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ABSTRACT 

Curved Carbon Fibre Reinforced Polymer (CFRP) components with large 

thicknesses often have significant variability in quality due to an increased amount 

of porosity, discrete voids, corner thickening, and wrinkles. To improve the 

reliability and reduce the cost of CFRP products, it is necessary to characterise 

typical defects and understand their effects on damage behaviour.  

Image processing techniques have been developed to characterise the morphology 

of voids and wrinkles in curved CFRP parts using micro-CT scan data and 

micrographs. Algorithms were developed to automate the extraction of 3D void 

morphology, and to determine the average ply orientation of specimens. Software 

tools were developed to extract characteristics of ply wrinkles from low-

magnification reflective optical micrographs. 

The effect of real defects on compressive strength was investigated using two 

approaches; standardised compression tests with acoustic emission monitoring and 

high-speed imaging, and a novel compression test methodology developed to 

conduct in-situ X-ray micro-CT scans of specimens under load.  

Parametric numerical models incorporating varying severities of voids and wrinkles 

were developed and used to determine the role of defect severities on the stress 

concentrations and distributions. 

Results obtained have demonstrated that thick curved CFRP laminates can have 

complex void and wrinkle morphologies. Humidity during lay-up, de-bulk 

frequencies, and part geometry, caused a variation in part quality. Wrinkle were 

most severe between 50%-65% of thickness from the mould surface. Corner regions 

had up to 25% increase in thickness compared to the nominal geometry. Local void 

volume fractions of up to 8% were found in curved CFRP parts. Large voids were 

over 20 mm in length and up to 8.2 mm, and 1.35 mm in width and thickness, 

respectively. 

The effect of defects on the resulting laminate compressive strength is more 

dependent on individual defect parameters than the average defect characteristics. 

An increase in lengths and widths of voids causes local stress increases in the 

associated lamina and a reduction in the final failure strength. An increase in the 

volume of the largest void resulted in a reduction in compressive strength. Large 

voids can lead to localised instability of smaller laminate sections, leading to sub-

laminate buckling causing delamination and failure. 
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1 INTRODUCTION 

Defects in parts are a key limitation in achieving the maximum mechanical 

performance in high performance composite structures. Two common defects found 

in carbon fibre reinforced polymer (CFRP) parts are voids and wrinkles. Such 

defects may be introduced into a composite part in the course of manufacturing or 

service. During manufacturing of a prepreg based autoclave cured CFRP part, 

imperfections may be introduced at any stage, between the initial lay-up processes 

to the final pressurised curing phase.  The characteristics of voids and wrinkles, 

along with their role in damage initiation and evolution is still not well understood 

in fibre reinforced polymer (FRP) based composites. 

This PhD research is part of a six-year (2014-2020) government research grant.1 

The research presented in this thesis focuses on autoclave cured prepreg based 

CFRP parts with curvature, utilising standard modulus carbon fibres cured in 

thermoset based epoxy resin.2  

 
1 The research grant focussed on “new distinctive material systems and manufacturing processes for 

lightweight products” funded by Ministry of Business, Innovation and Employment’s (MBIE) High 

Value Manufacturing and Services Research Grant - UOAX1415. One of the key overall research aims 

of the program is “enhanced manufacturing processes and design for high performance composite 

applications”.  

2 The main industry partner supporting this study was Southern Spars Ltd., who are involved in high 

performance marine application of carbon fibre reinforced polymer (CFRP) parts. The material 
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1.1 Composite Materials 

Composite materials may be defined as any structural material which is a 

combination of two or more constituents not soluble in each other with interfaces 

on a macroscopic level [1]. The boundaries between the constituent materials will 

be distinct. This is done in order to obtain a combination of desired properties from 

all the constituent materials in the final composite material. The resultant product 

of the combination is a material with better properties than its individual 

constituents. 

Composite materials may be divided into two groups, filled or reinforced 

composites. While filled composites utilise particles within a matrix system to 

provide the necessary properties, reinforced composites employ long fibres within 

a matrix to provide the material with high strength and stiffness. These materials 

are often labelled as advanced composites [2-4].  

FRP consists of a fibrous material embedded within a rigid polymer matrix material. 

The fibrous material may be short fibres (whiskers) or long continuous fibres and 

are typically made from glass, carbon or aramid. Various types of matrix material 

may be included in FRP materials, and the nature of the matrix material defines the 

composite to be either a thermoset or a thermoplastic material. 

Typically, continuous fibre reinforced composites are utilised in laminated 

structures. Due to their specific stiffness and strength advantages, they are often 

found in high performance applications [5]. 

  

 
systems, part geometries, stacking sequences, and types of defects be studied were defined in 

collaboration with Southern Spars Ltd.  
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1.2 Carbon Fibre Reinforced Polymer (CFRP) 

Fibres with 92%+ carbon composition by mass cured with a thermoset resin based 

matrix material may be referred to as thermoset CFRP [6].  

The fibres may be produced using two processes; pitch or polyacrylonitrile (PAN) 

as precursors. After conventional spinning methods are used to manufacture the 

precursors, it is then made flameproof to be able to withstand the high temperatures 

of carbonisation. This is done by infusibilisation or stabilisation in oxidising 

atmosphere depending on the type of precursor. Both carbonisation and 

graphitisation are done in an inert environment at high temperatures (>700°C and 

>2500°C respectively). The process is summarised in Figure 1-1.  

 

Figure 1-1: The processes for making carbon fibres from PAN and pitch 
precursors 

CFRP have significant advantages over their metallic counterparts such as higher 

specific strength & stiffness, better fatigue & corrosion resistance, and their ability 

to be manufactured with orthotropic properties for optimised load dependant 

structures. These advantages have driven research and significantly lowered the 

cost of CFRP products in the past decades. Global agreements such as the Paris 

Climate Accord [7] and regional governmental industry based targets [8] are driving 

technology towards methods of reducing the overall carbon footprint. The 

transportation industry, in general, is a major market for mechanical and structural 
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Pitch Preparation

Melt Spinning
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Carbonisation

Graphitisation

Carbon Fibre

PAN

Polymerisation

Wet Spinning

Stabilisation

Carbonisation

Graphitisation

Carbon Fibre
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weight reduction due to increasing awareness of the environmental damage caused 

by fossil fuels. Although they are still more expensive than metals, the reducing costs 

and growing utilisation of CFRP is expected to continue into the foreseeable future 

due to the multitude of benefits it offers. 

The most common resin used for this material is epoxy. Both resin and fibre, come 

in a variety of grades, and thus CFRP varies in cost depending on the type of material 

and the method of manufacturing. However, the process of producing carbon fibre 

using precursors as described in Figure 1-1 is energy intensive, making it expensive 

and one of the challenges that need overcoming in order to the material costs in the 

future. An alternate way to reduce the cost of CFRP products is to reduce the amount 

of material used by improving design methodologies. Figure 1-2, represents the 

increase in usage of carbon fibre with lowering cost in the past, and Figure 1-3 shows 

the same trend extended to the near future. 

 

Figure 1-2: An approximate CFRP cost and usage history [9]. 

 

Figure 1-3: Trends and forecast of CFRP Cost and Usage [10] 
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Figure 1-4 represents the recent usage growth and an upcoming forecast for carbon 

fibres and CFRP, respectively. In order to continue this rate of growth and reduction 

in cost, it is necessary to further current knowledge of the morphology of 

manufacturing induced defects and variability, and the effects they have on the 

mechanical performance of the final part.  

 

Figure 1-4: Global demand for CFRP [11] 

1.2.1 Applications 

Composite materials are increasingly being utilized in a variety of fields due to their 

superior strength-to-weight and stiffness-to-weight ratios over metallic 

alternatives. These include aerospace, space, land and sea applications. Large 

horizontal axis wind turbines, high performance cars and modern passenger airlines 

are some areas where high performance composites have found an increasing place 

for themselves recently. In order to utilise the benefits offered by composite 

materials fully, it is essential to understand their short and long-term in-service 

behaviour further, especially when subjected to imperfections. 

Some applications of CFRP include aircraft, helicopters, spacecraft, satellites, ships, 

submarines, automobiles, chemical processing equipment, sporting goods and civil 

infrastructure, and there is the potential for common use in medical prosthesis and 

microelectronic devices. Figure 1-5 shows a breakdown of carbon fibre usage based 

on industries for 2013. 
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Figure 1-5: Global carbon fibre demand by application in 2013 (1000 tonnes) 
[12]. 

CFRP was pioneered by the military aerospace and motorsport industries but is now 

also widely used in high performance marine industry. The significant weight 

reduction achieved when replacing steel with CFRP means more extended range, 

higher speeds, and reduced fuel consumption. Some recent superyacht projects 

include full CFRP based designs, such as McConaghy Boats’ Adastra trimaran and 

Palmer Johnson’s Supersport range [13]. 

This research project’s industrial partner, Southern Spars Ltd., is a world-leading 

manufacturer of CFRP masts, booms and rigging for high performance yachts. Their 

products are structurally quite different from other industries because of the type 

of geometries that are involved in the designs of some of their spars and rigging. 

Regions of a typical mast may have thicknesses in the order of 100 mm and much 

sharper curvatures than typical aerospace or motorsport components relative to 

thickness. The design and manufacturing of such thick and curved parts can be 

challenging [14]. The anisotropic thermal conductivity of carbon fibres, coupled 

with the exothermic cure cycles, result in an uneven heat distribution through the 

thickness of components. The prepreg out-of-freezer time is also increased for 

thicker parts, degrading its properties. These phenomena are elevated in thicker 

parts and more complex parts which require significant time to lay up [15] The parts 

can also often require multiple cure cycles to reinforce machined holes or other 

regions of stress concentrations, magnifying the negative effects discussed . 
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Southern Spars Ltd. produced the World’s tallest yacht masts measuring 93 metres 

in height each [16]. The mast tubes were designed to withstand compression loads 

of up to ~4.9 MN [17].  One of the World’s tallest yacht masts produced by Magma 

Structures in the UK can carry approximately twice the loads acting on a Boeing 

Dreamliner wing and is shown in Figure 1-6 [18].  

 

Figure 1-6: Tall composite yacht masts produced by Magma Structures [18] 

Luxury yacht manufacturers Perini Navi used CFRP to make 75.8 meter masts 

(Figure 1-7) weighing 16.4 tons [19]. 

     

Figure 1-7: Perseus3:  a 60-meter sloop with one of the tallest masts in the 
world. [19] 

New Zealand’s involvement and successes in the America’s Cup races and other high 

performance sailing events has brought with it a recognition of the country’s ability 

to provide excellent marine design solutions [20]. New Zealand’s marine industry is 

worth over NZ$4 billion a year [21], and is able to hold its ground with the best in 

the World when it comes to yacht manufacturing capabilities with a historical 

annual turnover of over NZ$1.2 billion (2009) in the boating industry [22]. Thus, 

advancements in yacht manufacturing are of significance to the future of the country 

and its economy.  
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1.3 Prepreg CFRP 

The name “prepreg” comes from the term “pre-impregnated”. To be precise, 

prepreg refers to partially cured unidirectional carbon epoxy pre-impregnate. 

Prepreg CFRP has fibres impregnated with a predetermined amount of partially 

cured resin and is usually available in unidirectional (UD) or woven form.  

Prepreg material may be manufactured using various procedures that range from 

hand lay-up used to create complex one off geometric parts, to automated tape lay-

up and automated fibre placement for mass-produced large scale manufacturing. 

After the part lay-up is completed and a properly sealed vacuum bag is applied to 

the part, it is ready to be cured. This process can be done using an autoclave or in an 

oven. An autoclave is a pressurised oven and adds high costs to the initial investment 

of a manufacturing process. Out of Autoclave (OOA) process involves curing the part 

in an unpressurised oven under vacuum pressure. A simple schematic is shown in 

Figure 1-8. 

Parts cured in an autoclave have been established to generally be of higher quality 

than components cured in a non-pressurised oven [23]. This is mainly due to the 

increased pressure resulting in reduced void content in the part. However, OOA 

processes are now able to produce parts of reasonably high quality when combined 

with careful lay-up and consolidation [24]. 

 

(a) (b) 

Figure 1-8: OOA (a) vs Autoclave (b) vs [25]. 

The primary manufacturing process used by the project’s industrial partner 

involves parts made with prepreg material cured in an autoclave. Hence, these 

systems formed the focus of the work presented in this thesis. 
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1.4 Defects in CFRP 

Defects may be categorised into three broad groups; matrix, fibre, and interface.  

Matrix defects are mainly voids, but may also be incomplete curing. Fibre defects 

may be misalignments, waviness, broken fibres and irregular distribution. Interface 

defects include delaminations and un-bonded areas of fibre surfaces [26]. Defect 

types may be broadly categorised as shown in Figure 1-9. However, this is an 

oversimplified outlook of defect types, and it is necessary to establish a more 

detailed taxonomy to understand defect origins clearly. 

 

Figure 1-9: Typical defect types found in carbon-epoxy composites 

Variability may be present in the material itself or may be introduced during 

processing. A large list of sources of variability has been established by Potter [27] 

and Smith [28]. It includes, but is not limited to: 

• Trapped air or other foreign particles 

• Quality of fibre alignment 

• Vacuum level in the bag 

• Bulk and local resin flow quality 

• Variations and mismatch in local fibre volume fractions (Vf) to design Vf  

• Ply misalignment 

• Incomplete curing 

• Tooling preparation quality etc. 

• Spring-in or spring forward of curved laminates due to residual stresses 

Potter, et al. [29] summarised defects into a taxonomical system by extending the 

work of Griffith, et al. [30] in order to create a framework to contextualise the 

significance of various defect types. The overall taxonomy has been simplified to 

represent the applications of interest to the current study and is shown in Figure 
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1-10. Within the simplified taxonomy which cover the broader categories of defects 

that may be applicable to high performance CFRP parts, two main areas have been 

highlighted based on discussions with industry partners due to their observations 

and concerns: voids & porosity, and fibre misalignment/wrinkles. 

Defects in Composite 
Parts
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Figure 1-10: A simplified taxonomy of defects in CFRP parts 

In a later study, Potter [31] discusses the false assumptions into the origins of 

defects being a simple case of uncontrolled manufacturing process control, and how 

in actuality it is a complex interaction between various parameters. These include 

the design of the part, variabilities in raw materials, process variation at any of the 

multiple manufacturing steps and process design decisions. This highlights the 

difficulty in identifying the causes of defects in a typical manufacturing environment 

and the need for a thorough examination at every step of the design and 

manufacturing processes to ensure parts meet a minimum acceptable level of 

overall quality by minimising defect formation. 

Types of geometric variation that may arise during the vacuum bagging and 

autoclave processes have been identified [27]. Some of these include trapped air in 

prepreg material, resin content, local & global quality of fibre alignment, surface 

porosity of prepreg etc. Potter [27] has mentioned some of the laminate variability 
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that may occur during the moulding process. These include, but are not restricted 

to, the stacking sequence, quality of tooling, temperature variation during the 

process, type and method of bagging, vacuum level inside the bag, and cure cycle 

variation in temperature and pressure. 

High-performance CFRP parts are often quite thin and have curvatures with 

relatively large radii. Conversely, some CFRP structures such as aircraft wing boxes, 

wind turbine blades or yacht masts are highly loaded with very complex geometries. 

These parts are often thick and may potentially have corners with radii in the same 

order of magnitude as the part’s thickness. Thick laminates with smaller radii can 

often lead to internal defects during manufacturing and have shown to result in 

greater variability in the quality of the final part, as these areas are susceptible to an 

increased amount of porosity, discrete voids and fibre misalignments [15, 32-34].  

The mechanical properties, particularly strength, may be reduced significantly 

depending on the size, location, geometry and type of defects induced [35-38]. 

During the manufacturing of carbon fibre composites, the formation of defects such 

as wrinkling of the fibres or voids within the matrix material has been known to 

occur [29]. Manufacturing processes can be controlled to limit these defects, but this 

often leads to increased manufacturing costs and some defects can never be 

completely eliminated; especially voids.  

It has been shown that thin laminates have a higher tendency to bleed out excess 

resin than thick laminates during the curing phase of manufacturing [39]. This 

means that excess resin that may cause voids by trapping any air or moisture within 

the laminate is removed during cure more easily in a thinner laminate. Thicker 

laminates tend to trap air, which cannot easily escape during de-bulking or curing. 

It is also more difficult to remove air, moisture and volatiles from the centre of thick 

laminates vertically (through-thickness), which may not be able to escape from the 

edges horizontally [40].  

1.4.1 Fibre Misalignment 

The defects that occur at the material production stage is challenging for a product 

manufacturer to resolve. However, other defects that tend to be introduced into 

parts at the manufacturing level are more controllable and identifiable. One key type 
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of defect that occurs in prepreg based CFRP parts during the manufacturing stage is 

out-of-plane fibre misalignment. 

Potter, et al. [41] conducted a detailed investigation on the straightness of the fibres 

and the variability of mass per unit area for prepreg material, comparing the values 

to the material supplier’s definitions. The study concluded that based on six-sigma 

process control, the variation in material thickness provided by the manufacturer 

would require a ±12% thickness range to be of dimensional acceptance, which is 

obviously too high. However, setting tight tolerances for thickness values would 

result in a high rejection rate of parts, so the variation in mass properties of material 

need to be accounted for in the design stages. The same study concluded that the in-

plane fibre misalignment if characterised as a sinusoidal wave would have a 

wavelength of ~3 mm with an amplitude of 0.03 mm and a peak angle of ~ 3.8°. The 

authors suggested the possible origin of this variation potentially to be due to the 

winding of the fibres around a relatively narrow diameter drum at the later stages 

of the impregnation process. 

Adams and Hyer [42], Mukhopadhyay, et al. [43] and Talreja [26] have studied the 

effects of fibre wrinkling on the compressive and interlaminar shear strengths of 

CFRP. They all concluded that an increase in wrinkle severity resulted in reduced 

mechanical properties, but there are currently no association with the degree of 

fibre misalignment’s effect on mechanical properties. This becomes increasingly 

important, as their studies have shown that the failure mechanisms are different 

when the severity of wrinkling changes. It is, therefore, an important gap in 

literature that needs to be addressed in order to fully understand the various levels 

of typical fibre wrinkling, and their effects on material behaviour. 

Considerable research has been conducted on the various causes of fibre 

misalignment and the effects it can have on failure strength under different load 

cases [29, 42-54]. The consensus on the topic states a reduction in strength under 

both compressive and interlaminar shear loads when parts have fibres misaligned 

from its intended geometry. However, tensile behaviour seems to be relatively 

unaffected by this phenomenon and can be assumed to be less concerning for parts 

with fibre misalignment. 
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1.4.2 Voids and porosity 

Formation of voids is an unavoidable factor in CFRP components and can be seen in 

parts manufactured using all composite manufacturing methods, albeit some 

methods resulting in less void content than others. Parameters such as 

temperatures, pressures and viscosity of epoxy during the cure cycle have all shown 

to affect the final void content in composite parts [55-59]. 

Voids are formed during the curing the stage of composites and may be caused by a 

number of different factors. These include; duration of cure, temperature, pressure, 

and efficiency of vacuum bleeding of resin or inclusions of foreign substances such 

as moisture, air and dust. [28]. Mechanical properties such as compressive, shear, 

bending, transverse strengths and impact toughness properties are significantly 

affected by voids [56]. 

One of the most recognised studies conducted on the topic of voids in composites 

was conducted by Judd and Wright [60]. Many manufacturers, including the 

industry partner for this project (Southern Spars Limited), use this study as a 

general guide to determining the quality of their final products. The key findings 

presented in their study was a reduction in interlaminar shear strength of 7% for 

each 1% of void volume fraction for up to 4% of total void volume fraction. This 

empirical conclusion does not account for various parameters that could have a 

potential effect on the actual performance of composite parts with voids, and 

certainly does not explore the effect of voids and porosity on other mechanical 

properties. Other studies such as the ones conducted by Ghiorse [61] and Güerdal, 

et al. [62] have made attempts to establish a measurable correlation between the 

overall porosity of parts and their mechanical performance.  

Defects and damage in composites may be inspected using various techniques. 

These are usually categorised into either destructive testing or non-destructive 

testing. Non-destructive testing methods’ level of accuracy and reliability are of 

importance in the assessment of damage in composite materials. This is because 

these techniques can be used during maintenance while the product is still in 

service. An interesting development of interest to this project is in-situ computer 

tomography methods to study the initiation and propagation of damage. This 

method could potentially be used to understand the role of defects such as voids and 

wrinkles in the failure of CFRP materials further. 
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Almeida and Neto [63] studied the effect of overall void content on ILSS and flexural 

strength without taking into account the specific cause of failure initiation and 

propagation. Guo, et al. [64] conducted similar work and extended it to include 

tensile strength and established critical void content before a material’s mechanical 

properties drastically decrease.  Chambers, et al. [65] showed that the size and 

distribution of the voids played a role in the flexural strength of CFRP and 

determined the failure mechanisms involved for various levels of void content. Their 

study only assessed voids in 2D using microscopy and did not consider the 3D 

nature of voids. This is an important feature to consider since the direction of load 

and shape of voids may have an impact on the damage initiation and evolution. 

Elhajjar and Shams [50] studied the compressive failure behaviour of continuous 

fibre reinforced composites with an open hole. Using load-deflection data, acoustic 

emission monitoring and optical microscopy, they were able to conclude that matrix 

cracking was a significant factor in the failure of these laminates, and areas of fibre 

kinks resulted in the fracture of fibres themselves. They also observed the role of 

resin pockets and its critical influences on damage initiation. 

Dong [66] used a variety of representative volume element based numerical models 

and analytical models based on the Kerner-Hashin and Mori-Tanaka approached to 

conclude that a general increase in void content of 1% results in a reduction of 

transverse modulus by up to 1.5%. The study also concluded that a critical void 

content of 2% was applicable for transverse strength, and any void content above 

caused a reduction in transverse strength. Interestingly, this reduction in transverse 

strength was not as severe for higher fibre volume fractions and a contentious 

finding of the research stated that voids do not affect longitudinal properties, which 

disagrees with other published studies [48, 61, 63, 64, 67, 68]. 

However, these studies tend to lack detail in describing the reasons for correlations 

and hence are not entirely reliable or successful methods of quantification of 

strength or stiffness degradation caused by voids. The large discrepancy in the data 

between various studies shows disagreement in any particular quantified 

relationships between void characteristics and mechanical performance that were 

previously established in literature. This is clearly shown by the substantial 

variation in the material property degradation at comparable porosity levels when 

the manufacturing processes used are different [69, 70]. 
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Other studies have critically approached the possibilities of various void parameters 

having an effect on the failure behaviour of FRP parts [47, 48, 56, 65, 66, 71-79]. 

However, there is no clear review of effects that can be globally applied, and each 

study focuses on very specific material systems and/or geometries. 

This PhD project will be aimed at furthering the knowledge in characteristics of 

voids in curved parts and methods of determining their effect on the compressive 

performance of prepreg based CFRP parts. 

1.4.3 Detection and modelling of defects 

It has been well established in previous studies that defects cause a reduction in the 

performance of CFRP, as explained in §1.4. Nonetheless, there is not enough 

evidence to fully understand the effect of defect characteristics, such as the aspect 

ratio (AR) & shape of voids, or the severity of fibre misalignment, have on the load 

carrying capabilities of CFRP parts. In order to conduct a thorough study of how 

parts are affected by various defects, it is necessary to characterise their geometric 

features accurately. Developing procedures to identify and characterise typical 

voids and wrinkles will enable these properties to be used to create useful 

multiscale numerical models that may then be used to predict the behaviour of CFRP 

parts with various geometries of fibre wrinkling and/or voids. 

A wide range of destructive and non-destructive inspection (NDI) methods is 

available for composite materials. These include methods such as x-radiography 

based techniques, acoustic emission, eddy-current methods and ultrasound [80]. 

Birt and Smith [81] reviewed several methods that may be used to measure porosity 

in fibre-reinforced composite (FRP) materials, but concluded that no single method 

has the ability to capture specific characteristics of voids and also the constituent 

materials at the scale that would be useful to composite manufacturers. Other 

techniques that can be used to detect anomalies in FRP structures include 

thermography and low-frequency vibration based monitoring systems [82].  

One method of comparing the average void content of a laminate is to compare the 

theoretical density of the specimen to the actual density by using Archimedes 

principle [83]. Conversely, this approach is only suitable if the accurate weight 

fractions of a composite part’s constituents and their respective densities are 

measured or known. Techniques such as matrix burn-off and acid digestion [84] are 
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two approaches which use similar principals to measure void content in composites 

by removing the matrix material and measuring the mass of remnants which are 

theoretically only reinforcement fibres. Matrix burn-off is conducted in a furnace at 

high temperatures. The process could degrade the fibres by oxidation, which 

reduces the accuracy of results. Acid digestion utilises chemical reaction instead of 

thermal energy to remove the matrix material from the composite. The process 

produces toxic fumes, increasing the overall risk of the experiment [85]. Both 

procedures require an initial quantification of the overall density using Archimedes’ 

submersion procedure and the densities of constituent materials. Another major 

drawback and the main reason for not utilising this technique for the purpose of this 

project was the inability to identify any specific void feature other than the overall 

void volume fraction. 

Heuer, et al. [86] reviewed non-destructive testing (NDT) approaches of assessing 

the quality of CFRP parts using high frequency eddy current (HF-EC), concluding 

that the method has potential to determine fibre orientations and matrix 

degradation over time. The conductivity of CFRP makes the use of HF-EC possible. 

Nonetheless, the method is currently restricted to 500 µm resolutions, which is 

relatively low quality for assessing specific details on defects. 

A widely used mode of characterising defects, especially voids, is microscopy. Low-

magnification optical microscopy is the conventional type of microscopy used to 

determine the features of voids and wrinkles. The technique is accurate, reliable and 

repeatable. On the other hand, major drawbacks include the two-dimensionality and 

destructive nature of this procedure.  

Ultrasound scanning has been shown to be a very useful non-destructive testing 

(NDT) method used for quality assurance and defect characterisation at various 

stages [87]. Smith, et al. [88] demonstrated the ability to use ultrasound scans to 

determine the internal ply geometry and showed the possibility of using scan data 

to develop finite element based numerical models accounting for variations in local 

ply geometries. These conclusions were based on a combination of studies brought 

together by the research group, showing potential for the use of ultrasound 

scanning. Taheri, et al. [89] studied the effectiveness of single element and phased 

array (PA) ultrasound scanning methods to characterise defects in thick composite 

panels. They concluded that a PA ultrasound system provides better results than 
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single element counterparts do in terms of signal strength and overall resolution. da 

Conceição Cereja [90] showed that PA ultrasound has potential in determining 

defect characteristics in CFRP structures with complex geometry by conducting a 

case study on an “omega” shaped stringer typically used in the aerospace industry. 

On the contrary, Abdelal and Donaldson [91] found that ultrasound was not a useful 

tool in detecting and characterising voids in glass fibre reinforced polymer 

composites. 

Ley and Godinez [92] reviewed a variety of non-destructive evaluation (NDE) 

approaches including radiography, ultrasound, eddy current, acoustic emission, 

penetrant, vibration analysis and thermography for aerospace grade composites. 

They conducted detailed studies on line scanning thermography (LST) and 

ultrasound techniques. They concluded that X-ray techniques provided high quality 

data, but was unsuitable for most production environments due to the very high 

levels of safety requirements for installation and operation, notwithstanding the 

associated and other costs. 

Eddy-current based methods have been successfully used to determine fibre 

misalignment in CFRP specimens. Unfortunately, the resolution achievable using 

eddy current based scanning is not high enough for detailed characterisation of 

defects. Due to the procedure’s inability to accurately determine the sizing of  fibre 

waviness, Mizukami, et al. [52] the concluded that it is an impractical technique for 

inspection of waviness. 

X-ray micro-CT has been established in material characterisation as a useful tool in 

three major aspects [93]: 

1. Non-destructive testing / inspection (NDT / NDI) 

2. Three-dimensional volume representation based metrology measurements 

3. Large sample based quantitative material analysis 

 The third aspect is specifically of interest to this research.  

Di Landroa, et al. [78] conducted a variety of void characterisation techniques and 

physically tested specimens that contained a range of overall void content. Their 

research explored methods such as microscopy, X-ray tomography, thermal & 

rheological analysis, and acid digestion of matrix to determine defect features in 

CFRP specimens. However, data acquired from X-ray micro-CT scans were not used 
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to conduct any characterisation of void shapes or sizes. Scanning electron 

microscope (SEM) and optical microscopy data were used for void detection and 

characterisation, which lack information in the third dimension to be able to 

characterise voids accurately. Specimen with voids of known shapes, sizes and 

locations were not tested, which may have significant effects on the results. 

A multi-objective optimisation study into the effect of the variabilities in 

glass/carbon based hybrid composites was undertaken by Kalantari, et al. [48]. The 

uncertainties in thickness, void content and fibre misalignments were researched. 

The method, however, utilised classical laminate theory and other simplified models 

to represent the effects of the uncertainties and was only suitable very simple 

extruded two-dimensional structures. For realistic parts with three-dimensionality, 

a more robust finite element based analysis would be required. 

Xie, et al. [94] utilised NDT data to determine wrinkle characteristics that need to be 

applied to numerical analysis in order to understand the behaviour of laminates 

with various severities of fibre misalignments under compressive loads. They 

specifically looked at out-of-plane wrinkles using Ultrasound and X-ray computed 

tomography (CT) were used to characterise the internal geometry of CFRP 

laminates. They extended the work previously conducted by Pinho, et al. [95] and 

were able to establish a parametric model based on a variety of wrinkle severities 

in flat panels [96]. The study concluded that the three key parameters required to 

classify wrinkles are the maximum wrinkle angle, wavelength of the wrinkle, and its 

Gaussian half-width. The study lacks an in-depth analysis of the variety of realistic 

wrinkle geometries in actual parts, but contributes knowledge towards the 

reduction in compressive strength in parts wrinkled in the direction of loading. A 

knockdown factor of 40% was seen in their studies, which can be catastrophic if it 

is not accounted for in the design of parts and components.  

Since the purpose of this study is to determine accurate void characteristics, the 

priority for precision was a key factor in selecting a characterisation technique for 

the purpose of this study. Thus, all defect characterisation was done using X-ray 

microcomputed tomography (µ-CT or micro-CT) scanning and optical microscopy 

imaging techniques. 

Analytical methods which have been previously proposed to predict the effect of 

voids are typically an extension of traditional inclusion theories, such as the ones 
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reviewed by Mura, et al. [97]. These extensions to inclusion theories have been 

discussed quite well by Berryman [98], and most of the modified theories simplify 

the void characteristics into evenly distributed spherical voids. These assumptions 

are still accurate enough for providing a reasonable representation of the actual 

effects of voids. 

As summarised by Kaddour and Hinton [99], there is currently no clear consensus 

on one best numerical model or analytical failure criterion which can be used 

reliably by designers of lightweight fibre reinforced composite structures. Thus, 

improved models that include initial defects introduced during manufacture and 

load conditions at which damage initiates & propagates will assist in creating better 

composite products in the future.  

1.4.4 Defect related terminology 

For the purpose of this thesis, it is necessary to distinguish the terms “void” and 

“porosity”. Historically, these two terms have been used interchangeably in 

literature. However, the author of this thesis proposes a clearer distinction in 

terminology to aid in supporting the hypothesis that specific characteristics of voids 

have an influence on failure behaviour of CFRP parts. Henceforth, “void” will refer 

to individual vacancy of material in a structure and “porosity” will refer to an overall 

volumetric fraction of voids with respect to the part or region of the part being 

studied. 

Similarly, “fibre misalignment”, “fibre waviness”, “fibre/ply kinking”, “fibre/ply 

wrinkling” have all been used interchangeably in literature. In discussions with the 

industry partner for this project, Southern Spars Limited, it was established that the 

main area of concern in the out-of-plane misalignment of plies in highly curved 

regions, pronounced further in parts with high thicknesses. This type of fibre 

misalignment tends to me most commonly labelled as “ply wrinkling” or “fibre 

wrinkling”. Thus, “wrinkling” will be the term used for any out-of-plane 

misalignments of plies. 

“Thick” laminates typically refer to CFRP parts with a thickness greater than two or 

three millimetres. Kugler and Moon [100] referred to laminates of greater than 50 

plies to be “thick”, which equates to approximately 7 mm when using the standard 

modulus prepreg system used by this study’s industry partner Southern Spars Ltd. 
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Using a prepreg material of 0.142 mm thickness. Davies, et al. [101] categorised 

thick laminates to be greater than 10 mm in cured thickness, while Bishop [102] and 

Bakis and Stinchcomb [103] categorised specimens of 3 mm and 4.17 mm as “thick” 

specimens, respectively. Oleg and Sergey [104] defined thin-walled structures as 1 

mm to 3 mm and thick-walled products as 3 mm to 5 mm. 

For the purpose of this project, laminates of thicknesses greater than 5 mm will be 

considered “thick”. The critical feature when considering defects with relation to 

geometry is not just the thickness, but also the ratio of thickness to the significance 

local radius of curvature. Thick parts with relatively small corner radii have shown 

to result in the highest variation in part geometry and quality. The magnitudes of 

the corner radii determining its severity is relative to the angle of curvature and part 

thickness. Therefore, no specific values are assigned as definitions for “small” or 

“large” corners since it is a dependant value. 

1.5 Compressive Damage and Failure of CFRP 

Compressive failure of CFRP have been studied for several decades [105-110] with 

many different damage evolution theories present in current literature. However, 

predictive models are often limited due to multitude of interactions between the 

varying internal structure of parts and constituent properties, along with 

externalities such as environmental conditions [111]. 

Researchers have associated several failure modes to compressive failure of CFRP. 

For example, Jelf and Fleck [112] proposed four main modes; fibre failure, elastic 

micro-buckling, matrix failure, and plastic micro-buckling (which they concluded as 

the dominant failure mode). However, due to the complexities of compression 

testing composites, there is no general consensus of the causes for micro-buckling 

(kink band formation). Odom and Adams [113] describes some of the challenges of 

assessing failure modes in composites under compressive loads, which include 

accounting for the effect of the material and geometry of the tabs used, and the 

effectiveness of the grips used to attach the specimen to the fixture. 

A survey of studies indicate a general consensus that the two modes of damage 

which lead to failure under compressive loading are micro-buckling and 

delamination [95, 113-120]. 
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Attempts at predicting compressive damage in terms of initiation and progression 

mainly revolve around two early proposals; the first one from a study conducted in 

the 1960’s by Rosen [121], and the other one based on the work by Argon [118].  

Rosen [121] proposed fibres to be individual structures carrying almost all the load, 

with the matrix laterally supported the fibres. Under loads, fibres were supposedly 

buckling in a sinusoidal waveform pattern until they eventually “kink” and fail. 

Although this theory tends to overpredict the compressive strength of composites, 

it has been acknowledged and utilised as the underlying principle to many other 

studies exploring compressive behaviour of composites [122-124]. Argon [118]on 

the other hand contradicts Rosen’s prediction and states a direct kinking behaviour 

of fibres with no intermediate sinusoidal condition. Although Argon’s model 

inherently is sensitive to initial fibre orientation, it has still shown to overpredict the 

compressive strength of composites, albeit less than Rosen’s model. Argon’s model 

has also been undertaken and modified by other researchers in the pursuit of 

improving the overall understanding of compressive behaviour in composites [125-

128]. But none of them have been able to capture all the intricacies associated with 

the damage mechanisms involved due to variations in behaviour between different 

material systems and length scales. 

One interesting analytical model developed by Budiansky and Fleck [129] as a 

variation to Argon’s proposal. The key parameters for this model (width, 

propagation angle, initial fibre misalignment, and compression induced fibre 

rotation) has been widely accepted as the key descriptors for kink bands in 

composites under compression. The merits and limitations of the model are 

discussed by Pinho, et al. [130]. 

A lot of difficulty in assessing compressive damage mechanisms arise from the 

inaccuracies of post mortem assessments of failure region, as highlighted by Hapke, 

et al. [131]. Therefore, in-situ studies of CFRP while under compressive loads can be 

valuable in providing significant information with regards to compress damage 

initiation and propagation, leading to failure of CFRP. 
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2 MOTIVATION, OBJECTIVES 

AND THESIS LAYOUT 

2.1 Knowledge Gaps and Motivation 

As discussed in §1.4, there has been a considerable amount of work conducted in 

understanding the role of wrinkles and voids in the failure behaviour of continuous 

fibre composites. However, there is a noteworthy lack of knowledge when it comes 

to a few specific areas within this topic of research, which are highlighted below.  

There have been very few studies conducted to analyse the severities and 

characteristics of defects that are induced during manufacturing of curved CFRP 

parts. Studies into curved CFRP structures show a difference in thickness of highly 

curved regions to the nominal thickness of the part [132-134]. This project is 

focussed on parts manufactured using a female mould, which have been shown to 

result in parts with significant variations in geometry and shape. 

Statistical information on the shapes and sizes of individual voids have previously 

not been studied in detail. The role of individual voids in failure initiation and 

propagation are not well established. While it has been observed by multiple 

researchers that high thicknesses and corners are prone to higher amounts of 

defects [14, 15, 26, 27, 104, 135], the severity has not been quantified in any of the 

research. Some researchers have explicitly highlighted the large differences in the 

effect of voids on composites. They claim that a lack of understanding into attributes 
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such as the distance between voids to crack tips, and void morphologies, as the main 

reason for the lack of consensus [136, 137]. 

Another factor determined while assessing the current state of knowledge was the 

lack of understanding on the combined formation and effects of voids and wrinkle. 

Most previous studies have focused on one type of defect. It was of interest to 

determine the formation of multiple defect types and their interactions with each 

other. 

The focus of previous research seen in literature concerning defects and their role 

in mechanical performance has been on interlaminar behaviour of CFRP parts, while 

compressive behaviour in parts with defects has not been investigated to the same 

level of detail. Thick CFRP yacht masts with highly curved geometry were of specific 

concern to the project’s industry partner, Southern Spars Ltd., typically loaded in 

compression. Thus, the compression-loading case was of particular concern and 

importance to this study. 

2.2 Objective and Scope 

The overall objective of this project was to establish the characteristics of 

manufacturing induced voids and wrinkles found in curved CFRP parts of 

thicknesses over 5 mm and to establish relationships between these defects and 

their effect on the resulting compressive behaviour of composite laminates. 

2.2.1 Key Research Questions 

1. How can the morphologies of voids in autoclave cured prepreg based curved 

CFRP parts be characterised and quantified efficiently? 

2. How can the characteristics of ply misalignment in autoclave cured prepreg 

based curved CFRP parts be determined, quantified and suitably assessed for 

severity? 

3. What are the characteristics and probabilities of typical voids and wrinkles 

that occur in autoclave cured prepreg based curved CFRP parts? 

4. How can the influence of typical voids and wrinkles on compressive material 

properties and failure behaviour be physically characterised?  

5. How can defects and their effects be numerically modelled to represent 

realistic defects in parts? 
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6. What are the effects of common void and wrinkle morphologies on 

compressive properties, such as stiffness, strength and damage behaviour? 

2.2.2 Scope 

The material system focused on was autoclave cured standard modulus UD 

thermoset (epoxy) based CFRP with the following characteristics; 

• Highly levels of fibre orientation: >50%+ plies in 0° direction,  

• Thickness > 5 mm 

• Curvature with relatively small radii, approximately equal to thickness. 

Defect and imperfection types that were studied consisted mainly of voids and fibre 

misalignment (out-of-plane wrinkles). Internal voids and ply misalignment in 

curved CFRP parts were studied using X-ray micro-CT and low-magnification 

reflective optical microscopy to obtain statistical data on void morphologies and 

wrinkle characteristics. CFRP laminates containing various levels of actual defects 

were mechanically tested to failure using modified standard test methods to 

accommodate the unique specimen requirements. Finite element models (FEM) 

were parametrically defined to enable the creation of various types, shapes, and 

sizes of voids and wrinkles in order to investigate their effects on lamina stress 

states. The models also identified parameters that could lead to local sub-laminate 

instabilities, which were seen in physical tests. 
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2.3 Novel Aspects of Research 

The key novel features of this PhD research can be summarised as: 

1. Development of a technique for characterising typical manufacturing 

induced voids in curved CFRP parts using X-ray micro-CT scan data 

processed with methods that reduced ring artefacts, removed noise, and 

accurately identified voids. (Chapter 4) 

2. Development of a technique for characterising typical manufacturing 

induced out-of-plane wrinkles within curved CFRP parts using reflective 

optical micrographs by extracting ply geometries and fitting sinusoidal 

curves to determine their amplitudes, wavelengths, counts, and peak-

curvatures. (Chapter 5 – §5.2.2) 

3. Application of two-dimensional discrete Fourier transforms and structure 

tensors to quantify directionality / misalignment of plies using X-ray micro-

CT scan data of CFRP parts. (Chapter 5 – §5.2.1) 

4. Development of a physical test method, including an axial compression 

loading system with integral specimen alignment and a central imaging 

window, to conduct in-situ X-ray micro-CT scans to study the damage 

behaviour in CFRP specimens at different load steps. (Chapter 6 – §6.3.5) 

5. Application of high-speed cameras and acoustic emission monitoring to 

ASTM 6641 combined loaded compression tests to investigate damage 

behaviour in CFRP specimens with various severities of wrinkles and voids. 

