); 

- The absolute value of the effective stress. 

In the authorsô opinion, modelling the effect of all these parameters would be very hard 

and require material properties of difficult determination in an industrial environment. 

The suggestion is thus that Hs should be calibrated on a specific spectrum of interest at a 
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given load level, by fitting the total crack density trend in the NI regime (thus for a low 

number of cycles).  

4.5. Results for transverse crack propagation 

Once a transverse crack is formed, it propagates along the 90° fibre direction as more 

cycles are applied. As well proved ([3], [4], [6]), the transverse crack propagation under 

CA loadings occurs with a constant Crack Growth Rate (CGR), at least when the cracks 

are non-interacting. This is referred to as steady state propagation. The reason is that the 

Energy Release Rate (ERR) is not a function of the crack length, provided that it is longer 

than 2-4 times the ply thickness [35]. It is, instead, a function of the local crack density, 

or crack spacing. Indeed, the presence of nearby cracks shield the crack tip and decreases 

the ERR for its propagation. Several analytical or numerical methods are available for 

estimating the influence of the crack density on the ERR, such as FE analyses ([36][37]), 

variational [38], generalised plain strain [39] and shear lag models [40]. To analyse the 

transverse crack propagation, usually the first cracks, propagating in a NI regime, are 

considered. In this work, to increase the number of measurements, also the interactive 

cracks were considered, by relating their CGR to the ERR estimated for the crack spacing 

relevant to the considered crack tip, as explained in detail in the next paragraphs.  

The frontal images of damaged cross-ply specimens are considered, and as the load is 

applied vertically, cracks appear as horizontal lines. For every crack the evolution of the 

position of both tips was monitored through image analysis algorithms already described 

in Chapter 2. The propagation of the crack tip is calculated as the variation of position 

along the horizontal direction over the cycles. By knowing the position of all the cracks 

in the observation region, it was possible to determine, for every acquisition, the distance 

between a given crack tip to the nearest crack, both in the upwards and downwards 

directions. Once the local crack spacing was known, the ERR acting on the crack tip was 

calculated through a shear lag model [40].  

To draw the CGR-ERR curve, the CGR was calculated as the slope of the straight line 

fitting the crack length increment vs cycles trend in a range of cycles in which the ERR 

for a given crack tip was constant. An example of the CGR calculation is shown in Figure 

7, reporting the tip position and, at the same time, the distance with neighbouring cracks. 

After the beginning of the steady state propagation (point (a)), the first CGR is calculated 

as the slope of the straight line fitting the initial trend. Then (point (b)), as the lower crack 
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comes below the considered tip, the ERR decreases and the CGR becomes lower. Also in 

this case, it is calculated as the slope of the straight line fitting the experimental trend in 

the second part. Each couple of ERR-CGR data became then a point in the CGR-ERR 

chart as those in Figure A2 (for CA loadings) and 8, 9 for VA loadings. In this way, the 

charts contain both non-interactive and interactive cracks. For CA loadings (Figure A2), 

a well-defined trend is obtained. This means that the crack propagation follows a single 

power law in the form 

d

ICGR C G= Ö           (20) 

This is true also for interacting cracks, for which the local ERR changes (typically 

decreases) with the number of cycles. However, the range of cycles in which the ERR 

remains constant in the CA tests is clearly high enough to eliminate any possible cycle 

mix effect on the crack propagation, as well as for crack initiation [19]. As visible in 

Figure 7, a small transition region seems to exist after the ERR change, in point (b), where 

the CGR gradually decreases from the first value to the lower one. After this brief 

transition, the CGR becomes constant again and, as concluded from Figure A2, complies 

with the trend found for non-interactive cracks. 
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Figure 7: Example of crack propagation analysis from a CA test, the analysed crack tip 

is the one pointed by the arrow. 

 

It is reasonable to expect that the transition region strongly affects the transverse crack 

propagation under spectrum loadings. The CGR-ERR relationship under VA fatigue can 

be predicted based on the CA power law in Eq. (20). 

The average CGR of a single spectrum repetition can be calculated as  

sn
d

s I,k k

k 1s

1
CGR C G

n =

= Ö Öbä         (21) 

where ɓk is a parameter that accounts for the cycle mix effect on the crack propagation. 

Considering the quadratic dependence of the ERR on the applied stress, Eq. (21) can be 

re-arranged as   

s

d
n

I,k d d

s k I,max I,max s

k 1s I,max

G1
CGR C G C G P

n G=

å õ
= Ö Ö b Ö Ö = Ö Öæ öæ ö

ç ÷
ä      (22) 

where 

s

2d
n

x,k

s k

k 1s x,max

1
P

n =

å õs
= b Öæ öæ ösç ÷
ä         (23) 

Similar to Hs, Ps is a spectrum property depending on the peak stress ratios, but also on 

several other factors that may influence the parameters ɓk. When these are all equal to 1, 

which means neglecting any cycle mix effect on the propagation, Ps calculated as in Eq. 