(Chapter 6 – §6.3.4) 

6. Utilisation of parametric models to determine the effect of a wide range of 

idealised void morphologies and wrinkle characteristics on compressive 

stress concentrations. (Chapter 7 – §7.4, 7.5) 

  



Chapter 2: Motivation, Objectives and Thesis Layout 

A Ramesh - April 2020    27 

2.4 Thesis Layout 

The specimen manufacturing methodology, preparation, and their alphanumeric 

identifiers (experimental matrices) for various scans and tests undertaken during 

this project can be found in Chapter 3. Characterising defects was done a variety of 

distinct methodologies. The first method, X-ray based micro computed tomography 

(micro-CT), is used to determine the three-dimensional morphology of voids. Details 

of the methodology used, along with a discussion of the results obtained are 

provided in Chapter 0.  

The average orientation of plies in the direction of loading was calculated using X-

ray micro-CT scan data by applying two different processes; two-dimensional 

discrete Fourier transforms, and structure tensors. A unique method used to extract 

ply geometries from low-magnification reflective optical microscopy was 

developed. This technique was used to determine the overall thickening of corners 

and out-of-plane ply wrinkling. These methods, along with all the associated results 

and discussion, are provided in Chapter 5. 

A critical part of this PhD research project was the development of a suitable test 

method to determine the compressive behaviour of curved regions containing 

defects of a variety of severities. The progression of the test method development is 

described in Chapter 6, along with the various instrumentations trialled, such as 

high-speed cameras, strain gauges, and acoustic emission monitoring. The chapter 

covers the results obtained from the different experiments, which include data 

obtained from in-situ micro-CT scanning of specimens under loads, high-speed 

camera analysis of specimens during failure, acoustic emission data of internal 

damage occurring during loads, strain gauge results of surface strains and load data. 

Discussion of these experimental results is also included in Chapter 6. 

The last main section of the project that is covered in this thesis is the development 

of two parametric numerical models to determine the effect of idealised typical 

voids and wrinkle on the variation of stress distributions in CFRP parts under 

compressive loads. Chapter 7 of this thesis discusses the modelling approach and 

results obtained from parametric models of idealised wrinkles and voids. 

Chapter 0 concludes the work presented in this thesis and provides 

recommendations to improve and continue this stream of research. 
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3 MATERIAL SYSTEMS, 

MANUFACTURING 

METHODOLOGY, SPECIMEN 

PREPARATION AND 

SPECIMEN CONFIGURATIONS 

Specimens of various geometries were manufactured and prepared as part of this 

project. The final specimen geometry and preparation process depended on the type 

of scan or test conducted. This chapter describes the material systems and 

manufacturing processes followed in preparing the various specimens relevant to 

each of the key aspects of this project. Specimen identifiers associated with each test 

matrix are also provided in detail, as this information is relevant to the following 

chapters of this thesis in understanding the locations and parts from which each 

specimen was extracted. 
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3.1 Material Systems 

3.1.1 Raw materials 

Unidirectional prepreg CFRP with Toray - T700 (Appendix B2) standard modulus 

carbon fibres and Hankuk – RS4545S (Appendix B2) resin system was used to 

manufacture the specimens. The material supplier quotes a fibre volume fraction of 

60% for the raw prepreg.  

A summary of the fibre properties is mentioned in Table 3-1. 

Table 3-1: Material properties of Toray T700 fibres 

Property Value 

Tensile strength 4900 MPa 

Tensile modulus 230 GPa 

Density 1800 kg/m3 

Filament diameter 7 µm 

Coefficient of thermal expansion 0.38 α 10-6/°C 

Specific heat 0.18 Cal/g °C 

Thermal conductivity 0.0224 Cal/cm s °C 

The resin system was specially formulated by Hankuk for autoclave based curing 

process. A summary of the fundamental material properties of the resin system is 

provided in Table 3-2. 

Table 3-2: Material properties of Hankuk RS4545 Epoxy Resin 

Property Value 

Tensile strength 77 MPa 

Tensile modulus 3.6 GPa 

Flexural strength 146 MPa 

Flexural modulus 3.6 GPa 

3.1.2 Laminate 

A ratio of 60%:30%:10% of 0°, ±45°, and 90° plies, respectively, was maintained for 

all parts that were manufactured for the purpose of this project. This will henceforth 

be referred to as the “60-30-10 ratio”. For structures carrying highly directional 

loads, which require high strength and stiffness in the load direction (such as a yacht 

mast), this is a reasonable and representative ratio. For the majority of structures 

studied, the material was laid up with the stacking sequence: 
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[0/90/0/45/-45/0/-45/45/0/90/0/45/-45/0/-45/45/0/90/0/0/±45]S because it 

provided a realistic thickness to corner radius ratio while maintaining the 60-30-10 

ratio. Exceptions in the sequences are specified in relevant sections. All the 

sequences used in this project were based on industry recommendations to meet 

currently relevant industry standards. All 0° plies used are 300 grams per square 

meter (gsm), and the rest of the plies are 150 gsm in order to achieve the highly 

directional laminate. The laminate sequence and areal fibre weights were selected 

based on the interests in these systems presented by the industry partner due to the 

highly directional load cases experienced by yacht masts. 

Figure 3-1 (a) shows the local fibre orientations on a typical part from which the 

specimens are extracted. A female “U-shape” mould was constructed using 

aluminium with corner radii of 20 mm and sidewall angles of 100°. The cross-

sectional schematic of the mould used to manufacture specimens for this study is 

shown in Figure 3-1 (b).  

  

(a) (b) 

Figure 3-1. Fibre orientation on laminates (a), Cross-section of aluminium 
mould with 20 mm corner radius (b) 

3.1.3 Consumables 

Manufacturing prepreg-based CFRP parts require the use of various consumables. 

Two separate types of debulk vacuum bags, both manufactured from 0.125 mm 

mono-extruded polyethene, were used for the manufacturing of laminates; a lay-flat 

tube and rolled sheet made from recycled materials. 

Breather cloth made of polyester fibres was utilised in the manufacturing of the 

parts used in this study. Airtech brand’s airweave® S grade material provided a 
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relatively thin material system with desirable elongation. It also had a maximum 

operating temperature of 204° Celsius [138]. 

A perforated release film manufactured by Airtech was used for the debulking 

process. The Wrightlon® 3900 polyolefin film with an elongation to break of 500% 

and tensile strength of 41 MPa was chosen. The film perforations with a nominal 

hole diameter of 0.381 mm (or P6 grade) and separation of 50.8 mm with a 

maximum operating temperature of 157° Celsius [138]. 

Since the cure cycle required a heat resistant vacuum bag, the debulk bag was not 

sufficient for this process. Hence, Airtech’s Ipplon® KM1300 nylon film was used for 

all autoclave processes. The bag had a 425% elongation to failure, 0.075 mm 

thickness, and tensile strength of 48 MPa. It had a maximum operating temperature 

of 212° Celsius, which was well above the maximum cure temperatures that the 

material experienced during the cure cycle[138]. Airtech’s bleeder cloth and 

Econostitch® non-coated nylon peel ply with red tracers (88 g/m2) with a  maximum 

service temperature of 190°C maximum and 0.152 mm thickness was used for the 

manufacturing of specimens [138]. 
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3.2 Manufacturing Process 

The first step of the manufacturing process consisted of removing the prepreg 

material (which is supplied in rolls) from the freezer and thawed to room 

temperature. The material is then cut using an automated robot to produce the 

required plies of the design width and length of the part, accounting for any 

curvature. Once the plies are cut, they are then laid up by hand one ply at a time onto 

a female mould, which has been previously prepared by applying a layer of 

Polytetrafluoroethylene (PTFE) film with an adhesive backing. In addition, two base 

layers of Frekote® mould release was applied to the PTFE film to ensure that the 

parts did not adhere to the mould during the curing process. 

Prepreg rolls are coated with protective film on both surfaces to avoid any self-

adhesion during storage and transportation. The outside is covered with a red film, 

and the inside surface of the prepreg roll is covered with a green film. The red film 

is considerably thicker than the green film, which is an important distinction 

because the green film should be removed first so that the red film is still left on 

during the laying up process. This allows for the removal of any air bubbles and 

ensures proper adhesion between layers without damaging the prepreg material 

itself. The pre-cut plies are first aligned, and the centres of all the plies are marked 

to ensure the fibre orientation aligns appropriately with the mould. Once a ply is 

applied to the mould, using fabric-gloved palms and a plastic tool called a dibber 

manufactured using high-density polyethene (HDPE), the ply is firmly pressed 

down. Air is pushed from the inside of the part to the edges so that it may escape, 

and a good lamination is achieved when the full ply surface achieves proper 

adhesion to the previous layer (or the mould surface in the case of the first ply). 

Special attention needs to be paid to the corner regions, as the area is particularly 

difficult to achieve proper adhesion. Figure 3-2 shows the debulking process in 

progress and a new ply applied before removing the thick red film. 

The next step in the process is to debulk the laid up part to remove any trapped air 

between plies, to improve interply adhesion, and to improve geometric emulation 

of the part. The manufacturing set up is assembled as shown in Figure 3-3, and a 

vacuum pump is used to apply a negative pressure inside the vacuum bag.  
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(a)                                                                      (b) 

Figure 3-2: debulk in progress (a) and new ply applied (b) 

The debulk frequency can be varied between every single ply to any number of plies 

based on the desired final part quality, but the amount of resources (especially 

labour hours and overall manufacturing time) required increases with higher 

debulk frequency. During the lay-up process, the material was debulked after every 

third layer, which is standard practice in the marine industry. 

    

Figure 3-3: Assembly of female mould for the debulking process. 

Once the entire part is laid up, the next step is the consolidation and curing of the 

part. The set up described in Figure 3-3 is firstly modified by adding a bleeder cloth 

on top of the part and under the perforated film. The tacky tape is replaced with a 

high-temperature resistant tape which is yellow in colour, compared to the black 
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tape used for the debulk phase. The green vacuum bag is then replaced with a red 

“cook” bag, which refers to a high-temperature resistant vacuum bag that can 

withstand the temperatures inside an autoclave. The part is then cured as described 

in §1.3 using an autoclave under a controlled pressure of 3.7 bars above atmosphere 

outside the vacuum bag and pre-defined temperature profile over a total time period 

of approximately six to seven hours. The predefined pressure and temperature 

profiles used for the cure cycle is provided in Figure 3-4, which were defined by 

current industry practice. Small amounts of excess resin is bled out to provide a final 

part with a fibre volume fraction similar to the material supplier’s quotes. The 

laminates were then cut into slices of different thicknesses based on the type of 

imaging required. 

 

Figure 3-4: Programmed autoclave cure temperature and pressure cycle 

3.2.1 Micro-computed tomography (micro-CT) 

Two different preparation techniques were used to produce specimens for micro-

CT scanning. An initial trial scan was conducted to determine the efficacy of micro-

CT scanning on producing three-dimensional reconstructions, which can be used to 

characterise defects with a high level of accuracy. Since this approach proved useful, 

especially in identifying and describing voids, the second set of scans were 

conducted using the same process, and similar specimen shape and size. The first 

and second set of scans were conducted locally at the University of Auckland’s 

Bioengineering Institute. The third set of scans were conducted at the University of 

Southampton’s µ-VIS X-ray Imaging Centre as the specimens were later tested under 

combined loaded compression (CLC). The CLC tests required specimens of sizes 

greater than what could be scanned at the University of Auckland’s ABI facility. 
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3.2.1.1 Scan series 01 & 02 

Scan 01 consisted of only one specimen extracted from the corner region of a 

channel section (Scan Panel 01). This specimen is labelled “Eval 01”, representing 

the evaluation specimen used to determine the efficacy of X-ray micro-CT to 

characterise voids in CFRP parts. 

A diamond grit coated circular table saw with a blade thickness of 4 mm was used 

to slice the channel specimens into sections before a Beuhler® IsoMetTM 1000 

precision sectioning saw was used to cut off the aft-face and sidewalls and provide 

the final specimen as shown in Figure 3-5. Note that the z-direction is normal to the 

mould surface. 

 

Figure 3-5. X-ray micro-CT specimen - Eval 01 

Scan 02 consisted of three specimens extracted from a single channel section (Scan 

Panel 02). The regions extracted are shown in Figure 3-6 labelled S_03 (starboard), 

S_04 (port), and S_06 (starboard). The regions extracted were labelled “Specimen 

01”, “Specimen 02”, and “Specimen 03”, respectively. The results for these scans are 

provided in §4.3.2. 

  

Figure 3-6: Scan Panel 02 – regions extracted for imaging 
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3.2.1.2 Scan series 03 

Once the process of void characterisation using image processing was developed, 

the third set of µ-CT scans were undertaken. In this series, the specimens were 

scanned, analysed, and compression tested. Figure 3-7 shows the regions extracted 

for scanning and compression testing from the typical channel sections described 

previously in this chapter. 

           

Figure 3-7: Specimen geometry extracted from corner region for X-ray micro-
CT and in-situ combined loaded compression tests 

Studies conducted by Netzel, et al. [139] on the same material system and 

manufacturing processes used in this project showed that humidity in the 

manufacturing environment and moisture saturation of the prepreg material before 

lay-up affected the final quality of parts in terms of voids and defects, especially in 

curved regions. Since a variety of defect severities needed to be studied during this 

round of scanning and testing, three panels were manufactured under different 

environmental conditions. The prepreg material was initially conditioned to 

ambient temperatures and humidity for 12 hours, after which the material for each 

panel was conditioned to 90%, 30%, and ambient relative humidity (RH) levels at 

room temperature for Test Panel 01, 02 and 03 respectively for 24 hours. The 

conditioning time periods were based on studies on the same material system [139, 

140].The ambient RH varied between 57% and 64%.  

In order to extract the specimens as shown in Figure 3-7, the channel sections were 

firstly cut using a table saw with a diamond-coated blade. The blade was set to a 
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130°, and a fence was used to ensure a straight cut in line with the 0° plies (Figure 

3-8 – left). The fence was then moved for a parallel cut that provided a slightly 

oversized section (Figure 3-8 – right). The cut faces were then used as guides within 

a vice while using a CNC machine with a carbide end mill to machine the top and 

bottom faces (Figure 3-9). 

       

(a)        (b) 

Figure 3-8: Table saw used to cut the sidewall (a), and aft-face (b) 

   

Figure 3-9:  CNC machining using a carbide drill bit 

Although the specimens are 140 mm in total length, only ~15 mm is scanned using 

X-ray micro-CT since this region is the gauge area for the compression tests. 

The specimens were all visually inspected after machining, and 18 specimens were 

chosen based on their final surface finish and adherence to geometric tolerances. 

Obtaining a good surface finish proved challenging due to the presence of large voids 

within the specimen. When machining a curved region into a flat part, uneven 

amounts of each ply at the final flat surface caused fibre bundles to separate from 

the part, causing additional degradation to the surface finish. Several shims, clamps, 

and custom fixtures were used to hold and centre specimens during the CNC 

machining of specimens, ensuring repeatability of the process. 
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Schematics of Test Panels 01- High Relative Humidity (HRH), and Test Panel 02- Low 

Relative Humidity (LRH), showing the specimens extracted are given in Figure 3-10 

and Figure 3-11, respectively. As the first two test panels were manufactured at set 

RH levels to produce parts containing a range of defect severities, the prepreg 

required conditioning in an environmental chamber. The raw material dimensions 

were constrained by the space available inside the chamber, restricting the lengths 

of Test Panel 01 – HRH and 02 – LRH to 500 mm each, compared to the total length 

of 950 mm for Panel 03 – Ambient Humidity (AH). 

 

Figure 3-10: Specimens extracted from Test Panel 01 - HRH 

 

Figure 3-11: Specimens extracted from Test Panel 02 - LRH 

The third test panel manufactured under ambient temperature conditions was 

longer and therefore produced twice as many specimens as Test Panels 01 - HRH or 

02 - LRH. The schematic showing specimens extracted from Panel 03 - AH is given 

in Figure 3-12. 
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Figure 3-12: Specimens extracted from Test Panel 03 - AH 

3.2.2 Reflective optical microscopy 

The specimens were prepared very similarly to µ-CT scan series 1 & 2 for reflective 

optical microscopy.  

Similar to micro-CT specimens, a diamond grit coated circular table saw with a blade 

thickness of 4 mm was used to slice the channel specimens into sections of 

approximately 20 mm in height before using a Beuhler® IsoMetTM 1000 precision 

sectioning saw (Figure 3-16) to section the part into small specimens suitable for 

microscopy. 

      

(a) (b) 

Figure 3-13: Buehler® IsoMetTM 1000 (a) and extracted slice before 
precision cutting (b) 
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To obtain acceptable quality micrographs of the specimens they were potted in West 

System 105 resin cured with 205 (fast) hardener, before grinding them using a 

Buehler® – EcoMetTM 250 machine (Figure 3-14). The use of petroleum jelly to line 

the mounting cups (moulds) allowed for easy removal of the specimens after curing. 

Specimen support clips were used for flat specimens to avoid any movement during 

the curing phase.  

The grinding was done in stages using sandpapers of grit P180, P400, P1200 and 

P2500 with the plate rotation set between 250 and 300 RPM. It is important to 

ensure that consistent grit ratings are followed during the entire process. This 

meant that the prefix “P” on the sandpapers had to be identified to follow the 

Federation of European Producers of Abrasives (FEPA) grit rating system. If there is 

no prefix to the grit rating, Coated Abrasive Manufacturers Institute (CAMI) rating 

needs to be followed.  

Water flow was always maintained at a moderate flowrate during the grinding 

process. Between each changeover of sandpaper, the specimens were cleaned with 

water to ensure all loose particles were cleared. They were then checked under the 

microscope for any unevenness to ensure the entire surface was of the intended 

smoothness.  

  

Figure 3-14: Buehler® EcoMetTM 250 – grinding and polishing machine 

The orientation of the specimens was rotated by 90° between grinding stages to ease 

visual inspections and ensure that the previous grinding layer was fully removed. 

The next grinding stage was only commenced when this surface finish was 

satisfactory. After the final grinding step was completed, the specimens were 

cleaned with water, followed by ethanol and dried using a hot air blower. 
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Polishing was conducted on select specimens once grinding was completed, using 

diamond suspended fluid of grade 9 µm to obtain a high-quality finish. However, this 

study did not require final surface finishes obtained through polishing as most of the 

imaging was conducted under low-magnifications (1.5× to 5×).  

A Nikon SMZ18 research stereomicroscope (Figure 3-15 - left) with a DS-Fi3 5.9-

megapixel digital camera was used for the acquisition of micrographs. The main 

study using optical microscopy was a wrinkle characterisation experiment of 

specimens extracted from Scan Panel 02 (shown in Figure 3-6), which included a 

detailed analysis of ply geometry in the corner region, a comparative study between 

wrinkle severity in corners and adjacent flat regions, and the magnitude of the 

corner thickening effect. Figure 3-16 shows a single section (S_01) extracted from 

Scan Panel 02, describing the labelling convention used to identify each specimen. 

                

(a) (b) 

Figure 3-15: Nikon SMZ18 (a), and a potted corner specimen (b) 

   

  

Figure 3-16: Example optical microscopy specimen naming convention for 
Scan Panel 02 
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The specimen list detailing location and specimen ID for Scan Panel 02 are provided 

in Table 3-3 for flat and corner regions. Note that S_03 (starboard), S_04 (port) and 

S_06 (starboard) were scanned using X-ray micro-CT, thus not included in the 

microscopy specimen lists. Nonetheless, as part of a validation study for automated 

void characterisation using micro-CT data, S_03 (starboard) and S_04 (port) were 

cut in half and imaged using optical microscopy as well. 

Table 3-3: Specimen list – Scan Panel 02 

Flat regions  Curved regions 

ID Section 
Number 

Region ID Section 
Number 

Side Adjacent 
Region 

S01_PW 01 Port wall S01_S(2) 01 Starboard CLC_02 

S01_A 01 Aft face S01_P(2) 01 Port CLC_02 

S01_SW 01 Starboard wall S02_S(1) 02 Starboard CLC_01 

S02_PW 02 Port wall S02_S(3) 02 Starboard CLC_03 

S02_A 02 Aft face S02_P(1) 02 Port CLC_01 

S02_SW 02 Starboard wall S02_P(3) 02 Port CLC_03 

S03_PW 03 Port wall S03_P(2) 03 Port CLC_02 

S03_A 03 Aft face S03_P(4) 03 Port CLC_04 

S03_SW 03 Starboard wall S04_S(3) 04 Starboard CLC_03 

S04_PW 04 Port wall S04_S(5) 04 Starboard CLC_05 

S04_A 04 Aft face S05_S(4) 05 Starboard CLC_04 

S04_SW 04 Starboard wall S05_S(6) 05 Starboard CLC_06 

S05_PW 05 Port wall S05_P(4) 05 Port CLC_04 

S05_A 05 Aft face S05_P(6) 05 Port CLC_06 

S05_SW 05 Starboard wall S06_P(5) 06 Port CLC_05 

S06_PW 06 Port wall  

S06_A 06 Aft face 

S06_SW 06 Starboard wall 

An additional part was manufactured using highly controlled processes and 

assessed using micro-CT and optical microscopy. The details for the processes 

applied to this part is provided in §4.4 and §5.4. Table 3-4 summarises the image 

labels used for image processing of micrographs extracted from this part used for 

out-of-plane wrinkle characterisation. 
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Table 3-4: Specimen list and associated image labels 

ID No: Descriptor 
Image 
Label 

1 P1_Top 1B.BMP 

2 P1_Bottom 2B.BMP 

3 P3_Top 3B.BMP 

4 P3_Bottom 4B.BMP 

5 P4_Top 5B.BMP 

6 P4_Bottom 6B.BMP 

7 P6_Top 7B.BMP 

8 P6_Bottom 8B.BMP 

9 S1_Top 9B.BMP 

10 S1_Bottom 10B.BMP 

11 S2_Top 11B.BMP 

12 S2_Bottom 12B.BMP 

13 S4_Top 13B.BMP 

14 S4_Bottom 14B.BMP 

15 S6_Top 15B.BMP 

16 S6_Bottom 16B.BMP 

In order to study the wrinkle characteristics, parts of two different geometries were 

manufactured. The parts manufactured for micro-CT scans, and low-magnification 

reflective optical microscopy were prepared as described earlier in this chapter 

using a mould with a corner radii of 20 mm. In order to study the effect of a higher 

thickness-to-radius ratio on wrinkle severity and corner thickening, specimens of a 

different curved geometry were produced. This set of parts were manufactured 

using mould radii of 10 mm and total design thickness of 5.66 mm. These thinner 

specimens had a stacking sequence:  

[0/90/0/45/-45/0/45/-45/0/-45/45/0/90/0]2 

As with previous sequences, the zero degree plies were all 300 gsm, making it twice 

as thick as the rest of the plies and resulted in the 60-30-10 ratio used in highly 

loaded structures of interest to the study’s industry partner. These features made 

the specimens with higher thickness-to-radii ratio comparable with all the other 

specimens mentioned earlier in this chapter. 
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Figure 3-17: Cross-section of aluminium mould with corner radii of 10 mm. 

The thinner specimens with sharper radii were manufactured using two different 

debulk frequencies to find out how varying debulk frequencies affects the final 

wrinkling of the part. Two panels (Panel 01 and 02) were de-bulked every three 

plies, while another two panels (Panel 07 and 08) were de-bulked every four plies. 

Seven sections were cut from each panel, and six specimens were extracted from 

each section as described in Table 3-5. 

Table 3-5: Location of specimens extracted from each section for debulk 
study 

Location Side 

Aft Face 

Port Corner 

Sidewall 

Aft Face 

Starboard Corner 

Sidewall 

3.2.3 Comparative studies of wrinkle behaviour using optical microscopy 

A range of comparative studies was undertaken to understand the out-of-plane 

wrinkling behaviour of curved CFRP parts. 

3.2.3.1 Thickness to corner radii ratio 

One critical phenomenon concerning curved composite structures discussed by 

researchers in literature is the variation in curved regions when compared to their 

design or nominal thickness [132-134]. Hubert and Poursartip [132] conducted a 

comprehensive experimental study into the effect of manufacturing parameters on 
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the thickening of corner regions of CFRP, concluding that the choice of tooling, the 

viscosity of the resin, and stacking sequences had an effect on corner thickening. 

Svanberg, et al. [133] studied the thickening of corners based on the toughener 

system (solved / particle) in the resin, and the type of mould (male / female) on 

prepreg based CFRP parts and concluded that particle toughener and male tooling 

resulted in the least variation of part geometry from its nominal shape. This project 

is focussed on parts manufactured using a female mould and therefore could result 

in parts with high variations in geometry and shape. 

The first comparative analysis conducted as part of this phase of the study was the 

corner thickening effect in two different part geometries. The first set of specimens 

was manufactured using a mould with 20 mm radii and had a nominal part thickness 

of 8.49 mm, while the second set of specimens were manufactured using a mould 

with 10 mm radii and had a nominal thickness of 5.66 mm. This was representative 

of the typical thickness-to-radius ratios of real composite masts. Both parts shared 

the same ratio of 0°, 45°, and 90° plies of 60%, 30%, and 10%, respectively.  

3.2.3.2 De-bulk frequency 

The next comparative study was aimed at understanding the effects of de-bulk 

frequency on the final part quality. It was hypothesised that the lower frequency of 

de-bulks would result in greater corner thickening and wrinkling of the parts.  

Four different laminates were manufactured using the mould with 10 mm radii 

corners. Two parts (Panel 01 and 02) were de-bulked every four plies, while the 

other two parts (Panel 07 and 08) were de-bulked every three plies.  

3.2.3.3 Thickening effect of curved regions and flat regions 

This study was conducted on the four panels used to study the effect of de-bulk 

frequency, and on a part manufactured using the mould with 20 mm radii corners. 

The thickness of the parts at the centre of the corner was measured and compared 

to the thickness of the flat regions adjacent to the corner on the sidewall, and on the 

aft wall. The results are also compared against the nominal design thickness of the 

part in an attempt to understand the quality of consolidation that has been achieved 

in the autoclave during curing. 
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3.2.3.4 Wrinkle severity between curved regions versus flat regions 

This study was conducted on the four panels used to study the effect of de-bulk 

frequency (10 mm corner radii), and on a part manufactured using the mould with 

20 mm corners radii. 

3.2.4 Compression test specimens 

Two different compression test methodologies were applied in testing specimens 

extracted from curved regions of channel sections.  

3.2.4.1 Combined loaded compression (CLC) tests 

The standardised ASTM D6641 [141] test was complemented with additional 

instrumentation, such as high-speed cameras and acoustic emission monitoring 

equipment, to capture relevant information regarding the damage and failure 

behaviour of the specimens.  

Three rounds CLC tests were conducted from specimens extracted from a single part 

(Scan Panel 02) as shown in Figure 3-18. The first set of CLC tests (Test 01) was 

conducted as a feasibility study of testing specimens extracted from curved regions 

of a part. Two specimens were tested, and some modifications were made to 

improve the test methodology, which is explained in more detail in §6.3.4. The 

second round of compression testing (Test 02) was conducted on five specimens 

and incorporated high-speed cameras in an attempt to capture the failure behaviour 

of the specimens. A separate round of tests conducted using specimens from Scan 

Panel 02 was a stress relaxation test to identify the consequences of leaving a 

specimen loaded while conducting micro-CT scans. Details of instrumentation, test 

parameters, results and its discussion can be found in §6.3.4.2. 
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Figure 3-18: CLC specimens extracted from Scan Panel 02 

The third round of testing (Test 03) was conducted on specimens that were pre-

scanned using X-ray micro-CT, allowing for the visualisation and analysis of the 

internal geometry and defect characteristics within the gauge regions of these 

specimens. Specimens were extracted from three different parts, as shown in Figure 

3-10, Figure 3-11 and Figure 3-12. 

Once the specimens were pre-scanned, they were sorted into two groups to be 

tested using two different test setups to ensure that each test method included 

specimens with a range of defect characteristics. The first set of specimens tested 

used standard prescribed CLC test fixture and loading rates while incorporating 

strain gauges, acoustic emission sensors, and high-speed cameras to capture 

information regarding damage and failure.  

The specimen list used for this round of tests is provided in Table 3-6. 

Table 3-6: Specimen ID list for standard CLC test - Test 03 - Part A 

Specimen Name Spec # 

P1_P01 1 

P2_P01 2 

P2_P02 3 

P2_P03 4 

P3_P01 5 

P3_P02 6 

P3_P03 7 

P3_S2 8 

P3_S1 9 
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3.2.4.2 in-situ X-ray micro-CT scanning of specimens under compression loading 

The second set of specimens that were pre-scanned were allocated to a modified 

CLC test incorporating in-situ micro-CT scans while the specimens were held under 

load. The key difference between the specimens used for the standardised CLC tests 

and the modified in-situ tests is their lengths. While the standard test used 

specimens with a nominal length of 140 mm, the modified test required shorter 

specimens with a nominal length of 93 mm. The detailed reasons in specimen 

geometry variation between the two test methods are provided in §6.3.4 and §6.3.5. 

The specimen list used for this round of tests is provided in Table 3-7. 

Table 3-7: Specimen ID list for modified CLC test (in-situ micro-CT) – Test 03 - 
Part B 

Specimen Name Spec # 

P1_P03 1 

P1_S01 2 

P2_S01 3 

P3_S01 4 

P3_S02 5 

P3_S03 6 

P3_P2 7 

P3_P3 8 

P3_S3 9 
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3.3 Summary 

Multiple specimen geometries were required for this project, requiring different 

methods of specimen extraction and preparation. Four main types of specimens 

associated with the major parts of this project are explained in detail. These include 

specimens scanned using X-ray micro-CT, imaged using low-magnification optical 

microscopy, compression tested using standardised test methods, and compression 

tested using custom test methods allowing for in-situ scanning of specimens under 

load. A summary of these are provided in Table 3-8. 

Table 3-8: Summary of Main Scans and Tests 

The highly curved regions from which the specimens for compression tests were 

extracted proved to be a challenging area in terms of machining. The surface finish 

was not always smooth due to the machining process finishing at regions containing 

wrinkles and voids. Methods of ensuring repeatability and achieving a reasonable 

final part quality were implemented into the machining processes. 

 

X-RayMicro-CT 
No: of 
Spec. 

Scanner / Location 

Series 01 1 Bruker SkyScan 1272 / Auckland 
Series 02 3 Bruker SkyScan 1172 / Auckland 
Series 03 18 Hutch / Southampton 
Controlled 
Manufacturing 

4 Bruker SkyScan 1172 / Auckland 

Microscopy – Wrinkle 
Analysis 

No: of 
Spec. 

Part Corner 
Radius  

Notes 

Series 02 Flat 20 20 mm Sidewall and aft-face 
analysed separately Series 02 Curved 15 20 mm 

Panel 01 14 10 mm One adjacent flat region 
thickness measured for 
calculating sidewall 
thickening 

Panel 02 14 10 mm 
Panel 07 14 10 mm 
Panel 08 14 10 mm 

Controlled 
Manufacturing 

16 20 mm 
Only wrinkles assessed. 
Not corner thicknesses 

ASTM 6641 - CLC 
No: of 

Specimens 
Part Corner 

Radius 
Instrumentation 

Series 03 Specimens 9 20 mm 
High speed cameras, 
strain gauges and load 
cell 

in-situ Compression 
No: of 

Specimens 
Part Corner 

Radius 
 

Series 03 Specimens 9 20 mm 
Load cell,  
X-ray micro-CT 
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A few developmental tests conducted as part of this project to assess the viability of 

novel test methods required special manufacturing considerations, which are not 

discussed in this chapter. Nonetheless, it is briefly covered in Chapter 6 within 

relevant sections. 

As a side note, it may be of interest to the industry in identifying ways to reduce 

waste and improve recycling of consumables such as backing film (Figure 3-19) on 

prepreg. There is a large quantity of these materials being currently being used and 

continuous interest in higher amounts of the utilisation of CFRP will only lead to 

larger quantities of waste. 

 

Figure 3-19: Plastic waste from manufacturing prepreg based CFRP parts 
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4 AUTOMATED 

CHARACTERISATION OF 

VOIDS IN CURVED CFRP 

PARTS USING X-RAY 

COMPUTED 

MICROTOMOGRAPHY 

Voids within CFRP structures can vary considerably in size, shape and location from 

part to part. This variation in the geometric features of voids within the laminate 

makes it necessary to understand their morphologies in order to establish a realistic 

range of void morphologies that need to be studied in detail. This chapter presents 

and evaluates the specific methods employed as part of this study to determine and 

quantify details about voids in the corners and curved regions of CFRP parts.  

  



 

54  A Ramesh - April 2020 

4.1 Background 

Bossi and Knutson [142] stated five key areas where X-ray CT scanning has the 

potential for adding economic value: new product development, process control, 

non-invasive metrology, materials performance prediction, and failure analysis. X-

ray micro-CT has been established in material characterisation as a useful tool in 

three major aspects [93]: 

1. Non-destructive testing / inspection (NDT / NDI) 
2. Three-dimensional volume representation based metrology measurements 
3. Quantitative material analysis based on a large number of samples 

 The third aspect is specifically of interest to this research.  

 conducted X-ray microcomputer tomography (micro-CT or µ-CT) scans on 

aluminium alloys at voxel resolutions of 2 µm for specimens with particles of 75 µm 

diameter and voxel resolutions 10 µm for specimens with particles of 400 µm. Their 

work proved the method’s ability to characterise the internal material structure. 

Schilling, et al. [143] found that it is possible to identify micro-cracks greater than 

25 µm in graphite reinforced epoxy material without the use of dye penetrant.  

Kastner, et al. [144] studied the ability of X-ray micro-CT to characterise voids in 

CFRP parts, highlighting its ability to extract specific details about voids. They 

concluded that with the use of appropriate segmentation methods, it is possible to 

determine the shape, size and location of inclusions and voids. 

Garcea, et al. [145] conducted a very thorough investigation into the use of X-ray 

micro-CT imaging of polymer matrix composites, looking closely at CFRP. They 

studied the applicability of different phase-contrast methods to identify de-bonding 

between constituents (fibre and matrix) in composite materials, which can be 

difficult due to similar densities of the constituent. These methods only work when 

the scans are conducted at pixel resolutions of 2 µm or less, which restricts the 

specimen geometry to about 5 mm in order to maintain manageable file sizes for 

image processing and especially due to the limitations of having the entire specimen 

in the field of view of the X-ray. 

Cornelis, et al. [146] investigated the internal structure of CFRP using X-ray micro-

CT, successfully characterising the distribution of carbon fibres and epoxy. Others 

such as Desplentere, et al. [147] have used X-ray micro-CT to determine dry fibre 

architecture in stitched carbon fabrics so that three-dimensional textile software 
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(WiseTex) can be developed allowing for further analysis into permeability and 

multiscale mechanical models.  

Kosek and Vodolan [148] developed methods to automate the characterisation 

process of textile-based composites using X-ray micro-CT scan data. Delerue, et al. 

[149] used similar scanning methods to determine the internal pore network 

structure of textiles used as reinforcement in composites so that material’s 

permeability can be modelled. 

Schell, et al. [150] evaluated the efficacy of X-ray micro-CT in characterising fibre 

bundle and voids in glass fibre reinforced composite parts manufactured using 

liquid composite moulding (LCM) processes. Schell, et al. [151] later used X-ray 

micro-CT scans to quantify voids in glass fibre reinforced polymer specimens with 

the purpose of validating the numerical model they developed to predict voids 

formed during LCM. Other researchers have also studied the use of X-ray micro-CT 

as a tool to analyse voids and porosity in glass reinforced polymer composites.  

Madra, et al. [152] concluded that it is possible to establish the porosity distribution 

and characteristics in glass fibre reinforced thermoplastic polymer composites 

using micro-CT scan data with the use of appropriate image segmentation 

techniques. They went a step further and converted scan data in three-dimensional 

mesh representations that could potentially be used for numerical simulations.  

More recently, Abdelal and Donaldson [91] concluded that although ultrasound was 

not suitable for detecting voids in glass fibre reinforced polymer composites, X-ray 

micro-CT was a useful tool to characterise voids in the same material type. 

Nonetheless, they do raise concerns regarding the costs associated with the 

technique and the limitations on specimen sizes. 

A study on characterising voids using optical microscopy and X-ray micro-CT of out-

of-autoclave (OOA) cured thermoplastics concluded that for micro-CT scans 

conducted at voxel resolutions of 0.74 µm, the results between microscopy and 

three-dimensional void data obtained using micro-CT correlated well [153]. The 

quality of results reduced at voxel resolutions of 2.96 µm, highlighting the 

importance of scan resolution. 

Yang and Elhajjar [154] manufactured prepreg based CFRP specimens using a 

compression moulding press, varying the curing cycles to produce parts with 

porosity volume fractions between 2% and 8%. They then scanned the specimens 
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using X-ray micro-CT, and the results showed that there is an influence of fibre 

orientation in the shape of voids formed, where the direction of voids seemed to 

follow the local fibre orientation. 

Sisodia, et al. [155] used micro-focus and synchrotron radiation to determine the 

void characteristics in woven fabric based CFRP specimens manufactured using an 

RTM process. They used a statistical two-point correlation technique to isolate voids 

and determine void shapes. The study also highlights the challenges associated with 

processing the large data sets obtained when scanning at high resolutions and the 

importance of efficient data processing methods. 

Di Landroa, et al. [78] found that void volumes determined by SEM were less than 

what was observed in micro-CT scans, where the differences were larger for 

specimens containing high void volume fractions (> 5-6%). They concluded that the 

variance between the scanning methods was due to the void orientation effect as 

SEM only captures two-dimensional data. 

Although many researchers have proven X-ray micro-CT to be a valuable tool in 

evaluating voids and their homology in FRP composites, especially in CFRP 

structures, the process can result in data which is distorted due to various artefacts 

caused by X-ray beam scattering [156], and beam hardening related “shadow” 

artefacts [157]. 

Little, et al. [158] compared several methods of characterising voids in FRP 

specimens such as the Archimedes test, matrix burn-off / digestion, microscopy and 

X-ray micro-CT. They concluded that X-ray micro-CT provided the most accurate 

quantitative and qualitative data when examining voids in unidirectional (UD) 

based CFRP structures, making it the most useful tool to determine the location, 

shape and size of voids, and the overall void distribution and content within a 

specimen. 

Since the purpose of this study is to determine accurate void characteristics in CFRP 

parts, the precision of void detection in terms of shape, size and location was 

prioritised as a key factor in selecting a characterisation technique for the purpose 

of this study. Therefore, all defect characterisation was done using X-ray 

microcomputed tomography (µ-CT or micro-CT) scanning and optical microscopy 

imaging techniques. 

  



Chapter 4: Automated Characterisation of Voids in Curved CFRP Parts Using X-ray Computed 

Microtomography 

A Ramesh - April 2020    57 

4.2 Methodology 

4.2.1 Imaging methodology 

X-ray computed tomography (CT) uses penetrating radiation from multiple angles 

to produce images of specimen cross-sections. CT results can include material 

properties such as density and discontinuities within the specimen [159]. The 

technique is very common in the medical industry and is called a CT scan or CAT 

scan. In contrast, it is not as commonly utilised to study engineering materials or 

mechanical parts. 

A high-resolution CT scan is referred to as microcomputed tomography, 

microtomography, micro-CT (or µ-CT), and can provide details at a micrometre 

level. Although there is no clear distinction between regular CT scans and micro-CT 

scans, it can be implied that micro-CT refers to scans conducted at voxel resolutions 

higher than 100 µm [160].  

The origins of X-ray penetration used for three-dimensional imaging used an 

approach referred to as laminography (or focal plane tomography). With the 

introduction of digital computers, the technique of computed tomography became 

possible.  

Röntgen [161] showed that Eq. 4-1 can be used to express the attenuation of X-rays 

[162] and represents what can be observed. It should be noted that this equation 

does not account for the refraction that X-ray radiation undergoes when passing 

through the solid object, but the refraction is relatively small enough for it to be 

ignored for most applications. 

  Eq. 4-1 

Where: 

I0 → Intensity of the un-attenuated X-ray beam 

𝐼 → Beam’s intensity after it traverses an object  

𝑥 → Thickness of material  

𝜇 → Linear attenuation coefficient 
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Eq. 4-2 is the differential of Eq. 4-1 and represents the attenuation within a thickness 

element dx. 