(23) is referred to as Ps
CA, to indicate that it represents the value obtained from the CA 

power law only.  

According to Eq. (22), the CGR-ERR power law in double logarithmic scales for 

spectrum loadings is simply shifted horizontally of a quantity equal to Ps. In Figures 8 

and 9, a black line represents the curve for the relevant loading case, shifted by Ps
CA. 
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Figure 8: CGR vs ERR data for repeated two-stage loadings with a maximum stress of 

65 MPa. 

 

In Figure 8, for the repeated two-stage tests with a maximum stress of 65 MPa, it is 

possible to see that the crack propagation data are mostly distributed around the prediction 

obtained from the CA master curve, at least for the 10+400 and 100+4000 cases. 

Conversely, most of data for the 1+40 tests are above the prediction. This can be attributed 

to the higher number of load changes in this condition.  

For all the spectrum tests in Figure 9, instead, it is possible to notice a shift of the 

experimental points with respect to the linear prediction, showing a faster propagation as 

a result of VA loadings. A similar conclusion, for the delamination growth, was obtained 

from repeated small-block loadings in mode I fatigue tests [41].  
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 Figure 9: CGR-ERR plots for different repeated spectrum blocks and their CA-based 

prediction: a) spike spectrum, b) uniform spectrum, c) WISPERX-R0.05 spectrum and 

d) Gaussian spectrum 

 

Here, the biggest difference is found for the Gaussian and WISPERX-R0.05 spectra. 

These are characterised by a less even distribution of peaks, with few spikes, significantly 

higher than most of the other cycles. This may induce a higher cycle mix effect, mainly 

considering the HL load changes, which were found to be those mostly affected in terms 

of crack propagation [41]. A possible explanation could be linked to the fibre bridging: 

the application of a spike can cause the debonding of the bridging fibres, so that, under a 

lower load, the tractions on the crack faces is lower than it would be under a CA loading 

at the same low load level. As a consequence, the crack propagates faster. At the moment, 

this is just a hypothesis that must be verified and will be matter of a future work. 

As a last observation, it is not clear, at this point, whether the slope of the CGR-ERR 

curve changes under VA loadings. From figure 9 it seems that, given the data scatter, the 

variation may be very small. As for Hs, also Ps can be calibrated by fitting the 

experimental data on the CGR-ERR charts. In this case, the slope of the curve is 

considered constant and equal to that under CA loadings (5.95). Thus, only one value of 

Ps is obtained for each spectrum, independently of the load level. The optimal values, 

Ps
exp, are reported in Table 4.  

 

Table 4: Optimal Ps values, Ps
exp, for the different spectrum tests. 

Parameter CA Spike (1+40) Random WISPERX-R0.05 Gaussian 

Ps
CA 1 0.0674 0.0592 0.0189 0.0160 
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exp/ Ps

CA 1 1.49 2.49 2.24 4.98 
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4.6. Weighted crack density evolution 

As mentioned in the introduction, the most important damage parameter influencing the 

material performance is the weighted crack density evolution. The trends for all spectrum 

tests are reported in Figures 10. The crack density prediction model proposed in Ref. [11] 

was applied, considering that: 

- The transverse crack initiation is predicted based on the equivalent stress ůeff
eq 

defined in Eq. (19), using the average optimal Hs values in Figure 6 (including the 

stress level dependence); 

- The transverse crack propagation is predicted using the power law in Eq. (22) with 

the optimal Ps values in Table 4. 

As the weighted crack density simulations start by randomly distributing the parameter K 

among the volume elements according to the Weibull distribution, three different runs are 

considered for each test setup and load level. 

A good agreement can be observed for all cases. Therefore, the following steps are 

necessary for predicting the weighted crack density evolution under spectrum loading 

using the model: 

1) calibrating the Weibull distribution parameters (meff and K0,eff), the SN curve exponent, 

aeff, and the CRG-ERR power law (coefficients C and d) from CA tests (guidelines are 

reported in Ref. [11]); 

2) calibrating the optimal Hs value for a specific spectrum by fitting the total crack density 

evolution in the NI regime, thus for a low number of cycles; this must be done for different 

maximum stress levels; 

3) Calibrating the optimal Ps value by shifting the CA power law for crack propagation 

to fit the experimental data for the spectrum propagation 

For the moment, steps 2) and 3) must be based on experimental results. Modelling the 

effect of the spectrum features and the load level on the resulting Hs and Ps parameters 

represents thus a challenge for future research in the field. 
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Figure 10: Experimental and predicted trends of the weighted crack density evolution 

for spectrum tests: a) spike spectrum, b) random spectrum, c) WISPERX-R0.05 

spectrum and d) Gaussian spectrum 

 

4.7. Conclusions 

In this work, the damage evolution under variable amplitude spectrum loadings was 

investigated form glass/epoxy cross-ply laminates. The attention was focussed on the 

transverse crack initiation, propagation, and the weighted crack density evolution. As 

proved in a recent work from the literature, the linear damage accumulation rule can be 

used for predicting the crack initiation under long block loadings. As shown here, this is 

not true for spectrum loadings. The reason is a magnification of the micro-scale damage 

growth when a low-to-high load change is applied. As this happens quite often in 

spectrum loadings, it leads to a premature crack initiation with respect to the linear 

damage accumulation prediction. 

Concerning the transverse crack propagation, this was also found to be faster under 

spectrum loadings, mainly when the load peaks are not evenly distributed and there are 

few spikes, significantly higher than the stress levels in the spectrum. 
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These effects can be condensate into two parameters, for crack initiation and propagation, 

that depend on the spectrum itself and must be calibrated on experimental results. When 

this is done, the weighted crack density evolution can be accurately predicted with a 

model previously proposed by the authors.  

 

4.8. Appendix - Supplementary material for the spectra fatigue 

experimental campaign 

In this section, constant amplitude data about damage observations acquired on the 

composite panel CP5 are reported to support the reader with the results and observation 

described in this chapter about spectrum fatigue loadings, which test have been conducted 

on the same panel. The applied spectra are also reported and statistically analysed. Please 

refer to section 4.2.3 for the introduction of the Hs parameter. 

4.8.1 Constant amplitude fatigue characterisation 

In this section, the results of the CA material characterisation are reported. First, Table 

A1 shows the material elastic properties.  

 

Table A1: Material elastic properties 

E1 [MPa]  E2 [MPa] G12 [MPa]  G23 [MPa]  ɜ12 

50005 14673 5430 5240 0.282 

 

The transverse crack initiation SN curve is shown in Figure A1. As explained in Refs. 

([3], [4], [6]) it was obtained considering the initiation of the first five independent (non-

interacting) cracks within an observation region of 50 mm length. This allowed a better 

statistical significance with respect to considering the first crack only. In figure A1a) it is 

represented in terms of the maximum cyclic value of ůx, whereas in Figure A1b) in terms 

of the LHS, calculated as described in Ref. [32], for a fibre volume fraction of 0.6. Fitting 

the data with a power law as in Eq. (3),(4) the exponent, aLHS, was found equal to -0.0726, 

as reported in Table A2. 
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Figure A1: Transverse crack initiation SN curves under CA loadings in terms of a) ůx 

and b) LHS 

 

The total and weighted crack density trends under CA tests are reported in Figures A2a) 

and b), respectively. Using the methodology outlined in Ref. [11], the Weibull 

distribution parameters were obtained from the total crack density evolution in the NI 

regime. The results, together with the elementary volume dimensions c0 and l0 are 

reported in Table A2. The total crack density predictions in the NI interactive regime 

obtained through Eq. (3) are also shown in Figure A2a). It is reminded that Eq. (3) is 

meant to be valid in the NI regime only, and thus until a total crack density around 0.35-

0.4 mm-1, as discussed in section 4.4.  

 

Table A2: Results of the CA characterisation 

aLHS mLHS K 0,LHS (MPa) l0 (mm) c0 (mm) C d 

-0.0726 16 105 0.1 2.5 40102 5.95 

 

Figure A2: a) Total and b) weighted crack density evolution for the constant amplitude 

tests  
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As a result of the transverse crack propagation analysis under CA loadings, the CGR-

ERR diagram in Figure A3 was obtained. The ERR was calculated through the shear lag 

model in Ref. [40], imposing the local values of the crack spacing for each analysed crack 

tip. On the same graph both the tips propagating under stress redistribution or in a non-

interactive manner are reported, the acquisition and elaboration methodology is reported 

in section 4.5. 

 

 

Figure A3: CGR-ERR curve under CA loadings 

 

4.8.2 Spectra representation and statistical analysis 

Spectra shapes are plotted in Figure A4, where all the loading profiles are normalized to 

the maximum peak level.  
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Figure A4: Spectra load block representations 

 

In the following, some graphs are shown to facilitate the visual analysis of the spectra and 

the main influencing features. According to the Hs and Ps definitions and the analyses of 

the results, they depend on several parameters. First, Hs and Ps, such as Hs
lin and Ps