  
Eq. 4-2 

The increments of attenuation obtained using Eq. 4-2 can be summed to obtain Eq. 

4-3. 

 
 

Eq. 4-3 

Where: 

𝜇(𝑠) → Linear attenuation coefficient at position [s] along a specific X-ray “s” 

The key problem surrounding X-ray tomography is determining the line absorption 

coefficient described by Eq. 4-3 for various different X-rays. In order to identify the 

various contributions to the final attenuation by each beam, I/I0, it needs to be 

measured for multiple positions. Since an X-ray radiograph measures the ratio, the 

variation to this ratio as a function of the object’s position can be determined by 

obtaining a range of high-resolution radiographs at different object positions. A 

schematic of how this is achieved is given in Figure 4-1. 

 
 

Eq. 4-4 

There are a few different reconstruction procedures, such as the algebraic, back-

projection and Fourier-reconstruction methods. These are all explained in detail by 

Stock [160]. Feldkamp method is one of the more common algorithms that can be 

used to produce reconstructed tomographic slices from radiographs [163]. 

X-ray micro-CT systems can be classified into four broad categories based on the 

functional geometry of the system [164-166]: 

1. Pencil beam – This early micro-CT technique uses a pinhole style co-limiter 

to produce a narrow (pencil-like) beam. Specimens are both rotated and 

translated in repetitive successions to obtain the necessary radiographs to 

produce tomographic reconstructions. Extremely long scan times required 

for three-dimensional reconstructions make this an impractical set up for 

many modern applications. 
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2. Fan beam – This method was introduced in the next-generation systems 

released, which was a popular technique for applications such as aircraft 

checked-in luggage and medical CT. The technique uses two-dimensional 

‘fan’ of X-ray beams and an array of multiple detectors.  If each detector’s 

responses are not calibrated accurately, the resulting tomographic 

reconstruction may contain artefacts. The object is only rotated in this 

procedure, and not translated. 

3. Parallel beam – A more rapid imaging mode uses spatially distributed 

parallel beams of X-ray and a two-dimensional array-based detector.   

4. Cone beam – The most common process currently used for micro-CT 

scanning uses a three-dimensional conical beam where the X-ray beams 

diverge from a point and pass through the specimen being scanned. A two-

dimensional array of detectors that could be flat or curved depending on the 

specific design can be used to obtain the radiographs. It must be noted that 

for accurate reconstruction of any region of the specimen, that region must 

be within the conical beam during the entire scan period. The systems used 

for this project use the cone beam arrangement for all micro-CT scanning. 

The variation in the intensity of different features within a specimen on a radiograph 

based on the angle of  the scan is visually represented in Figure 4-1 (adapted from 

CMU [167]).  

 

Figure 4-1: Top view of X-ray micro-CT scanning  
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The high sensitivity of CT to variations in constituent material properties of a 

composite material provides the opportunity to utilise this procedure to study 

damage propagation Bathias and Cagnasso [168]. 

Specimens were prepared as discussed in Chapter 3 and scanned using X-ray micro-

CT. The data obtained were analysed using various algorithms developed during this 

project. 

An initial trial scan of a single specimen labelled ‘Eval 01’ was undertaken at the 

University of Auckland’s Bioengineering Institute (ABI) using a Bruker SkyScan 

1272 Micro-CT Scanner.  

Several scan parameters were attempted in order to determine the suitable 

combination of settings. Scan settings such as the source’s current and voltage,  

specimen’s distance to the source and detector, and exposure times were trialled 

and assessed by producing a handful of X-ray projections, whereas, other 

parameters such as rotational step size, number of frames per projection for 

averaging, total rotational angle and shuttling distances trialled by conducting full 

CT scans. Table 4-1 shows a summary of the main settings used for the trial scan.  

Table 4-1: Key trial scan settings 

Voxel size 10.0 µm 

Source voltage 60 kV 

Source current 140 µA 

Figure 4-2 shows a three-dimensional reconstruction of Eval 01 at various angles 

and selected regions.  

 

Figure 4-2: Sectional cuts of 3D model reconstructed from µ-CT results of 
‘Eval 01’ corner 
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The second series of scans were undertaken for three specimens using ABI’s Bruker 

SkyScan 1172 Micro-CT Scanner. A full list of scan parameters used for all X-ray 

micro-CT scans is provided in Appendix A6. 

The scanners locally available at ABI are both table-top systems and have the ability 

to incorporate testing fixtures to conduct in-situ mechanical testing of materials. 

However, due to the volumetric constraints of the scanners, it could not 

accommodate a fixture large enough to conduct compression tests on CFRP 

specimens. Consequently, the next series of tests were conducted at µ-VIS X-ray 

Imaging Centre at the University of Southampton using their Custom-450/225 kVp 

Hutch CT system. The main advantage of this system over ABI’s table-top scanners 

was the imaging volume of up to 1x1x1.5 (m3). The scanner is also rated for 100 kg, 

which makes it suitable for test fixtures and instrumentation for scanning 

specimens under loads. 

Scans were conducted using a 120 kV X-ray source and a flat panel detector at a 

voxel resolution of 11.37 µm. An initial scan of eighteen specimens machined down 

to dimensions suitable for standard CLC tests were conducted. Nine of these 

specimen were tested using the standard CLC test methods as prescribed by ASTM 

D6641 [141], and the remaining nine specimens were further modified by reducing 

their lengths from 140 mm to 93 mm to be compression tested inside an X-ray 

micro-CT scanner for in-situ imaging as described in §3.2.4.2, §6.3.4 and §6.3.5. 

Further details regarding the specimen geometry, tabbing, test procedures, and 

considerations can be found in Chapter 6. 

4.2.2 Image artefacts and ring artefact reduction 

There is a wide range of artefacts that can occur as a bi-product of the scanning and 

reconstruction process of CT scanning. These can have very detrimental effects on 

the final scan data to the point where they are no longer suitable for analysis. It is 

necessary to understand the causes of artefacts to understand how they can be 

minimised and controlled. Figure 4-3 summarises the work presented by Barrett 

and Keat [169], which categorised artefacts can be into four major categories. There 

are many in-built features in modern scanners and reconstruction algorithms to 

improve the quality of the scan data while minimising artefacts.  
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Figure 4-3: Categories of CT related artefacts 

Elliott and Davis [170] summarised the types of defects and their causes typically 

seen in X-ray micro-CT, such as concentric rings, angular undersampling, noise, 

motion, centre-of-rotation errors, beam hardening, X-ray beam scattering, and cone-

beam errors. The study also recommended various artefact reduction procedures. 

Either these could be implemented during the actual scanning process, or they could 

be mathematical manipulation applied to scan data. They also discussed the 

difficulties when scans have a combination of artefacts, as it can be much harder to 

reduce their effects post-scan. 

During the course of this study, three main artefact types were encountered; noise, 

streaking / banding, and rings. The noise was reduced using a range of techniques 

based on each scan quality. A large variety of noise reduction algorithms exist in 

literature, a lot of which are combinations of well-established algorithms, such as 

Gaussian smoothing (or blurring) [171], median filter [172] and wavelet filters 

[173]. The median filter was found to be particularly useful in removing noise, 

where each pixel value is adjusted based on the median value of adjacent pixels in a 
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three-pixel neighbourhood. Flat field corrections can be applied to reduce streaking 

/ banding [174], but it is vital to control the scan parameters and set-up to minimise 

these artefacts before they even occur.  

The major issue that needed addressing during this project was related to ring 

artefacts that were investigated in detail. 

Reconstructed tomographic images could be corrupted by concentric rings 

superimposed on the actual scans. The phenomenon is caused by detector pixels not 

responding to the attenuation evenly or insufficient calibration of the detector 

elements, resulting in regular tracks along the scan path on the radiographs [175]. 

These defective pixels typically have a different signal response to neighbouring 

pixels due to non-linear effects and can occur even after flat-field corrections have 

been applied. During reconstruction, these tracks cause circular products called 

“ring artefacts”. This is particularly problematic at the centre of rotation of the 

specimen, as the variation in perspective during the rotational motion is negligible. 

Areas with low signal to noise ratios may also contribute to this phenomenon.  

One procedural change that could be implemented to reduce ring artefacts is called 

“shuttling”. This shuttling process functions by moving the specimen horizontally 

out of the rotational axis by a random distance at each rotational step, as shown in 

Figure 4-4. The side-to-side distance is varied at each rotation step. As the object is 

shuttled, the shift in the object’s location results in the projections on the detector 

to be moved with a set range of pixels in either direction from the centre of rotation. 

The limits of the pixel range can be adjusted as required based on the scan 

resolution, detector array size and object geometry. The purpose is to ensure that a 

particular feature does not land on the same defective pixel of the detector. This 

reduces the pronounced rings from occurring during reconstruction. In order for 

shuttling to function as desired, the stage has to pause at each rotational step, unlike 

a regular scan where the stage is in continuous rotational motion.  
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Figure 4-4. X-ray µ-CT schematic  

A major drawback due to shuttling is the increase in total scan time. The pause at 

each rotational step results in a much longer scan time (up to 5 times) and may not 

be suitable when large specimen sets need to be scanned. Another issue with 

shuttling is that the random side-to-side motion may cause blurred motion (or un-

sharp edges) and undesirably smoothed edges. The blurring effect is particularly 

prominent at high-resolution scans or for specimens that cannot be mounted rigidly, 

or long (tall) specimens. 

Abu Anas, et al. [176] reviewed various techniques for removing these artefacts, and 

independent comparison of various techniques of ring artefact removal was 

conducted as part of this research in order to determine the most suitable approach 

of reducing any ring artefacts that may be present. 

After implementing the various available procedures to initial µ-CT scans, it was 

determined that a combination of the techniques presented by Brun, et al. [177] and 

Sijbers and Postnov [178] was most suited for the purpose of this project.  

The technique assumes the centre of rotation of the CT scan to be the same location 

as the origin of a polar transformation of the reconstructed tomographic images. 

Then any ring artefacts can be converted to vertical lines by converting the image 

from Cartesian to Polar coordinates using Eq. 4-5 and Eq. 4-6 (Figure 4-5).  

  
Eq. 4-5 

  
Eq. 4-6 
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Figure 4-5: Conversion of a reconstructed slice from Cartesian coordinates to 
polar coordinates. 

Systematic peaks in the pixel intensity histogram that are similar and comparable to 

consecutive rows within the same window are used to identify if the variation 

corresponds to a ring artefact (Figure 4-6). 

 

Figure 4-6: Analysing each row within an appropriately chosen window size 
to determine repeating pixel intensity peaks 

A normalised correction of local greyscale pixel intensity is applied to any pixels 

identified as an artefact. This correction factor is based on local peak and global 

average pixel intensity of each two-dimensional reconstructed tomographic slice.  
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Figure 4-7: Normalising pixel intensity peaks  

The peak intensity value indicating an artefact as a ratio to the average pixel 

intensity of the chosen window region is used as the correction factor (Eq. 4-7). This 

ratio is then inversely applied to the local region identified to be the artefact, 

reducing the overall pixel intensity of the artefact, as shown in Figure 4-7. 

 normalising factor (𝑓) =
peak intensity

average intensity
  Eq. 4-7 

The polar image is then converted back into Cartesian coordinates using Eq. 4-8 and 

Eq. 4-9 to provide a reduction in ring artefacts (Figure 4-8). 

  Eq. 4-8 

  Eq. 4-9 

A combination of ImageJ and Matlab scripts (Appendix C1.2, C1.5, C1.6) was used to 

process the initial reconstructed tomographic image slices and reduce any ring 

artefacts present. See Figure 4-10 and Figure 4-12 for selected examples of ring 

artefact reduction. 
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Figure 4-8: Converting normalised image slice from polar coordinates back 
to Cartesian coordinates 

There were a few challenges that arose while applying this technique of ring artefact 

reduction. The first issue was the uneven thicknesses of the rings, which meant that 

one particular window-size might not be suitable to identify all the rings present 

within an image. The second drawback was trying to apply a specific greyscale 

threshold that would capture the average pixel intensity of the CFRP material 

accurately for the entire image stack. Since the overall image reconstruction 

illumination varied across all three-dimensions, an adaptive binarisation approach 

was investigated as discussed in §4.2.3. 

4.2.2.1 Calibration 

Each specimen required a different set of user-defined parameters for ring artefact 

reduction. Four of these factors were varied, as shown in Table 4-2, which results in 

a total of 180 combinations per slice.  

The sliding window defined as window size was varied between values which 

capture the full thickness of rings. The threshold value must be higher than zero and 

represents the amount of histogram stretch applied, 1.0 representing a standard 

stretch applied by MATLAB’s built-in stretching function.  The precision value is 

based on the standard deviation of the average pixel intensity value (which is 

cumulative as the distance from the centre increases), where a higher value applies 

improved accuracy for regions away from the centre of rotation. However, too high 

a value may corrupt the central region. Therefore, a balance must be found the 

applied precision as well. The number of iterations represent the number of masks 

applied to the original image to average the rings. However, if the process was 

repeated too many times, the averaging produced edge effects at the outer edges of 
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the rings leading to additional artefacts. Therefore, a balance of the number of 

iterations also had to be determined which maintained image quality. 

Table 4-2: Ring artefact reduction calibration parameters and values 

Parameter Value 1 Value 2 Value 3 Value 4 Value 5 

Window-size 31 41 51 61 71 

Threshold 0.1 0.5 1.0 1.5 2.0 

Precision 1.0 2.0 3.0   

Iterations 1 5 10   

One typical slice was first extracted for each specimen in order to run the calibration 

operation. Once the resulting images are obtained, the best combination of 

parameters was manually determined by visually assessing the 180 calibration 

results for each specimen.  This process was resource exhaustive in terms of manual 

hours required for inspection. Figure 4-9 shows an example of the effect of various 

calibration parameters on the same two-dimensional reconstructed slice. The code 

used to run the calibration can be found in Appendix C1.5. 
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Figure 4-9: Specimen P2_P01 original reconstructed slice 0001 (a), and three 
different ring artefact reduction calibration values (b), (c) and (d) 

4.2.2.2 Refinement of specific regions 

A general calibration per specimen provided a reasonably good overall result, but 

some specimens showed regions where the calibration required adjustments to 

ensure the best results. Ideally, every single image slice would be calibrated for the 

best possible reconstruction, but thousands of slices produced for every specimen 

resulted in approximately 50,000 images. With a manual qualitative check for the 

best calibration values, assessing the full range of options become an impractical 

task due to the time it would take.  
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Figure 4-10 shows four examples of ring artefact reduction extracted from different 

specimens, and Figure 4-11 shows the three-dimensional reconstruction before and 

after ring artefact reduction for specimen P3_S2. Each slice shown in the examples 

has different spacing and distribution of the artefact, which highlights the reason for 

the calibration operation described earlier in this section. Localised calibration 

involved an initial visual scan through each three-dimensional image stack that was 

already processed for ring reduction.  

 

Figure 4-10: Ring artefact reduction examples of four different specimens - 
original and processed tomographic slices compared 

Regions of abnormalities or high amounts of greyscale variation in circular patterns 

were identified and isolated. These regions were then re-calibrated and processed 

before the final images were used to replace the previously processed regions. This 

technique proved to be sufficient to obtain final stacks with minimal amounts of ring 

artefacts. 
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(a) (b) 

Figure 4-11: Ring artefact reduction example in three-dimensions (specimen 
P3_S2) 

The effect of ring artefacts on the characterisation of voids was minimal because the 

greyscale values representing voids are highly distinctive when compared to the 

rest of the material system. However, ring artefacts considerably affected 

orientation analysis. 

Figure 4-12 shows a two-dimensional tomographic slice extracted from two 

different specimens, along with the same slice after the ring artefact reduction 

operation was applied to it. 

  
(a) (b) 

  
(c) (d) 

Figure 4-12: Specimen P2_P01 ‘yz’ slice 500 - actual (a), and ring artefact 
reduced (b). Specimen P2_P03 ‘yz’ slice 400 - actual (c), and ring artefact 

reduced (d) 

Using the ply orientation analyses technique based on structure tensors, which will 

be fully described later in §5.2.1.2, the normalised orientation strengths of slices 

shown in Figure 4-12 were calculated. The results are shown in Figure 4-13 and 

Figure 4-14 for specimens P2_P01 and P2_P03, respectively. The strengths are 

z 

y 
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normalised so that they sum to one. In both cases, the results showed that ring 

artefacts cause an increase in orientation strengths of higher angles. Consequently, 

defect characterisation was improved by reduction of ring artefacts in X-ray micro-

CT scan data. 

  

Figure 4-13: Specimen P2_P01 orientation analysis results - before and after 
ring artefacts were reduced 

  

Figure 4-14: Specimen P2_P03 orientation analysis results - before and after 
ring artefacts were reduced 
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4.2.3 Characterisation of voids 

Curved portions extracted from the parts as described in §3.2.1 were scanned and 

analysed to determine the shape, size, location and orientation of voids present 

within the laminate. Micro-CT X-ray scan results were exported as a series of Tag 

Image File Format (TIFF) images, where each image represents a single two-

dimensional X-ray projection. These results are reconstructed to form a three-

dimensional greyscale image stack in Bitmap (BMP) format (when scanned at ABI) 

or TIFF (when scanned at the University of Southampton). The original TIFF 

reconstructions are produced in 32-bit greyscale format, which contain ~4.3 × 109 

(or 232) pixel intensity values. These were converted to 8-bit files in order to reduce 

the file sizes so that they can be processed on a desktop workstation (Table 4-3), 

and to reduce the pixel intensity values to 256 (28), which is easily handled. The BMP 

reconstructions were already in 8-bit format and did not require any reduction in 

bit-depth. 

Adjusting the histogram of each reconstructed slice by removing the extreme pixel 

intensities with zero frequencies before the reduction of bit-depth provided greater 

detail in the final 8-bit reconstructions. This step can be conducted after the 

reduction of bit-depth, but a greater amount of information regarding variations in 

material density would be lost. 

Table 4-3: Specifications of desktop workstation used for image processing 

CPU i7-4770 @ 3.40 GHZ 

RAM 32.0 GB 

Graphics Card NVIDIA Quadro K600 (1GB) 

The analyses were then conducted using a combination of Matlab 2017a [179] along 

with Matlab’s Image Processing Toolbox (IPT) and ImageJ [180] along with various 

plugins which are described in further detail when relevant. 

Each image is initially rotated to match the required coordinate system by aligning 

an edge of the part to the edge of the image (Figure 4-18:b). Image files need to be 

rectangular in structure. The two options available within Matlab for the bounding 

box of a rotated image are ‘crop’ and ‘loose’. The ‘crop’ based bounding box that still 

results in a final rectangular image containing only the reconstructed tomographic 
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data without any added pixels was chosen. To calculate the new pixel value after 

rotation, three different options may be applied: 

• Nearest – Value of the closest pixel in the original image is selected with no 

interpolation  

• Bilinear – the value of adjacent pixels is used to calculate a weighted average 

based on the nearest two-by-two neighbouring pixels. 

• Bicubic - the value of adjacent pixels is used to calculate a weighted average 

based on the nearest four-by-four neighbouring pixels. 

Any excess pixels on the outside edges of the image are then cropped out to contain 

only regions within the specimen (Figure 4-18:c). This causes the loss of data 

outside a rectangular prism, but it is, unfortunately, a by-product of working with 

irregular shapes when analysis requires calculating volume fractions of inclusions. 

The image is then converted to a binary file based on appropriate thresholding of 

the greyscale intensity.  

Iassonov, et al. [181] has discussed fourteen different image segmentation methods 

that can be applied to X-ray based tomographic scan data to extract the details of 

porosity. The study claimed that the global thresholding algorithms by Otsu [182] 

and Ridler and Calvard [183] provided satisfactory segmentation results, while 

locally adaptive methods were proven to be of higher stability and accuracy, but 

with major limitations. The study concluded that even with the continual 

improvements in image segmentation algorithms, automated and efficient 

approaches of greyscale image segmentation proves to be lacking. They also noted 

the primary innovators in this area of study are medical researchers, who may have 

different priorities in terms of tomographic image analysis when compared to 

material scientists. 

In this project, global thresholding was determined to be insufficient due to the lack 

of accuracy in the final results, and the local thresholding method used is discussed 

further in this section. A variation in the overall greyscale intensity between the 

centre and edges of the specimen resulted in incorrect binarisation and void 

identification, as shown in Figure 4-17(b).The threshold values have to be adjusted 

for different specimens because the pixel intensity may vary for each scan. It is also 

helpful to analyse the pixel intensity histogram so that it can be adjusted to provide 
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better contrast between voids and the part itself. Once a suitable threshold value is 

established for each scan, then the greyscale images are converted to binary images 

and inverted so that any pixel with a value of 1 represents a void and all other pixels 

have a value of 0 (Figure 4-18:d).  

Ideally, the image histogram for a 2D greyscale slice of a µ-CT scan has a twin peak, 

with each peak representing the material and voids, respectively (Figure 4-15).  

 

Figure 4-15: Theoretical histogram for a reconstructed CFRP µ-CT slice - 
adapted from Wellner [184] 

Figure 4-16 shows the pixel intensity histogram for a tomographic slice obtained 

during this project, where the twin peak characteristic is clearly apparent. The initial 

algorithm used global image thresholding to determine if a pixel represents material 

or void.  

For some scans, there is a spatial pixel intensity variation in the reconstructed 

tomographic images caused by scan parameters such as detector calibration 

settings, or the process of ring artefact reduction. This phenomenon makes global 

thresholding less effective in segmenting the image into material and voids.  

 

Figure 4-16: Greyscale intensity histogram example of an actual specimen 



 

76  A Ramesh - April 2020 

One approach which was attempted in resolving this issue was the use of dynamic 

intensity normalisation using flat-field correction as described by Van 

Nieuwenhove, et al. [185]. This method produces a significantly better quality 

processed reconstructed image slice when compared to conventional flat field 

correction processes because it accounts for temporal changes in flat fields by 

determining an estimate flat field for each projection. However, this requires 

processing the initial projections and repeating the method of reconstruction, which 

can be computationally inefficient and also increases the time required for analysis. 

Further exploration of methods to reduce the spatial intensity variation resulted in 

the discovery of a much more efficient way of correction with the use of adaptive 

thresholding. The differences between the standard global threshold method and 

the adaptive threshold method are stated below: 

• Global - Calculate global image threshold for a three-dimensional image stack 

using the procedure put forward by Otsu [182], which automatically determines 

the threshold value based on the grey level histogram of each slice. The 

straightforward technique uses the zeroth and the first order cumulative 

moments of the grey level histogram. The method requires the iteration of every 

potential threshold value to determine how that affects the final distribution of 

pixel intensity levels on either side of the threshold. It is an adequate technique 

if the foreground and background of a reconstructed slice are neatly separated 

into two peaks, as shown in Figure 4-15. The disadvantage of this process 

becomes obvious when the pixel intensity gradient is high within the same 

image, requiring a new threshold value for each sub-section of the image to 

determine the same features. 

• Adaptive (local)- Calculate the locally adaptive image threshold chosen using 

local first-order image statistics around each pixel as described initially by 

Wellner [184], and then later modified for improvement by Bradley and Roth 

[186]. Temporal and spatial variation in illumination is automatically handled 

when using this approach. The technique applies a moving average threshold 

value while scanning the image row-by-row. This average is weighted based on 

the distance of any single pixel to the pixel being analysed and processed. The 

moving average is improved when the results from a left-to-right scan and a 

right-to-left scan are further averaged, and the same process repeated after 
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rotating the image by 90°, which essentially results in the scans for the weighted 

moving pixel intensity to be conducted column-by-column for the original image. 

The main drawback of this procedure when compared to the global thresholding 

method is the computational efficiency being lower. Since each µ-CT slice has to 

be processed twice, adaptive thresholding is not as fast as global thresholding. 

This implementation has improved detection of voids by ensuring that images with 

varying greyscale intensity in different regions use a localised intensity threshold. 

Variations in the reconstruction of X-rays caused by any scattering or uneven beams 

is minimised. An example of the difference between the two methods of 

thresholding is provided in Figure 4-17. 

 

Figure 4-17: Reconstructed 2D slice (a), binary image using global 
thresholding (b), and binary image using adaptive thresholding (c). 

The noise within the binary image is then reduced in two steps; the first step is to 

remove any small speckles which are below a certain number of pixels, and the 

second step is to close the image morphologically to reveal voids (Figure 4-18:e). 

Morphologically closing the image is basically two operations conducted 

sequentially; first, the image is dilated and then it is eroded [187]. Both these steps 

also require thresholding and manual verification to ensure that any speckles 
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removed are not representative voids. Finally, after the voids are morphologically 

closed, the characteristics for the voids are determined for each image slice. The 

area, centroid location, length and width are measured for each of the voids in every 

image in the three-dimensional stack, and the aspect ratio is then calculated as the 

ratio of length to width. The centroid is expressed as an [x, y] coordinate 

representing the centre of mass of each connected component (void). Since the 

images are binary at this stage and there is no range of pixel intensities to consider, 

no weighting is taken into account. The length and width of the voids are calculated 

based on an ellipse that encompasses a normalised second central moment of area 

equivalent to the void. The major and minor axis distances correspond to a 

normalised length and width of the void, respectively. 

 

Figure 4-18. Original reconstructed tomographic slice (a), rotated to correct 
orientation (b), cropped to the region of interest (c), converted to binary and 

inverted (d), noise removed (e), and voids determined and analysed (f). 

These steps are then repeated for each image slice to obtain void characteristic data 

for the entire part. Figure 4-19 shows specimen P1_P01 rendered and the voids 

extracted to form a new three-dimensional image stack. 
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(a) (b) 

Figure 4-19: P1_P01 tomographic reconstruction rendered (a), and voids 
extracted (b) 

Three equally spaced slices from Scan 03 specimens are provided in Appendix 

B1.1.3, along with the corresponding slices for ring artefact reduction and extracted 

voids. The large difference in void morphology between specimens can be clearly 

seen in these tomographic slices. Note that the images are downsampled by a factor 

of five for file size management of the text document, and hence display a certain 

level of edge pixelation of voids, which is not seen in the full-scale image slices. 

This procedure provides various two-dimensional morphological details of voids in 

three separate planes. Nevertheless, in order to gain further details into volumetric 

parameters of voids, it is necessary to load the three-dimensional dataset into a 

single matrix and analyse the entire volume. There were a few challenges associated 

with three-dimensional void analyses. The first issue was the large dataset size that 

needed to be loaded on to the memory for volumetric analyses. A typical dataset for 

a specimen scanned at a voxel resolution of 5 µm can be in the order 40 GB. This 

issue was resolved by downsampling the images to sizes that can be handled by a 

desktop computer (Table 4-3). There are a few approaches that may be utilised to 

downsample images. The first and simplest approach is called resampling. This 

method determines the central pixel intensity for a region and then applies that to 

the sampled region. This can be crude and quite inaccurate but is very easy to apply 
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and is computationally extremely effective even with millions of images. The second 

method, called average downsampling, where the average intensity of the pixels 

within the sample window is used as the pixel value for that entire region. The third 

approach, which produces the best results uses a weighted average of the pixels in 

the sample window region [188]. The results are usually smoothest in terms of the 

gradients when compared to the previous two procedures.  

Although downsampling full resolution µ-CT results can affect the amount of detail 

that’s available for analyses, this was not nearly as severe in the case of 

downsampling data which was already processed into binary files of extracted voids 

and resulted in smaller file sizes with minimal further inaccuracies. This is because 

the processes of identifying voids and removing noise are conducted on the full-

scale images without any loss of information. For example, Figure 4-20 shows a 

binary slice which was analysed at full resolution and after downsampling by a 

factor of two. In both cases, the two-dimensional void fraction was calculated to be 

4.969%. The largest complete void in the full-scale and downsampled image slices 

had a measured length of 339 pixels and 170 pixels, respectively; corresponding to 

an actual length of 1.8984 mm and 1.904 mm, respectively. The difference in 

measurements was less than 0.3% in this case. 

 

Figure 4-20: Centre slice of Specimen 03S from Scan Session 02 

Using good programming practices such as pre-allocating values for variables to a 

3D matrix before they are amended within a ‘FOR’ loop can reduce the 

computational time by a factor of up to 25% in some cases. 

For any three-dimensional void analysis using a three-dimensional image stack, it is 

necessary to determine whether a particular component identified in a single two-

dimensional image corresponds to the same object as a component on a subsequent 
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two-dimensional image. As discussed by Bolte and CordeliÈRes [189], one way of 

achieving this is to calculate the centroid of each component in each two-

dimensional image slice and compare the centroidal location to the next 

components in the subsequent slice. If the locations lie within a distance of a single 

pixel, it can then be assumed that the two components are part of the same object. 

Different connectivities that can be applied to determine the centroidal distances 

between two components located on separate adjacent images are shown in Figure 

4-21. The procedure they proposed does not involve an adaptive thresholding 

technique of the greyscale reconstructions, so the scans were initially processed 

using the two-dimensional image analysis methods described earlier. The resulting 

binary images were directly imported into ImageJ [180], and the plugin developed 

by Bolte and CordeliÈRes [189] was then used to analyse voids in three-dimension.  

 

Figure 4-21: Three-dimensional nodal connectivity options for centroidal 
locations -1 (red), 5 (red and orange) or 9 (red, orange and purple) 

If the orientation of objects is known, then there is a potential for restricting the 

nodal connectivity options to reduce the chances of mislabelling components as part 

of the same object. In the case of voids in curved parts, the orientations are not 

always in one axis, and thus it was necessary to include all possible (9-nodal) 

connectivities to ensure that the components related to the same voids were 

labelled accurately. 

The error in this method caused a lack of connectivity of regions associated with the 

same voids in adjacent slices and was found to affect the smallest of voids due to 

their relative shift in centroids being greater between adjacent slices than larger 
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voids. Therefore, it was determined by trial-and-error and manual verification that 

only analysing voids larger than 0.1mm2 in two-dimensional slices (or 0.037 mm3 in 

three-dimensional voxels) was a suitable solution for all three-dimensional 

analyses. Maire and Withers [190] suggest that the real resolution of tomographic 

reconstructions is typically between two to three times the pixel-resolution. So for 

the usual sizes of 2000 to 4000 pixels in width, the sample size should not be larger 

than 1000 to 2000 times any feature being studied [145]. Finally, the total number 

of voids present within each specimen, along with their overall volume, and centroid 

locations were found. 

For the purpose of visualisation, each separate void can be colourised as shown in 

Figure 4-22 for the voids extracted from Specimen P1_S01. 

 

Figure 4-22: Voids extracted three-dimensionally using the centroidal 
location of two-dimensional tomographic slices (Specimen P1_S01) 

Ollion, et al. [191] produced an excellent tool named TANGO, which adds on to the 

ImageJ software as a plugin and allows for the analysis of voids in three-dimensions. 

However, a key limitation is the amount of memory required to process the scan 

data. A greyscale volumetric dataset with a total file size of 588 MB required 28 GB 

of RAM for three-dimensional image segmentation of voids (Figure 4-23).  
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Figure 4-23: RAM requirement for three-dimensional processing of 588 MB 
dataset 

Reconstructed volumes of scans done at resolutions of ~6 µm were in the range of 

2 GB to 2.5GB, and therefore, processing greyscale results was impractical. However, 

once the two-dimensional slices were processed into binary images using the 

algorithms developed during the course of this project, it could then be loaded onto 

a system with 120 gigabytes of memory and analysed to characterise voids in three-

dimensions. A combination of custom codes, along with external tools such as 

TANGO was used in conjunction to obtain the final three-dimensional morphological 

features of voids by analysing micro-CT scan data. 

One method of quality analysis can be achieved by obtaining a through-length 

projection of the three-dimensional reconstruction. This results in a two-

dimensional montage representation of the three-dimensional stack, which is 

essentially a method of “flattening” three-dimensional data sets into two-

dimensions. The common parameters apply either maximum, minimum or average 

pixel intensity along the length of the stack for the same pixel location.  Nevertheless, 

it also uses standard deviation, median, or total (sum) pixel intensity values.  By 

using a mean intensity based projection of the stack, it is possible to visualise the 

three-dimensional data in a “C-Scan”-like manner. Using this technique improved 

the speed at which volumes were visually assessed and provided a quick outlook of 

the features within a scan using a single image. Several techniques can be applied in 

acquiring the projection. An example average x-projection, along with a colourised 

attenuation plot is shown in Figure 4-24. 
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(a) 

  

(b) 

Figure 4-24: Mean x-projection of specimen P1_S01 (a), and colourised x-
projection for improved visualisation (b) 

The projection for the 18 specimens scanned prior to CLC testing is provided in 

Appendix B1.1.3.  
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4.3 Results and Discussion 

4.3.1 Validation of micro-CT void analysis technique 

It was necessary to ensure that the proposed procedure to determine the 

characteristics of voids was accurate to a reasonable level. In order to validate the 

image processing tools that were developed, two separate specimens that were µ-

CT scanned were cut in half and imaged using reflective optical microscopy. These 

optical microscopy images were then compared against the corresponding cross-

sectional slice obtained from µ-CT scans.  

Figure 4-25 and Figure 4-26 show the optical microscopic image and the 

corresponding µ-CT slice for Specimen 03_S, respectively. Note that the specimen 

could not be completely captured using the microscope at the required 

magnification, so two independent images were captured using the microscope and 

combined to obtain Figure 4-25. 

 

Figure 4-25: Optical microscopic image of Specimen 03_S 

 

Figure 4-26: µ-CT scan section of Specimen 03_S 
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(a) (b) 

Figure 4-27: Voids extracted from microscopy (a), and µ-CT (b) 

A void analysis on the two images showed a 91.4% similarity on the number of voids 

and void areas were calculated to an accuracy of 96.5%. The centroidal locations of 

corresponding voids in both imaging methods were averaged, and the similarity is 

calculated as a percentage of difference in distances between voids to the width 

(longest image edge) of the specimen. The details of the void analysis results are 

provided in Table 4-4. 

Table 4-4: Void location and size similarity between imaging techniques for 
Specimen 03S 

 Microscopy Micro-CT Similarity 

Number of voids 35 32 91.4% 

Void area fraction 5.149% 4.969% 96.5% 

Average distance between 
corresponding voids 

0 0.11 mm 99.5% 

Figure 4-28 and Figure 4-29 show the optical microscopic image and the 

corresponding µ-CT slice for Specimen 04_P, respectively. A void analysis on the two 

images showed an 85.7% similarity on the number of voids and void areas were 

calculated to an accuracy of 96.5%. The details of the void analysis results are 

provided in Table 4-5. The slightly lower similarity in the number of voids can be 

attributed to the overall small number of voids identified in the scans. 

  

Figure 4-28: Optical microscopic image of Specimen 04_P 
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Figure 4-29: µ-CT scan section of Specimen 04_P 

Table 4-5: Void location and size similarity between imaging techniques for 
Specimen 03S  

 Microscopy Micro-CT Similarity 

Number of voids 7 6 85.7% 

Void area fraction 0.59% 0.57% 96.5% 

Average distance between 
corresponding voids 

0 0.15 mm 99.3% 

The similarity agrees with previous studies conducted in determining the efficacy of 

X-ray micro-CT in determining void volumes and morphologies comparing it to 

results obtained using matrix digestion, ultrasound and optical microscopy [144, 

192-194].  

One observation when conducting the validation analysis was that the 

reconstructed two-dimensional µ-CT slice was not parallel to the microscopic slice 

due to the process of cutting the specimen in half, resulting in one region of the 

microscopic slice corresponds to one µ-CT, while a different region corresponds to 

adjacent µ-CT slices. This lack of alignment could be a potential cause for the 

differences in the void characteristics extracted from the different methods of 

imaging. These differences are further minimised when analysing the entire three-

dimensional part using micro-CT data. 

4.3.2 Scan series 01 & 02 

4.3.2.1 Two-dimensional sequential analysis 

Four specimens were scanned and analysed using the algorithm described in §4.2.3. 

The first specimen (Eval 01) was manufactured and scanned at a voxel resolution of 

~10 µm to develop the algorithm. Specimen 01, 02 and 3 were extracted from the 
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same panel and scanned at a higher pixel resolution of 5.48 µm. The results for the 

four specimens are shown in Table 4-6. 

Void aspect ratio (AR) is defined as the ratio of the width of a void to its height. Small 

spherical porosities have lower AR than the larger voids and skew the results when 

analysing the average AR values of voids due to the larger number of smaller 

insignificant voids. Consequently, for the purpose of obtaining results that are 

qualitatively significant, the average AR values in Figure 4-30 only consider voids 

larger than ~0.1 mm2. For Eval 01, voids which are larger than 1000 pixels in total 

area were analysed, and for the remaining specimens scanned at the higher 

resolution of 5.48 µm, voids larger than 3330 pixels in total area are analysed for 

determining their average AR (see Eq. 4-10 and Eq. 4-11).  

Area = 0.1mm2, Pixel Resolution = 5.48 µm 

 

 
Eq. 4-10 

 

 
Eq. 4-11 

𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝑃𝑖𝑥𝑒𝑙 𝐶𝑜𝑢𝑛𝑡 = 3330 

As shown in Table 4-6, the specimens scanned showed void content ranging from 

0.00% to 4.70%. The advantage of using µ-CT scans compared to methods such as 

acid digestion or matrix burn off tests is that the location of these voids, along with 

their sizes, are accurately captured. The void shapes ranged from smaller needle-

shaped voids to large cigar-shaped voids. Most voids were at least 3 to 5 plies away 

from an outer surface. Please see Figure 3-5 for the orientation planes used for all 

the tomographic analyses. 
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Table 4-6: Summary of voids – Scan Session 01 & 02 
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Since there was no material removed or missing during the manufacturing process, 

voids resulted in a redistribution of the fibres around them, which typically resulted 

in the thickening of the corner region. Aspect ratios were noticeably higher when 

looking at the ‘xy’ or ‘xz’ planes than the ‘yz’ plane, as shown in Figure 4-30. This 

indicates that the larger voids tend to be oriented in the x-direction. 

 

Figure 4-30. Average aspect ratio of voids larger than 0.1 mm2 for all three 
planes of analyses 

4.3.2.2 Three-dimensional volumetric analysis 

Similar to conducting two-dimensional characterisation of voids based on individual 

tomographic slices, three-dimensional characterisation of voids was conducted.  

Voids larger than 0.01mm3 were extracted for analysis. Eq. 4-12 was used to 

determine the number of voxels that equate to the minimum volume constraint set 

to remove minute porosity for three-dimensional analysis. Since the measurements 

are volumetric in nature, needle voids that may have small cross-sectional areas are 

still accounted for during the analysis as they are long in at least one direction, but 

spherical voids of small volumes are not accounted in the characterisation process. 
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Volume = 0.01 mm3, Voxel Resolution = 5.48 µm 

 

 
Eq. 4-12 

 

 
Eq. 4-13 

𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝑉𝑜𝑥𝑒𝑙 𝐶𝑜𝑢𝑛𝑡 =60766 

The results from the three-dimensional analysis were summarised (Table 4-7) into 

three categories: void count, the average volume of voids, and volume of the largest 

void. 

Table 4-7: Summary of three-dimensional analysis of specimens S03_S and 
S04_P 

 
No: of voids larger 

than 0.01 mm3 
Average void 

volume (mm3) 
Volume of largest 

void (mm3) 

S03_S 62 1.63 30.61 

S04_P 18 0.33 2.03 

Note that results were only presented for Specimen 01 and 02 because Specimen 03 

only showed minimal amounts of porosity and did not contain any large discrete 

voids. 
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4.3.3 Scan series 03 

4.3.3.1 Two-dimensional sequential analysis 

Overall void content in the three parts produced at different relative humidity levels 

under laboratory conditions as described in §3.2.1.2 showed a noticeable difference 

between specimens made using material conditioned in high and low humidity. 

Figure 4-31 shows the overall void volume fraction for each of the specimens 

scanned in the third session using X-ray micro-CT. 