CA, 

depend on the peak ratio distribution. By ordering the peaks and assigning to each k-th 

peak a cumulative probability equal to k/ns, the cumulative distribution function (CDF) 

for the normalised peaks was obtained and is shown in Figure B2a). rk represents the k-

th peak ratio, so that rk=ůk/ůmax. The black straight line represents the theoretical uniform 

distribution for which P(rk)= rk. Two spectra having the same peak CDF are characterised 

by the same Hs
lin and Ps

CA values. However, it is also possible that the same Hs
lin and Ps

CA 

are obtained for spectra with completely different peak CDF (such as the WISPERX-

R0.05 and the Gaussian loadings in this work). 
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As discussed, the cycle mix effect may reasonably depend on the difference between a 

peak and the previous ones. Considering the difference between the k-th and the (k-1)-th 

normalised peaks, ȹrk=rk-rk-1, its CDF is shown in Figure A5b). Negative and positive 

values are related to the HL and LH load changes, respectively. The theoretical trend for 

the uniform distribution is plotted as a black line. It can be proved that the relevant 

equation is 

( )

2

k k k

k

2

k k k

1 1
r r , if r 0

2 2
P r

1 1
r r , if r 0

2 2

ë
D +D + D ¢îî

D =ì
î- D +D + D ²
îí

      (7) 

Two spectra having the same P(ȹrk) plot are characterised by compatible LH and HL load 

changes, so that their contribution to the cycle mix effect should be similar. Of course, 

also the difference with the previous peaks (k-1, k-3, etcé) may have an important 

influence and may need to be considered for a fully comprehensive comparison between 

load spectra. 

As discussed in section 4.4, also the number of cycles spent at a stress level lower than 

ůk seems to have an influence on the cycle mix effect. Let ȹnk be the number of cycles so 

that ůj<ůk for every j between k-ȹnk and k, and ůk-ȹnkÓůk. Basically, ȹnk represents the 

number of cycles at a stress level lower than ůk, preceding the k-th peak. The relevant 

CDF was obtained and plotted in Figure A5c). 

Again, the black line represents the theoretical trend for the uniform spectrum: 
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Figure 30: Cumulative distribution function of the a) the peak ratio, b) the subsequent 

peak difference and c) the cycles at lower stress levels 

 

Eventually, another important spectrum indicator that, based on the analyses in sections 

4.4 and 4.5, is the number of LH and HL load changes. As mentioned, LH sequences are 

particularly detrimental for crack initiation. Table A3 shows the number of such load 

changes, normalised by the cycles in a single block, ns.  

 

Table A3: Normalised LH and HL load changes in the spectrum block 

Spectrum nLH /ns nHL /ns 

Spike (1+40) 0.02439 0.02439 

Uniform 0.47 0.53 

WISPERX-R0.05 0.1209 0.1210 

Gaussian 0.494 0.506 
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5 

Delamination damage: initiation, 

evolution, and modelling methodologies. 

 

5.1. Introduction 

It is well established that composite laminates subjected to cyclic loadings exhibit a 

progressive damage evolution consisting of matrix crack initiation and propagation, 

delamination, and fiber breaks (see Refs. [1]-[8] among the others). For plain specimens 

under tension, delamination is caused by off-axis cracks, that lead to stress 

intensifications at the interface between plies with different fiber orientations, as 

confirmed by theory and several experimental observations [8]. This phenomenon, known 

as off-axis crack-induced delamination, was observed both in the bulk material and near 

free edges. 

The development of delamination damage is a fundamental part in the damage evolution 

of composite laminates. As shown in [8] for cross-ply laminates, delamination initiates at 

the tip of matrix cracks, and then propagates along the interface between plies. Its 

propagation, although continuous since the onset, becomes particularly evident once the 

crack density reaches a saturation condition. The presence of delamination is detrimental 

for both the stiffness and the strength of a composite laminate. Concerning the stiffness, 

delamination negatively affects not only the in-plane elastic moduli (already reduced by 

the presence of matrix cracks), but it also drastically decreases the bending stiffness of a 

laminate and promotes buckling under compressive loads. With regard to the laminate 

strength, delamination contributes along with matrix cracks to generate stress 

concentrations in the fibres of load bearing plies, leading to the formation of fibre break 

clusters that may lead to a premature failure.  
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Given the influence of matrix cracks and delamination on the component performance, it 

is necessary to understand the mechanisms that drive their evolution in order to properly 

include them in damage predictive procedures, leading to optimised and safer composite 

parts. If the crack density evolution has been vastly studied in the last years, crack-

induced delamination received far less attention. The most detailed work is that of Ref. 

[8], in which crack-induced delamination was studied in cross-ply laminates. To better 

understand the delamination behaviour, which is required to develop comprehensive 

damage evolution models, further experimental observations are needed, in particular for 

delamination developing from matrix cracks at angles different than 90°.  