 

Figure 4-31: Void volume fraction for gauge volume of pre-scanned CLC 
specimens 

Once the full set of CLC specimens were scanned and analysed, they were rated on a 

scale of 1 to 5 based on their void content (1 = low quality, high void content, and 5 

= high quality, low void content). The specimens were then divided into two groups; 

one group tested using standard CLC test procedures with additional 

instrumentation (acoustic emission monitoring and high-speed cameras), and 

another group tested using a modified version of the CLC test which would allow for 

X-ray scanning of the specimens under compressive loads. The result of the 

specimen sorting is provided in Table 4-8: Void volume fractions of 18 µ-CT scanned 

specimens. 
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Table 4-8: Void volume fractions of 18 µ-CT scanned specimens 

X-ray in-situ micro-CT  Acoustic Emission & High-
speed camera 

Specimen 
Name 

Rating 
(1-5) 

Void 
Vf 

Specimen 
Name 

Rating 
(1-5) 

Void 
Vf 

P1_S01 1 7.6% P1_P01 1 8.2% 

P1_P03 2 4.6% P3_P01 2 4.70% 

P2_S01 2 3.20% P2_P02 2 4.0% 

P3_P3 3 2.40% P3_P03 2 3.70% 

P3_S03 4 1.70% P3_P02 3 2.90% 

P3_S02 4 1.40% P2_P03 4 1.90% 

P3_S01 4 1.10% P3_S2 4 1.40% 

P3_P2 5 0.70% P3_S1 4 1.00% 

P3_S3 5 0.10% P2_P01 5 0.5% 

Once the specimens were sorted for compression tests, significant voids were 

isolated and extracted based on the minimum pixel count, as shown in Eq. 4-14. 

Area = 0.1mm2, Pixel Resolution = 11.37 µm 

 

 
Eq. 4-14 

𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝑃𝑖𝑥𝑒𝑙 𝐶𝑜𝑢𝑛𝑡 = 774 

The longest voids seen in the third scan session ran all the way through the gauge 

section. Therefore, the length of the longest void cannot be quantified. For the 

purpose of a compression test with a standard gauge length, it can be considered a 

continuous through-and-through void. The widest and thickest void dimensions are 

given in Table 4-9. 

Table 4-9: slice-by-slice analysis summary 

Longest Void (x)* > 20 mm 

Widest Void (y) 8.2 mm 

Thickest Void (z) 1.35 mm 

*void extended beyond the scan 

Figure 4-32 shows the average aspect ratios of large voids in specimens scanned during 

the third scan session.  
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Figure 4-32: Average aspect ratio of voids larger than 0.1 mm2 for all three 
planes of analyses 

Voids run along the height / length  of the mast (x-direction void length much greater 

than in any other direction). However, this series of specimens contained voids that 

were relatively wider in the y-direction than the previous sets of scans. Bridging 

between plies during manufacturing is likely the cause of the wider voids [140]. The 

three-dimensional shapes are closer to a ‘lens’ shape than the ‘cigar’ shape, which 

was more frequently seen in previous scans. 

4.3.3.2 Three-dimensional sequential analysis 

For the purpose of conducting a three-dimensional analysis of the void morphology, 

discrete voids which have a large contribution towards the final void volume 

fraction had to be isolated and studied. A constraint of 0.01 mm3 was set as the 

smallest void to be analysed. Eq. 4-15 provides the voxel count for the selected 

volumetric constraint based on the scan resolution. 

Volume = 0.01 mm3, Voxel Resolution = 11.37 µm 

 

 
Eq. 4-15 

𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝑉𝑜𝑥𝑒𝑙 𝐶𝑜𝑢𝑛𝑡 = 6803  

  



Chapter 4: Automated Characterisation of Voids in Curved CFRP Parts Using X-ray Computed 

Microtomography 

A Ramesh - April 2020    95 

Figure 4-33, Figure 4-35 and Figure 4-34 show the summary of three-dimensional 

void data. The larger voids were not necessarily found in specimens that had higher 

overall void volume fractions. Specimens of similar overall void volume fractions 

showed very different void counts. Since these specimens were machined for 

compression tests, the void locations from the surface of the specimens were closer 

than what was determined from previous scan data.  

 

Figure 4-33: Count of voids in each CLC specimen 

 

Figure 4-34: Average volume of voids in CLC specimens 
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Figure 4-35: Largest void’s volume in each CLC specimen 

The summary data extracted from the third scan session is given in Table 4-10. 

Table 4-10: Three-dimensional void analysis summary 

Maximum void count 62 

Largest void volume (mm3) 5.59 

Average void volume (mm3) 0.12 

When assessing the void count and other key morphological details of the voids, one 

obvious observation was the shape differences between large voids and small voids. 

While smaller voids typically were closer to spheroid in shape, larger voids looked 

closer to a ‘flattened cigar’.  

The specimens with a large void count were not necessarily the same specimens 

with high overall void volume fractions. This is attributed to some specimens 

containing large amounts of porosity, but not discrete voids. Whereas, other 

specimens contained large discrete voids, which were likely caused by bridging of 

plies in the corner, but had a fewer number of voids. 
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4.4 Quality Assessment of High-Quality Manufacturing Processes 

It was necessary to establish the quality of parts manufactured following strictly 

defined procedures and to determine the levels of defects that are captured by the 

typical quality assurance procedures used in yacht manufacturing.  

The project’s industry partner (Southern Spars Limited) provided the facilities, 

materials, training, and continuous oversight during the manufacturing of a 900 mm 

channel section using the same mould used during the rest of this study.  

The key difference in the manufacturing process was the de-bulk frequency, which 

varied between two and three plies. The part was de-bulked after two plies if the 

third ply after the last de-bulk was at an orientation of zero degrees. Otherwise, the 

part was de-bulked every third ply. Careful attention was paid to ensure each ply 

laid up adhered to the previous layer, and vacuum bagging for de-bulks and 

consolidation was meticulously inspected for potential leaks. The level of attention 

to detail is likely infeasible for a large-scale manufacturing facility but was 

achievable for a specimen level study. 

The part was scanned using a single-probe based ultrasound NDI process currently 

employed by the company as part of their quality control, which utilises the 

Olympus OmniScan MX system. The scans showed a minimal amount of defects and 

the technician’s assessment was that the corner region contains some resin-rich 

regions and slight porosity with no distinct voids. 

The surfaces of all the slices were visually inspected to determine the regions with 

high voids. Four regions shown in Figure 4-36 of visibly higher levels of voids were 

selected and extracted for X-ray micro-CT scans and analysis.  

The micro-CT scans were conducted at voxel resolutions of 5.35 µm. Due to the 

curved shape of the specimens; the conical X-ray beams cause an uneven intensity 

across different regions of the specimens. The variation or “bands” were not as 

prominent in previous scans and may have been caused by the age of the detector 

and camera, as other parameters were maintained at values of Scan Series 02. A 

method of reducing banding was attempted by grinding the edges of the specimens 

to obtain a more cylindrical final shape, as shown in Figure 4-37. An example of the 

banding and its reduction by changing specimen shape is shown in Figure 4-38. 
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Figure 4-36: Regions extracted for micro-CT scans 

 

Figure 4-37: Extracted specimens with rounded edges for improved micro-CT 
reconstruction 

     
(a) (b) 

Figure 4-38: 2D reconstructed tomographic slice of Specimen P2 before (a) 
and after (b) rounding edges 

Two-dimensional slice-by-slice analysis of the tomographic reconstructions was 

conducted using the procedures developed over the course of this project, and the 

aspect ratios of for the three different planes were extracted. The summary of the 

aspect ratios for the four specimens scanned are provided in Figure 4-39. The 

summary of the largest void geometries is provided in Table 4-11. As seen in 

previous scans, the largest dimension of voids is along the x-direction of the part.  
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Figure 4-39: Average aspect ratio of voids larger than 0.1 mm2 for all three 
planes of analyses 

The thickest void (‘z’-direction) determined to be 1.24 mm, has a significant effect 

on the overall local thickness of the part since the laminate design thickness is only 

8.49 mm. Therefore, if the plies maintain the nominal fibre volume fractions, the 

local thickness can be up to 14.6% larger than the design thickness due to a single 

void. In reality, multiple voids that overlap in terms of their ‘x’ and ‘y’ locations may 

be causing a more intense corner thickening effect purely due to voids. 

Table 4-11: Slice-by-slice analysis summary 

Longest Void (x) 14.1 mm 

Widest Void (y) 5.2 mm 

Thickest Void (z) 1.24 mm 

For the purpose of conducting a three-dimensional analysis of large discrete voids, 

Eq. 4-16 was used to determine the minimum pixel count of individual voids to be 

analysed. 

Volume = 0.001 mm3, Voxel Resolution = 5.35 µm 

 

 
Eq. 4-16 

Minimum Voxel Count =6530 
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The results for the three-dimensional void characterisation is provided in Figure 

4-40, Figure 4-41 and Figure 4-42. The largest void had a volume greater than 10 

mm3, which was greater than the average void volumes found in previous scans. 

 

Figure 4-40: Count of voids in each specimen manufactured under strictly 
controlled conditions 

 

Figure 4-41: Average volume of voids in specimens manufactured under 
strictly controlled conditions 

 

Figure 4-42: Largest void’s volume in each specimen manufactured under 
strictly controlled conditions  
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4.5 Summary 

A methodology was developed to characterise void features such as the shape, size 

and location of using X-ray micro-CT scan results accurately. 

A key conclusion was highlighting the importance of conducting X-ray micro-CT 

scans in order to determine accurate three-dimensional characteristics of voids due 

to the large variance in architecture across small distances. Optical microscopy is 

not an ideal tool to characterise voids of in a part unless a considerable number of 

slices are analysed to ensure high fidelity in any correlation-based studies.  

Figure 4-43 shows the variance in void content and ply wrinkling along the port side 

of the same panel at different x-axis locations, emphasizing the variation of internal 

ply and defect architecture within the same part along the length of a part. 

 

Figure 4-43: Port side two-dimensional slices 150 mm apart – large variation 
in void content between specimens 

Large voids are typically cigar or lens-shaped, lie along the x-direction and appear to 

be caused by ply bridging. The mechanisms that cause defects to occur during 

manufacturing results in larger wrinkles and voids appear to be interactive. Large 

wrinkles were typically found to contain needle-shaped voids adjacent to them.  

The resolution of reconstructed µ-CT results needs to be interpreted with care when 

using the technique discussed to ensure that results from scans of different pixel 

resolutions are comparable to each other. 

Micro-CT scans of larger areas would be useful to gain better insight, but there are 

restrictions to this such as the amount of data created, the time required to conduct 

the scans and the costs associated with it.  

The largest void identified during the study was approximately 30 mm3. This was 

much larger than the average void volume, making it an atypical case. Most of the 

specimens contained voids between 0.05 mm3 - 5.0 mm3. Aspect ratios of voids were 

largest in the ‘xz-plane’, while they were larger in ‘xy-plane’ than the ‘yz-plane’. This 
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was in agreement with the hypothesis that in curved regions, some voids tend to be 

needle voids under ply wrinkles (out-of-plane), while others were caused by ply 

bridging, both of which result in voids with greater x-direction lengths than in other 

directions. Lightfoot, et al. [195] showed the effect of 0° plies bridging over radii 

during hand layup on a female mould causing resin rich regions and voids. This 

mechanism could be attributed to the voids seen in the study described in this 

chapter. 

The panel manufactured with careful oversight and highly controlled processes 

showed significant levels of voids in the corner regions. The ultrasound NDI 

procedures implemented as part of quality control of their yacht mast 

manufacturing processes did not detect any voids, highlighting the limitations of 

NDI of complex shapes using ultrasound. However, the severity of voids were less in 

comparison to parts manufactured using standard practices in terms of lengths, 

widths, thicknesses, largest void volumes and overall void volume fractions. 
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5 METHODS OF 

CHARACTERISING OUT-OF-

PLANE FIBRE 

MISALIGNMENT IN CURVED 

CFRP PARTS 

Wrinkles within CFRP structures can vary considerably in severity based on many 

parameters, such as the part’s geometry and manufacturing processes. This 

variation in the ply geometric features and locations of wrinkles within the laminate 

make it necessary to understand their characteristics in order to establish a 

reasonable and realistic range of defects that need to be studied in detail. This 

chapter starts with a review of imaging and image processing methodologies used 

to analyse fibre orientations in composites. It then details the methodologies applied 

in this study to determine the orientations of plies in the direction of loading and the 

ply architecture in the plane of curvature of corner regions of CFRP specimens. 

Finally, the results of the orientation analysis in the loading direction (x-axis) and 

the wrinkle characteristics around the curved region (yz-plane) are discussed. 

  



 

104  A Ramesh - April 2020 

5.1 Background 

Fibre misalignment may be defined as the deviation between the nominal and actual 

fibre direction. These may be in-plane, out-of-plane or a combination of the two. 

CFRP prepreg may contain misaligned fibres caused by the method of 

transportation and storage of the material between the supplier and part 

manufacturer [27, 29]. They may also be induced into a part during the layup or 

curing processes.  

Fibre misalignment can have a significant effect on the compressive stiffness and 

strength of unidirectional composites. The inter-laminar shear stresses which may 

arise due to fibre waviness have also been attributed to causing delamination and 

consequent failure of composites under loading [26]. Fibre wrinkles have been 

shown to cause a reduction in tensile strength of up to 40% in FRP in some extreme 

cases. Fractures initiating in wrinkled regions are also able to propagate to 

seemingly defect-free regions, making wrinkles a significant risk to components by 

increasing the likelihood of failure [44]. 

Confocal laser scanning microscopy has been successfully used to determine the 

misalignment of fibres in glass fibre reinforced polymer composites [196, 197]. 

However, the method is only suitable for material systems with some level of 

transparency, and is not suitable for opaque systems such as CFRP. 

Eddy current based NDI methods have been used to identify wrinkles in laminates 

of various thicknesses. Mizukami, et al. [52] developed a specialised eddy current 

based probe to detect in-plane fibre misalignment in thin CFRP specimens and out-

of-plane wrinkling in thick CFRP specimens. They concluded that the techniques are 

not applicable in practical environments, as the probe is only capable of detecting 

whether a misalignment exists, but cannot characterise the severity of the 

misalignment. 

Anastasi [198] scanned 15 mm thick curved glass fibre composites using Pulse 

Terahertz imaging that uses scanning frequencies of 300 GHz and 3 THz. Although 

it was possible to determine internal geometry using this method, it was highly 

sensitive to the geometry and fibre volume fractions of the specimen. 
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Ultrasound scanning has been shown to provide data suitable for detecting internal 

ply architecture of composite materials. Smith, et al. [199] was able to track the 

locations and magnitudes of ply drops using ultrasound scanning successfully.   

Sandhu, et al. [200] used ultrasound B-scan data to automatically characterise the 

out-of-plane wrinkling of large curved composite structures using a modified 

version of the multiple field image analyses technique initially proposed by 

Creighton, et al. [201]. A significant feature highlighted by this work was the ability 

to obtain orientation information from ultrasound scan data despite the low signal-

to-noise ratio. Smith, et al. [202] have also shown promising results in extracting ply 

orientation data from ultrasound scans for aerospace-grade composites, especially 

for thick structures (up to 35 mm) and have managed to establish good quality fibre 

waviness profiles. 

For further information regarding various methods of obtaining data regarding the 

characterisation of the microstructure of FRP composites and the analysis of various 

scanning methods, the reader is referred to the work by Summerscales [203]. 

When conducting X-ray micro-CT scans at voxel resolutions less than 1 µm, it is 

possible to identify individual fibres to quantify their distribution and orientations 

[204]. However, conducting scans at such high voxel resolutions limit the volume 

that can be scanned, increases data processing requirements due to large file sizes 

and require considerable resources in terms of time and computational power. 

5.1.1 X-ray micro-CT for orientation analysis of composites 

Makeev and Nikishkov [205] studied the feasibility of using X-ray computed 

tomography in assessing wrinkles and voids in composite structures. The study 

concluded that although the technique is capable of providing detailed subsurface 

information regarding defects, the applicability of scanning aerospace composites 

such as wing spars or rotor blades is low due to specimen size restrictions for X-ray 

computed tomography. Nonetheless, they suggest the tool to be valuable in 

extracting defect characteristics in small samples and the ability to use the scan data 

to generate finite element analysis (FEA) to be potentially a powerful tool. 

Sutcliffe, et al. [54] applied an improved version of the procedure proposed by 

Creighton, et al. [201] and extracted information regarding fibre orientation in CFRP 

parts. Specimens manufactured using both RTM and prepreg were analysed using 
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X-ray micro-CT data, finding an out-of-plane fibre deviation of 0.75° and an in-plane 

deviation of 1.21°. These values over-predicted the fibre deviations by ~7.5% when 

compared to results obtained using polished micrographs. A lack of correlation 

between in-plane and out-of-plane misalignments in their work suggested a 

minimal advantage in studying fibre orientations three-dimensionally. 

Hallander, et al. [206] studied the wrinkling of plies in carbon fibre parts with double 

curvatures using microscopy and X-ray micro-CT scans. The study did not focus on 

automating the image processing aspect of the analysis and only used basic 

rotational operations before manually determining the fibre misalignment in the 

specimens. 

Early work on characterising fibre misalignments in composite materials was 

conducted with the use of protractors to manually measure angles on micrographs 

or with the use of an angular reticule within the microscope itself [207, 208].  

An initial approach to digitally quantifying  the misalignment of fibre angle using 

micrograph data was introduced by Yurgartis [209], which was based on the 

principle that cylindrical fibres are represented two-dimensionally as ellipsoids of 

various eccentricities. The magnitude of these eccentricities can be utilised to 

calculate the local orientation of fibres. The main drawback of this method is the 

requirement of a very high-quality surface finish of specimens to obtain distinct 

fibre edges. Moreover, the method does not perform in cases of irregular fibre cross-

sections. 

5.1.2 Analysis methods for fibre and ply orientations 

Digital image processing techniques were established several decades ago in the 

early 1960s [210], and since then have considerably evolved. 

A number of studies have processed micrographs to determine fibre orientations in 

FRP composites. Fischer and Eyerer [211] proposed a computational method using 

FORTRAN to calculate fibre orientation from micrographs obtained using reflective 

optical microscopy to determine thermal expansion as a function of volume and 

orientation of fibre content within short glass fibre reinforced composites. 

Wetherhold and Scott [212] were one of the early researchers to explore the use of 

discrete Fourier transform and Hough transform to determine fibre orientations in 

short fibre composites. Clarke, et al. [213] used optical reflection microscopy to 
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analyse glass and carbon fibre based composites but concluded the methods used 

resulted in large errors in the orientation data of fibres. Other work on using similar 

image processing methods of analysing the eccentricities and orientations of ellipses 

formed by fibre cross-sections when microtomed proved to produce useful 

information about local fibre orientations [214-218]. Lee, et al. [219] expanded on 

the technique to allow for three-dimensional mapping of the fibres in short fibre 

composites by capturing multiple cross-sectional slices. Blanc, et al. [220] presented 

an extension of methods utilising elliptical eccentricity data of fibre cross-sections 

to determine orientations and noted the possible errors in estimating three-

dimensional fibre orientation and distribution when analysing two-dimensional 

data. Guild and Summerscales [221] conducted an early survey of the progress made 

in characterising FRP composites, focusing on fibre length, orientation, and 

distribution. Their review proved to be a useful starting point in assessing suitable 

techniques that have the potential to characterise ply orientations. 

5.1.2.1 Mean Intercept Length 

The Mean Intercept Length method is a simple concept which states that if the 

measurement of the average distance of pixels from the origin plotted as the radius 

at the angle of measurement, the resulting plot would be an ellipse, and extended to 

three-dimensions would provide the surface of an ellipsoid [222].  The equation of 

this ellipsoidal representation is in the quadratic form of a second rank tensor, 

which can be utilised to determine the directionality in an image [223]. 

Early research by Whitehouse [224] highlights the potential of using the Mean 

Intercept Length technique to characterise material orientations of local patterns in 

trabecular bones. Cowin [225] extended this work by determining a “fabric” tensor 

using the Mean Intercept Length to determine the directionality of trabecular 

architecture and correlating it to the stress/strain relationships of the material. 

More recently, Odgaard, et al. [226] concluded from their study on cancellous bones 

that Mean Intercept Length was not as accurate as some of the more modern 

orientation calculation methods, such as the Star Volume Distribution technique. 

5.1.2.2 Line Fraction Deviation 

Line Fraction Deviation method can be described as the standard deviation of a 

fraction of bright pixels over individual imaginary radial lines originating at the 
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centre of the image [227]. The method is simple and produces quantitative 

orientation information of components in an image efficiently. The method has been 

used by researchers and in the radiography industry successfully [228], but the 

literature on the subject is limited to only a few researchers [228-232]. Line fraction 

deviation method of calculating directionality has now been replaced with 

processes that are more sophisticated and is scarce in more recent scientific 

literature. 

5.1.2.3 Anisotropic Gaussian filtering, and Zero Crossings and Scale Space 

Several studies have shown that the use of anisotropic Gaussian filtering can be a 

useful tool as an initial step in obtaining an “orientation space” [233]. Using this 

method, it then becomes possible to obtain a scale space, which inherently contains 

several useful concepts [234-236] for determining fibre orientations as scale space 

is lossless and allows for the reconstruction of the image by converting information 

from the scale-space back to the image domain.  

Liu [237] proposed a novel image processing method based on the principles of 

anisotropic Gaussian filtering and scale space and labelled it Zero Crossing Scale 

Space approach to the directional analysis of images. The method was assessed by 

applying it to a series of synthetic images of known orientations as well as to 

micrographs of collagen fibrils in rabbit ligaments, showing promising results. 

However, the method has not been widely applied in fibre orientations of 

composites or material science, so its validity in the application of interest is still not 

certain. 

5.1.2.4 Multiple Field Image Analysis 

The Multiple Field Image Analysis method for composite material characterisation 

was initially proposed by Creighton, et al. [201]. Using the arbitrary parameters 

describing the length of the pixel array of interest and a domain window, they were 

able to produce enough information about the fibre orientations in pultruded CFRP 

as well as hot-pressed prepreg based CFRP to generate fibre maps. 

Kratmann, et al. [238] modified the method and also introduced a novel analysis 

technique based on Fourier transform and concluded that the multiple field based 

technique only produces information for the average fibre orientations, and does 

not provide an accurate pixel-wise measure of directionality of fibres. They also 
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highlighted the issues associated with the sensitivity of the method to the final 

quality of the micrographs obtained. 

5.1.2.5 Hough Transform 

The Hough transform was initially introduced by Paul Hough in 1962 in the form of 

a patent which describes a method of identifying patterns in binary images [239]. 

The technique works by initially detecting any edges in an image using image 

gradient magnitudes (such as Sobel, Canny, Prewitt or Roberts), and then computing 

the polar coordinates of each pixel. For each pixel, it is then possible to calculate all 

the possible polar coordinates of any other pixel that may lie along a straight line 

that passes through both pixels. By computing the statistical likelihood of other 

pixels that lie along the same angle on the polar coordinate system, it then becomes 

possible to characterise a series of points as being part of the same line. 

The theory can then be extended to any shape that can be parametrically described. 

Hough transform can be easily implemented to detect circles, arcs, ellipses and other 

shapes, but the task becomes more challenging with complex curves. The amount of 

memory and storage required to run Hough Transform has historically been a 

bottleneck for many applications [240], but with modern systems growing in 

computational capacities, the use of Hough Transforms is being applied in a variety 

of applications, especially in computer vision systems and automated 

transportation industries. 

Zhang and Yu [241] used Hough transform to quantify the orientation of electrospun 

fibres from data obtained using a scanning electron microscope, and compared it to 

using Matlab’s built-in ellipsoidal fitting based “Regionprops” function. They 

concluded that the Hough transform method provided higher accuracy, and was less 

influenced by thresholding criteria or filters. Others have successfully applied 

Hough transform to measure the fibre orientations in non-woven fabrics [242] and 

collagen fibre in thick gels [243]. 

5.1.2.6 Curvelet, Shearlet, Contourlet and Wavelet transforms 

More recently, the use of various transforms has become common techniques in 

image processing [244]. These functions have been significantly developed over the 

years, enhancing their abilities within image processing techniques, especially in the 

detection of edges and segmentation of objects [245].  
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5.1.2.7 Two-dimensional Discrete Fourier Transform (2D-DFT) 

The Fourier transform can be considered as a tool to separate components of a 

complex function into a series of sinusoidal functions of different frequencies [246]. 

Fourier’s theory states that all periodic functions may be represented as a weighted 

sum of sinusoidal functions, and irregularities of an image do not hinder the process 

of decomposing it into several sinusoidal functions [247]. 

A two-dimensional tomographic slice can be considered as a function f(x, y) in a 2D 

plane, where each function is a description of the variation of greyscale intensity in 

the two-dimensional plane. The same image may also be represented as a spectrum 

of spatial frequencies based on various pixel intensities within the image. Since 

images may not contain obvious periodicities, the use of Fourier transform allows 

for improved analysis of the frequencies when compared to the basic spatial 

frequency domain of the image [248]. 

Several studies have utilised the discrete fast Fourier transform method as the basis 

of image orientation analysis. The studies related to the biomedical industry have 

been a clear driver in improving the techniques of orientation analysis in images. 

Polzer, et al. [249] used the 2D-DFT method to automatically identify collagen 

organisations in the walls of the aorta, while Petroll, et al. [250] used a less complex 

model based on the same principles to assess the directionality of actin filaments 

and bundles to understand their role in corneal myofibroblasts. 

Sander and Barocas [251] compared various image processing methods, including 

the Mean Intercept Length, Line Fraction Deviation, and Fourier Transform to assess 

their efficacy in determining orientation information of biomaterials such as tissue 

fibres. They concluded that the Fourier transform method was superior in terms of 

the quality of results obtained, proving its prospective uses in any orientation 

related analysis. 

Textile materials with both woven and non-woven patterns have been studied using 

2D-DFT to perform orientation based analysis [252, 253]. Other studies have used 

the same image processing principles to map carbon nanotubes based on their 

complex orientation changes across small distances [254]. Marquez [255] extended 

the 2D-DFT method to include filters which reduced the errors associated with 

orientation estimations, while Ayres, et al. [256] applied the method to obtain the 

orientations of electrospun scaffolds. Another notable application of the method is 
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highlighted by Enomae, et al. [257] where they studied the surface of the paper to 

determine the fibre orientations. Kratmann, et al. [238] proposed the application of 

a modified Fourier transform based approach in determining the misalignment of 

fibres in pultruded UD-CFRP, displaying the efficacy of the method in the analysis of 

composite materials. 

5.1.2.8 Structure tensor 

A well-established method of pixel-wise orientation analysis deals with structure 

tensors, which can be generally described as matrix representatives of partial 

derivatives [258]. Established as a useful tool in the late 1980s [259-261], structure 

tensors have been used extensively in image processing, where edge detection or 

texture analysis is applicable. 

With respect to image processing, in particular, a structure tensor of a pixel is a two-

by-two positive matrix, which is determined by means of the continuous spatial 

derivatives using cubic B-splines in the x and y directions [262]. Using the structure 

tensors of all pixels in an image, it then becomes possible to determine the dominant 

orientation of that image [263]. 

The method has been used broadly in medical research to study actin filaments 

[264], electro-spun tissue scaffolds [265],  collagen-fibre organisation [266, 267],  

bio-composites for soft-tissue bio-mimetic [268] and retinal ganglion cells [269].  

In the field of composite materials, a predominant use of structure tensors has been 

to identify fibre orientations of reinforcement materials. Nelson, et al. [270] were 

able to utilise structure tensors on ultrasonic instantaneous-phase datasets in order 

to characterise the wrinkling in CFRP laminates. They also validated their methods 

by overlaying the calculated internal architecture to results obtained using micro-

CT scans and concluded that for thin structures with small ply misalignments, the 

method is reasonably accurate, but the ultrasonic data is not reliable for thicker 

parts and high wrinkle severities. Straumit, et al. [271] used structure tensors to 

map the internal structure of woven textiles from X-ray micro-CT data and was able 

to use the orientation information to create a voxel mesh based numerical model 

which could then be exported into various numerical modelling (finite element 

analysis or computational fluid dynamics) software. Since the textile was not cured 

in a matrix of similar density as the reinforcement, the contrast obtained in the 



 

112  A Ramesh - April 2020 

tomographic results was excellent, providing very clear edges of the fibres, allowing 

for their accurate mapping. 

More recently, Nguyen, et al. [272] were able to use structure tensors to analyse X-

ray micro-CT data to determine the fibre orientation in prepreg and RTM based 

CFRP, proving the capability of using structure tensors to characterise the fibre 

orientations in CFRP material systems. However, the resolution of the scans 

conducted during this project was an order of magnitude lower, and the quick scan 

times aimed at maximising the number of specimens scanned made the data 

unsuitable for such a thorough exploration of the internal fibre orientations of the 

CFRP specimens manufactured for this study.    

5.1.3 Summary 

A survey of available literature, narrowed the imaging techniques suitable for this 

project to X-ray micro-CT and reflective optical microscopy at relatively low-

magnifications (1.5× to 5×). These choices were additionally supported with 

internal independent studies summarised in Appendix A1. 

A variety of existing image processing techniques used to characterise fibre and ply 

orientations in composites were assessed and summarised. Other orientation 

analysis methods not discussed in §5.1.2 include Hessian matrix calculations and 

various pre-packaged software applications [273] and were not found to be of 

interest to this study. 

Two methods of automated quantification of fibre directionality appeared 

promising based on previous applications and their level of sophistication. The 2D-

DFT and structure tensor based methods were selected for this research to explore 

their ability in calculating an average directionality of specimens in the direction of 

loading using X-ray micro-CT scan data.  
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5.2 Methodology 

Multiple processes of characterising wrinkles were investigated within this project. 

A selection of methods that provided useful information regarding the ply geometry 

and alignment are presented in this chapter, along with a discussion of relevant 

results. 

X-ray micro-CT scans using the equipment described in §4.2.1 have been used to 

analyse the overall ply orientation in the xz-plane. An automated analysis technique 

allowed for batch processing several thousand two-dimensional tomographic slices. 

The results provided quantifiable information regarding the general orientation of 

the specimens. As discussed in the previous chapter, the distribution of pixel 

intensities in tomographic data is based on local density variation in the specimens. 

Consequently, the details regarding ply orientations and internal geometry of the 

specimens were visualised in higher clarity adjacent to ply interfaces with a lower 

fibre volume fraction (resin rich), resulting in a slightly lower pixel intensity band 

when compared to the middle of a ply. 

A Nikon SMZ18 research stereomicroscope and a Leica – MZ16 stereomicroscope 

were used to acquire micrographs of polished cross-sections of specimens, which 

were analysed to determine detailed wrinkle characteristics of the corner regions of 

the CFRP panels in the yz-plane. This plane was specifically characterised as it 

contained wrinkles of the greatest severity due to the part’s curvature lying along 

the yz-plane. 

5.2.1 Automated ply orientation analysis using X-ray micro-CT for xz-

plane 

As discussed in §5.1.2, an extensive range of techniques exist which can be used to 

determine orientations of components within a digital image by applying automated 

image analysis processes. After a preliminary study, the popular fast Fourier 

transform method, and the gradient-based structure tensor method were both 

selected as suitable tools in assessing the directionality of ply orientations in the x-

z plane of CFRP parts scanned using X-ray micro-CT. 

The two different processes were applied independently to obtain quantitative 

measures of directionality for ply orientations in the xz-plane. The two 
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methodologies, along with their advantages and disadvantages, are discussed in this 

section. 

5.2.1.1 Image gradient and 2D-DFT based methodology 

The first method applied to study the directionality of plies in the loading (z) 

direction of specimens using X-ray micro-Ct scan data utilised 2D-DFT. The process 

was implemented using a program developed in Matlab and can be summarised as 

shown in Figure 5-1. 

Step 1(a)
Image 

gradient

Step 1(b)
Binarisation

Step 2(a)
2D-DFT

Step 2(b)
Fourier 

spectrum (FS)

Step 3
Phase angle & 

power 
spectrum (PS)

Step 4
Coordinate 

conversion of 
FS and PS from 

Cartesian to 
polar system

Step 5
Filtering of FS 

and PS

Step 6
Binning PS 

into angular 
intervals

Step 7
Quantifying 
anisotropy

 

Figure 5-1: Process of the 2D-DFT method for ply orientation quantification 

Visualising mathematical operations on images to obtain statistical data can be 

challenging. In the interest of providing an understanding of the main steps used in 

the process using 2D-DFT, a single tomographic slice from  

Figure 5-2 serves as a sample visual representation of the 2D-DFT based technique 

in determining the ply directionality in the x-z plane of CFRP parts using X-ray 

micro-CT scan data and the resulting angular distribution of frequency components.  
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Figure 5-2: From top to bottom – Tomographic slice (a), Gradient –Sobel (b) 
Binarisation (c), Fourier spectrum (d), and Log Transformation of the 

Fourier Spectrum (e) 
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1. Finding the image gradient (G) and binarising to obtain ply edges 

The first step in the process of identifying the alignment of plies in each tomographic 

slice is the binarisation of the gradient image to extract the ply edges. 

An image’s first order variation in intensity is defined as the gradient of that image. 

A key difference in the method presented in this section of the thesis to the studies 

described in §5.1.2.7 is the use of the image gradient to obtain an improved binary 

representation of each tomographic slice by reducing the errors introduced by 

image noise. A variety of gradient operations were trialled (Sobel[274], 

Prewitt[275], Roberts[276], intermediate[277] and central[277]). By trial-and-

error of processing a selection of tomographic slices and visually assessing the 

gradient images, it was concluded that Sobel provided the best output for isolating 

ply edges in the micro-CT scan data gathered for this project. The gradient of a pixel 

using the Sobel method is a weighted sum of pixels in the 3-by-3 neighbourhood 

[274]. The gradient is calculated using Eq. 5-1 and Eq. 5-2.  

 
 

Eq. 5-1 

and 
 

Eq. 5-2 

Where: 

𝐺𝑥 → Gradient in the x-direction 

𝐺𝑦 → Gradient in the y-direction 

𝐺 → Magnitude of gradient 

𝜃→ Direction of gradient 

For gradients in the y-direction, the weightage for Sobel operation are given below, 

and they are transposed for the x-direction [278]. 

[
1 2 1
0 0 0

−1 −2 −1
] 

Once the gradient image (G) is obtained, the image is then binarised using the 

adaptive thresholding method described in §4.2.3. 
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2. Applying 2D-Discrete Fourier Transform and determining the Fourier 

Spectrum 

Once the binarised gradient image is calculated, the next step in the process is the 

determination of the 2D-DFT. For an image of size M × N, the 2D-DFT is given by Eq. 

5-3, and the inverse transform is represented by Eq. 5-4. [246]. 

 

 

Eq. 5-3 

and 

 

Eq. 5-4 

Where: 

𝑥, 𝑦 → spatial coordinates of image (or image variables) 

𝑢, 𝑣 → frequency components (or transform variables) in the Fourier domain along 

x and y, respectively 

𝑖 → √−1 

Once the 2D-DFT is calculated, it then becomes useful to conduct a shift in 

components within the 2D-DFT so that the zero-frequency constituents are located 

at the centre of the transform by rearrangement of all arrays. 

After the zero-frequency components are shifted, the next step is to define the 2D-

DFT as a spectrum. For real f(x, y), the typical 2D-DFT is in the complex form with 

both real and imaginary components. The Fourier spectrum can be determined 

using Eq. 5-5 [277]. 

  Eq. 5-5 

Where: 

𝑅(𝑢, 𝑣) → Real components of 𝐹(𝑢, 𝑣) 

𝐼(𝑢, 𝑣) → Imaginary components of 𝐹(𝑢, 𝑣) 
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3. Determining phase angle and power spectral density of the 2D-DFT 

The phase angle (ϕ) of the 2D-DFT is found using Eq. 5-6. 

 𝜙(𝑢, 𝑣) = tan−1 [
𝐼(𝑢, 𝑣)

𝑅(𝑢, 𝑣)
] Eq. 5-6 

Power spectral density (or power spectrum) describes the relative scales of the 

different constituent frequency components. The Power spectrum is now symmetric 

about the origin and is determined using Eq. 5-8 . 

 𝑃(𝑢, 𝑣) = |𝐹(𝑢, 𝑣)|2 Eq. 5-7 

 𝑃(𝑢, 𝑣) = 𝑅2(𝑢, 𝑣) + 𝐼2(𝑢, 𝑣) Eq. 5-8 

Since the 2D-DFT was shifted to move zero-frequency components to the centre, the 

power spectrum is a radial representation of the relative amplitudes of the 

constituent frequencies, where the origin represents zero frequency amplitude. 

Since vertical components in an image result in a peak along the horizontal axis of 

the frequency domain, it is necessary to pay attention to the orientation of the 

original image when assessing component directionality or overall angular 

distribution of components within an image. 

For visualising the 2D-DFT generated within an 8-bit greyscale threshold, Rataj and 

Saxl [279] recommend the conversion of the Fourier spectrum using the log 

transformation given by Eq. 5-9. 

 𝑉(𝑢, 𝑣) = log(1 + |𝐹(𝑢, 𝑣)|) Eq. 5-9 

4. Converting Fourier Spectrum and Power Spectrum from Cartesian 

coordinates to polar coordinates and divide it into 1°-intervals. 

Using Eq. 5-10 and Eq. 5-11, the power spectrum given in Eq. 5-8 can be converted 

from Cartesian coordinates to polar coordinates with variables r and θ (Eq. 5-12).  

  Eq. 5-10 

  Eq. 5-11 

 𝑃(𝑢, 𝑣) =  𝑃(𝑟, 𝜃) Eq. 5-12 
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5. Applying a band-pass filter to the Fourier spectrum and power spectrum 

It is also of interest to note that the Fourier transform’s origin has the average pixel 

intensity value of the original greyscale image. If the image function is real, then its 

Fourier transform is conjugate symmetric (Eq. 5-13), indicated by (*) representing 

the standard conjugate operation on a complex number. This means that the Fourier 

spectrum is also symmetric about the origin (Eq. 5-14) [253]. 

 𝐹(𝑢, 𝑣) = 𝐹∗(−𝑢, −𝑣) Eq. 5-13 

 |𝐹(𝑢, 𝑣)| = |𝐹∗(−𝑢, −𝑣)| Eq. 5-14 

The conjugate symmetry allows for the straightforward application of circular 

symmetric filters to the power spectrum. 

Before categorising components into angular intervals, it was important to identify 

the range of frequencies in the power spectrum, which will provide reliable results.  

Low frequency components were identified mainly as noise and irregular brightness 

within each tomographic slice, which was not contributing to the overall results 

accurately. The high pass filter helped attenuate signals caused by edges of voids 

that showed a much stronger gradient than ply edges. These were typically caused 

by contrast variation in the tomographic data as a result of the density difference 

between voids (air / vacuum) and CFRP. X-ray beam hardening in the proximity of 

void regions also played a role in the unbalanced contribution of the void walls in 

the final directionality measurements of ply edges.  

Since the filter was applied to both low and high frequency components, it is 

referred to as a “band-pass” filter. This can be visualised as a “doughnut”-shaped 

filter which removes the components closest and farthest from the origin [255]. An 

appropriate range for the band-pass filter that reduces the effect of very small and 

large components was determined by conducting a short independent parametric 

study. The filter removed components that do not consistently contribute to the final 

analysis. Low frequency values between 1 and 50, and high frequency values 

between 50% and 90% of the Fourier spectrum were applied to a single slice from 

each specimen. Based on the results of this sensitivity analysis, a low frequency 

value of 10 and a high frequency value of 70% of the Fourier spectrum’s total 

magnitude limit was applied when categorising the components into angular 

intervals. 
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6. Identifying the polar coordinate locations of pixels and categorising them 

into angular intervals of 1° 

The average ply orientation and distribution functions are described by the power 

spectrum, where the azimuthal intensity distribution is representative of the local 

orientation of the plies in that location. In order to calculate the sum intensity at 

each angular interval given by A(θ), a radial summation of the power spectrum is 

conducted (Eq. 5-15). Note the application of band-pass filter as radial limits to the 

summation operation.   

 𝐴(𝜃) = ∑ 𝑃(𝑢𝑟 , 𝜃)

𝑢𝑟2

𝑢𝑟1

 Eq. 5-15 

Where: 

𝑢𝑟1 and 𝑢𝑟2 → the lower and upper limits of the radial band-pass filter applied to 

the power spectrum, respectively. 

The distribution of the components angular intervals can be expressed as an 

orientation distribution function. 

7. Quantifying directionality as a relatively comparable measurement 

between all specimens 

Once the power spectrum is analysed to categorise each frequency component into 

different angular intervals, the next step involves determining a suitable measure of 

alignment of the plies to be a comparative description between all the specimens 

that were analysed using this technique. 

Researchers have proposed several methods in the past to quantify directionality of 

an image. These include: 

• Converting the power spectrum into a binary image and processing its moments 

[252, 256] 

• Determining an angular entropy based on the summation of the probability of 

alignment of components [280] 

• Calculating a mean component orientation (µ) and a dispersion parameter (k) 

[281] 

• Simply displaying the angular distribution of frequency components in the 

power spectrum in a “Windrose” format [253] 
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The most suitable method for the purpose of this research was identified as the 

technique put forward by Sander and Barocas [251]. They suggested determining a 

directionality index (α).  

Firstly, the orientation distribution functions are converted back to Cartesian 

coordinates using Eq. 5-16 and Eq. 5-17.  