Therefore, with the aim to develop a deeper understanding of the crack-induced 

delamination phenomenon, an experimental campaign was carried out testing [02/454]s 

laminates under constant amplitude cyclic tensile load, analysing the damage evolution 

with different approaches. 

 

5.2. Testing 

A 500mm x 250 mm glass/epoxy laminate with stacking sequence [02/454]s was produced 

with the RIM235/RIMH235 resin system by Momentive and the UT-E500 glass fibres by 

Gurit as constituent. The same manufacturing process described in Chapter 2 was 

followed. The laminate stacking sequence was chosen to promote delamination at a single 

interface (0/45), allowing to detect the delamination onset and growth through front 

pictures (the analysis could not be as precise if delamination occurred at multiple ply 

interfaces). A [02/454]s lay-up is characterised by traction-shear coupling, that is 

prevented in the tab regions, where the testing machine clamps the specimen. This causes 

a perturbation of the stress fields, which is however confined in a region that extends from 

the tabs of about one laminate width, as confirmed by 3D FE analyses. 

From the produced panel, specimens with a width of 22 mm were cut. The total length of 

the specimens was 250 mm. Compared to the specimens used in the previous chapters, a 

greater length was indeed required with the present lay-up due to the larger regions in 

which the stress state is affected by the grips, and also to allow the observation of multiple 
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cracks propagating along the whole ply width. The average ply thickness was 0.31 mm, 

resulting in a fibre volume fraction and ply elastic properties similar to those of the cross-

ply laminates manufactured and tested in Chapter 2-4, reported in Table 1. Specimen 

edges were carefully polished to carry out microscopic damage observations and to 

prevent damage initiation at edges. Fatigue tests were carried out at two load levels, 

namely 130 MPa and 110 MPa, with a load ratio R=0.05. The load frequency was kept at 

4 Hz to prevent specimen overheating during the tests.  

The damage evolution, consisting of the initiation and propagation of matrix cracks and 

delamination, was analysed in 75 mm-long central region characterised by an uniform 

stress field in line with that predicted by the  classical lamination theory. 

Table 1. Characteristics of specimens with stacking sequence [02/454]S. 

  symbol unit value 

Geometry 

Laminate width w mm 22 

Length of observation  L mm 48 

Individual ply thickness hply mm 0.31 

Ply elastic 

proprieties 

Longitudinal modulus E1 MPa 48800 

Transverse modulus E2 MPa 14070 

In-Plane shear modulus G12 MPa 5200 

In-plane Poisson ratio ɜ12   0.308 

Crack 

initiation 

proprieties 

Initial crack length c0 mm 5.2 

Slope aLMPS   -0.093 

Scale parameter K 0,LMPS   300 

Shape parameter mLMPS   15 

 

For each specimen, two set of images were acquired through a Baumer LXG-200M 

camera at regular intervals: the first set was obtained using a back LED panel to highlight 

matrix cracks, the second set with a front LED panel to improve delamination detection. 

Indeed, delamination exposes glass fibres, making the delaminated area more reflective. 

To carry out crack density measurements, pictures were processed as described in the 

previous chapter for cross-ply specimen [9]. Instead, to quantify delamination, an image 

binarization  based on a black/withe threshold was adopted.  
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The crack initiation parameters listed in Table 1 were obtained from the first set of images 

taken during the tests following the same methodology and process described in Chapter 

2. The subscript ñLMPSò indicates that the crack initiation is LMPS-driven for the 45° 

layers [10]. 

 

5.3. Delamination initiation 

Experimental observations on cross-ply laminates showed the presence of a micro-scale 

delaminations (with a length of a few fibre diameters) as soon as an off-axis crack 

completely develops through the ply thickness [8],[11]. This is due to the intense interface 

stress fields, characterised by the presence of a significant peeling component, in the 

vicinity of the interface crack tip [12]. In most of the cases for cross-ply laminates 

delaminations were observed to depart from the off-axis crack in both directions and at 

both ply interfaces, a geometry defined as ñH-shapedò [8]. 

 

Figure 1: Frontal acquisition of [02/454] s specimen subject to tension-tension fatigue 

loading. Arrows indicate sites inspected at the microscope. Specimen is tested at 110 

MPa. Only one third of the frontal observation area is reported. 

Differently from the cross-ply laminates [8], the delamination growth from the off-axis 

crack tips was observed to be not uniform along the specimen width, being it more 

pronounced at the edges. The off-axis crack-induced delamination at the edges assumes 

a triangular shape and typically grows only on the side of the crack that forms an angle 

(a)

(b)

Cycle 2000 Cycle 2500
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smaller than 90° with the edge. This is the same scenario already observed in Ref. [13]. 

The reason is that in the close neighbourhood of the edges, the ERR for the delamination 

growth is higher on that side, as discussed in section 5.6. Far from the edges, instead, the 

ERR is the same on both sides of the off-axis crack and the delamination grows in a 

roughly symmetrical way, leading to an H-shaped configuration as for cross-ply 

laminates. 