 Q(u) =  Q(r) × cos θ Eq. 5-16 

 Q(v) =  Q(r) × sin θ Eq. 5-17 

Then the dyadic product of orientation distribution is calculated using Eq. 5-18. 

 Q ⨂ Q = ⌊ cos2 θ cos θ sin θ
cos θ sin θ sin2 θ

⌋ Eq. 5-18 

The eigenvalues (λ1 ≤ λ2) and eigenvectors were then extracted, and a directionality 

index (α) was calculated using Eq. 5-19. 

 𝛼 = 1 − (
𝜆1

𝜆2
) Eq. 5-19 

It is of interest to note that visualising the Fourier spectrum and power spectrum 

can be difficult using a regular 8-bit format due to the 255 pixel intensity values 

available. By using a logarithmic transformation (Eq. 5-9), the frequency 

distribution becomes much more evident, making it a better visualisation tool than 

the original Fourier spectrum or power spectrum. Figure 5-3 (a) is a colourised 

representation of the logarithmic transformation for the tomographic slice given in 

Figure 5-2 (a). The final orientation distribution for the same tomographic slice is 

provided in Figure 5-3 (b). 
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(a) 

 
(b) 

Figure 5-3: Logarithmic transform of the Fourier spectrum colourised for 
visualisation (a), and orientation distribution for angular intervals (b) 

Other considerations 

The method described in this section is only applicable to greyscale images. There 

are two options for applying the technique to process colour images, obtained using 

optical microscopy, or other means. The first option is to split and analyse the three 

separate channels independently, and the second option is to convert the colour 

image into a single greyscale image. Based on the acquisition method used to obtain 

the image, the user will have to use an appropriate method suitable for the particular 

type of data that needs to be analysed. 
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A key factor to consider when dealing with Fourier transform in image analysis is 

the “window” effect. This phenomenon stems from the assumption built into the 

Fourier method where the Fourier spectrum is periodic, but more importantly that 

the input data is an infinitely repeating series of images [282]. Hence, when 

analysing images with distinctly different pixel gradients between the left and right 

edges, or the top and bottom edges, care needs to be taken to avoid errors associated 

with the spatial discontinuity of the data at the image boundaries. 

5.2.1.2 Structure tensor based methodology 

The second method applied to quantify the directionality of specimens using X-ray 

micro-CT scan data utilised structure tensors. It was chosen to obtain a statistically 

valid quality assessment of the ply orientations in the xz-plane that is comparable 

between specimens so that they may be characterised in terms of the severity of ply 

misalignments. The process presented below was adapted from the work conducted 

by Fonck, et al. [283] to characterise human cerebral arteries using structure 

tensors, which was expanded on by Rezakhaniha, et al. [284] for investigating the 

levels of waviness in collagen in the arterial adventitia. It was later summarised 

concisely by Püspöki, et al. [245]. The overall process undertaken for this study is 

summarised in Figure 5-4.  

Step 1
Weighted 

inner product

Step 2
Image gradient 

in ‘x’ and ‘y’

Step 3
Pixel-wise 

structure tensor

Step 4
Pixel 

orientation 

Step 5
Quantifying 
anisotropy

 

Figure 5-4: Process of structure tensor method for ply orientation 
quantification 

1. Defining a weighted inner product 

The first step of processing an image using structure tensors requires the selection 

of a suitable normalised Gaussian-shaped window size within the image. This 

window is centred on the local area of interest being analysed and sized in the order 

of magnitude similar to components of interest in the image.   
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Once a suitable window size is chosen, the next step is to calculate the weighted 

inner product using Eq. 5-20. 

 〈𝑓, 𝑔〉𝑤 = ∬ 𝑤(𝑥, 𝑦)𝑓(𝑥, 𝑦)𝑔(𝑥, 𝑦)

𝑅2

𝑑𝑥 𝑑𝑦 Eq. 5-20 

and 𝑤(𝑥, 𝑦)  ≥ 0  

Where: 

𝑤(𝑥, 𝑦) → weighting function, specifying area of interest. This is a positive isotropic 

observation area within the complete image 

The inner product has a norm that satisfies the parallelogram equality and is a 

representation of the length of the vector. For the calculated inner product, the norm 

is defined by Eq. 5-21. 

 ‖𝑓‖𝑤 = √〈𝑓, 𝑔〉𝑤 Eq. 5-21 

2. Calculating the pixel intensity gradient in the x and y directions 

Once the inner product of the area of interest is determined, a unit vector is defined 

using Eq. 5-22. 

 𝐮𝜃 = (cos 𝜃 , sin 𝜃) Eq. 5-22 

In order to find the gradient in the defined unit vector, it is first necessary to 

determine its derivative, given by Eq. 5-23. 

 𝐷𝐮𝜃
𝑓(𝑥, 𝑦) = 𝐮𝜃

𝑇∇𝑓(𝑥, 𝑦) Eq. 5-23 

The derivative can then be used to calculate the gradient of the image region of 

interest using Eq. 5-24. 

 ∇𝑓 = (𝑓𝑥, 𝑓𝑦) Eq. 5-24 

3. Calculating the structure tensor for each pixel 

For the local area of interest, the directional derivative is maximised along a 

particular direction (u). This can be expressed as shown in Eq. 5-25. 

 
𝐮θ = arg max

‖𝐮‖=1
‖D𝐮f‖w

2  Eq. 5-25 
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It is then possible to use the inner product and manipulate it to obtain the expression 

in the form given in Eq. 5-26. 

 ‖𝐷𝐮𝑓‖𝑤
2 = 〈𝐮𝑇∇𝑓, ∇𝑓𝑇𝐮〉𝑤 Eq. 5-26 

and 〈𝐮𝑇∇𝑓, ∇𝑓𝑇𝐮〉𝑤 = 𝐮𝑇〈∇𝑓, ∇𝑓〉𝑤𝐮  

So, 𝐮𝑇〈∇𝑓, ∇𝑓〉𝑤𝐮 = 𝐮𝑇𝐉𝐮  

It is important to perform this manipulation in order to extract (J), which can now 

be displayed in the form shown in Eq. 5-27. 

 𝐉 = 〈∇𝑓, ∇𝑓𝑇〉𝑤 Eq. 5-27 

and 𝐉 = [
〈𝑓𝑥 , 𝑓𝑥〉𝑤 〈𝑓𝑥 , 𝑓𝑦〉𝑤

〈𝑓𝑥, 𝑓𝑦〉𝑤 〈𝑓𝑦 , 𝑓𝑦〉𝑤
]  

Where: 

𝐉 → 2 × 2 symmetric positive-definite matrix, referred to as the structure tensor. 

For each pixel in an image, the structure tensor can be visualised as an ellipse  

 

4. Defining the local ply orientation at each pixel 

To solve for Eq. 5-25, the derivative of Eq. 5-28 has to be set to zero with respect to 

the direction (u). 

 𝐮𝑇𝐉𝐮 + 1 −
𝜆

2
𝐮𝑇𝐮 Eq. 5-28 

This results in the eigenvector equation given by Eq. 5-29. 

 𝐉𝐮 = 𝜆𝐮 Eq. 5-29 

The expression above produces the dominant direction (alignment or orientation) 

of the area of interest in the form of the first eigenvector of (J). The resultant 

eigenvalue to the first eigenvector is given by Eq. 5-30. 

 𝜆max = max‖𝐷𝐮𝑓‖𝑤
2  Eq. 5-30 

In contrast, the directional derivative in the orthogonal direction is minimised, 

which can be expressed by the second eigenvector. This is expressed as Eq. 5-31. 
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 𝜆min = min‖𝐷𝐮𝑓‖𝑤
2  Eq. 5-31 

The Eigen-decomposition of the tensor results in two eigenvalues and eigenvectors, 

respectively. This can be visualised in the form of an ellipse, as shown in Figure 5-5, 

where the major and minor radii of the ellipse are equal to the eigenvalues and 

directed along their corresponding eigenvectors. 

 

Figure 5-5: a 2D visual representation of a pixel’s structure tensor 

Together, the eigenvectors of the structure tensor are used to provide the necessary 

information with respect to a region’s orientation. The eigenvector corresponding 

to the smallest eigenvalue of the orientation (or structure) tensor is used to define 

local pixel-wise ply orientations. 

5. Determining the fibre orientation distribution, coherency and gradient 

energy 

The final step of the analysis method using orientation tensors is to determine three 

main properties of that region related to its orientation. The principal orientation 

(θ) of the area of interest is calculated using the largest eigenvector of the structure 

tensor, as shown in Eq. 5-32. 

 𝜃 =
1

2
tan−1 (2

〈𝑓𝑥, 𝑓𝑦〉𝑤

〈𝑓𝑦 , 𝑓𝑦〉𝑤 − 〈𝑓𝑥 , 𝑓𝑥〉𝑤
) Eq. 5-32 

The coherency factor (C) is calculated by determining the difference and the sum of 

the eigenvalues of the structure tensor, and then finding the ratio between them (Eq. 

5-33). 

A coherency coefficient value close to one is representative of an ellipse with a large 

difference in eccentricities. Essentially, a high coherence value is dictated by 

localised dominant directionality. Conversely, a coherency coefficient close to zero 

is essentially a less eccentric ellipse and closer to a circle, meaning it is isotropic in 

nature without any dominant directionality. 
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 𝐶 =
𝜆𝑚𝑎𝑥 − 𝜆𝑚𝑖𝑛

𝜆𝑚𝑎𝑥 + 𝜆𝑚𝑖𝑛
, 𝐶 ∈ [0. .1] 

Eq. 
5-33 

Therefore, 
𝐶 =

√(〈𝑓𝑦 , 𝑓𝑦〉𝑤 − 〈𝑓𝑥, 𝑓𝑥〉𝑤)
2

+ 4〈𝑓𝑥, 𝑓𝑦〉𝑤

〈𝑓𝑥, 𝑓𝑥〉𝑤 + 〈𝑓𝑦 , 𝑓𝑦〉𝑤
, 𝐶

∈ [0. .1] 

It is possible to threshold the coherency or energy values during the analysis of ply 

orientations in order to remove any regions that are “weak” contributors to the 

overall results. However, the values used to threshold the operations need very 

careful assessment to avoid neglecting features of importance [244]. 

The energy factor (E) is calculated using the trace of the structure tensor matrix and 

is described in Eq. 5-34. 

 𝐸 = tr(𝐉) Eq. 5-34 

Hence, 𝐸 = 〈𝑓𝑥 , 𝑓𝑥〉𝑤 + 〈𝑓𝑦 , 𝑓𝑦〉𝑤   

Local window sizes between 9-pixel squares and 4900-pixel squares were trialled 

on three tomographic slices. Two of which were adjacent to each other within a 

single volume and the third slice was from a different specimen altogether. A local 

window region of 10 × 10 pixels was finally chosen due to its appropriate sensitivity 

to images that were visually very similar and different to each other. 10 pixels is 

~70% of an individual ply thickness, making it within the same order of magnitude 

as the features being identified. The distribution of ply orientations was calculated 

for eighteen specimens scanned using X-ray micro-CT. The local window 

orientations were weighted based on their coherency values to ensure that the 

overall metrics obtained for each specimen was reasonable and statistically valid as 

a comparative tool to assess the severity of directionality between different 

specimens. 

5.2.1.3 Normalisation, representation and visualisation 

The two methods of estimating ply orientations result in different magnitudes of 

results. The 2D-DFT method provides the orientation information as a function of 

the power spectrum of the image, whereas, the structure tensor method results are 
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in the form of pixel count for each angular interval describing the calculated 

orientation of each of the pixels. 

Two slices extracted from the three-dimensional tomographic data for Specimen 

P3_P2 (Figure 5-6) have been analysed using both methodologies to highlight the 

operations undertaken to display the data obtained using the automated orientation 

analysis procedures. 

As the two different methods produce directly incomparable data, a form of 

normalisation was required to enable a valid method of assessing the results 

obtained. Both methods provide orientation information in a three-dimensional 

form; angular intervals, specimen width and orientation intensity. The specimen 

widths were equal in both cases as it is an independent parameter and thus required 

no further manipulation. The angular intervals for the structure tensor method were 

split from -90° to +90°, while the 2D-DFT method considers a range between 0° and 

360° (shown in Figure 5-3). The first step in processing the data involved shifting 

the angles and scaling them to meet the same angular intervals. The data obtained 

using the 2D-DFT method was transformed to match the intervals used for the 

structure tensor method (-90° to +90°). The X-ray micro-CT data for the two slices 

(A and B) are given in Figure 5-6. The 2D-DFT results before and after the angular 

transformation are shown in Figure 5-7. 

The magnitudes that describe directionality required normalisation to be 

comparable between the methods, but more importantly, between specimens 

analysed using the same method. It was determined that a slice-by-slice approach of 

rescaling the spectrum integral with respect to orientation angle to be equal to one 

was the best approach to ensure that both techniques output comparable data 

(Figure 5-7:c). All the specimens were analysed two-dimensionally, and batch 

processed through the width of the specimen, making this approach to 

normalisation best suited for the type and volume of data obtained.  
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Figure 5-6: Two slices extracted from Specimen P3_P2 in the xz-plane. 

The normalised data resulted in three-dimensional cloud points representing the 

magnitude of directionality. Delaunay triangulation of a set of points in space 

ensures that no point lies within any of the triangles while maximising the smallest 

internal angle of all the triangles [285]. For each specimen’s orientation data, the use 

of Delaunay triangulation results in a three-dimensional surface plot which can be 

used to visualise the data effectively.  
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(a) 

 
(b) 

 
(c) 

Figure 5-7: Power spectrum of Specimen P3_P2 slices A and B using 2D-DFT 
(a), after orientation angle transformation from 0°:360° to -90°:+90° (b), and 

after normalising (area under each curve = 1) (c). 
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Figure 5-8: 2D-Discrete Fourier Transform based normalised orientation of 
Specimen P3_P2, showing locations of slices A and B. 

 

Figure 5-9: Structure tensor based normalised orientation of Specimen 
P3_P2, showing locations of slices A and B. 
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Examples of the three-dimensional orientation plots for Specimen P3_P2 are shown 

in Figure 5-8 and Figure 5-9 for results obtained using 2D-DFT and structure 

tensors, respectively. The locations in the three-dimensional plots of slices ‘A’ and 

‘B’ shown in Figure 5-6 are also included in Figure 5-9 and Figure 5-8. 

The three-dimensional data is a useful tool in qualitatively analysing the distribution 

of orientation in each specimen along the width of the specimen. For quantitatively 

exploring the variation in directionality between specimens, statistical parameters 

such as a specimen’s mean orientation and directionality strength (angle × 

magnitude of strength) provided two-dimensional statistical significance of the 

variation in orientation within each specimen. The term “weighted directionality” is 

used to describe a weighted average orientation calculate 

Figure 5-10 shows the two-dimensional orientation strength values across the 

width of the specimen (y-axis) for both analysis methods, showing locations of slices 

‘A’ and ‘B’ given in Figure 5-6.   

  

Figure 5-10: Weighted directionality of Specimen P3_P2, showing locations of 
slices A and B 

5.2.2 Wrinkle characterisation using optical microscopy for yz-plane 

The data obtained using X-ray micro-CT scans proved useful in retrieving global 

orientation of the plies in the x-direction, which was a reasonable representation of 

the measure of ply alignment in the direction of the part’s intended load path. These 

measurements served as a useful overall quantitative assessment of the ply 

alignment in the direction of loading. However, the low contrast between plies and 
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the considerable noise in the X-ray micro-CT scan data at voxel resolutions between 

5 µm and 12 µm meant that out of plane wrinkle characterisation in the yz-plane had 

to be conducted two-dimensionally from low-magnification optical microscopy 

based image acquisition methods. 

Due to the opacity of CFRP, only reflective optical microscopy was used to obtain 

micrographs for this project. For details regarding specimen preparation and 

equipment used, the reader is referred to §3.2.2. 

For the purpose of a robust analysis of the wrinkling in corners using microscopy, 

an accurate process, albeit requiring manual input, was developed using Matlab® 

along with its Image Processing Toolbox [179]. 

As discussed by several researchers, wrinkling has been identified as a cause for the 

decrease in the mechanical performance of CFRP structures [29, 44, 47, 95, 286, 

287]. However, a lack of agreement about the possible combination of parameters 

quantifying and characterising wrinkles become obvious when reviewing literature. 

While some researchers opted for the use of the maximum angle of deviation of 

fibres to describe wrinkles [43, 54, 288], others considered the ratio of the 

maximum amplitude of the fibre wrinkles to laminate thickness as a measure of 

misalignment severity [47]. Caiazzo, et al. [289] introduced a unique method of 

applying a polynomial fit to wrinkles that reduced in intensity when approaching 

the specimen’s surface and characterised the wrinkles’ severity based on the 

maximum offset distance of the fibres. More modern approaches have included 

fitting bell-curves to the wrinkle shapes and using Gaussian functions to describe 

defect severities [49]. The insufficient consensus is likely due to the varying levels 

of influence of different wrinkle parameters on the reduction of material properties 

found in various studies. For the purpose of this project, the methods used by Hsiao 

and Daniel [51] was adopted for characterisation of any out-of-plane wrinkles in the 

yz-plane, which involved assuming a sinusoidal shape for the ply offsets. The main 

consideration when selecting an appropriate system of characterisation was the 

suitability of applying it to curved regions with modifications.  

Figure 5-11 summarises the parameters of interest when applying this approach. 

Since the maximum wrinkle angle (θ) is a dependent variable, the primary 

independent characteristics of a ply wrinkle in a composite part can be simplified to 

the half-wavelength (λ/2) and the maximum amplitude (A) of the primary wrinkle. 
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The quantification process becomes more complex when assessing curved regions 

of a part. The baseline or idealised ply geometry cannot be described by a Cartesian 

coordinate system. Thus, it becomes necessary to modify the methods previously 

established in literature to characterise wrinkling to suit the curved geometry 

studied in this project.  

y

z

A

L

θ 

λ/2 

R

 

Figure 5-11: Typical descriptors used to define composite ply wrinkling 

The primary change made to the traditional quantification technique is to establish 

the nominal ply orientation in the form of a curvilinear expression that captures the 

location and geometry of the intended design features of the ply being studied. The 

geometry of interest to this project for CFRP parts only contains single-curvature 

based features. This allows for a single set of equations based on arcs (Eq. 5-35 and 

Eq. 5-36) used to describe the nominal ply geometry across the corner region of the 

channel sections of interest. 

 𝑥 = 𝑟 × cos 𝜃0→𝑖 + ℎ Eq. 5-35 

 𝑦 = 𝑟 × sin 𝜃0→𝑖 + 𝑘 Eq. 5-36 

Where: 

𝜃0 → is the start angle of the curved region in radians,  

𝜃𝑖  → is the end angle of the curved region in radians,  

(ℎ, 𝑘) → is the Cartesian coordinates for the origin of the arc, and 

𝑟 → is the radius. 
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The values for the origin of the arc remains the same for the entire part, but the 

radius of curvature changes through the thickness of the part, decreasing with every 

ply that’s laid up.  

An interactive Matlab® based program (Appendix C1.19) was developed to 

characterise wrinkles using the method described above by displaying micrographs 

of corner regions of CFRP parts, which a user manually interacts with to identify ply 

interfaces with a mouse input in order to determine various geometric features of 

the curved region. 

Firstly, the bottom edge of the first ply is selected using a set of points chosen on 

screen. These points are then plotted as a spline by fitting a polynomial, which then 

represents the mould surface. An example of the result of this step is provided in 

Figure 5-12 

 

Figure 5-12: Bottom edge (mould surface) mapped in blue 

For any particular ply that needs to be mapped, lines of lengths equal to the distance 

of the required ply’s design offset from the mould are automatically plotted normal 

to the mould surface. The ends of these are then connected to create the spline that 

now represents the nominal ply location. 

An example schematic of the mould surface and the determination of the curve 

representing the 20th ply is shown in Figure 5-13. In this example, each ply is 

assumed as 0.1415 mm in thickness, described by the supplier as the nominal cured 

thickness of a single ply (Appendix B2)  
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Figure 5-13: Idealised ply edge offset determination example 

Once the nominal ply location is determined, the curve is overlaid onto the 

microscopy image of the corner, as shown in Figure 5-14.  

 

Figure 5-14: Nominal 25th ply edge determined 

The actual ply geometry is them mapped using a set of user input points, and the 

splines that connect the points are translated to provide the best fit around the 

nominal ply location Figure 5-15.  
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Figure 5-15: Actual 25th ply edge mapped 

Typical assessments of ply wrinkling in flat specimens is mapped along the x-axis in 

Cartesian coordinates. The Nominal ply location acts as the baseline x-axis along 

which the actual ply geometry is mapped to analyse curved parts using the novel 

process described here. 

A polynomial is fitted to these points to establish an equation that represents the 

actual ply. The offsets between the actual ply location and the idealised location are 

then used to determine the severity of the wrinkle. 

The local thickness of the part is measured to understand the magnitude of corner 

thickening phenomenon that was observed during the course of this project. The 

amplitude of the wrinkle is determined by first identifying the intersecting points 

between the nominal ply location and actual ply geometry, and then calculating the 

normal offset distance between the two curves at the midpoint of the intersecting 

points Figure 5-16. The half-wavelength is determined by measuring the distance 

on the nominal curve between the two intersecting points. This method provided a 

more reasonable measure of the wrinkle characteristic than using a straight-line 

displacement between the intersecting points because it was more representative 

of the offset of the ply from its intended location. 
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Figure 5-16: Offset of nominal 25th ply edge to intersect with the actual 
mapped corresponding ply edge 

The reader is referred to Appendix A2 for a systematic set of processes undertaken 

in the analysis of wrinkles using micrograph image data. 

A key set of parameters of wrinkles that describe its characteristics and severity are: 

1. Local thickness of the part 
2. The offset of ply from design location (mean, median and standard deviation) 
3. Number of wrinkle half-waves 
4. The wavelength of the most severe wrinkle 
5. The amplitude of the most severe wrinkle 
6. The radius of curvature at the point of maximum offset of the ply from its 

intended location 

Another key aspect investigated as part of this study was the curvature of the 

wrinkle’s peak, identified as the location of maximum wrinkle amplitude. It was not 

a parameter previously investigated by researchers. However, during the course of 

this project, it has been found to be a useful measure of the severity of wrinkles. The 

curvature (K) of a particular point on a given curve is described as the curvature of 

an approximating circle with at the selected point that osculates each other. Since 

the interest of this study is the radius of curvature (R), the reciprocal of the 

curvature (K) provides the radius of curvature. (R) at any point x for the curve y = 

f(x) is defined by  Eq. 5-37 [290]. 

The program has the capability to be used to track every ply. However, for obtaining 

a statistically valid data set from a variety of panels, a selection of plies distributed 

across the thickness from each corner was selected by the user of the program, 

which gives a good approximation of the severity of the wrinkles in the entire 

laminate’s corner region. 



Chapter 5: Methods of Characterising Out-of-Plane Fibre Misalignment in Curved CFRP Parts 

A Ramesh - April 2020    139 

 

 

Eq. 5-37 

5.2.3 Automatic ply edge detection techniques for optical microscopy 

Images obtained from optical microscopy scans of wrinkled CFRP parts have been 

used to quantify the severity of wrinkles in the form of a sinusoidal or polynomial 

function. Since micrographs were used to determine ply wrinkling, it was only 

conducted for two-dimensional slices at set intervals. The images captured using the 

microscope are 24-bit red-green-blue (RGB) colour images (Figure 5-17: a). After 

several attempts at identifying image processing techniques which could enhance 

the inter-ply edges, it was determined that for the lighting and microscope used to 

obtain the micrographs the best results were achieved by first isolating the red 

channel of the RGB image (Figure 5-17:b). Once the required channel was isolated, 

the image histogram was determined and stretched appropriately to improve 

contrast while maintaining as much of the information present in the original image 

as possible. The image is then converted to greyscale (Figure 5-17: c) and then to 

binary by applying a threshold for pixel intensity at each step. The binarisation 

methods are described in detail in §4.2.3. The lighting used for obtaining the 

micrographs can significantly affect the thresholding values, and it needs to be 

accounted for during the analysis of each image. The binary image is then inverted 

to produce a pixel value of one at any features and zero for the rest of the specimen 

(Figure 5-17: d).  

The next step involves determining the edges of the plies. Typical methods of 

detecting edges rely on determining derivatives (first or second order) across the 

intensity profile of the image. Various edge detection techniques were investigated 

during the process of this study, such as Sobel, Canny, Laplacian of Gaussian (LoG) 

and Prewitt [291]. The Sobel method was identified to be the most suitable method 

to use as it proved to produce qualitatively good results out of all the techniques that 

were attempted based on visual inspection and comparison. Figure 5-17 shows the 

progression of isolating ply edges and determining wrinkle characteristics from the 

microscopic image. The technique developed produces a series of two-dimensional 
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arrays where each set represents the coordinates for the pixels forming a ply edge. 

The data in each array is then described using polynomials to express the absolute 

locations of each pixel representing the edges of plies.  

 

Figure 5-17. Original micrograph (a), red channel extracted (b), converted to 
greyscale (c), converted to binary (d) and noise removed (e).    

The reliability of this method needs considerable improvement before it can be 

applied within an automated platform for analysing wrinkles in CFRP parts. Factors 

such as lighting, the surface finish of the specimens and its alignment to the 

microscope lens all had to be excellent and consistent between specimens for 

achieving repeatability of the method described in this section (§5.2.3).  
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5.3 Results and Discussion 

5.3.1 Ply orientation analysis in the xz-plane 

The summary of the orientation analysis conducted on micro-CT data using 

structure tensor and 2D-DFT methods are provided in Figure 5-18 and Figure 5-19. 

Although the results for the average orientation showed a large variation between 

specimens, the discrepancy between specimens was substantially smaller when the 

weighted directionality of the offset was considered. The weighted offset 

directionality accounts for a weighted average of misalignment so that regions of 

high directionality have a larger contribution toward the final measure obtained for 

each specimen.  

 

Figure 5-18: Average orientation of specimens in the xz-plane 

 

Figure 5-19: Effective directionality of specimens in the xz-plane 
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Overall, an average misalignment of ~1.8° was found in the direction of loading in 

the xz-plane. The measurements are based on the outer edges of the specimens that 

were used to align specimens in compression tests. The resulting average 

orientations of P3_P03 and P1_P03 were the largest and smallest within the scanned 

specimens and showed the largest difference in orientations between any two 

specimens. Specimen P3_P03 and P1_P03 had similar void volume fractions (P3_P03 

= 3.7% and P1_P03 = 4.6%) with Specimen P1_P03 containing a higher volume of 

voids overall. This counterintuitive relationship can be explained when visually 

assessing the tomographic scan data for the two specimens (Figure 5-20).  

 

Figure 5-20: Tomographic slices in the xz-plane from Specimen P3_P03 (a, b), 
and Specimen P1_P03 (c, d) 

The volume of voids may be similar for the two specimens, but the shapes of void 

edges with respect to the x-direction were substantially different from each other. 

Therefore, it can be concluded that void shapes have a larger contribution to the 

average specimen orientations than the overall void volume fractions. 

The presence of voids typically caused an increase in local misalignment in 

proximate regions, and the 2D-DFT method was much more sensitive to capturing 

the misalignment caused by voids due to the analysis being conducted on the 

features identified using Fourier transform. The structure tensor method was less 

sensitive to stronger features such as void edges since every pixel is assigned an 

orientation value. Hence, the use of the offset strength as a measure of misalignment 

is a more suitable numerical representation of the actual misalignment of the 

internal geometry of the specimens. 
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The variation in weighted directionality between specimens was much smaller than 

the variation in average orientations. By assessing the tomographic scan data 

qualitatively, it was observed that the majority of specimens were aligned well in 

the x-direction overall. The anomalous void edges causing directionality was not 

significant when the total volume of the specimens was analysed because the overall 

voids and their edges accounted for a very small volume fraction of the specimens 

in general. The data suggests that assuming the average overall fibre misalignment 

of 1.8° would be a reasonable quantitative measure of the quality of ply orientation 

with respect to the loading direction. 

5.3.2 Thickening of curved regions 

As discussed in §3.2.3.1, a variation of geometry in highly curved regions of CFRP 

parts has been of interest to researchers, and the concern was further solidified after 

discussions with this project’s industry partner raised similar issues.  

Curved regions of high thickness-to-radius ratios tend to result in variation of the 

local geometry from the nominal / design shape and size. The “corner thickening” 

effect was quantified for two different corner geometries to determine the 

magnitude of this phenomenon and to gain a better understanding of the 

relationship between the thickening of the corners and the geometric variations in 

the adjacent flat regions of specimens. Figure 5-21 shows a schematic of the typical 

shapes observed during the visual assessment of corner thickening behaviour, 

highlighting the thinning of adjacent flat regions. 

 

Figure 5-21: Schematic of corner thickening of parts with 20 mm corner radii 
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5.3.2.1 Corner thickening in specimens with a 10 mm corner radius 

The first set of specimens analysed had a nominal thickness of 5.66 mm. The 

magnitude of the thickening effect was found to be affected by manufacturing 

processes. Figure 5-22 shows the average thickness of the corner regions of four 

different parts; two parts that were de-bulked every four plies (Panel 01 and 02), 

and two parts that were de-bulked every three plies (Panel 07 and 08). For details 

about the manufacturing of these panels, refer to §3.2.2. 

All four parts showed significant corner thickening, with the average thickness 

increase of approximately 21.5% when compared to the design (nominal) thickness 

of the part. Adjacent flat regions were also analysed for any thickening to investigate 

the variation of thickening effect along and beyond the curvature. The results are 

shown in Figure 5-23. Although the flat regions also showed some thickening when 

compared to the part’s nominal thickness (~4%), the corner regions resulted in 

much greater increases in thickness. 

 

Figure 5-22: Effect of de-bulk frequency on corner thickening 

Table 5-1 summarises the corner thickening effect observed in the parts and a 

distinct difference between parts that were de-bulked every four plies versus the 

parts that were de-bulked every three plies become apparent.  

An interesting observation was the relationship between the thickening of the 

corner region and its neighbouring flat areas. Greater thickening of the sidewall and 

aft-wall regions were often accompanied by lower thickening of the respective 

corner region.  
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The de-bulk frequency of three plies not only reduces the corner thickening by over 

8% but also reduces the difference between the thickness of corners and adjacent 

flat regions by over 10%. 

Table 5-1: Corner thickening summary for parts with 10 mm radii 

 
Corner 

Adjacent 
Flat 

Panel 01 29.3% 2.9% 

Panel 02 22.1% 3.7% 

Average 25.7% 3.3% 

   
Panel 07 19.2% 5.4% 

Panel 08 15.2% 4.4% 

Average 17.2% 4.9% 

 
(a) 

 
(b) 

Figure 5-23: Corner thickening effect of parts with corner radii of 10 mm – 
actual (a), and normalised (b) 
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5.3.2.2 Corner thickening in specimens with a 20 mm corner radius 

The thickness variation between corner regions and adjacent flat regions for parts 

with corner radii of 20 mm was calculated and normalised to the part’s nominal 

thickness. The results are shown in Figure 5-24  for the port and starboard sides. In 

both cases, the corner regions showed significant thickening, with an approximate 

mean thickness increase of 1.48 mm (~17%) when compared to the part’s nominal 

thickness. 

 
(a) 

 
(b) 

Figure 5-24: Corner thickening normalised for part with 20 mm radii corner - 
port side (a), and starboard side (b) 

Table 5-2 summarises the average thickness variation in the corner and the two 

adjacent faces for each side of the part. Corners showed an average thickening of 

over 17%, while sidewalls and aft faces adjacent to these corners had a reduction in 

average thickness by 3% and 1.6% respectively. 
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Table 5-2: Corner thickening summary for parts with 20 mm radii 

  Sidewall Corner Aft Face 

Port -3.3% 16.4% -1.6% 

Starboard -2.8% 18.5% -1.6% 

Average -3.0% 17.4% -1.6% 

5.3.2.3 Summary 

The frequency of de-bulks during manufacture was found to have an effect on the 

corner thickening of parts. A higher number of de-bulks resulted in parts with 

thinner corners and thicker adjacent flat areas when compared to parts de-bulked 

less often.  

An interesting reflection when studying data provided in Figure 5-24 was the large 

difference in corner thickness between specimens from Slice S03 and other slices. 

Figure 5-25 shows the micrographs obtained from two sections of the same part, 

300 mm apart in the x-direction. The difference in quality between these two regions 

of the same part is visually distinct, with large voids likely caused by bridging of plies 

resulting in an overall increase in thickness. Although both images show wrinkling 

of plies, Slice 03 contains wrinkles of much higher severity than Slice 06. 

 

Figure 5-25: Micrograph of corner regions of Slice 03 – Starboard (a), and 
Slice 06 – Starboard (b) 

A key difference observed between the parts with corner radii of 10 mm and 20 mm 

was the thinning of the sidewalls and aft faces adjacent to corners. This phenomenon 

could be a result of inadequate pressure in the corner regions during consolidation, 

causing the resin to flow into the corners and away from the nearby flatter areas.  
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A variation thickness caused by uneven volumes of resin in different regions of the 

same part requires specific attention when conducting analytical or numerical 

assessments of mechanical properties because of the varying fibre volume fractions 

within the same part. 

5.3.3 Wrinkle characteristics in corners 

5.3.3.1 Quantification of out-of-plane ply misalignment attributes in parts with 10 

mm radii corners 

Figure 5-26 provides the results obtained on the variation of the wrinkle 

wavelengths through the thickness of the specimen in the z-direction. The reduction 

in the half-wavelength is an indication of increased wrinkle severity, as larger 

wavelengths correspond to a more gradual change in ply orientation. Thus, it can be 

concluded that this characteristic of wrinkle severity tends to increase when moving 

farther away from the mould surface of the corner. 

Figure 5-27 shows the change in average wrinkle amplitude through the thickness 

of corner regions. A very clear trend emerged when analysing the wrinkle 

amplitudes, where the highest wrinkle amplitude was not found near either of the 

curved surfaces, but closer to approximately 65% of the specimen’s thickness. The 

wrinkle amplitude tapers down to a minimum closer to either curved surfaces. 

 

Figure 5-26: Half-wavelength of wrinkles in parts with 10 mm radii corner 
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Figure 5-27: Amplitude of wrinkles in parts with 10 mm radii corner 

Figure 5-28 summarises the results obtained for the average radius of curvature of 

wrinkles at their peak. This wrinkle feature shows a trend similar to that of the 

wavelength variation through across the thickness of the specimen, with the 

severity increasing with distance from the mould surface. However, an interesting 

observation was the asymptotic behaviour seen at approximately 50% of the 

specimen thickness, beyond which there are only slight variations in the radius of 

curvature of the wrinkle peak. 

 

Figure 5-28: Radius of curvature of wrinkles in parts with 10 mm radii 
corner 

Table 5-3 summarises the key wrinkle characteristics, establishing upper and lower 

limits within the set of data acquired. The worst wrinkle observed in parts with 10 

mm corner radii had a wavelength, amplitude, and radius of curvature of 6.18 mm, 

0.85 mm, and 1.49 mm, respectively. 
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Table 5-3: Summary of wrinkle characteristics for parts with 10 mm radii 
corner 

Average half-wavelength 5.82 mm 

Average amplitude 0.49 mm 

Average peak radius of curvature 4.13 mm  

Maximum half-wavelength 8.80 mm 

Minimum amplitude 0.031 mm 

Maximum peak radius of curvature 8.94 mm  

Minimum half-wavelength 3.09 mm 

Maximum amplitude 0.85 mm 

Minimum peak radius of curvature 1.49 mm 

5.3.3.2 Quantification of out-of-plane ply misalignment attributes in parts with 20 

mm radii corners 

Figure 5-29 provides the results obtained on the variation of the wrinkle 

wavelengths through the thickness of the specimen in the z-direction for parts with 

a 20 mm radii corner. When compared to the same wrinkle characteristic of parts 

with corner radii of 10 mm, the parts with larger corner radii showed a more gradual 

drop in wrinkle wavelengths across the thickness of the specimens. One factor that 

may be contributing to the variation between parts of different curvatures could be 

the larger corner radii allowing for better lay-up as the region of interest is more 

easily accessed by laminators. The general tendency of the part quality to reduce 

across the thickness of the corner region away from the mould surface holds true 

for both geometries. 

 

Figure 5-29: Half-wavelength of wrinkles in parts with 20 mm radii corner 
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Figure 5-30 describes the variation of wrinkle amplitude through the thickness of 

the specimen, and the trends are very similar to what was observed in the parts with 

10 mm corner radii. The most severe wrinkle amplitudes were located at 

approximated 65% of the thickness of the specimens when measured from the 

mould surface, and then the severity reduces closer to the inner surface. Therefore, 

a conclusion can be made that the maximum amplitudes typically occur around 60% 

to 70% of the part’s thickness away from the mould surface. 

 

Figure 5-30: Amplitude of wrinkles in parts with 20 mm radii corner 

Figure 5-32 represents the average radius of curvature of the wrinkle peak through 

the thickness of the specimen. An initial drop of the wrinkle curvature the 

asymptotic nature of the variation along the distance from the mould surface holds 

true for the corners with radii of 20 mm, similar to the corners with 10 mm radii. 

Nonetheless, a much larger standard deviation can be seen for the wrinkles closer 

to the mould surface for the 20 mm radii corners. This large variation in the part’s 

quality close to the mould surface was interesting and was caused mainly by some 

specimens that contained wrinkles closer to the mould surface that was offset from 

the central axis. An example of a specimen with low wrinkle severity in the initial 

plies versus a specimen with high wrinkle severity in the lower plies (highlighted in 

red) offset from the central axis of the corner is shown in Figure 5-31. The offset 

wrinkling highlighted in Figure 5-31 (b) was not found nearly as often as the type of 

wrinkling typically seen, which was closer to Figure 5-31 (a). 
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(a) (b) 

Figure 5-31: Specimen 02 (a) and Specimen 05 (b) 

 

Figure 5-32: Radius of curvature of wrinkles in parts with 20 mm radii 
corner region 

Table 5-4 summarises the wrinkle characteristics typically found in corner regions 

of a part with 20 mm radii of curvature. The average wrinkle characteristics 

considerably differed when compared to the most severe features, but it is 

important to note that a single wrinkle would not possess all three characteristics 

of the highest severity. For instance, a wrinkle with a high amplitude was often 

found to have wavelengths that were larger than the average wrinkle wavelength. 

Thus, a single wrinkle containing the highest amplitude and smallest wavelength 

(most severe) would be an unrealistic combination, albeit capturing the worst-case 

scenario of out of plane misalignment in the corner region. 
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Table 5-4: Summary of wrinkle characteristics for parts with 20 mm radii 
corner 

Average half-wavelength 6.83 mm 

Average amplitude 0.925 mm 

Average peak radius of curvature 4.58 mm  

Maximum half-wavelength 12.67 mm 

Minimum amplitude 0.0298 mm 

Maximum peak radius of curvature 20.85 mm  

Minimum half-wavelength 1.75 mm 

Maximum amplitude 2.40 mm 

Minimum peak radius of curvature 1.18 mm 
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5.4 Quality Assessment of High-Quality Manufacturing 

The same part described in §4.4 was used to analyse the wrinkle characteristics in 

corners of parts made using strict process controls. It was done in an effort to 

understand the limitations of quality achievable by increasing parameters that 

increased production time. The part was de-bulked after two plies if the third ply 

after the last de-bulk was at an orientation of zero degrees. Otherwise, the part was 

de-bulked every third ply. A high level of attention to detail infeasible for large-scale 

manufacturing was applied to each lay-up process, such as vacuum bagging and 

consolidation. 

Sixteen corner regions were extracted and analysed using the methods described in 

§3.2.2 to understand the severity of wrinkles that occur in parts manufactured using 

strictly controlled processes. Figure 5-33 shows the locations of the extracted 

specimens.  

 

Figure 5-33: Corner regions extracted for microscopic wrinkle analysis 

Each region extracted was sliced into two halves in order to study the features on 

either face and to obtain an understanding of the variation of defect characteristics 

within a small distance along the length of the panels. They were split into ‘top’ and 

‘bottom’, which corresponds to the face of the specimen being closer to slice-1 and 

slice-6, respectively.  

Figure 5-34 and Figure 5-35 show the distribution of wrinkle wavelengths and 

amplitudes through the thickness of the specimens manufactured using the 



Chapter 5: Methods of Characterising Out-of-Plane Fibre Misalignment in Curved CFRP Parts 

A Ramesh - April 2020    155 

modified processes. The wavelengths of wrinkles were similar in magnitudes and 

variation through the specimen thickness, but the amplitudes were considerably 

lower than parts manufactured using standard processes. This reduction in wrinkle 

severity highlights the importance of process control during production in reducing 

out-of-plane wrinkling of plies. 

 

Figure 5-34: Half-wavelength of wrinkles in parts with high process control 

 

Figure 5-35: Amplitude of wrinkles in parts with high process control 

Figure 5-36 showing the average radius of curvature of the wrinkle peaks also 

shows a significant improvement in quality as they are close to the design ply 

curvature. This shows the low severity of wrinkles in parts manufactured using 

strictly controlled de-bulk cycles and lay-up processes.  



 

156  A Ramesh - April 2020 

 

Figure 5-36: Radius of curvature of wrinkles in parts with high process 
control 

Table 5-5 summarises the limits of wrinkle features found in parts with a 20 mm 

radius of curvature and manufactured using carefully monitored and controlled 

processes. Wrinkle amplitude was the most significant parameter affected by the 

manufacturing process controls.  

The largest wrinkle amplitude was over 80% smaller in these parts when compared 

to parts of the same geometry with typical quality control during production. This 

emphasizes the importance of controlling process parameters during the 

production of CFRP parts, especially when it comes to de-bulk frequency, hand lay-

up process, and vacuum bagging process, as these were the main steps that required 

attention when manufacturing the controlled parts. 

Table 5-5: Summary of wrinkle characteristics for parts with 20 mm radii 
corner 

Average half-wavelength 7.41 mm 

Average amplitude 0.16 mm 

Average peak radius of curvature 15.59 mm 

 

Maximum half-wavelength 10.74 mm 

Minimum amplitude 0.001 mm 

Maximum peak radius of curvature 23.49 mm 

 

Minimum half-wavelength 3.56 mm 

Maximum amplitude 0.39 mm 

Minimum peak radius of curvature 7.78 mm 
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5.5 Summary 

A range of methods of characterising the misalignment of plies using X-ray micro-

CT scan data and optical microscopy based micrographs has been investigated. Each 

technique showed promise in its ability to characterise the morphology of out-of-

plane wrinkles of composites, depending on the application. 

When assessing the specimen’s overall alignment to the direction of loading, it was 

found that using the 2D-DFT and structure tensor methods were useful in 

identifying the quality of alignment of specimens across their widths. Since these 

methods were programmable, the automation also allowed for analysing tens of 

thousands of images to obtain statistical information.  

To characterise out-of-plane wrinkling using traditionally established parameters, 

such as overall thickness, amplitude, and wavelength, a user input based Matlab 

[179] algorithm was developed to map the ply edges manually from optical 

reflective micrographs. This tool determines the exact internal features of the ply 

architecture.  

A key observation was the effect of voids on the ply analysis. It was observed that 

each void induced an offset of adjacent plies, resulting in a variation of ply 

architecture in that region. Large voids caused significant wrinkling of plies, while 

smaller voids were responsible for less severe wrinkling. Large voids also played a 

major role in the corner thickening effect of parts, as the specimens with larger voids 

tended to show higher corner thickening. 

The frequency of de-bulk has been seen to have a considerable effect on the final 

part quality. Parts that were de-bulked every three plies showed an average corner 

thickening of 17.2%, while parts de-bulked every four plies resulted in an average 

corner thickening of 25.7%. Thus, it is necessary to consider the amount of time 

required for de-bulking at various frequencies during the manufacturing process to 

determine a suitable balance between the resources necessary for de-bulk and the 

levels of acceptable out-of-plane wrinkling and corner thickening of the part. 

Grankäll, et al. [292] found a very similar behaviour with respect to the corner 

thickening and adjacent sidewall thinning of parts manufactured in concave 

(female) tools. They showed that a key reasoning for corner thickening is the bulk 
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factor (uneven pressure distribution during debulk), which is in line with the 

findings of this study. 

 

The corner radii have an influence on the severity of wrinkles. Parts with radii of 10 

mm had an average wrinkle amplitude and wavelengths of 0.49 mm and 5.82 mm, 

respectively. Meanwhile, parts with radii of 20 mm had an average wrinkle 

amplitude and wavelengths of 0.925 mm and 6.83 mm, respectively. The average 

radius of curvature at the peak of wrinkles for parts with 10 mm corner radii and 20 

mm corner radii was 4.13 mm and 4.58 mm, respectively. This shows that the overall 

severity was similar in both cases, but the thicker parts with the larger corner radii 

did produce wrinkles of greater severity when considering the peak radius of 

curvature of wrinkles as a fraction of the nominal thickness. The number of wrinkles 

per ply was recorded and was found to vary between specimens. However, the data 

was not explicitly plotted in the previous section, as most specimens showed one 

main wrinkle with two adjacent wrinkles of much lower severity. In some cases, two 

large wrinkles were observed on the same ply, and in those cases, the wrinkle of 

higher severity was assessed as part of the severity quantification process. 

Wrinkle amplitudes were most severe at ~ 50% of the thickness, while wrinkle 

wavelengths were most severe at ~65% of the thickness away from the mould 

surface, beyond which it tends to asymptote. 

The variation in the quality and defect characteristics along the length of the same 

part exhibits the need for three-dimensional analysis of defects to fully understand 

the severity of each defect type. This is particularly highlighted in the data provided 

Figure 5-24, showing a large difference in the corner thickening effect between 

specimens extracted from the same part at different locations along the length. The 

quality of the internal ply architecture reduced with distance from the mould 

surface at the corner towards the inner surface, but usually showed a plateauing or 

peaking after approximately 20 to 25 plies from the mould surface. This is an 

indication of critical through thickness location where the wrinkle severity is at the 

highest. 

An automated method of characterising wrinkles using optical micrographs showed 

promise, but the consistency of lighting for microscopy was important to obtain 
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images that could be analysed using the algorithm. Further work is required to 

improve the reliability and repeatability of the automated ply edge detection 

methods in order for it to be a practical solution. 

The robustness of the automated orientation analysis using Fourier transformation 

and its power spectrum could be explored further. This should be conducted via a 

series of scans on images of various qualities containing a range of ply features that 

have already been analysed comprehensively using manual methods. Using 

artificially generated images of known orientations could be a solution as well but 

would not be an accurate representation of real scan data. When using the 2D-DFT 

method to analyse the ply orientations in the xz-plane, the band-pass filter currently 

employed could be further optimised to improve the quality of the results in terms 

of characterising the directionality of the plies. This would require a broad 

independent study into various non-linear functional filtering methods in contrast 

to the current band-pass filter. 

Low-magnification optical microscopy was more suitable than X-ray micro-CT for 

analysing wrinkles along the part’s curvature. The ply edges were not easily 

extractable from micro-CT scan data using automated techniques. This was due to 

the levels of noise in the reconstructed tomographic scan data and the minimal 

density variations between a ply edge and a ply itself. It may be possible to obtain 

fibre orientations accurately using micro-CT using very high scan resolutions (voxel 

size < 2 µm) as found in literature. However, this is not practical for scanning 

specimens larger than 5 mm in length, width, or height. Another challenge in the 

automated determination of ply edges from tomographic slices was the baseline 

nominal ply geometry in the corners varying in radii. Functions such as Hough 

transform that is suitable for detecting straight lines or curves with defined 

equations become less effective at capturing highly wrinkled ply edges. 

An improvement of the technique currently presented using structure tensor and 

2D-DFT methods of calculating ply alignment in the xz-plane would be the 

implementation of a true three-dimensional analysis technique. The current method 

utilises the batch processing of a series of two-dimensional tomographic slices, 

which may be considered as a two and a half dimensional analysis. The author 

believes that with continuous increases in computational power and available 

digital memory, it is possible to extend the methods currently proposed to 
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determine the internal directionality of CFRP structures for improved accuracy and 

dimensionality by analysing the entire three-dimensional data set. 

A key conclusion observed during this study is the reduction of part quality with 

increased thickness, as the defects are more likely to occur with distance from the 

mould surface (or the first ply). Furthermore, production controls such as de-bulk 

frequency are essential in lowering wrinkle amplitudes and increasing the radius of 

curvature of wrinkle peaks. 

Previous studies have shown that two key mechanisms of wrinkle formation in parts 

laid up on female moulds are ply bridging and laminate design [195, 293].  

Belnoue, et al. [294] numerically and experimentally studied the formation of 

defects on male moulds and concluded that the key factors involved are laminate 

bulk factor, prepreg incompressibility in fibre direction and the inability of interply 

prepreg slip (friction related). More recently, Levy and Hubert [295] have showed 

that corner thickening is more prominent in female moulds when compared to male 

moulds, and they have associated this to the effect of two key factor; bulk factor and 

interply friction. 
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6 DEVELOPMENT OF 

COMPRESSION TEST 

METHODS FOR CURVED 

CFRP REGIONS WITH 

DEFECTS 

Defects are more likely to occur in CFRP parts of high thickness, or highly curved 

regions [15, 45, 296], with voids and out-of-plane ply misalignment being the two 

key types of defects seen in prepreg based CFRP parts cured in an autoclave. 

Chapters 0 and 5 describe the methodologies produced as part of this project to 

characterise voids and wrinkles, respectively, along with the results obtained using 

those techniques. This chapter describes the process undertaken to develop 

methods to test curved regions containing actual defects in compression until failure 

to study damage initiation and propagation. 
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6.1 Background 

The industry partner for this project primarily produces components related to 

yacht spars. The structures of interest are typically thick CFRP parts with high 

curvature-to-thickness ratios, and compression is their main load case. Therefore, 

the focus of the physical tests undertaken for this project is compression. 

6.1.1 Test standards and standardisation organisations 

Compression tests of CFRP laminates can involve highly complex interactions 

between localised damage to constituent materials and overall structural 

instabilities [297]. Although failure mechanisms under compressive loads could 

occur independently, when failure regions contain defects, it is very likely to result 

in interactions between several mechanisms of failure. These could be crushing of 

fibres, matrix cracking, micro buckling of fibres or delaminations between plies [50].  

There are several organisations and institutions responsible for standardising test 

methods for composite materials, such as [298]: 

1. International Standards Organization (ISO) 

2. Comité Européen de Normalisation (CEN), which is the European 

Committee for Standardization  

3. American Society for Testing and Materials (ASTM) International 

4. Airbus Industries Test Method (AITM) 

5. Japanese Industrial Standards (JIS) 

6. Deutsches Institut für Normung (DIN) 

7. British Standards Institution (BSI) 

8. Association Française de Normalisation (AFNOR) 

9. Standards Australia (AS) 

10. American National Standards Institute (ANSI) 

11. American Society of Mechanical Engineers (ASME) 

Each organisation offers a range of test methodologies for composite materials, and 

often have similar (or the same) specifications. Nonetheless, after a survey of 

common test methods adopted in recent scientific literature, ASTM standards were 

found to be the most commonly used group of test methods [299]. Thus, for any 

standardised tests undertaken during this project, the ASTM Standard suitable for 

the particular test was used. 
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ASTM test standards associated with determining compressive properties of 

composites are as follows: 

1. ASTM D3410 / D3410M - Standard Test Method for Compressive Properties 

of Polymer Matrix Composite Materials with Unsupported Gage Section by 

Shear Loading [300] 

2. ASTM D5467 / D5467M-97 - Standard Test Method for Compressive 

Properties of Unidirectional Polymer Matrix Composite Materials Using a 

Sandwich Beam [301] 

3. ASTM D6484 / D6484M - Standard Test Method for Open-Hole Compressive 

(OHC) Strength of Polymer Matrix Composite Laminates [302] 

4. ASTM D6641 / D6641M - Standard Test Method for Compressive Properties 

of Polymer Matrix Composite Materials Using a Combined Loading 

Compression (CLC) Test Fixture [141] 

5. ASTM D6742 / D6742M - Standard Practice for Filled-Hole Tension and 

Compression Testing of Polymer Matrix Composite Laminates [303] 

6. ASTM D7137 / D7137M - Standard Test Method for Compressive Residual 

Strength Properties of Damaged Polymer Matrix Composite Plates [304] 

7. ASTM D8066 / D8066M - Standard Practice Un-notched Compression 

Testing of Polymer Matrix Composite Laminates [305] 

6.1.2 Compression test methods for studying defects 

O'Hare Adams and Hyer [306] used the test method developed by Illinois Institute 

of Technology Research Institute [307] to study the compressive failure strength 

and stiffness of thermoplastic based CFRP specimens with out-of-plane wrinkles. 

Since the specimen thickness was greater than what was suggested in the IITRI test 

specification, the specimen width was increased to maintain the width-to-thickness 

ratio provided by the test standard. This test method was also adopted by ASTM 

3410 as the method that uses shear loading on an unsupported gauge section to 

determine compressive properties of composite materials.  

Elhajjar and Shams [50] studied out-of-plane wrinkles and their effects on 

compressive behaviour of CFRP specimens using the open-hole-compression test 

ASTM 6484. The motivation of their study was to understand the interaction of 

notches and inherent fibre waviness in high performance continuous FRP parts.  

Wisnom and Atkinson [287] conducted compression tests on CFRP specimens with 

out of plane wrinkling induced using wedges placed under the specimen labelled by 
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the researchers as “kink formers”. They utilised the test method developed by 

Imperial College of Science Technology and Medicine [308]. This method can be 

considered an early version of the combined loaded compression test standardised 

by ASTM 6641, as the loads are applied in the form of end loading and shear from 

tabs. It was found that misalignment of approximately 3° caused a reduction of up 

to 50% in compressive failure stresses. It is important to note that the entire gauge 

region for the specimens was kinked, which would have resulted in unrealistic early 

failure caused by the loading misalignment to the specimen’s axial centroid.  

Mrse and Piggott [309] developed a 4-point bend test of a sandwich beam to study 

the compressive properties of composite materials and implemented it to study 

fibre misalignments of thermoplastic based CFRP [286]. This method is similar to 

the later established ASTM D5467 test method for compressive properties of 

unidirectional polymer matrix composite materials using a sandwich beam. 

Various researchers have tested composite specimens with voids under 

compressive loading. Uhl, et al. [310] tested graphite reinforced polymer composites 

with voids using an in-house compression fixture that was significantly simpler in 

design than their counterparts were but fails to address the issues of end crushing 

or buckling of the specimens. Tang, et al. [311] also studied graphite reinforced 

polymer composites with voids but used the Celanese fixture instead [312], which 

was later adopted as an ASTM 3410.  

Others have studied the effect of voids on composites using test methods similar to 

standardised tests, but with modifications to accommodate their specific specimen 

configuration and specifications [313, 314]. Cinquin, et al. [315] used the AITM 

1.0008 test method to study the influence of voids on compressive behaviour of 

composites, while Liebig, et al. [316] designed a novel fixture with the capability to 

be retrofitted into a transmission light microscope with integrated photoelasticity, 

which was based on the UCSB fixture [317]. This was an innovative method of in-

situ analysis of specimens with defects under load.  

Seon, et al. [318] developed a custom 4-point bend test to study the effect of 

waviness on stiffened CFRP components representative of skins with angled top-hat 

stringers. Special care had to be taken in preventing indentation related crushing of 

the specimen locally at loading point. This was achieved by using glass fibre 

reinforced polymer tabs at the supported regions. 
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6.1.3 Summary 

The specimen geometric details and corresponding test types for quantifying 

compressive properties discussed in §6.1.2 have been summarised in Table 6-1. 

Table 6-1: Compression test method summary 

Reference 
Test method / 
fixture details 

Specimen geometry (h×w×t) 
(mm) / other details 

Material system / 
defect type 

[306, 307] 
CLC / IITR (43.1 kg) 
& Celanese (4.54 

kg) 

IITR <139.7 (12.7 gauge) × (any) 
× (1.5 to 12.7) (modified gauge 
of 25 mm for thick specimens) 
Celanese 139.7 (12.7 gauge) × 

6.35 ×  3.99 (tabbed) 

Thermoplastic 
CFRP / wrinkling 

[50] 
OHC - ASTM D6484 

standard fixture  
300 × 30 × (3 to 5) (mm3), 6 mm 

diameter hole (notched) 

Toray 700GC-12K-
31E prepreg / 

wrinkling 

[287, 308] 
ASTM 6641 
predecessor  

90 (10 gauge) × 10 × 2 (mm3) 

T800-924 
toughened epoxy 
prepreg / induced 

“kinks” 

[286, 309] 
4-point bend 

custom fixture for 
high strains  

100 × 20-core / 10-laminate × 
4.35 (mm3) total. 35 mm gap 

between top pads, 85 mm gap 
between bottom pads.  

UD CFRP – no 
defects 

[310-312] 

Custom simple 
fixture. Does not 
account for end 

crushing or gauge 
buckling 

50.8 × 6.35 × 2.286 (mm3) 

Graphite-epoxy 
and graphite-

polyimide/ 
porosity 

[316, 317] 
Custom for 

photoelasticity 
measurements 

~ 400 × 200 (µm2)  
HexPly M21-35%-

134-T800S 
prepreg / voids 

Since the focus of this study is parts with geometry which do not conform to 

specimens used in standardised tests, along with conducting compression tests 

based on established test standards, it was also necessary to create novel testing 

methods that can be used to assess the mechanical behaviour of CFRP containing 

manufacturing induced defects. Based on the studies discussed in §6.1.2, ASTM 

6641, ASTM 5467 and ASTM 8066 were all considered for this project. Based on the 

load magnitudes and specimen geometries of interest to the project, ASTM 6641 was 

determined to be the most suitable test for measuring compressive properties of the 

material system of interest.  
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6.2 Artificial Introduction of Defects 

One common method of studying defects is by introducing them artificially into 

panels [319].  

Little, et al. [85] was successful in validating the capabilities of X-ray micro-CT as a 

reliable tool in assessing void morphologies by introducing artificial voids into 

specimens before conducting scans. His methodology of introducing artificial voids 

involved dispersing hollow glass spheres (manufactured by 3M®) into a twill weave 

CFRP laminate. The beads were classified into a diameter range of 75 µm to 80 µm 

by using a double sieve. This method has the potential to be useful in simulating air 

bubbles and general porosity but does not provide the flexibility to introduce voids 

of different shapes. 

Another method of introducing voids and delaminations involves implanting 

polytetrafluoroethylene (PTFE) tubes, strips of monofilaments into the laminate 

during lay-up [71]. Wisnom, et al. [71] also showed that that the strength of the 

material remained unchanged whether the PTFE was removed to cause an actual 

void or if it was left within the specimen, showing that the artificial voids and 

delaminations could be a useful tool in studying defects. 

Studies conducted using thermoplastic based prepreg material systems have used 

custom crimping jigs to introduce controlled out-of-plane wrinkling in composite 

parts [286] but is unsuitable for autoclave based consolidation processes. A similar 

technique employed by other researchers used two half-moulds with matching 

wavy surfaces as a compression tool to conform plies into desired shapes (Kuo et al., 

1988), but the wrinkling cannot be controlled once the stack is removed from the 

wavy mould and consolidated in an autoclave. Others have also used similar 

methods in the past to introduce wrinkling and misalignment in CFRP panels [320]. 

Some researchers introduced a multi-phase curing approach to produce 

unidirectional laminates with internal ply wrinkling [51, 321]. Some layers were 

wrinkled using a tape winding process, and partially cured wrinkled and flat plies 

were laid up inside uncured plies, and the full stack was co-cured to produce parts 

with internal misalignment. However, this method introduces other defects, such as 

uneven curing at the interfaces of the sub-laminates that are uncured and partially 

cured.  
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Other researchers have attempted to introduce fibre waviness in a single ply [42] 

and later extended the method to create wrinkling in multiple plies [322]. However, 

it was not proven difficult to introduce wrinkling of high severity using this method. 

Caiazzo, et al. [289] created wrinkling in flat CFRP laminates by conducting a de-

bulk of a sub-laminate over a wedge creating a dent, which was filled with 90° plies 

before the rest of the laminate was laid up. This resulted in an unrealistic local fibre 

volume fractions and orientations. This was similar to the process used by Wisnom and 

Atkinson [287], where additional strips of unidirectional off-axis (90°) plies were 

placed in the desired regions to cause wrinkling. 

A trial study was conducted as part of the research presented in this thesis to 

determine the efficacy of artificially introducing voids and wrinkles into CFRP parts. 

Voids were simulated using nylon strings of various diameters. Figure 6-1 shows a 

low-magnification micrograph of an artificial void. 

 

Figure 6-1: Artificial void induced using nylon strings 

Introduction of wrinkles was attempted using a couple of different methods. One of 

which was to pinch the prepreg material locally in known regions during the lay-up 

process. The other method involved adding strips of off-axis plies to simulate 

wrinkling of plies adjacent to the strips. 

The trial study did not offer favourable results as the voids were not found to be 

realistic since they were typically ellipsoids or cigar-shaped in actual corner regions, 

while the inclusions were cylindrical.  
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Moreover, the regions adjacent to the artificially induced voids showed increased 

resin formation, causing an unnatural variation in local fibre volume fractions when 

compared to regions surrounding real voids. These differences were atypical of 

actual void related defects in CFRP parts observed during the characterisation 

studies undertaken. 

The simulated wrinkles of plies offered even less conformity to reality, as the 

pinched regions either flattened out under the caul plate inside the autoclave during 

consolidation or formed unrealistic wrinkles when the pinched regions were 

increased in the attempt to simulate wrinkles of higher severities. 

Another major challenge involved accurately locating the defects so that when 

specimens for mechanical tests were extracted from the parts, the defects lay within 

the gauge region.  

Using artificially introduced defects theoretically allows for controlling many of the 

key defect characteristics, such as size, shape, and location. However, it was found 

that the practical challenges associated with implementing artificial defects caused 

them to be not very representative of real defects. Therefore, it was concluded that 

artificial simulations of voids would not be useful for the purpose of this project. The 

next stages of the study involved determining methods of testing specimens 

containing real defects. 
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6.3 Compression Testing of Corner Regions 

Defects in curved regions of parts where voids and wrinkles were prominent had to 

be tested under the main load case for typical yacht masts, which is compression. 

This section covers the several methods of testing these curved regions attempted 

by the author in order to finally derive a suitable testing methodology capable of 

capturing compression behaviour of the of CFRP containing realistic defects which 

occur in curved regions. Figure 6-2 shows the progression of compression test 

methodologies applied as part of this research. 

Simple 
complete 

corner

“Dog-bone” 
corner

ASTM 6641 – 
Combined 

Loaded 
Compression

X-ray in-situ 
micro-CT

 

Figure 6-2: Progression of compression test method 

6.3.1 Instrumentation 

6.3.1.1 Testing frame and load cell 

Instron Model 1185 and Instron Model 1186 universal testing frames with auto-

scaling load cells capable of measuring up to 100 kN and 200 kN, respectively, were 

used for the purpose of compression testing specimens. The results discussed in this 

chapter were obtained using the load cell of model number 2518-201. The load 

frame was operated using the BlueHill software package provided by the supplier. 

The data acquisition system allowed for including strain gauge data to output a 

single combined data file for the test results containing the load and strain values. 

6.3.1.2 Strain gauges 

Most compression tests included the use of multiple strain gauges on specimen 

surfaces. Depending on the test type, up to four strain gauges were attached to a 

single specimen to obtain strain measurements in different regions. 

Wired strain gauge model FLA-3-350-11-1LJC by Tokyo Measuring Instruments Lab 

with a gauge factor of 2.10 and a resistance of 350 Ω was used for this project. These 



 

170  A Ramesh - April 2020 

are standard parallel vinyl lead-wire integrated gauges with a 1 m pre-wiring 

attached by the supplier (Appendix B2). The specimen surfaces prepared with fine 

grit sandpaper (P800+) and isopropyl alcohol. Vernier callipers were used to ensure 

the central axis of the gauge area were accurately identified to ensure gauge 

alignment, and Loctite® 401 instant adhesive was used to bond the gauge to the 

specimens. For measuring the strain values during tests, Vishay Precision Group’s 

P3500 strain gauge indicators were utilised (Appendix B2).  

6.3.1.3 Acoustic Emission (AE) monitoring system 

AE has been used for several decades in material research and in industry as a non-

destructive inspection technique [323-325]. 

The fundamental principles of AE monitoring in the study of material failure 

behaviour involve using sensors to detect the release of strain energy stored by the 

specimen in the form of stress wave pulses [326]. A basic criterion for the released 

pulse is for it to have enough energy to be detected at the location of the transducer. 

This can sometimes be challenging if the background noises (electronic, 

instrumentation and environment) are high, or if the attenuation caused by the 

material between the transducer and the event location is high. 

The amount of energy released during failure when the mode of failure is dominated 

by matrix properties is generally much lower than the amount of energy released 

during fibre properties related failure modes [327]. This phenomenon can be 

applied to acoustic emission signals obtained from within the specimen during 

damage progression to understand the mode of failure in composites. 

AE monitoring of metallic structures typically used for structural health monitoring 

(SHM) does not encounter the same complexity in wave propagation features as it 

does for composite materials. This is mainly due to the orthotropic nature, and the 

larger number of possible failure modes exhibited by composite materials [328]. 

Therefore, the processing and filtering of AE data obtained from in-situ monitoring 

of CFRP structures undergoing damage and failure require special attention. 

The AE data acquired during the course of this project was obtained using Vallen 

Systeme’s AMSY-3 and AMSY-6 apparatus, which are multichannel AE measurement 

systems consisting of parallel measurement channels. Multiple piezo-electric 

sensors (model id: DECI SE45-H 218) with a primary sensitivity range of 25 kHz to 
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120 kHz and a secondary sensitivity range between 130 kHz and ~230 kHz were 

used to identify and record ‘events’ or ‘hits’. For further details about the system 

specifications and details, the reader is referred to Appendix B2. 

Historically, several acoustic wave parameters have been identified to be useful 

indicators of the type of damage caused to composite materials [329]. The specific 

features of AE waves which were studied during this project are provided in §6.3.4.  

6.3.1.4 High-speed camera 

Various researchers have implemented high-speed cameras as part of their 

investigation into the damage mechanisms of composite materials. The majority of 

the work conducted on composites with the use of high-speed cameras have been to 

investigate impact related responses of composites and their dynamic performance 

[330-338]. Others have employed high-speed cameras to study failure initiation and 

progression in carbon composites under static loading and to conduct digital image 

correlation to determine three-dimensional strain fields [339-342]. 

For this project, Phantom VEO 410L high-speed cameras were implemented as part 

of compression tests in an attempt to understand the failure related phenomena of 

the curved CFRP specimens with a range of defect severities tested. 

The cameras have the capability to record up to 600000 frames per second (FPS). 

However, this is only achievable when capturing data at a very low resolution of 64 

× 8 pixels for a period of thirty seconds in real-time. Through a series of trial tests, 

it was determined that the last eight seconds of the failure event in real-time could 

be captured at 18000 FPS with a reasonable resolution of 320 × 240 pixels. 

For further details of the cameras used, the reader is referred to the specifications 

provided in Appendix B2. 

6.3.1.5 X-ray in-situ micro-CT 

A significant aspect of this project was the development of a test method that 

allowed for studying the specimen’s internal structure under compression loads. 

This was achieved by the use of X-ray micro-CT scanning of specimens while they 

were undergoing compression. 

The X-ray micro-CT scanners available at the University of Auckland were restricted 

to a scanning window of approximately 100 mm and any in-situ scanning systems 
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supplied by the scanner’s manufacturer (Bruker) was limited to materials with 

relatively low stiffnesses and failure loads. Consequently, to accomplish this task, a 

collaborative effort with the team at the University of Southampton’s µ-VIS X-Ray 

Imaging Centre was undertaken. Dr Daniel Bull and Dr Mark Mavrogordato were a 

key part of the design and manufacturing of a test fixture capable of scanning CFRP 

specimens similar to standard combined loaded compression test specimens under 

loads of up to 60 kN. The details of the custom test fixture, along with design and 

manufacturing contributions are provided later in this chapter (§6.3.5).  

The scanning was conducted in their Custom 450/225 kVp Hutch system, which has 

been developed for its adaptability to various applications. The scanner has a walk-

in-bay with two micro-focus X-ray sources and detectors. The flat panel detector has 

2000 × 2000 pixel area, while the Curved Linear Detector Array (CLDA) has 2048 

pixels. The system can accommodate specimens of up to 1 × 1 × 1.5 m3 and 100 kg 

[343]. 
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6.3.2 Simple corner specimens 

The first set of preliminary compressive tests on angled specimens (corners) was 

conducted to gain knowledge of how they fail in order to design suitable future 

experiments. Figure 6-3 shows the specimen and the test set-up. The laminates all 

had a stacking sequence of [02/90/02/45/-45/02/45/-45/02/-45/45/02/90/02]2. 

This is an industry-standard sequence typically used for an aft-mast section. 

When loaded using only hardened platens, the specimens failed at the edges as 

shown in Figure 6-4. This was undesirable, and the method of testing needed 

modifications to ensure failure at the centre of the specimen.  

   
       (a)                                        (b)                                   (c) 

Figure 6-3: Specimen 004A (a), specimen centred on a hydraulic test machine 
(b), and Avery-Denison machine used for compression test (c) 

                               
(a) (b) 

Figure 6-4: Before loading (a) and after loading to failure (b) 

The next step involved designing and manufacturing end fittings for the next round 

of compressive tests of angled specimens to direct failure towards the centre of the 

specimen instead of at the edges. 
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End-fittings were designed and manufactured by CNC-machining two steel blocks, 

each sized 99 mm x 66 mm x 31 mm. The details of the design can be found in 

Appendix A5. The centroid of the specimen was aligned with the centre of the block 

to ensure that when loaded, it is as close to pure compression as possible. 

Table 6-2: Compression strength of corner specimens loaded 

Specimen 
ID 

Nominal 
thickness 

(mm) 

Real 
thickness 

(mm) 

Section 
area 

(mm2) 

Failure 
load 
(kN) 

Failure 
Stress 
(MPa) 

004A 5.686 5.966 298.3 136.0 478.4 

004B 5.686 5.966 298.3 126.1 443.2 

010A 5.686 5.830 291.55 137.9 485.4 

011A 5.686 5.831 291.55 131.2 460.8 

011B 5.686 5.831 291.55 136.7 480.8 

Thinner specimens were used for the second round of tests in order to lower the 

failure load, allowing tests to be conducted internally within the CACM lab. The 

stacking sequence of this specimen was [02/90/02/45/-45/02/45/-45/02/-

45/45/02/90/02]. 

These tests resulted in the specimens undergoing flange buckling instead of pure 

compressive failure, which meant further modifications to the specimen geometry. 

Figure 6-5 shows the specimen attached to end fittings undergoing buckling when 

compressively loaded. 

        

Figure 6-5: Specimen flanges buckled under compressive load 

In order to determine the buckling tendencies of future specimens, a linear 

perturbation based eigenvalue buckling analysis using FEA was developed in 
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Abaqus 6.14 software [344]. Figure 6-6 (a) shows the model mesh, which contained 

4158 S4 reduced integration shell elements.  Figure 6-6 (b) shows the location and 

orientations of load and boundary conditions applied to the model. No rotations 

were fixed, but the displacements of the top and edges were fixed, except for the top 

edge in the loading direction. A unit load was applied, and the buckling load was 

identified based on the eigenvalue results. This showed the specimen buckling at a 

compressive load of 26.5kN in the red regions shown in Figure 6-6 (c). The 

numerically predicted buckling loads were lower than the compressive strength of 

the specimens, requiring a new specimen geometry that does not buckle before 

compressive failure. 

 
(a)                                  (b)                                   (c) 

Figure 6-6: Specimen 001A buckling model 

6.3.3 “Dog-bone” corner specimens 

The next step in the progression of developing a suitable test method was to ensure 

the specimen did not buckle before compressive failure loads. This phase of test 

method development also involved localising the area of failure by adding cut-outs 

to the specimen, essentially creating a “dog-bone” shaped sample.  

Different geometries of "dog-bone" were analysed as shown in Figure 6-7 to 

determine the most suitable shape for compressive tests of corner specimens 

without any regions of high local stress concentrations (Figure 6-8). The first ply to 

fail was then studied to ensure that the highest stress in this ply occurred away from 

the specimen edges to ensure that failure is localised to the central region. Figure 
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6-7 (c) was selected for the physical tests since the geometry provided the required 

location for the highest compressive stress concentrations. 

 
(a)                                           (b)                                             (c) 

Figure 6-7: (a) Standard dog-bone geometry (b) cut-out large radius (c) cut-
out small radius 

 
                    (a)                                              (b)                                         (c) 

Figure 6-8: Stress concentration contours for first ply to failure, showing the 
location of highest compressive stress in dark blue 

Using this information about the compressive stress distribution and after 

confirming that the final selected shape would not undergo buckling under 

compression, another round of experiments was conducted to understand 

compressive failure of corner specimens better. 

One of the challenges faced during this round of tests was the difficulty in machining 

the required shape to reasonable accuracy in order to maintain similarity to the 

shapes determined using FEA. 

Two specimens were tested using this geometry and set up. The specimens were 

CNC machined using appropriate carbide end mills capable of cutting high 

performance CFRP. This method successfully achieved the desired final specimen 

geometry. An angle vice, as shown in Figure 6-9, was used to hold the specimen 

flange normal to the end mill. Once machined to the appropriate shape, the 
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specimens were then attached to steel end blocks using HP-R5 toughened epoxy 

resin. A squaring jig was used during the curing of the epoxy, ensuring that the end 

blocks were parallel to each other, and no unwanted induced bending was 

introduced into the setup. The layout of this squaring jig is given in Figure 6-10. 

    
(a)                                                                  (b) 

Figure 6-9: Angle vice for CNC (a) and specimen curing in end blocks (b) 

 

Figure 6-10: Curing rig and specimen end blocks set up 

The predicted failure load for the selected dog-bone geometry based specimen was 

between 148 kN and 152 kN. The loading rate of 1.3 mm/minute as specified by the 

combined loading compression test (ASTM 6641) was used for this test series.  
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Figure 6-11: Specimen 1 after failure 

         

Figure 6-12: Specimen 2 after failure 

Figure 6-11 shows the first specimen after it was compressed to failure, and Figure 

6-12 shows the second specimen after failure. The location of failure matched the 

high stressed areas from the FEA model developed to determine suitable test 

geometry. However, due to the sudden nature of the failure, the failure initiation 

location could not be determined. 

The load versus displacement curves for the experiment and the static FEA model 

shown in Figure 6-13 have large differences in stiffness of the specimens. Upon 

careful examination of the results, it was identified the few factors might have 

played a role in the stiffness variation. The compliance of the test machine could 

have contributed to it partly, as these specimens were loaded to almost 75% of the 

machine’s load limit with only crosshead displacements used for measuring 

displacements. The layer of adhesion between the specimens and end-blocks, and 

the end-blocks themselves could have undergone deformation. Therefore, using 

extensometers to measure displacement more accurately for similar experiments is 

recommended. 
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Figure 6-13: Test 03 - Load vs displacement FEA and experiment 

Since the load versus displacement determined using the FEA model varied largely 

with experimental results, the model had to be verified. This was done by checking 

local strain measurements obtained through the experiments against the same 

measurements from the FEA model. The strain measurements obtained from the 

physical tests were extracted from the locations shown in Figure 6-14. The 

comparison between actual strain measurements and the results obtained using 

FEA is provided in Figure 6-15. The strain values in the outer flanges and corner had 

slightly better agreement with the numerical results when compared to 

measurements obtained from the inner flanges. This could be due to the geometry 

of the model being based on the female mould surface, whereas the inner surface 

would likely have a slight variation to the nominal geometry. 

 

Figure 6-14: Specimens after attaching strain gauges 
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Figure 6-15: FEA model strain predictions vs experiment for dog-boned 
corner 

The experimental set up also included acoustic emission (AE) sensors attached to 

the end blocks of the specimens. This was an attempt to determine the quality of 

output from these sensors and their utility in future experiments.  

The data obtained from acoustic emission monitoring was filtered and processed to 

produce the cumulative “hits”. Each “hit” represents an event related to internal 

material response to applied loads. The results showing cumulative hits against 

compressive loads are given in Figure 6-16. Although they did show a general 

pattern of a high number of initial hits when the end blocks were being engaged by 

the loading rig, only one specimen showed any signs of damage progression towards 

the end of the test. Further analysis of the frequency, rise-time, and amplitude of the 

hits was required to get a better understanding of the acoustic data obtained from 

the compression test.  

The purpose of this study was to establish an operational test methodology, 

including suitable instrumentation to study internal material responses. Since the 

data gathered from these tests produced showed expected trends in the cumulative 

hits, it was determined that AE monitoring could be a useful tool for assessing 

specimens under compression loads. 
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Figure 6-16: Cumulative hits - acoustic emission results 

Future tests were implemented with multiple sensors to improve the quality of 

results by improved filtering options. This is achieved by removing any “events” or 

“hits” captured by one sensor that was not detected by the rest of the sensors. It also 

allows reasonably accurate triangulation to determine the location of any particular 

event. If the location of an event was found to be outside the gauge area, it was 

concluded that the recorded event was contributed by mechanisms within the load 

frame or test fixture, and not the specimen itself. The quality of results is improved 

by eliminating such noise in acquired AE data. 
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6.3.4 Standardised Combined Loaded Compression (CLC) with adaptations 

Testing of the entire corner region proved challenging due to its local instability in 

the flanges and higher stiffness of the corners when compared to adjacent flat 

regions. The end effects were another issue faced when testing full corners. 

Therefore, the next logical step in the development of a suitable test method was to 

test the region of interest using a proven standardised test.  

Xie and Adams [345] studied the effect of shear loading and end loading specimens 

to study the compressive behaviour of composite materials. They discovered that 

shear leads to high stress concentrations at the tab edge of the specimen, while end 

loading had the potential to result in the specimen ends crushing due to high shear 

loads at the loading ends. They discovered that the end loading method usually 

resulted in higher failure stress, attributing it to lower stress concentration at tab 

tips. They concluded that the combined loading method was the most suitable 

method, reducing the effect of unwanted stress concentrations and failure modes.  

The CLC tests conducted as part of this project were based on the specifications set 

by ASTM Standards – D6641M [141], which was initially introduced by Adams and 

Welsh [346]. The test fixture model WTF-EL (17-4PH stainless steel) acquired from 

Wyoming Test Fixtures was used for this study. The manufacturing and extraction 

of specimens for this test method are provided in detail in §3.2.4.1.  

Along with the standard wired strain gauges specified by the test standard, acoustic 

emission (AE) monitoring and high-speed cameras were also included as part of the 

test procedure to capture additional details about the failure behaviour of the 

specimens. High-speed cameras operating at very short shutter speeds only allow 

for a limited amount of light to enter the aperture of the camera. The large 

orthogonal faces of the fixture to the specimen gauge regions also caused 

shadowing. Multiple targeted light sources were used to account for these factors by 

providing illumination to the specimen faces being studied. These were the xz-plane 

of the specimens, as the xy-plane was not visually accessible due to the placement of 

strain gauges. Figure 6-17 shows the test set up from two different angles.  
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Figure 6-17: CLC test set up including two high-speed cameras and AE 
monitoring. 

The setup for compression Test 02 included a single camera, while two cameras 

were implemented for Test 03 – Part A. The cameras were synchronised using a 

manual activated hardware based post-trigger when the specimen failed. The 8 

seconds prior to the trigger was then transferred from the camera’s onboard 

memory to the control laptop. Details of the hardware based synchronisation 

method applied for these tests are provided in Appendix A3.4.1. 
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The AE monitoring system utilised four sensors in the CLC test set up. The standard 

test fixture can be split into four main blocks made of stainless steel, and one sensor 

was placed on each of these blocks. Figure 6-18 shows a schematic with the location 

of the two sensors placed on the front face of the fixture on blocks “A” and “B” 

(shown in blue colour). The other two sensors were placed on the rear face of the 

fixture on blocks “C” and “D”. The distances of each of the sensors to the specimen 

were carefully measured (10 mm to the closest edge of the fixture) to ensure 

uniformity and a layer of coupling agent was applied between the fixture and for 

ensuring adequate contact between the fixture and sensors. Adhesive tape was used 

to hold the sensors in place, and coaxial cables were used to connect them to the 

data acquisition system. 

The signals received by the AE sensors were refined using a basic band-pass filter 

with a lower and upper frequency limit of 30 kHz and 1 MHz, respectively. A fixed 

total amplification (gain) of 34 dB was maintained for the full system and the pre-

amplified AE signal was processed to produce signals up to 99.9 dB for any signal 

registering above 1 mV (±99 mV peak), as prescribed by Karumbaiah, et al. [347] 

using the same AE monitoring system. A 40 dB threshold was applied to the signal, 

and any events with an amplitude of 100 dB or above were filtered out of the 

recorded data. A propelling pencil lead of a 0.5 mm diameter was broken on the 

surface of the specimen within the gauge region to ensure that the threshold did not 

filter out events of interest. The resulting event recorded by the AE system was 

calibrated to capture the entire event without any reflections, and the location of the 

event was established by triangulation to be within the specimen’s gauge region. 