 

Figure 2: Damage at the micro-scale observed in correspondence of thin (a) and thick 

(b) lines present in the frontal acquisitions reported in Figure 1.  

As done in the previous chapter for underdeveloped or ñmesoò transverse cracks, some 

interrupted fatigue tests were conducted to observe the development of matrix cracks in 

a 45° ply. This allowed to relate the observed frontal damage to a distinctive damage 

configuration at the micro-scale. Representative images from frontal acquisitions and 

relevant micrographs taken at the edges are reported in Figure 1 and 2, respectively. Thin 

lines in the front pictures are caused by the presence of mesocracks, that are not fully 

developed along the ply thickness. In these conditions, no delamination is present yet. 

Thick lines, instead, are due to the presence of cracks that are fully developed along the 

ply thickness and a delamination , although short, was found to be present already at this 

stage. 

Crack (a)

Cycle 2000

Crack (a)

Cycle 2500

Crack (b)

Cycle 2000

Crack (b)
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From these micrographic observations it appears that also for [02/454]S laminates, 

delamination initiation occurs when a crack reaches the interface between the two 

different laminae, as observed for cross-ply specimens [8]. This allows to include 

delamination onset in a damage evolution procedure by initiating it along with cracks, 

also for off-axis angles different from 90°. 

 

5.4. Delamination propagation 

It has been shown that the energy release rate (ERR) is a suitable parameter to describe 

the propagation of cracks. The propagation of a delamination can be modelled as a 

propagation of a crack between two different orthotropic materials. Depending on the 

laminate stacking sequence and the applied load, different crack opening modes could be 

present at the delamination tip. In this section, the ERR of delaminations at the interface 

between the longitudinal and the off-axis ply of [02/454]s laminates is analysed under 

tensile load, as illustrated in Figure 3. To calculate the energy release rate at the 

delamination tip the Virtual Crack Closure Technique (VCCT) approach is used. The 

general approach has been reviewed by Krueger [14] and calculates the energy release 

rate as a function of the displacements at the crack opening interface, and the reaction 

forces at and ahead of the crack tip, assuming a self-similar crack growth. 

 

Figure 3: Generic damaged laminate configuration. The representative volume element, 

with H shaped delaminations is highlighted with its representative dimensions. 

Laminate RVE
Whole Laminate

d
L=1/ɟ

h

dr=2d/L
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Crack opening displacements and forces can be calculated with finite element analyses, 

using a regular mesh at least at the crack tip. The approach and formula for three 

dimensional solids, adopted for the present case, is schematically reported in Figure 4. 

 

Figure 4: Representation of the nodal forces and displacements required to compute the 

energy release rate for twenty-nodes solid elements. Lower surface displacements are 

omitted for clarity. Figure from [14].  

To obtain the energy release rates for delaminations in cracked laminates, a periodic finite 

element was built as described in [15]. The periodic representative volume element is 

highlighted in Figure 3, the discretized volume is taken as a rectangle from the top view 

with the two smaller sides parallel to the crack faces, and the other two sides as long as 

the crack spacing L. The smaller side is usually a couple of elements long, with periodic 

constrain conditions described in [15]. To represent the delamination in the finite element 

model, the delaminated area is composed by two coincident surfaces, while the 

delamination front coincides with the line in common to both those surfaces. Contact 

elements are placed between the delaminated surfaces to avoid surface penetration. 

Displacement coupling conditions are imposed between nodes with identical coordinates. 

By releasing the coupling conditions, it is possible to model a progressive delamination 

propagation, as described in section 5.7. Only the top half of the [02/454]s laminate is 

modelled, being the laminate symmetric with respect to its mid-plane. Twenty-node 
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three-dimensional solid elements were used in the analyses. The mode I, mode II and 

mode III component of the strain energy release rate are calculated as follows: 
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The virtually closed area is represented by the smallest square element at the crack tip 

and have sides equal to the length of the elements ȹa. Capital letters Z, X and Y represents 

the nodal forces at the crack tip referring to the global reference system shown in Figure 

4, while between parenthesis are involved the differences of node displacement between 

respective nodes u, v and w (in directions x, y, and z respectively) on the upper crack 

surface and lower crack surface (these last are denoted by an asterisk). As shown in Figure 

3, the delamination front is considered to be symmetric between the two crack sides, so 

the delamination ratio dr is calculated from the delamination length d and the crack 

spacing L as: 

2
r

d
d

L
=           (4) 

Linear elastic FE analyses on the laminate RVE with off-axis cracks and delamination 

under periodic boundary conditions were carried out. In [02/454]s laminates, the 

delamination propagation occurs in mixed mode I+II+III, but the mode I contribution is 

typically very low, apart for very small delamination lengths. For small delamination 

lengths, stable ERR results were found for element sizes as long as half the delamination 

length and smaller. Representative trends of GII and GIII , normalised to the square of the 
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applied stress and to the cracked ply thickness, h, plotted as a function of the geometrical 

parameters such as crack density ɟ, and delamination length dr, are reported in Figure 5.  