The calibration step also verified the uniformity of sensitivity between all the 

recording channels. The load cell readings were also stored within the same system, 

simplifying the synchronisation of data from multiple sources during the post-

processing phase of the analysis. A schematic of the AE set up, including the CLC 

fixture is given in Figure 6-19. 
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Figure 6-18: Schematic of AE transducer placement (not to scale) on the front 
face (Adapted from ASTM-International [141]) 

 

Figure 6-19: Schematic of AE instrumentation setup showing a side view of 
CLC fixture 
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The main parameters that were recorded and stored for each event include 

amplitude, duration, rise-time, energy, and count. Figure 6-20 (adapted from the 

work by Marec, et al. [348] shows a typical waveform with its descriptors of interest 

to this project).  

Time

Rise Time
Amplitude

Threshold

Duration

Count (1)
Count (9)

 

Figure 6-20: Waveform parameters recorded by the AE acquisition system 
for each event or ‘hit’ 

The frequency of the waveform is an important parameter used to analyse the 

nature of the AE event and is calculated using Eq. 6-1.  

 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 =
𝑐𝑜𝑢𝑛𝑡𝑠

𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
 Eq. 6-1 

Pappas, et al. [349] outlined an interesting use of signal parameter filtering to 

determine the combinations of several signal attribute magnitudes (such as 

amplitudes, frequencies and energies) to establish a new parameter termed 

‘normalised cluster activation’. The clustering of signal data was achieved by 

applying an unsupervised pattern recognition analysis, along with a ‘trial and error’ 

procedure for optimisation of the clustering. Others have applied similar methods 

into a neural network based artificial intelligence systems to produce self-

organising maps (SOM) to recognise patterns in AE signal data and extract useful 

information regarding material behaviour [328]. However, in order to use the 

algorithm for the application of a similar combination of signal parameters, a large 
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AE dataset alongside well-established failure modes is necessary for any new test 

method. 

6.3.4.1 Effect of tabs 

Initial trial tests showed that some specimens might fail due to stress concentrations 

occurring at the interface between the specimen and tabs. An example of this is 

shown in Figure 6-21.  

 

Figure 6-21: Specimen failure near tab interface due to shear load related 
stress concentration 

When conducting combined loaded compression tests, an important decision is the 

application of tabs on the specimens’ clamped surfaces. The ASTM D6641 test 

method [141] does not explicitly prescribe the use of tabs. A key question 

introduced at this stage of the study was the effect of tabbing materials and 

geometry on the introduction of load into the gauge region of the specimens and the 

consequent stress concentrations arising from it. Previous studies have shown that 

the ideal tabbing material has a much lower stiffness than the material being tested 

[350]. Researchers have also illustrated the use of thin tapered tabs based on 

extensive numerical investigations [351]. Others have corroborated similar 

underlying principles in the design of tabs for CLC test specimens [352, 353]. Adams 

and Adams [354] authored a comprehensive technical report on the best practices 

for tabbing CLC specimens, concluding that a tapered tab with a small taper angle 

provided the best introduction of stress into the specimen’s gauge region. 
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Since the specimens being tested for this project had a high thickness-to-gauge 

length ratio, there were no significant concerns regarding column-buckling issues. 

Hence, in an effort to reduce any stress concentrations, a numerical study modelling 

various tab shapes and sizes was conducted to understand the effect of tabs on 

specimen geometries and material systems of interest to this project. Finite element 

models were created using Abaqus 6.14 [344]. The models used simple static load 

cases, and the goal was to determine the variation in stress distribution across the 

entire specimen, but most importantly to learn how the stresses in gauge region 

varied with different tab configurations. The bottom edge of the specimen and tabs 

were restricted in translation in the direction of loading (x) and out-of-plane (z), 

while a single node at the bottom corner of the specimen was fixed in all six degrees 

of motion. 50% of failure load was applied as a normal pressure load to the 

specimen’s top edge, while the remaining 50% of the loads were applied as shear of 

the tab faces. Figure 6-22 shows two different examples of tab geometries that were 

modelled to find out how the tapered tab varied in performance to a simple tab. In 

actuality, the ratio of loads applied as edge loads and shear loads will not be exactly 

50%. The torque administered to tighten the bolts on the fixture and the surface 

finish of the tab surfaces will have an effect on the final load transfer mechanism. 

 

Figure 6-22: Example FEA models used to study the effect of tab geometry 



Chapter 6: Development of Compression Test Methods for Curved CFRP Regions with Defects 

A Ramesh - April 2020    189 

The taper and thickness of the tabs had an effect on the stress distribution inside the 

gauge region of the specimen and although the stress distribution was most uniform 

when using a tapered tab with a taper angle between 5° and 25°, flat tabs without 

any taper also performed well for CFRP specimens of thicknesses over 5 mm. The 

geometry and material of the tabs were not found to cause large stress distribution 

variations for thick CFRP specimens, and thus glass fibre reinforced polymer (GFRP) 

tabs with a thickness of 3 mm without any tapering was used for the first round of 

tests. However, the composite material system of the tabs caused issues in AE 

monitoring of the specimens under loading. Details of the AE monitoring results for 

this test is provided in §6.4.1.2. Thus, future tests incorporated non-tapered 

aluminium tabs. 

6.3.4.2 Stress relaxation check 

The next phase of the test development aspect of this project was implementing a 

combined loaded compression test within an X-ray micro-CT scanning facility, 

allowing scans to be conducted while the specimens are under compression. In 

order to achieve this, a key aspect that needed further understanding was the load 

relaxation behaviour of specimens to identify the magnitude of any movement the 

specimen may undergo and to establish timeframes for scanning the specimen while 

holding a load. 

As part of this investigation, two specimens (01P and 03S) were loaded to 

approximately 60% of their failure load of 44 kN and held at the displacement for 

an hour while the variation in load over this period was recorded. The results for 

this test are shown in Figure 6-23, including a percentage difference between the 

two specimens at equivalent time steps. 
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Figure 6-23: Sixty-minute stress relaxation test results at 26 kN load 

The results showed minimal load variation after the first five minutes of being 

loaded. The average difference in stresses between the specimens during the entire 

test period was recorded at 1.89%. In hindsight, considering the test fixture and 

loading mechanism that was developed for the X-ray in-situ scanning of specimens 

under compression, conducting a fixed load with varying displacement based 

relaxation test would have provided a better understanding of the challenges of in-

situ scanning. 

6.3.5 Modification and adaptation for in-situ X-ray µ-CT scanning 

Creating novel compression tests for composite materials has been shown to be 

challenging due to the high performance of fibre reinforced composites, end 

splitting due to inadequate machining and specimen preparation, the possibility of 

buckling, load alignment issues and the requirement for complex custom test 

fixtures [307]. Consideration of the possibility of specimen ends brooming [108], 

and axial misalignment is important in novel compression test design for CFRP 

[355]. Axial misalignment could lead to premature failure by inducing buckling of 

the specimen, which could be prevented by ensuring the gauge length of the 

specimen is shorter than the Euler buckling [356]. It could also be prevented by 

using anti-buckling guides to support the specimen edges [357]. 



Chapter 6: Development of Compression Test Methods for Curved CFRP Regions with Defects 

A Ramesh - April 2020    191 

Aroush, et al. [358] were one of the early researchers exploiting in-situ X-ray 

microtomography for studying continuous fibre reinforced polymer materials 

under loads. They conducted scans at a voxel resolution of 2 µm on quartz–epoxy 

specimens loaded in tension to study the critical cluster size of broken fibres that 

cause adjacent fibre failure. The loading was conducted within the scanner with a 

dedicated fixture used to negate any interferences of the X-ray beams caused by the 

frames of the standard test fixture. A carefully polished polymethyl methacrylate 

tube allowed them to transmit the load between the upper (mobile) and lower 

(fixed) grips with minimal attenuation or phase contrast of the X-ray beams. The 

fixture and methods operated successfully. The results from their work qualitatively 

confirmed previous theories that composites under tension at low loads cause fibres 

to undergo “singlet” damage at one location of one or more fibres, leading to 

“doublet” and multiple consecutive breaks in the same fibre until a critical cluster is 

reached. However, due to complex three-dimensional interactions between fibres, 

the previously established [359] model of calculating the critical cluster size under-

predicts it. Their study and conclusions suggest that the test method was successful 

for in-situ analysis of fibre damage under tensile loads. 

Scott, et al. [360] conducted in-situ tomography scans on double-notched CFRP 

specimens at a voxel resolution of 1.4 µm at several tensile load steps between 30% 

of ultimate load and failure of the specimens. Others have conducted studies on 

CFRP specimens using similar methodology and resolution using in-situ load frames 

[361, 362]. 

Two possible scenarios for conducting scans on loaded specimens were identified: 

Scenario 1 

1. Specimen loaded externally → 2. Displacement locked using a fixture→ 3. 

Specimen moved and µ-CT scanned → 4. Repeat from (1.) 

Scenario 2 

1. Specimen and loading rig placed inside scanner → 2. Specimen loaded to desired 

level→ 3. µ-CT scanned → Repeat (2.) and (3.) 

Determining a suitable scenario made significant changes to the design parameters 

of the loading fixture, and it was necessary to establish the advantages and 

disadvantages of each method.  
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Scenario 1 did not require a custom method of loading the specimens as it would be 

done on an existing load frame, whereas Scenario 2 required a method of loading 

the specimens while they were inside the scanner. In contrast, Scenario 1 required 

a method of locking in the specimen while under compression for it to be transferred 

into the scanner without any load relaxation caused by the deformation of the 

fixture. This challenge was avoided in Scenario 2 as the loading is conducted without 

removing the specimens from the scanner because the actuation system is used to 

hold the specimen under load while conducting X-ray scans. Although there was no 

obvious superior method, Scenario 2 was chosen as the method of scanning 

specimens while they were loaded in compression as similar proven methods were 

identified in literature for tensile tests [363, 364]. 

An initial design was conceptualised based on known constraints, such as material 

systems with X-ray transparency, overall geometry that would fit within the Hutch 

scanning system and typical specimen geometry. Figure 6-24 shows a schematic of 

an early design configuration of the load-bearing structure with a tapered imaging 

window, and an end fitting.  

The initial design concept was based on using a machined aluminium load-bearing 

structure. However, the thickness of the material required to prevent large 

deformations of the fixture under load was too high to be suitable for X-ray scanning 

a CFRP specimen sitting within the structure. Thus, later iterations utilised an 

intermediate modulus CFRP tube as the main load-bearing structure. 
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 (a)                                     (b) 

Figure 6-24: Initial concept for load hold fixture (a) and end fittings (b)  

The final design was a result of collaborative work with Dr Daniel Bull and Dr Mark 

Mavrogordato at the University of Southampton, and a CAD representation is 

provided in Figure 6-25. The design of the main load-bearing structure, allowing for 

X-ray transparency using CFRP was designed by the author. It was designed to 

support up to ten times the expected failure loads of the specimens being tested for 

this study. Additionally, the design of end tabs, calculation of suitable specimen 

geometry, and the method of tab attachment were determined by the author. The 

remaining parts of the fixture, along with the design and manufacture of the custom 

load cell and hydraulic actuation system were developed by the team at the 

University of Southampton. 
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Figure 6-25: Final in-situ CLC X-ray test fixture (Courtesy of Dr Daniel Bull, 
University of Southampton) 

While most of the structural components were made using aerospace grade 7000 

series aluminium by the team at the University of Southampton, the industrial 

partner for this project, Southern Spars Ltd., manufactured the main load-bearing 

imaging window (intermediate modulus CFRP tube). The aluminium end blocks 

were manufactured at the University of Auckland, allowing for ease of specimen 

preparation 

Following on from the investigation into the effect of various parameters associated 

with the tabs on the behaviour of CLC tests, it was discovered through the numerical 

studies undertaken that the specimen length can be reduced without compromising 

the even distribution and application of stresses into the gauge region. The length of 

ASTM 6641 specimens is partly dictated by the amount of shear load that needs to 

be carried without slippage. Since the modified specimens do not undergo slipping 

the specimen ends being bound by the tabs, slippage was avoided altogether. This 

was an important parameter of interest, as the overall length of the specimen 

dictated the total height of the fixture.  

The fixture was designed for operation within the micro-CT scanner. Therefore, a 

design envelope accounting for the volume available within the scanner was 
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established, ensuring the weight and size limits of the rotational stage was 

considered. Accordingly, the new test fixture was designed around an overall 

specimen length of 93 mm. Figure 6-26 shows a comparison between the standard 

CLC test specimen (140 mm length) and the new shorter specimen (93 mm length). 

Although the overall length of the specimen is reduced, the height of the gauge 

region was maintained the same as the standard test at 13 mm. 

 

Figure 6-26: Standard versus modified CLC specimen lengths 

A key difference in the overall test specifications was the tabbing system. The 

specimens for the in-situ test are fitted with end blocks (Figure 6-27) responsible 

for transferring the load from the actuation mechanism to the specimen’s gauge 

region, instead of tabs. The end blocks were machined with blind slots for the 

specimen to sit within, allowing for a bond-line thickness of approximately 0.2 mm.  

 

Figure 6-27: Modified CLC “tab” for in-situ µ-CT scanning 

The outside of the end block’s base had a provision for a ball bearing to be placed. 

Two ball bearings were used to ensure that the load transfer was aligned to the end 

fittings’ centroidal axes, and negated any effect of misalignment of the fixture itself 

caused by manufacturing related offsets from the design geometry. The engineering 

drawings for the end blocks and load transferring imaging window CFRP tube are 
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provided in Appendix A5, and the final parts themselves are shown in Figure 6-27 

and Figure 6-28, respectively. 

 

Figure 6-28: IM CFRP tube – load-bearing imaging window for X-ray micro-CT 

The custom load cell was manufactured by attaching four strain gauges to the lower 

aluminium shaft. A full Wheatstone bridge configuration was applied, and the 

response was calibrated by loading at 10 kN increments to 60 kN on an Instron 

loading machine. The reader is referred to the work by Ştefănescu [365] for a 

detailed explanation of the circuitry and calibration techniques for manufacturing 

an accurate load cell using the full Wheatstone bridge configuration. 

The actuation system consists of an Enapac RSM-100 low profile hydraulic cylinder 

operated by an Enapac hand pump.  

The top cap and bottom flange of the loading rig were bonded to the load-bearing 

CFRP imaging window tube using Araldite 2015 epoxy adhesive. The bond-line 

surface area was calculated to withstand at least ten times the design load of the 

specimens. This ensured that the deformation of the fixture is minimal in 

comparison to the specimen so that the scanning is not disrupted due to specimen 

movement, and the load results were accurately captured. 

A major challenge in producing specimens that are correctly aligned to the central 

axis of the custom fixture was centring them within the end blocks during the 

adhesion process between the specimen and end blocks. The solution to this 

challenge was achieved by designing an alignment system that consisted of an 

external aluminium tube and two HDPE discs with orthogonally placed slots with a 

sliding tolerance fit with the specimens’ width and thickness. The discs were located 

angularly with each other using a key, as shown in Figure 6-30. Four grub screws 

were used to ensure adequate spacing between the alignment discs and end blocks 

so that any excess adhesive would not cause unwanted bonding between them.   
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                              (a)                                                           (b) 

Figure 6-29: Specimen alignment discs and key (a), assembled (b) 

The aligning external tube placed over the end blocks and a specimen during their 

adhesion is shown in Figure 6-30. Specimens were sanded down using P800 grit 

sandpaper and cleaned with isopropyl alcohol to remove any grit, grease, and loose 

particles, while the end block slots were cleaned using cotton buds soaked in an 

isopropyl alcohol solution for good quality bonding. In order to avoid overflowing 

of epoxy when attaching the specimen to end blocks, a 12 mL syringe with a 14 

gauge needle was used to control the volume of HP-R5 rubber toughened liquid 

epoxy resin used to bond the end blocks to the specimen (Figure 6-30). One end 

block was attached first, and after full bond strength was achieved after 24 hours, 

the second end block was bonded. For the specifications of the HP-R5 adhesive, the 

reader is referred to Appendix B2. 

           
(a)                                 (b)                                          (c) 

Figure 6-30: Alignment tube (a), with specimen and end blocks being 
assembled (b), HP-R5 toughened resin used for bonding the tabs to the 

specimens using a 12 mL syringe and 14 gauge needle (c) 
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A CAD representation of the placement of the alignment discs, along with a typical 

specimen with attached one and both end blocks are provided in Figure 6-31. It also 

clearly shows the divot machined into the end blocks designed for accommodating 

the steel ball-bearing that improves the angular alignment of the load to the 

specimen’s centroidal x-axis. 

    
               (a)                            (b) 

Figure 6-31: CAD rendering with alignment discs (a), and actual Specimens 
09 with end blocks (b)     

6.3.5.1 Trial Scans 

Fixture assembly, integrity, and specimen failure mode 

Once the fixture was assembled and before any tests were conducted inside the CT 

scanner, the first step was to ensure the structure was able to handle the expected 

loads. A trial specimen that was extracted from the corner region of a typical aft mast 

section using the same machining processes as the actual specimens were loaded 

until failure while the fixture was still in the workshop. This allowed for the testing 

of the integrity of the fixture, the reliability of the actuation system and the custom 

load cell, and the overall operation of the full system. Figure 6-32 shows the 

assembled fixture before placement inside the CT scanner for a trial test. 
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Figure 6-32: Test fixture assembled outside the scanner for a trial test 

The trial test ran successfully, and all the components performed as designed and 

expected. Figure 6-33 shows trial specimen 01 after failure, corroborating the 

proposed test methodology for the compressive failure of the specimen within the 

designed gauge region. This was further substantiated when trial specimen 02 was 

scanned with the fixture inside the “Hutch” CT scanner, showing an acceptable 

“brooming” style compressive failure as shown in Figure 6-36. 

 

Figure 6-33: Trial Test 01 conducted outside the scanner - compression 
failure in the gauge region as designed 
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Scan quality versus time 

A large number of scans were required to capture the specimens’ internal structure 

under several load steps until failure of the nine pre-scanned specimens allocated 

for in-situ X-ray micro-CT scanning. Another key factor was the possibility of damage 

progression and stress relaxation during the scanning process. Thus, an important 

investigation was to determine the compromise between scan time and quality of 

scan data.  

During µ-CT scanning of the specimen, it is necessary to check the noise levels of 

reconstructed images to ensure that they are of an acceptable level. This is done by 

conducting back-to-back scans of the same specimen using different settings and 

then finding the standard deviation of the pixel intensity. Since the specimens will 

be held within a carbon tube under compression during in-situ scans, it was 

necessary to check the effect of the tube on the quality of the scans. 

One method of maintaining a reasonable overall data size and still improving the 

quality of the scans is to capture multiple X-ray projections at the same rotational 

step and to average the pixel intensities [366]. A specimen was placed within the 

CFRP load-bearing imaging window and scanned using two different settings; two 

frames per projection (FPP), and four FPP. A tomographic slice from each scan at the 

same spatial location of the specimen was then extracted and analysed to determine 

the difference in noise levels. Figure 6-34 shows the variation in pixel intensities 

across a one-dimensional line with a length of 350 pixels. 

  

Figure 6-34: Line-pixel-intensity variation for two different scan settings 
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Although the variation in intensities was observed to be higher for the scan 

conducted using 2 FPP than 4 FPP from the plot showed in Figure 6-34, it was 

necessary to quantify the difference between the two. Table 6-3 summarises the 

results using the standard deviation of each the measured pixel intensities for each 

scan parameter. After assessing the quality difference of the reconstructions and 

weighing the benefits of higher scan quality versus shorter scan times, it was 

concluded that a scan setting of 2 FPP was the appropriate setting for in-situ 

scanning of compression test specimens. 

Table 6-3: Standard deviation of pixel intensity across a single one-
dimensional line for two different scan settings 

Scan type Scan Duration (s) Std. Dev. 

2FPP 845 3.699 

4FPP 1700 2.873 

A second trial specimen was loaded and scanned at multiple load steps to determine 

appropriate scanning parameters for the actual planned test series. The final load 

fixture assembly inside the scanner is shown in Figure 6-35. It may be of interest to 

note the small distance between the source and object, as an attempt was made to 

minimise it in order to obtain a high voxel resolution for the reconstruction. 

   
(a) (b) 

Figure 6-35: Compression test fixture placed on the stage of the X-ray CT 
scanner at the University of Southampton’s imaging centre – full system (a), 

and close-up of the loading rig (b) 
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Scans of higher resolution require longer scan times due to the sampling rate and 

exposure times necessary for accurate reconstruction. Reduction of artefacts and 

noise also require longer overall scan times as it involves shuttling and increased 

projection count for better averaging. 

Trial Test 02 was successful in proving the efficacy of the full test methodology and 

aided in determining a suitable test plan for the actual tests in terms of in-situ 

scanning frequency, suitable load steps, and scan parameters. Figure 6-36 shows the 

trial specimen 02’s gauge region after failure, showing an acceptable failure region 

and mode.  

 

Figure 6-36: Trial Test 02 conducted inside the scanner - compression failure 
in the gauge region as designed showing “brooming” 

Figure 6-37 provides an example of the capability and limitations of the 

tomographic data obtained from in-situ scans of specimens under high compressive 

loads. Some blurring of edges is visible for the images obtained under 40 kN load. 

Necessary actions to minimise this was limiting scan times, and including a check 

(non-return) valve into the hydraulic actuation system’s circuitry to prevent any 

loss in pressure caused by undesirable leakage or backflow under high continuous 

loads during the scanning phases of the compression tests. 
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Figure 6-37: Trial specimen 02 – two tomographic slices of the gauge area in 
the ‘yz’ plane ~5 mm apart in the x-direction showing damage at 40 kN load 

The key final X-ray micro-CT scan settings selected for the in-situ compression test 

series (Test 03 - Part B) is provided in Table 6-4. These settings resulted in an 

approximate scan time of 15 minutes. 

Table 6-4: Summary of final X-ray micro-CT scan settings 

Parameter Value 

Voxel resolution 11.09 µm 

Total rotation 360° 

Angular step size  11.46° 

Shuttling No 

Filter No 

Source to specimen distance 51.27 mm 

Source to detector distance 873.13 mm 
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6.4 Results and Discussion 

Three different compression test series were undertaken as part of this study. The 

first test series trialled the application of ASTM 6641 standard to specimens 

extracted from corner regions, along with the implementation of AE monitoring of 

specimen’s damage by placing sensors on the test fixture. The second test series 

added a high-speed camera to capture damage occurring on the surface of the 

specimen. The third test series were conducted on specimens that were pre-scanned 

using X-ray micro-CT to characterise the defects and was split into two sessions. The 

first session labelled “Test Series 03 - Part A” used standard ASTM D6641 based 

methodology with AE monitoring and high-speed cameras. The second session 

labelled “Test Series 03 - Part B” used the modified technique described in §6.3.5 to 

allow for in-situ scanning of specimens under compression loads. This section of the 

report covers the details of all the three test series, including a discussion of the 

results obtained. 

Flat regions were found to contain minimal amounts of defects, internal variability 

or thickening during the wrinkle characterisation studies described in §5.3. The 

quality of the specimens extracted from curved regions was compared to specimens 

from flat parts with respect to their mechanical behaviour under loading. It was 

necessary to determine the compressive properties of flat laminates of the same 

specifications as the curved CFRP parts assessed in this project to achieve this. A 

summary of the analytical and physical test results are provided in Table 6-5. 

Table 6-5: Summary of CLC test for flat laminates 
 

Standard 

deviation 

Mean Modulus (Ex) 75.9 GPa 2.42 GPa 

Mean Failure Stress (σc) 705 MPa 52 MPa 

Mean Fail Strain (εc) 1.031% 0.13% 

The reader is referred to §7.2.3.2 for a detailed analytical breakdown and complete 

set of standard CLC test results highlighting the elastic moduli and strengths under 

compressive loads of flat laminates manufactured using the same material system, 

stacking sequence and manufacturing processes as the curved CFRP parts assessed 

in this project. 
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6.4.1 Compression Test 01 (ASTM 6641 - trial) 

Test 01 was the first round of CLC tests conducted as a feasibility study of the 

methodology for testing regions extracted out of corners. Only two specimens were 

tested in this round. 

6.4.1.1 Stress and strain results 

Since each specimen was fitted with a strain gauge on two of the specimens’ faces 

centralised within the gauge region, the first step was to confirm that both faces 

experienced compression and no buckling of the gauge area occurred. Values were 

expected to be within 10% of each other to ensure there no bending. Once the failure 

mode was confirmed to be under pure compression, the strains for each specimen 

were averaged, and the loads were converted to compressive stresses based on 

actual specimen thicknesses. Stresses were calculated by dividing the load by the 

cross-sectional area of the specimen’s gauge region, as shown in Eq. 6-2 [367].  

 𝜎𝑐 =
𝑙𝑜𝑎𝑑

𝑤 × 𝑡
 Eq. 6-2 

Where: 

𝜎𝑐  → Compressive stress 

𝑤 → Average specimen width in gauge region 

𝑡 → Average specimen thickness in gauge region 

The resulting plots of stress versus average strains of the two specimens can be 

found in Figure 6-38. The results showed that stiffnesses of the specimens were very 

similar, but the failure strains (and strengths) varied considerably. 

 

Figure 6-38: CLC Test 01 – stress versus average strain for both specimens 
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Based on the results obtained, the compressive stiffness of the specimens was 

calculated at two different strain levels to determine the degradation of the 

compressive stiffness between a strain value of 0.5% and just before failure. The 

averaged stress-strain gradients at these two applied strains were calculated 

between 0% and 0.5% strain, and 0.5% and failure strain, respectively (Eq. 6-3).  

 𝐸𝜀=0.5% =
𝜎𝜀=0.5%

𝜀0.5%
 

Eq. 6-3 
 𝐸𝑓𝑎𝑖𝑙 =

𝜎𝑓𝑎𝑖𝑙 − 𝜎𝜀=0.5%

𝜀𝑓𝑎𝑖𝑙 − 𝜀0.5%
 

Where: 

𝐸𝜀=0.5%, 𝐸𝑓𝑎𝑖𝑙  → Averaged stiffness at compressive strain of 0% to 0.5% and at 

compressive failure, respectively 

𝜎𝜀=0.5%, 𝜎𝑓𝑎𝑖𝑙  → Stress at compressive strain = 0.5% and at compressive failure, 

respectively 

𝜀0.5%, 𝜀𝑓𝑎𝑖𝑙  → 0.5% compressive strain and at compressive strain at failure, 

respectively 

The difference between the two moduli values represented the degradation in 

stiffness of the material at high compressive loads. The summary of the results can 

be found in Table 6-6.  

Table 6-6: CLC Test 01 – Summary of results 
 

Failure 
Load (kN) 

Failure Stress 
(MPa) 

Failure 
Strain (%) 

Eε=0.5 
(GPa) 

Efail 
(GPa) 

Spec 01 47.2 696 1.012 73.98 69.92 

Spec 02 55.4 817 1.21 75.84 66.72 

6.4.1.2 Internal damage assessment using AE monitoring 

As Test 01 was the first round of CLC testing with the use of AE monitoring system, 

a key goal was to determine how efficacious the technique would be at accurately 

capturing material response under compressive loading. Three transducers were 

attached to the loading fixture, and the number of hits was analysed after filtering 

out any input perceived to be noise. 
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The number of hits occurring at increasing compressive stresses and the cumulative 

number of hits captured during the tests is provided in Figure 6-39 for specimen 01, 

and Figure 6-40 for specimen 02, respectively. 

 
(a) (b) 

Figure 6-39: Specimen 01 – AE hits (a), and cumulative hits (b) versus stress 

 
(a) (b) 

Figure 6-40: Specimen 02 – AE hits (a), and cumulative hits (b) versus stress 

Specimen 01 showed significant damage occurring at stresses of 85-90 MPa, which 

is characterised by the sudden peak in the number of hits. A similar event was 

observed for specimen 02 at approximately 433 MPa. Since the internal 

characteristics of the specimens were not known, these events were not studied 

further. One conclusion from this set of AE data was that specimens with defects 

have the potential for early damage onset, unlike flat specimens, which tend to 

behave elastically until failure. The drop in stress-strain gradients between 0.5% 

strain and failure as shown in Table 6-6 can be attributed to some of the internal 

damage accumulated in the specimens during compression. 

After assessing various parameters of the data obtained using AE monitoring such 

as rise-time, duration, amplitude and frequency of hits, the quality of the results was 

found to be lower than when compared to data obtained during tests with sensors 
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which were directly attached to specimens as described in §6.3.3 (“dog-bone” 

corner specimens). High quality AE results should produce a similar number of hits 

at each load level for all the sensors that are attached. This similarity between 

sensors indicates that the same events were captured by all the sensors. The 

discrepancy of the number of hits between sensors may be attributed to noise or 

other events outside the specimen.  

One sensor out of three did not record meaningful data. Due to the inadequate 

coupling between the AE transducer and the CLC fixture, internal events occurring 

in specimen 01 was only captured by Channel 1 and 3. Most events captured by the 

second sensor were attributed to environmental noise and other friction related 

noises arising from the loading rig. This highlighted the importance of high quality 

coupling between the sensors and the fixture to obtain accurate data during AE 

monitoring of CLC tests. 

A key potential source of additional noise and reduction of the quality of AE results 

at this stage was identified to be the glass fibre reinforced polymer composite based 

tabs attached to the specimens. These tabs could have caused unwanted damping of 

acoustic emission signals from the specimen during damage events. Hence, the next 

round of tests utilised aluminium tabs aimed at improving signal to noise ratio of AE 

data and to reduce the signal-damping phenomenon caused by glass fibre tabs. 

6.4.2 Compression Test 02 (ASTM 6641 with AE monitoring and a single 

high-speed camera) 

Test 02 was the next round of CLC tests conducted that aimed at obtaining an 

improved understanding of the consequences of testing flat specimens that were 

extracted from curved regions. It also provided an avenue to understand and 

improve the instrumentation techniques planned for the final series of CLC tests. 

A key difference in this test series was the implementation of a high-speed camera 

to capture in-situ damage characteristics of specimens under compression. Seven 

specimens were tested in total. For a description of specimen ID, the reader is 

referred to §3.2.4.1 

The specimens’ faces at the loading and fixed ends were assessed using microscopy 

in an attempt to determine their final quality. However, it was concluded that no 

correlation concerning the quality and ply architecture of the gauge area could be 
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achieved by studying the specimen’s end faces due to the large variation in the 

internal structure of the specimen along its 140 mm length. 

6.4.2.1 Stress and strain results 

Two wired strain gauges were placed on each specimen; one per face as prescribed 

by ASTM 6641. The results are summarised in Figure 6-41 and Figure 6-42. The 

results for specimen 03P are not included due to an invalid failure location. This 

specimen failed at the loading edge rather than within the gauge region. The reader 

is referred to Appendix A3.3.3 for individual plots of stress against each strain gauge 

reading for all the specimens tested as part of the Test 02 series. 

 

Figure 6-41: CLC Test 02 – compressive stress versus average compressive 
strains until failure 

 

Figure 6-42: CLC Test 02 - compressive failure stresses and strains 
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When assessing the stress-strain results, an interesting observation was the large 

difference in failure stresses while the overall stiffness did not seem to vary 

significantly between specimens. A 41.9% difference between the strongest and 

weakest specimen was calculated, while the modulus of elasticity only varied by 

7.5% between the stiffest and least stiff specimens. Further study into the variation 

of average stiffness was conducted as an averaged stress-strain ratio, and the 

difference in the averaged compressive stiffness of each specimen at an average 

strain of 0.4% and just before failure was determined. The same methods described 

by Eq. 6-3 in §6.4.1.1 was applied for this analysis, but with a change of strain values 

from 0.5% to 0.4% to ensure that early onset damage was accounted in the analysis. 

The results are provided in Figure 6-43. An average drop of 5.23% in the modulus 

of elasticity was calculated based on the results obtained, indicating accumulated 

damage in the specimens at compressive strains between 0.4% and failure. 

   

Figure 6-43: Variation in stiffness at an average strain between 0% and 0.4%, 
and between 0.4% and just prior to failure indicated as “fail” 

6.4.2.2 Visual in-situ damage inspection using a high-speed camera 

A main area of investigation for the second round of CLC tests was to establish the 

efficacy of using a high-speed camera to capture compressive failure while 

determining appropriate imaging settings suitable for the proposed test 

methodology. Table 6-7 summarises the key settings used in capturing specimens’ 

failure event. 
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Table 6-7: High-speed camera settings used for each specimen 

Specimen ID 
Acquisition 
Rate (FPS) 

Exposure 
time (µs) 

Resolution 
(pixels) 

Specimen 01S 1000 900 256 × 504 

Specimen 02P 1000 900 256 × 504 

Specimen 04P 20000 45 256 × 504 

Specimen 05P 20000 45 256 × 504 

Specimen 05S 20000 45 256 × 504 

Due to the large volumetric rate of data acquisition of high-speed cameras, the 

length of time that can be recorded is limited by the camera’s onboard memory. Data 

transfer rates are not capable of meeting the acquisition rate, so a continual rolling 

capture method is utilised by the camera, overwriting the oldest data. A trigger 

signal is manually sent to the camera to stop recording, and the latest captured data 

is saved and transferred to the control laptop. Based on the image acquisition rate 

and resolution, the length of time recorded can vary by a large amount. For this test 

series, the range of length of recordable time varied between 4.86 seconds and ~90 

seconds, but was limited to 10 seconds due to practical data storage and processing 

considerations. 

One interesting failure mode observed during the second CLC test series of 

specimens extracted from curved regions of CFRP parts that were atypical of 

standard specimens was sub-laminate buckling. Figure 6-44 shows the visible 

damage progression captured by the high-speed camera, clearly displaying the sub-

laminate buckling phenomenon of specimens 01S and 05P. The author hypothesised 

the cause of this failure mode to be delamination initiating from a large void causing 

instability of the region leading to local buckling of the region which behaves as an 

independent laminate. 

Both specimens displayed local sub-laminate buckling behaviour at the start of the 

recorded periods (final moments captured after manual camera trigger), 

demonstrating the onset of damage early enough prior to the actual final failure for 

it to be captured by the high-speed camera successfully.  
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(a) (b) 

Figure 6-44: Specimen 01S at four different time steps close to failure load 
(a), and Specimen 05P at six different time steps close to failure load (b) 

Expectations for the next round of testing due to the results obtained from test series 

2 was similar behaviour being captured by high-speed cameras. Additionally, an 

improved qualitative exploration was anticipated because of the initial 

understanding of existing voids. The specimen assessed in test series 3 were X-ray 

micro-CT scanned prior to testing. Therefore, details such as the number of voids 

present within the gauge region, their average volume, overall void volume fraction 

for the region of interest and the shapes of the voids present were known. 

Images acquired for specimen 04S showed an interesting event of internal damage 

causing dust particles on the outside faces of the specimen to disperse suddenly into 

surrounding air (Figure 6-45). Internal events occurring at very short time periods 

such as the one observed in specimen 04S could be of interest if combined with other 

in-situ damage assessment techniques (AE monitoring, strain gauge readings and 

load cell measurements in the case of this investigation). However, due to the high 

speed of damage occurrences, correlation of events captured by different systems 

would require precise synchronisation of all the instrumentation implemented into 

the test method. 
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Figure 6-45: Specimen 04S: at six different time steps close to failure load 

An acquisition rate of 20000 FPS was used during this test series. Typical specimen 

failure occurred over a span of just two or three frames. The next test series aimed 

at achieving the highest FPS possible within practical limitations such as resolution 

and exposure requirements in increased the number of images captured during 

failure. 

The high-speed camera results for the other three specimens in this test series did 

not exhibit any interesting features or failure modes atypical of standard 

compressive failure. Snapshots are provided in Appendix A3.3.2 for selected time 

steps of interest. 

6.4.2.3 Internal damage assessment using AE monitoring 

AE data requires adequate filtering to regulate the events captured to actual damage 

occurrences within the specimen. Several methods of signal processing and 

enhancements have been previously studied by researchers and generally confirm 

that there is no single method that can be universally applied to improve the quality 

of AE data [368]. AE signals could also be significantly affected by the number of 
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contact surfaces, structural intricacies, and uneven geometries because these 

complexities can cause variations in the velocity and path of the signal’s waveform. 

This is particularly of interest to this project because the AE monitoring system is 

being utilised with sensors attached to the loading fixture rather than directly on the 

specimens. 

Studies on CFRP specimens using the exact same AE monitoring system as this work, 

including sensors, were used as a baseline for understanding suitable filters 

required to improve the acquired signal data [347]. Alongside studying material 

response, a secondary purpose of this test series was to establish an adequate set of 

filters for AE signal parameters suitable for the CLC test methodology administered 

for this project, including the specific tabbing and specimen material systems. A high 

quality AE dataset should result in a uniform number of events captured by each 

individual channel. A large variation in hits between channels illustrate that events 

occurring outside the specimen, such as loading frame related noises, were captured 

within the acquired signal data. Noise minimisation was a primary goal in achieving 

suitable filters values for different signal parameters. The final filters applied to the 

raw data captured using the AE monitoring system for test series 02 and 03 - Part A 

are provided in Table 6-8.  

Table 6-8: Filters applied to AE data 

Parameter Filter value 

Counts 1 

Duration 1 µs 

Frequency  < 10 kHz 

Rise-time 0.2 µs 

Energy > 105 eu 

Amplitude  < 40 dB 

Amplitude  > 100 dB 

Counts = Duration 

Rise-time   = Duration 

The cumulative hits for each specimen were averaged across the two channels 

recorded to study any trends of interest. A 25% average variability was found to 

exist between channels for all the specimens, which is relatively higher than desired. 

However, this was to be expected due to the complexities introduced by the 

additional interfaces between the sensors and specimen. The results are provided 
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in Figure 6-46. With the exception of specimen 01S, the remaining specimens 

produced a comparable number of total hits until failure. Since the precise internal 

ply architecture within the gauge region was not known, the cause of any variations 

is difficult to assess.  

A key issue faced when analysing AE data is the contradictions in existing literature 

with regards to the connotations of each signal parameter and their magnitudes on 

the information they provide about the failure mechanisms of the specimens being 

tested [328]. Nevertheless, it is still possible to extract overall trends and rates of 

events for each specimen for comparisons. 

Specimens 01S, 02S and 04S all showed similar overall trends of an increase in the 

rate of hits after 60% - 70% of compressive strength, illustrating increased damage 

growth close to failure. Conversely, specimen 05S does not show any increase in the 

rate of events recorded which might be attributed to an atypically steady 

accumulation of damage throughout the entire loading phase. The large difference 

in the total number raises concerns regarding the coupling of sensors or other 

external factors that may have contributed to the results. However, no obvious 

differences in the test method were detected or observed, 

 

Figure 6-46: Distribution trend of mean cumulative hits across normalised 
failure load fractions 
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Berthelot and Rhazi [369] raises the issue of studying cumulative forms of 

amplitude distributions typically advocated by researchers as a reporting tool for 

AE data leading to loss of information. Furthermore, the presentation of cumulative 

amplitude data on a logarithmic scale tends to magnify the influence of high 

amplitude events. For this reason, the count for amplitude intervals for this test 

series was plotted in the form of histograms against normalised failure loads, as 

shown in Figure 6-47. Amplitudes were split into 5 dB intervals. A similar plot was 

created for the frequency distribution at increasing normalised failure load 

fractions, and it is provided in Figure 6-48. The frequencies were split into 50 kHz 

intervals. Both amplitude and frequency intervals were selected based on internal 

studies conducted on similar material systems using the same test equipment at 

CACM by a colleague (Kariappa Karumbaiah).  

The main AE signal parameters for all the specimens assessed in this test series 02 

on each channel are provided in Appendix A3.3.4. The results for individual 

specimens include parameters such as the amplitudes, frequencies, energy levels, 

counts, duration, and cumulative data (hits, counts energies and frequencies), 

plotted against compressive loads. 

The amplitude distribution showed a very large difference in the number of low and 

high amplitude events. In general, specimens were much more likely to produce low 

amplitude events, than higher amplitude events greater than 70 dB. A very similar 

trend is observed in the frequency distribution as well, with a large difference 

between low and high frequency event counts. Since higher amplitudes and 

frequencies have been suggested as attributes of fibre breaking related failure 

modes [370], the results gathered raised concerns regarding the conclusions 

presented in existing scientific literature. It was interesting to note the 

contradictions regarding the relationships between signal parameters such as 

amplitudes and frequencies to different failure modes in continuous fibre reinforced 

polymers, as the results presented in this study are in alignment with the early work 

demonstrated by Valentin, et al. [329]. Nevertheless, the author’s deductions of the 

results presented in this section challenge the efficacy of using existing signal 

attribute based failure mode relationships of AE data when using the specific test 

setup proposed in this investigation.  
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The significant differences in AE signal responses imply a large variation in internal 

architecture and defect characteristics between specimens. Furthermore, the lack of 

previous knowledge of the initial internal architecture of the specimens’ gauge 

region increased the levels of uncertainty of exact damage behaviour occurring 

within the material system during compression. With an additional understanding 

of the internal features, an improved comprehension of AE signal parameters and 

material responses was expected.  
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Figure 6-47: Count of amplitude steps versus normalised compressive failure 
load fraction 
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Figure 6-48: Count of frequency steps versus normalised compressive failure 
load fraction 

6.4.3 Compression Test 03 – Part A (ASTM 6641 with AE monitoring and 

dual high-speed cameras) 

This round of tests was conducted on specimens that were scanned using micro-CT 

in order to determine the internal geometry of the specimens before they were 

tested to failure. 