 

Figure 5: Energy release rate trends for uniform delaminations between the 

longitudinal ply and the 45 ply on [02/454] s laminates. 

Once the delamination ERR is calculated, it must be related to the Delamination Growth 

Rate (DGR) to include delamination propagation in a fatigue damage predictive 

procedure. To calculate the DGR, the increment of dr must be obtained from experimental 

data, that were collected as described in the next section.  

 

5.5. Delamination damage acquisition 

To calculate the Delamination Growth Rate (DGR) along the fatigue life, the 

delamination extent must be quantified at each number of cycles, being the DGR equal 

to the ratio between the delamination length increment ɲd and the relevant difference in 

number of cycles ȹN: 
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DGR
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          (5) 

To measure the delamination length the front images taken with a frontal light was 

processed as reported in Figure 6. Figure 6a shows the unprocessed picture acquired with 

backlighting; using a principal direction set vertically pointing upwards, lines at -45 

degrees are the cracks separating the off-axis ply along the fiber direction. Subtle shadows 

in this acquisition are cast by delaminations, but the extension is not clear, and neither the 
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interface from whom which originates. Again here, thin lines can be associated to 

incomplete mesocracks, while thick lines are associated to macro, fully trough the 

thickness propagated cracks. Along the +45 degrees direction grey lines are visible, that 

are relevant to the stitching polyester yarns, visible also at 90 degrees for the 0° ply. The 

second image (Figure 6b) image is the unprocessed picture acquired with frontal lightning 

shining from a side of the camera.  

 

Figure 6: Image processing steps for the delamination acquisition, only a third of the 

observation length is reported. Specimen is tested at 110 MPa, cycle 50000. Image (a) 

is acquired with back lighting and is used to determine crack density.  Image (b) is 

acquired with frontal lighting, revealing delaminations between the frontal 0° ply and 

the off-axis ply. The delamination features are highlighted using a histogram 

equalization algorithm (c). Last image (d) shows the thresholding result, segregating 

the delamination areas from black background. 

(a) (b)

(c) (d)
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The delaminations between the first, longitudinal layer and the off-axis layer are in this 

way highlighted, as the detachment of fibres from the cracked layer increases light 

reflection. It can be observed that away from the specimen edges, the spacing between 

cracks appears to be uniform, as well as the delamination length. To measure the 

extension of the delaminations, image processing is applied following two approaches. 

The first approach to the damage acquisition consisted, as described in [8], in a full-field 

measurement. The analysis was limited to the centre part of the specimen, due to edge 

effects influencing the delamination ratio near the borders, as it can be seen from Figure 

6 and discussed in section 5.6. After applying the histogram equalization algorithm to 

improve contrast, the binarization is applied to the greyscale image, with threshold value 

is manually set to distinguish between the delaminated and intact regions. The 

delamination ratio is then computed as the ratio between delaminated (Ad) and total 

observation (Atot) areas, thus obtaining an average value of the delamination ratio: 

d
r

tot

A
d

A
=           (6) 

From the delamination ratio, an average delamination length d can be calculated from 

equation 4 using an average crack spacing L from the weighted crack density [8]  

1 obs

w ii

w L
L

cr

Ö
= =

ä
         (7) 

where ci is the length of the i-th crack, nc the total number of cracks, w the laminate width 

and Lobs the length of the observation area, as previously introduced in Chapter 2. The 

use of this parameter is more appropriate rather than the total crack density parameter as 

it better describes a periodic distribution of crack spanning the whole observation length. 

With this formulation, cracks are considered as uniformly spaced, which is a reasonable 

condition as cracks tends to have an almost constant spacing due to the shear lag 

redistribution effect. The problem with this type of detection approach is that, as the 

fatigue damage evolves, its appearance in the images is not constant, and the detection 

parameters should be arbitrary selected for each image, leading to results characterised 
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by a certain degree of subjectivity. Also, both the use of a fixed or adaptive threshold are 

not optimal as in some image delamination damage is very similar to the background, so 

that certain areas or border could be wrongly detected. The use of this full-field or 

averaged approach remains useful to determine the general specimen damage state, but 

some improvement can be made in order to obtain more reliable data. 

 

Figure 7: Example of a local delamination acquisition between two off-axis cracks. The 

rectangular observation area is delimited by the cracks in one direction and by an 

arbitrary observation length in the other. The extension of delamination from the crack 

tip is highlighted in red.  

To improve the accuracy and obtain more data from the same acquisitions, a novel local 

approach has been applied to quantify delamination from the frontal image acquisitions. 

In a single tested specimen, multiple delaminations are propagating between cracks with 

different crack spacings. Different locations along the cracks are identified in the same 

image set, to describe the delamination propagation with the actual local crack spacing 

and delamination length of both fronts. An example for a single location is shown in 

Figure 7. 

Cycle 430 000

Crack spacing [mm] 3.18

Del. length 1   [mm] 1.22

Del. length 2   [mm] 1.08

Cycle  70 000

Crack spacing [mm] 3.18

Del. length 1   [mm] 0.95

Del. length 2   [mm] 0.85
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The number of images to be analysed should be high to precisely calculate the DGR, and 

images must be taken during all fatigue life. This approach allows to exclude regions that 

could lead to measurement errors, such as area affected by stress redistributions, edge 

effects, or simply areas whose conformation leads to wrong detections due to image 

features that may occur using a standard thresholding method.  

The local acquisition approach still uses a threshold, but it is implemented as follows. As 

shown in Figure 7, a rectangle is applied between two cracks. The rectangle length is set 

using the first images where the two cracks are present, but the delamination length is 

still minimal. The rectangle width and position are arbitrary and should cover an area with 

a uniform delamination evolution. A discrete number of lines are drawn from one crack 

to the other, with a uniform spacing along the fibre direction. For each line, the pixel 

colour is obtained along the length and averaged to a single vector value. At this point, 

setting a threshold is not very arbitrary because of the big difference (resulting in a big 

drop of colour value) between the dark, intact centre region, and the white, delaminated 

outer regions. Once the threshold is set, the delaminated area can be quantified, and the 

delamination length is acquired. 

Analysing multiple points along a crack allows to have a better representation of every 

type of delamination since their very first stages. For every location, a parametric finite 

element simulation, such as the one described in section 5.4, is run to determine the 

effective ERR for every acquired delamination length. To do so, the delamination lengths 

on the opposite interface are assumed to be equal to those detected from the frontal 

images. The observed locations and relevant delamination growth were selected in 

regions far from features that could not be accounted for in the ERR calculation through 

a periodic laminate RVE, such as: edges, splitting of the longitudinal plies, or stress 

redistribution factors such as two delaminated cracks with one small crack in the middle, 

etc. The local approach is able to describe better the delamination growth, while its main 

drawbacks are that it requires the analysis of a large number of locations, and that the 

choice of those locations is characterised by a certain degree of arbitrariness. 

The results of the delamination propagation analysis, carried out with both the averaged 

and the local approaches, are shown in Figure 8. The total ERR is calculated as the sum 

of the Mode II and Mode III components.  
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Figure 8: Relation between delamination growth rate (DGR) and the total ERR for 

delaminations in [02/454] s laminates under constant amplitude loading. 

The data appear to fall into the same scatter distribution, and a power law relation could 

be found, in the form: 

( )
d

II IIIDGR C G G= Ö +         (8) 

Using the local approach, the scale coefficient and slope results respectively C = 0.0027 

and d = 3.928. Similar values are obtained if also the global evaluated points are 

considered. 

 

5.6. Edge effects on the delamination in angle-ply laminates 

As already introduced in the previous section, the presence of free edges affects the onset 

and growth of delamination. Indeed, already when a matrix crack is formed involving the 

whole ply thickness, at free edges C-shape delaminations initiate rather than H-shaped. 

An example is shown in Figure 9, which depicts the full length of the cracks frontally 

shown Figure 1. It is possible to observe that the crack induced delamination assumes a 
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C shape, with delamination present only on one side of the crack (the direction forming 

an angle smaller than 90° with respect to the loading direction). This pattern has been 

regularly observed on the majority of the delamination initiations at the free edges, and a 

finite element model was developed to analyse this behaviour. 

 

Figure 9: Microscopic observation of two cracks at the specimen edge, with 

delaminations present only on one side (ñC-shapedò configuration). The images are 

oriented with the top in the same direction as the frontal images. The delamination 

initiation front can be observed at the interface between the two layers. 

To calculate the energy release rate at the delamination tip considering the presence of 

free edges, a damaged laminate RVE was modelled using Ansys APDL. The model 

consists of two volumes, one with the thickness h1 of the top longitudinal lamina, and the 

other just below representing the off-axis lamina with thickness h2, as shown in Figure 

10. Free edges on the sides are kept parallel to the loading direction. Both volumes have 

width in x2 direction equal to the crack spacing value. The delaminated areas have length 

d1 in the lower part and d2 on the upper part. A regular mesh with brick elements is 


















































































































