Similar to previous tests, each specimen was attached with two strain gauges; one 

gauge on each face as prescribed by ASTM 6641 test standards [141]. Four acoustic 

emission sensors were placed on the loading fixture as shown in Figure 6-18, and 
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this test series included an additional high-speed camera when compared to the 

previous test series to capture any surface based events on both sides of each 

specimen. 

6.4.3.1 Stress and strain results 

The load measurements were converted to compressive stresses based on the actual 

individual specimen thickness as the widths were exactly the same between 

specimens to an accuracy of 0.001 mm. The average strain values for the two gauges 

on each specimen was calculated, and the results for stresses against strains are 

summarised in Figure 6-49. 

 

Figure 6-49: Test 03 - Part A - compressive stress versus average strain until 
specimen failure 

The same methods described by Eq. 6-3 in §6.4.1.1 was applied for the analysis of 

variation in average stiffnesses, but with a change of strain values from 0.5% to 0.4% 

to ensure that damage onset occurring earlier was captured. The summary of the 

results obtained is provided in Figure 6-50. A 5.50% average reduction of stiffness 

was found for the nine specimens analysed. 
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Figure 6-50: Variation in stiffness at an average strain between 0% and 0.4%, 
and between 0.4% and just prior to failure indicated as “fail” 

Since the specimens were scanned using X-ray micro-CT prior to the compression 

tests, the void characteristics of the specimens were calculated as described in 

§4.2.3 and §4.3.3. The overall void volume fraction was plotted against the failure 

stresses for all nine specimens, as shown in Figure 6-51. A method of measuring 

correlation is to calculate the square of the correlation coefficient, described using 

Eq. 6-4.  

 𝑅 =
∑ (𝑥𝑖 − �̅�) × (𝑦𝑖 − �̅�)𝑛

𝑖=1

√∑ (𝑥𝑖 − �̅�)2 × (𝑦𝑖 − �̅�)2𝑛
𝑖=1

 Eq. 6-4 

Where: 

𝑅 → Correlation coefficient 

�̅� → Mean of the x values 

�̅� → Mean of the y values 
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A good correlation was observed between the compressive strengths of CFRP 

specimens and the overall void volume fraction, showing a coefficient of 

determination (R2) value of 0.971. 

 

Figure 6-51: Compressive failure strength (ASTM 6641) of specimens with 
varying void volume fractions 

6.4.3.2 Visual in-situ damage inspection using a high-speed camera  

The previous test series proved the capacity to capture images at up to 20000 FPS. 

A small change in the capture rate for test series 03 - Part A was required due to the 

shadowing introduced by additional AE sensors and the shift in camera’s tripod 

placement to accommodate the additional wiring of the second camera and AE 

sensors. The high-speed camera settings used for this test series is provided in Table 

6-9. 

Table 6-9: Test 03 - Part A - high-speed camera settings used for each camera 

 Camera 01 / 
Camera 02 

Acquisition Rate (FPS) 18000 

Exposure time (µs) 15 / 25 

Resolution (pixels) 320 × 240 

Figure 6-52 shows specimen 05’s through thickness surfaces imaged at four 

different time steps. At 7.291573 seconds, the specimen visually shows only minor 

damage and surface micro buckling of fibre bundles. However, as explained within 

the discussion of results for the previous test series, the dust particles on the 
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specimen surface can be seen dispersing into the surrounding air, indicating internal 

damage events. A single frame later, the entire specimen failure was observed. The 

rapid degradation and failure of the specimen made it infeasible to assess the 

progression of the damage behaviour expected to be captured as part of this 

investigation. Upon further investigation,  

 

Figure 6-52: Specimen 05 (P3_P01) - four different time steps close to failure 
load of both exposed xz-faces 

Some specimens showed significant micro buckling of fibre bundles on the specimen 

surfaces. Figure 6-53 shows the fibre bundles undergoing buckling (highlighted in 

red). The micro buckling was had already taken place at the initial time steps of the 

high-speed camera data and occurred a considerable period prior to failure. The 

length of the fibre bundles that buckled was significantly different between the two 

faces of the specimen, as seen in the results provided. Due to the large time 

difference between the occurrences of these fibre bundles undergoing buckling, in-

situ micro-CT X-ray scans were expected to capture similar damage during the next 

test series. 
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Figure 6-53: Specimen 06 (P3_P02) - eight different time steps close to failure 
load of both exposed xz-faces 
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6.4.3.3 Internal damage assessment using AE monitoring 

The data acquired using AE monitoring system of CLC Test 03 - Part A series were 

filtered using the same method described in §6.4.2.3. The filter parameters used 

were also the same as the previous test series, as stated in Table 6-8. 

The results were summarised to obtain meaningful information about the 

specimens and general trends in the failure behaviour of specimens by determining 

the distribution of peak amplitudes at different failure loads and normalised load 

fractions (Figure 6-54). The AE data for individual specimens are provided in 

Appendix A3.4.3. For the summary data, the loads are normalised so that data from 

each specimen were comparable to each other. The data for amplitudes and 

frequencies were “smoothed” using the [TREND] function within Microsoft Excel. 

The resulting smoothed function had a coefficient of determination of 0.9295 when 

compared to each specimen’s dataset.  
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(a) 

  
(b) 

Figure 6-54: CLC Test 03 - Part A – smoothed peak amplitudes of AE hits for 
all nine specimens against load (a), and normalised load (b) 

Specimens showed a general parabolic trend medium range peak amplitude events 

occurring early on, dropping to low frequency events as the test progresses, and 

high amplitude events taking place close to failure.  

The same process was applied to the peak frequency values for all nine specimens 

tested, and the results are provided in Figure 6-55. 
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(a) 

 
(b) 

Figure 6-55: CLC Test 03 - Part A – smoothed peak frequencies of AE hits for 
all nine specimens against load (a), and normalised load (b) 

The similarity between specimens suggested that variation between peak 

amplitudes and frequencies between specimens were not significant enough to 

draw deductions about their unique material responses from these two AE 

parameters. Therefore, the data for peak amplitudes and frequencies were averaged 

to study general trends. The results for these are provided in Figure 6-56.  
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Figure 6-56: Averaged peak amplitude and frequency distribution against 
normalised failure load fraction 

The general trends show an initial peak amplitude that drops as the specimen is 

loaded and then increases again close to failure. The average peak frequency begins 

with a relatively smaller initial peak frequency and drops when compared to the 

amplitude data. Nonetheless, the frequency also increases as the specimen 

approached compressive failure.  

A major issue with the AE instrumentation approach employed as part of this 

investigation is the number of mediums between the sensors and the specimen 

itself, which compromises the quality of the AE signals but also affects the discrete 

parameters of the signals. Thus, exact frequency, energy, or amplitude values stated 

by other researchers as indicative of different failure modes cannot be directly 

implemented to study the details of the failure modes of the specimens. 

As suggested by de Groot, et al. [370], high frequencies and amplitudes tend to be 

associated with fibre breakage in CFRP parts, while low frequencies are more likely 

to be matrix cracking. Other damage modes such as fibre pull-out, de-bonding and 

delaminations are typical of intermediate frequencies. 

Hence, the averaged distributions of the peak frequencies and amplitudes suggest 

specimens undergo matrix related failure modes initially, and considerable amounts 

of fibre breakages occur as the applied load approaches the failure load. 

Another key AE parameter that was studied as part of this investigation was 

identifying loads at which events causing large energy release occurred. The 

cumulative energy versus load data for all the specimens tested is provided in 

Appendix A3.4.3. A sudden increase in cumulative energy recorded by two or more 
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sensors was assumed as an event causing major energy release. For this test series, 

the first five energy release related events were identified. The corresponding 

normalised failure load fractions were graphed, as shown in Figure 6-57. The results 

are displayed in ascending order of the overall void volume fractions. Upon 

examination of the results, it was determined that no obvious trends existed 

between the overall void volume fraction within the gauge region and the loads at 

which large energy releases from the specimen were recorded. A general result from 

this study showed shorter load steps between large energy releases closer to failure 

than during earlier stages of the test. The shorter load intervals between major 

events at larger loads is an intuitive occurrence due to more damage occurring at 

larger loads, so it was an expected outcome. 

 
(a) 

 
(b) 

Figure 6-57: Loads (a) and load fractions (b) of the first five major energy 
release, and corresponding void volume fractions 
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6.4.4 Compression Test 03 – Part B (custom fixture and in-situ X-ray 

micro-CT scanning) 

Test series 03 - Part B was conducted on specimens modified for the in-situ quality 

assessment using X-ray micro-CT using the methodology described in §6.3.5. 

All nine specimens assessed as part of this test series failed within the gauge region 

under failure modes deemed acceptable by ASTM D6641 standards for combined 

loaded compression tests. Appendix A3.5.1 includes photographs of the specimens 

after failure. 

It is important to note that the method and rate of loading the specimens in 

compression varied considerably to the standard CLC test because they were held 

for approximately 15 minutes at various load steps until failure. Table 6-10 

summarises the steps at which each specimen was scanned while holding a 

compressive load. The reader is referred to Appendix A3.5.2 for a more detailed 

description in the form of load versus time plots for each specimen. 

Table 6-10: Load steps at which X-ray micro-CT scans were conducted 

Specimen # Specimen ID Load Steps (kN) 

Specimen 01 P1_P01 1, 30, 35, 40, 45 (failed) 

Specimen 02 P2_P01 1, 30, 35, 40, 42 (failed) 

Specimen 03 P2_P02 1, 38, 40, 42 (failed) 

Specimen 04 P2_P03 1, 36, 38, 40 (failed) 

Specimen 05 P3_P01 1, 36, 38 (failed) 

Specimen 06 P3_P02 1, 36, 38, 40 (failed) 

Specimen 07 P3_P03 1, 30, 35, 40, 42, 44, 46 (failed) 

Specimen 08 P3_S2 1, 36, 38, 40, 42, 44, 46, 48, 50 (failed) 

Specimen 09 P3_S1 1, 38 (failed) 

6.4.4.1 Defect-failure strength relationships 

The measured load values obtained using the custom load cell were used to calculate 

the specimen stresses based on the cross-sectional geometry of the specimen’s 

gauge region. The failure stresses of the specimens were assessed against the void 

volume fraction of the gauge region, and the results are plotted in Figure 6-58. 

Unlike the standard CLC test, there was a lower linear correlation between the 

overall void content and compressive strength of the CFRP specimens, which may 

have been due to multiple load steps being held for micro-CT scanning. 
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Figure 6-58: Compressive failure strength (in-situ X-ray micro-CT) of 
specimens with varying void volume fractions 

6.4.4.2 Qualitative exploration of damage using in-situ X-ray micro-CT scan data 

In order to identify the locations of damage accumulating at each load step, the 

method described in §4.2.3 was used to produce a two-dimensional projection of 

three-dimensional tomographic data using the average through thickness pixel 

intensity in the x-direction (loading direction) of the specimen. An example series of 

two-dimensional projections obtained for specimen 02 at different load steps is 

provided in Figure 6-59. The full set of the projections for the specimens tested 

within the X-ray micro-CT scanner were assessed for visible damage and variations 

in internal architecture.  

Once regions of damage were identified using the projection data, they were further 

explored to understand the type of damage and to isolate their exact three-

dimensional locations. Using the same example presented in Figure 6-59, the 

location and shape of damage were established, as shown in Figure 6-60. 
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Figure 6-59: Average intensity projection of 02 - P1_S01 at three different 
load steps 
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Figure 6-60: Damage at two load steps [Specimen 02 - P1_S01 @ x = 6.2 mm] 

In the case of specimen 02, a distinct through thickness crack and delamination was 

found. The chronological order of events could not be determined for the initiation 

of the damage due to the low frequency of scanning. Therefore, it limits the 

understanding of origin and progression of damage. It may have originated at the 

edge of the small flat void on the left with consequent delamination which finally led 

to the through thickness crack into the wall of the large bridging void. In contrast, 

there is the possibility the order of events was the opposite, where the origin of the 

damage was the wall of the largest void. 

Another damage mode that was detected in multiple specimens (P2_P01, P2_P03, 

P3_P01, P3_P02, P3_P03, P3_S02, P3_P2, P3_P3, and P3_S1) were fibre micro 

buckling close to the surfaces of specimens. Figure 6-61 shows what appears to be 

small sections of specimen 05 separating from the outer surfaces. For a better 

understanding and visualisation of this particular type of damage, the tomographic 

volume was re-sliced into the xz-plane, as shown in Figure 6-62. The fibre micro 

buckling visible in the xz-plane is similar to what was captured by the high-speed 

cameras in the previous test series (Figure 6-53). 
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(a) (b) 

Figure 6-61: Damage at three load steps [Specimen 05 - P3_S02 @ x = 4.4 mm 
(a), and @ x = 9.2 mm (b)]  

 

Figure 6-62: Damage at three load steps [Specimen 05 - P3_S02 @ y = 3.8 mm 
(a), and @ y = 10.1 mm (b)] 
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Some damage mechanisms that may have occurred were difficult to capture at the 

scan resolutions used during the in-situ tests. A typical example of this was interply 

shear cracks in the matrix. This could be observed when visually assessing the 32-

bit data using different window and level values for thresholding to isolate 

particular bands of Hounsfield units [371]. However, for reconstructions that were 

converted to 8-bit, the level of detail was not enough to capture these changes in the 

internal structure. An example of what could be seen in the 8-bit reconstructions for 

specimen 05 is highlighted in Figure 6-63. 

 

Figure 6-63: Shear cracks in Specimen 05 caused by compression loading 

6.4.5 Compression Test 03 – Discussion 

6.4.5.1 Establishing typical variations in compression test data 

To understand the influence of defects on compressive failure strengths, it was 

necessary to determine the typical levels of deviation of compressive strengths of 

flat specimens prepared in accordance with ASTM 6641 test standards for any 

individual CFRP material system. A large set of compression tests undertaken by 

CACM as part of a commercial project was studied for the purpose of establishing an 

expected range for compression tests. Due to the commercial nature of the tests, 

only a limited amount of details regarding the materials systems can be disclosed in 

this thesis. 
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By studying the results of CLC tests on similar material systems, it was possible to 

establish a range of usual failure strengths of specimens within the same samples. 

Results for a total of 103 flat specimens manufactured using prepreg material 

consolidated in an autoclave were studied. Table 6-11 summarises the material 

systems and scope of CLC tests that were investigated. 

Table 6-11: Material identification and number of specimens tested 

Material 

ID 

Prepreg Material 

Type 

No: of 

Specimens 

MAT 01 HM Thermoset CFRP 5 

MAT 02 IM Thermoset CFRP 5 

MAT 03 IM Thermoset CFRP 10, 10 

MAT 04 HM Thermoset CFRP 10, 10, 9 

MAT 05 IM Thermoset CFRP 10, 9 

MAT 06 IM Thermoset CFRP 5 

MAT 07 HM Thermoset CFRP 10 

MAT 08 HM Thermoset CFRP 10 

The average failure strength of each test sample was normalised, and the range was 

established by calculating the standard deviation for each sample using Eq. 6-5 

[372] to obtain error bars (Figure 6-64 and Figure 6-65). For a typical normal 

distribution, a range of one standard deviation above and below the mean value 

captures 68.2% of the data. 

 

𝑠 = √
∑ 𝑑𝑖

2

𝑛
 

Eq. 6-5 

Where: 

𝑠 → Standard deviation of a set of values 

𝑑𝑖  → Difference between individual value and mean value 

𝑛 → Number of measured values 

Figure 6-64 shows the normalised magnitudes of distribution of the compressive 

strength data obtained from Test 03. The data was compared to several other sets 

of test data for autoclave cured CFRP specimens tested using ASTM 6641 CLC 

method. 
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Figure 6-64: Comparison of the range of normalised compressive strengths 
for specimens within the same sample 

Some material systems (MAT 03, MAT 04, and MAT 05) were tested using specimens 

obtained from multiple panels. In order to understand the differences in the range 

of results when multiple test samples were used, the results for these materials were 

combined, as shown in Figure 6-65. 

  

Figure 6-65: Comparison of the range of normalised strengths for specimens 
from multiple samples 
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In summary, specimens from the same sample were found to have an average 

normalised strength variation of ±6.4%. In contrast, specimens from different panels 

made using the same material system and manufacturing processes had a 

normalised strength variation of ±9.8%. Therefore, a deviation value of ±9.8% was 

assumed to be a reasonable range of typical distribution and was henceforth used in 

the analysis of test series 3 results. 

Since the specimens used for Test 03 were obtained from multiple panels, a ±9.8% 

range is displayed using a transparent shade of green on all the following results in 

this chapter. The actual values are provided in Table 6-12. 

Table 6-12: Summary of mean compressive strengths and typical limits 

 
Part A  

(ASTM 6641) 

Part B  

(in-situ micro-CT) 

Mean 669.6 MPa 688.9 MPa 

+9.8% 735.2 MPa 756.4 MPa 

-9.8% 604.0 MPa 621.4 MPa 

The obvious observation when applying the typical range of strengths in flat 

laminates to specimens with defects is how the majority of tested specimens 

containing varying defect severities had a compressive strength within a range 

similar to flat laminates. The two specimens that resulted in compressive strengths 

outside these limits were the best and worst quality specimens containing the 

lowest and highest void volume fractions, respectively.  

6.4.5.2 Effect of void volumes 

The significance of studying typical variation in compression test data is clearly 

visible in Figure 6-66, which describes the compressive failure strength of 

specimens versus the overall void volume fraction. The region highlighted in green 

contains the majority of test data for specimens with a range of defect severities. 

This increased the difficulty of identifying defect characteristics that may have a 

significant effect on mechanical properties. 

Figure 6-66 shows that an increase in overall void volume fraction results in a 

reduction of compressive stress.  

Judd and Wright [60] stated a drop of 6.5% in compression strength of CFRP for the 

first 1% of void volume fraction, with a consecutive drop of 6% with every 1% 
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increase in void content. Suarez, et al. [373] claimed a drop of 40% in compressive 

strength in specimens with 4% void volume fraction, showing a more significant 

drop than any other studies. Cinquin, et al. [315] showed that an 11% void volume 

content only caused a 14% drop in compressive strength. 

If the linear correlation for test 03 – Part A is considered independently, a reduction 

of 5% of compressive strength for every 1% of void volume fraction is seen in the 

test data. This is in good alignment with literature. 

 

Figure 6-66: Compressive strength against overall void volume fraction 

The failure strengths of specimens were plotted against several defect 

characteristics in an attempt to understand if any clear relationship existed between 

them. The volume of voids was a key defect characteristic that was studied in 

relation to the specimen’s compressive strength. The volume of the largest void and 

the average volume of voids were plotted against failure strengths in Figure 6-67 

and Figure 6-68, respectively.  

Both other void volume attributes showed some correlation with compressive 

failure strengths of specimens, while the results from Test 03 – Part A (ASTM 6641) 

exhibited a stronger correlation in both cases. An increase in the volume of the 

largest void or the volume of the average void indicated a reduction in compressive 

strength of the material. 
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Figure 6-67: Compressive strength against average volume of voids 

 

Figure 6-68: Test 03 – Compressive strength against the volume of the largest 
void 

Figure 6-69 shows the stress-strain gradient at compressive strain equal to 0.4% as 

described in §6.4.1.1 and Eq. 6-3. The gradient of the linear correlation shows a drop 

of ~2% drop in compressive stiffness for every 1% of void volume fraction. Olivier, 

et al. [56] showed that CFRP lost 4% tensile stiffness for 10% void content, while 

Huang and Talreja [68] used their numerical model to predict a loss of ~1.5% 

stiffness in the fibre direction of composites for 5% void volume fraction. Both of 

these values predict lower loss of stiffness caused by increasing void volume 

fractions than what was determined, but compressive behaviour is typically affected 

more significantly than tensile properties by the presence of inclusions or voids. 

Therefore, the loss of compressive stiffness of ~2% for every 1% of void volume 

fraction could be reasonable. 
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Figure 6-69: Test 03 – Part A: averaged stress-strain gradient @ ε = 0.4% 

6.4.5.3 Effect of void aspect ratio 

Another main feature of the voids that were initially studied during the defect 

characterisation phase of this project was the aspect ratio of voids. The ratio of a 

void’s length (loading direction or x-direction) to its width (y-direction) was 

hypothesised to be a valid descriptor of the defect that may have an effect on the 

stress concentration in surrounding regions, consequently affecting the failure 

strengths of CFRP parts containing voids. On this account, the average aspect ratio 

of voids in all three analysis planes was plotted against the failure strengths of each 

specimen and is provided in Figure 6-70, Figure 6-71, and Figure 6-72. The data 

suggests specimens containing voids with a higher thickness (z) to width (y) ratio 

could have lower compressive strengths. This tendency was not found in results 

extracted from specimens in test series 03 - Part B. However, Test 03 – Part B 

required the specimens to be held at multiple load steps before failure to allow for 

micro-CT scanning under compression. Therefore, the final failure strengths may 

not be directly comparable to ASTM 6641 data, but likely more similar to low 

frequency cyclic test. 
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Figure 6-70: Compressive strength against the average aspect ratio of voids 
in the xy-plane 

 

Figure 6-71: Compressive strength against the average aspect ratio of voids 
in the xz-plane 

 

Figure 6-72: Compressive strength against the average aspect ratio of voids 
in the yz-plane 
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6.4.5.4 Effect of individual void dimensions of the most severe voids 

The final void characteristic evaluated against compressive strengths of specimens 

was the geometric limit of the longest, widest, and thickest voids. The results are 

summarised in Figure 6-73, Figure 6-74, and Figure 6-75 for the longest, widest and 

thickest void dimension, respectively. Subsequently, in all three cases, the larger 

void dimension resulted in lower compressive strength of specimens. Definitive 

demonstration of the effect of void geometry in any single orientation was difficult 

due to the low coefficients of determination. Nonetheless, it would be reasonable to 

declare that a larger void in any dimension could result in reducing the compressive 

strengths of CFRP parts.  

 

Figure 6-73: Compressive strength against the longest void (x-direction) 

 

Figure 6-74: Compressive strength against widest void (y-direction) 
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Figure 6-75: Compressive strength against thickest void (z-direction) 

 

6.4.5.5 Effect of overall ply orientation in the loading direction 

The orientation of plies in the direction of loading was analysed as part of the defect 

characterisation process, using the X-ray micro-CT data obtained during the pre-

scans of specimens before any compression tests were conducted. Two procedures 

were applied to perform orientation analyses; structure tensor, and 2D-discrete 

Fourier transform. The details and results of the analyses are provided in §5.2.1 and 

§5.3.1.  

The average orientation of each specimen calculated using two different techniques 

for each specimen tested during test series 03 was extracted. The inverse of the 

failure strength values were calculated by dividing one by the failure strength to 

identify any relationship between the directionality of specimens and their 

compressive strengths qualitatively from the graphed data. These average 

orientation results, along with the failure strength and inverse failure strengths for 

all the specimens tested are plotted in Figure 6-76. 

As discussed in §5.2.1.3 an improved measure of the global orientation of plies in 

the xz-plane was determined to be a weighted directionality, rather than the mean 

orientation. Accordingly, the failure strengths and its inverse values were plotted 

alongside the offset strength of each specimen established using the two different 

orientation analysis approaches and the results are summarised in Figure 6-77. 
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(a) 

 
(b) 

Figure 6-76: CLC Test 03 – compressive strength and average longitudinal 
orientation (a), and inverse failure strength (b) 
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(a) 

 
(b) 

Figure 6-77: CLC Test 03 – compressive strength and weighted average 
longitudinal orientation (a), and inverse failure strength (b) 

For the specimens analysed, the mean orientation or the weighted orientation 

strength did not show a direct correlation to the compressive failure strength. 

Admittedly, the variation in weighted directionality between specimens is minimal. 

When qualitative considerations for the variation in typical tests on flat specimens 

are accounted into the analysis, there was a lack of high correlation between the 

defect characteristic and compressive strength. 
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6.4.5.6 Volume fraction of 0° plies 

Since the volume of voids in each specimen also caused a variation in the final 0° 

fibre volume fractions within the gauge region, it was necessary to determine if this 

difference in local 0° fibre volume had an effect on the compression strengths. To 

measure the approximate fibre volume fractions of each specimen, the pre-scan data 

obtained during the X-ray micro-CT scanning conducted prior to the compression 

tests to characterise defects were manually analysed. Three tomographic slices that 

were evenly separated by three millimetres each were extracted from all tested 

specimens. The zero degree plies were mapped manually using ImageJ [374] and 

the area fraction with respect to the entire slice was averaged for the three slices to 

obtain a single area fraction of 0° plies, which was hypothesised to be an adequate 

estimation of the actual volume of 0° plies in the gauge region. 

The failure stresses of all the specimens obtained using Test 03 - Part A and Test 03 

- Part B were then plotted against the 0° ply area fractions measured from X-ray 

micro-CT scan data. These results are provided in Figure 6-78.  

An analytical investigation into the effect of varying in 0° ply volume fractions was 

undertaken by applying the Tsai-Hill failure criterion [375] to a nominal laminate 

with the same stacking sequence as the laminates from which the specimens were 

extracted for this project. The volume of 0° plies was modified by applying a 

thickness reduction to all the on-axis plies. The results for the analytical failure 

stress results are also included within the same plot as the Test 03 results Figure 

6-78. A theoretical difference of 45 MPa is expected between laminates containing 

50% and 60% 0° ply volume fractions.  

The results from the compression tests did not show a distinct correlation. Only Test 

03a displayed a correlation between its failure strength and the average cross-

sectional area of 0° plies. 
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Figure 6-78: Compressive strength against average 0° ply area fraction 
within the gauge region 
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6.4.6 Summary 

A range of test methods to study the compressive behaviour of curved CFRP 

structures containing a variety of defect severities was explored. The evolution of 

the compression test methodologies starting from the compression of full corners 

to extracting flat specimens from curved regions were presented in this chapter. 

The use of high-speed cameras and AE monitoring systems to study the behaviour 

of CFRP specimens with defects using ASTM 6641 test methods were discussed. 

Damage behaviour such as surface fibre bundle micro buckling were clearly 

observed using images acquired with high-speed cameras. 

Sub-laminate buckling was observed in some specimens when assessing images 

acquired using high-speed cameras. It could be related to larger void volumes 

causing instability and delamination by creating distinct sub-laminates. 

Acoustic emission monitoring showed an increase of high-energy events occurring 

at later stages of loading, indicating possible fibre related damage modes occurring 

after matrix dominated damage. The data shows that it is possible to study material 

response using AE monitoring with sensors attached on the fixture, rather than 

directly onto the specimens. However, further characterisation of the necessary 

data-filters and identification of the wave parameters with respect to damage mode 

is necessary for improving the technique. A comprehensive calibration study would 

be useful for future application of AE monitoring of ASTM 6641 test specimens. 

A novel test method utilising a custom fixture was developed to conduct in-situ X-

ray micro-CT scans of CFRP specimens under compression. The rig was proven to 

handle loads greater than 50 kN, and the failure was located in the desired gauge 

region for every test. The test method allowed for successful assessments of internal 

damage in specimens under various load steps.  

At loads close to 90% of failure load, specimens showed inter-ply and intra-ply 

cracks, potentially originating from void edges or walls. There was no visible fibre 

failure as AE results suggested and further exploration is necessary to correlate 

results based on AE scan data to micro-CT results. Voids closer to the surface of the 

laminates were more likely to cause significant damage before complete failure than 

voids located closer to the specimen centroid. Adjacent voids under loads caused 
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interactive cracks that originated from one void and led to the other. The micro 

buckling of surface fibre bundles was also visible in the in-situ micro-CT data. 

An increase in the geometry of the longest, widest, and thickest void in a specimen 

could contribute to a reduction in compressive strength of the specimen. However, 

the weakness of the correlation between these dimensions and compressive 

strength indicates a requirement for further investigation. 

Ply misalignments in the loading direction was minimal at an average of 1.8°, and 

therefore did not show significant association with the final failure strengths. This 

may mainly be due to the more significant wrinkling occurring along the plane 

normal to loading. Wrinkle characteristics such as amplitudes and wavelengths 

were not compared with compression test data since these characteristics were only 

obtained using micrographs, which is a destructive imaging technique that cannot 

be applied to test specimen. 

The total void volume fraction of a specimen showed to have an effect on 

compressive strength. ASTM 6641 based Test 03 – Part A compression test results 

indicate a 5% reduction in strength and a 2% reduction in stiffness for every 1% 

increase in void volume fraction. This is in general alignment with previous studies, 

but as noted by other researchers, there is no strong consensus on this topic. 

Multiple studies have reported values with significant differences to each other due 

to factors such as distance between a void and the closest crack tip, which could have 

a major influence on the final mechanical properties [136, 137]. 
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7 DEVELOPMENT OF 

NUMERICAL MODELLING 

METHOD TO PREDICT THE 

EFFECTS OF VOIDS AND 

WRINKLES IN CFRP PARTS 

7.1 Background 

Once the typical characteristics of voids and wrinkles induced in curved CFRP parts 

were determined as described in Chapter 0 and Chapter 5, parametric FEA models 

of compression tests were created. These models investigated the effect of idealised 

defects on the stress distributions and magnitudes under compressive loads. Voids 

were modelled with a range of widths and thicknesses representing aspect ratios 

and cross-sectional areas found in real parts. Wrinkles with representative 

amplitudes and wavelengths to real parts were incorporated into models as well. 
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7.2 Modelling Methodology 

Two independent parametric numerical models were created to study the effect of 

typical characteristics of voids and wrinkles, respectively. Each model implemented 

different defect characteristics, such as, void width or wrinkle amplitude to obtain 

FEA models. All FEA modelling discussed in this chapter was conducted using 

SIMULIA® Abaqus versions 6.14 and 2017 unless explicitly mentioned otherwise.   

7.2.1 Geometry and boundary conditions 

The overall specimen geometry was based on the gauge region of the combined 

loaded compression test (ASTM 6641). The geometry incorporated the same 

stacking sequence used to manufacture all specimens with an overall ply count of 

42.  

[0/90/0/45/-45/0/-45/45/0/90/0/45/-45/0/-45/45/0/90/0/0/±45]S 

Since the actual specimens contained plies of two different areal weights, the model 

contained 60 plies of equal areal densities that were equivalent to the actual 

sequence of 42 plies. 

[02/90/02/45/-45/02/-45/45/02/90/02/45/-45/02/-45/45/02/90/02/02/±45]S 

Figure 7-1 shows the overall dimensions of the model without any defects. Each ply 

was sectioned and saved as a separate set to enable local orientations and sectional 

properties to be defined. 

 

Figure 7-1: Overall dimensions of CLC gauge sections used for numerical 
models 
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The simulations were based on a displacement controlled CLC test. The boundary 

conditions applied were a yz-plane surface fixed in the x-direction (zero translation 

in x) at x = 13 mm, and a displacement of the surface at x = 0 by a magnitude of 0.048 

mm in the x-direction. This displacement provided nominal compressive strain at 

the centre of the gauge region of 0.4%, which was similar to the strain value beyond 

which degradation of the specimens was observed during tests discussed in §6.4. 

Since the model is only representative of the specimen’s gauge volume, fully 

representative boundary conditions can be hard to achieve. In reality, the fixed yz-

plane surface will undergo some deformation based on the surrounding material 

stiffness. A single node located at (x, y, z) = (13, 0, 0) mm was fully constrained in all 

six degrees of freedom to remove rigid body modes. A visualisation of the applied 

boundary conditions is provided in Figure 7-2. 

 

Figure 7-2: Boundary conditions for CLC models 

7.2.2 Modelling technique and element selection 

The models were run as Abaqus-Standard static tests with linear three-dimensional 

eight-noded continuum solid elements (C3D8). A first-order element type was 

selected. The elements chosen were full integration without hour-glassing for 

improved stress and strain calculations since hour-glassing has the tendency to 

cause zero strain at integration points resulting in uncontrolled mesh distortions 

[376]. These elements may cause shear locking, which is a result of the element 

formulation causing parasitic shear that does not actually exist, or volumetric 

locking caused by material incompressibility. However, since large deformations are 

not expected for these simulations, it is not of major concern. Therefore, it is 
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necessary to check for sudden jumps in pressure stresses between integration 

points to determine if any volumetric locking has occurred. Tetrahedral elements 

were generally avoided when possible, as they tend to be computationally inefficient 

in comparison to hexahedral elements, but was sometimes used to generate 

acceptable transitions into void regions without unwanted mesh distortion. 

The model accounts for nonlinear geometry. Since sub-laminate buckling of 

specimens was observed in compression tests, there was an expectation of 

instabilities and large deformations in the model under compressive deformation. 

7.2.3 Material Properties 

The properties published or provided by the material manufacturer or supplier 

often lack the details necessary to define a finite element model fully. For the 

purpose of this study, lamina material properties using the “Engineering Constants” 

based material model within Abaqus were applied to each ply. Initial values for the 

material properties were obtained from the data sheets provided by the material 

suppliers (Appendix B2). A summary of the material properties used as inputs for 

the numerical models is provided in Table 7-1. 

Table 7-1: Summary of lamina properties using CLT 

E11 

(GPa) 

E22 

(GPa) 

E33 

(GPa) 
νxy νxz νyz 

G12 

(GPa) 

G13 

(GPa) 

G23 

(GPa) 

117 8.9 8.9 0.3 0.2 0.3 5.3 5.3 3.0 

These values were used to model tests conducted in-house, and tests conducted by 

the project’s industrial partner to ensure that measured stiffnesses matched the 

data provided by the suppliers. One test conducted by the industrial partner to 

calculate laminate stiffnesses was a four-point bending test using a sandwich panel 

using a plywood core and composite face-sheets. An example of this is shown in 

Figure 7-3.  
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(a) 

  

(b) 

Figure 7-3: Four-point bending test simulation – meshed part geometry (a), 
and compressive stress distribution (b) 

The simulations confirmed that the lamina stiffnesses E11 and E22 provided by the 

material suppliers for the CFRP prepreg system were within 10% of the test data. 

However, since the test data obtained was not for a pure compression test and 

utilised a non-standard test method, further analysis was conducted to ensure the 

reliability of the material properties provided in the datasheets. 

7.2.3.1 Laminate details 

The data sheets provided by the material supplier for the lamina required 

conversion to laminate properties for the same stacking sequences analysed and 

tested in previous chapters, which resulted in a 60%-30%-10% distribution of 0°, 

±45° and 90° plies, respectively. Using classical laminate theory (CLT) [377], the 

stiffness properties and Poisson’s ratio in each direction was calculated. The 

resultant laminate properties for the stacking sequence tested are provided in Table 

7-2. 
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Table 7-2: Summary of laminate properties using CLT 

Ex (GPa) 79.2 νxy 0.363 

Ey (GPa) 27.2 νyx 0.125 

Ez (GPa) 9.25 νxz 0.28 

Gxy (GPa) 12.5 νzx 0.033 

Gxz (GPa) 4.3 νyz 0.407 

Gyz (GPa) 3.3 νzy 0.138 

The A-B-D matrices and their respective inverse matrices (a, b, d) were also 

calculated using CLT, and the results are provided below. It is important to note the 

non-zero [B] matrix corresponds to the coupling of bending and extension modes 

and is a result of the asymmetric stacking sequence being studied. 

[A] = [
7.04 × 105 8.79 × 104 0
8.79 × 104 2.42 × 105 0

0 0 1.06 × 105

] (𝑁
𝑚𝑚⁄ )  

[B] = [
0 0 −5.4 × 102

0 0 −5.4 × 102

−5.4 × 102 −5.4 × 102 0

] (𝑁) 

[D] = [
4.24 × 106 4.92 × 105 2.47 × 103

4.92 × 105 1.51 × 106 2.47 × 103

2.47 × 103 2.47 × 103 6.0 × 105

] (𝑁 − 𝑚𝑚) 

 

[A]-1 = [
1.49 × 10−6 −5.4 × 10−7 0
5.17 × 10−6 4.23 × 10−6 0

0 0 9.45 × 10−6

] (𝑚𝑚
𝑁⁄ )  

[B]-1 = [
0 0 8.5 × 10−10

0 0 3.13 × 10−9

8.6 × 10−10 3.44 × 10−9 0

] (1
𝑁⁄ ) 

[D]-1 = [
2.45 × 10−7 −8 × 10−8 −6.8 × 10−10

−8 × 10−8 6.87 × 10−7 −2.5 × 10−9

−6.8 × 10−10 −2.5 × 10−9 1.7 × 10−6

] (
1

𝑁−𝑚𝑚
) 

 

7.2.3.2 ASTM 6641 tests to determine compressive stiffness and strength 

Six specimens were prepared according to ASTM CLC test standards [141]. The 

specimens were nominally 8.49 mm thick, administering the same stacking 

sequence used throughout this project. The specimens also included aluminium tabs 

of 1 mm thickness bonded to the specimens using HP-R5  toughened epoxy by 

Adhesive technologies NZ Ltd. Strains gauges were attached to both (mould and bag) 
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surfaces of the specimens following careful surface preparation as described in 

§6.3.1.2. The strains from each side were averaged for each specimen, and 

associated average cross-sectional stresses were calculated based on actual 

laminate thickness to determine the stiffnesses of each specimen. The 

corresponding stress versus strain data is provided in Figure 7-4. 

 

Figure 7-4: Flat laminate CLC average stress-strain summary 

The load versus strain curves for individual specimens showing the variation 

between the strains on each of the specimen faces is provided in Appendix A3.1. The 

results were averaged and summarised, as given in Table 7-3, showing the stiffness, 

failure stress and failure strains in the x-direction. The mean modulus was calculated 

between strain values of 0.1% and 1%. 

Table 7-3: Summary of CLC test for flat laminates 
 

Standard 

deviation 

Mean Modulus (Ex) 75.9 GPa 2.42 GPa 

Mean Failure Stress (σc) 705 MPa 52 MPa 

Mean Fail Strain(εc) 1.031% 0.13% 

Some progressive reduction of stiffness was observed in the stress-strain data. 

Subsequently, the change in averaged stress-strain ratios to provide an “apparent” 
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modulus at a compressive strain of 0.4% was compared to the final apparent 

modulus before failure. This was done in accordance with the observations of 

apparent stiffness reductions in the other CLC tests undertaken during this study, as 

described in §6.4.1.1, §6.4.2.1, and §6.4.3.1 beyond strain values of ~0.4%-0.5%. The 

difference in average stiffnesses is given in Figure 7-5. The results did not show a 

considerable reduction of apparent stiffness at strains higher than 0.4%, and 

therefore, the mean values were used to verify the data provided by the material 

supplier. 

 

Figure 7-5: Averaged stiffness variation between 0.4% strain and 
compressive failure of flat laminates 

The primary material stiffness measured from physical test data had a difference of 

~4.2% when compared to the analytical predictions using CLT. Furthermore, the 

numerical investigations conducted during this study was a comparative analysis in 

stress states between defects of various severities and characteristics. Therefore, it 

was determined that the compressive stiffness properties in the data sheets were 

applicable to numerical models and within an acceptable level of accuracy. 
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7.2.4 Local ply orientation 

A major requirement of the numerical modelling method used to study compression 

of the gauge region of CLC test specimens containing defects was solving the 

challenge of orienting elements in a representative manner with respect to local 

angular offsets of plies caused by wrinkling or voids. 

The proposed solution to the challenge of local ply orientations was the application 

of orientation to each element based on its relative location to ply edges. Each 

element’s orientation was a weighted average orientation of the closest located 

upper and lower ply edge coordinates. 

Abaqus has a built-in function allowing for orienting material properties within 

elements based on the orientation of edges. To achieve appropriate element 

orientations, each ply was isolated and assigned to a geometric set within Abaqus. 

The set was then assigned with local discrete orientations based on the upper and 

lower edges of the corresponding ply, allowing for the elements to be oriented based 

on their spatial position with respect to the ply edges of the element set to which 

they belonged. 

A random selection of elements was assessed manually for local orientations using 

the “query” feature within Abaqus to ensure that the application of orientations was 

as expected. 

7.2.5 Mesh density selection 

The parametric models implemented two main input requirements by the user to 

select a suitable mesh density for the part. The first mesh-related parameter that 

required selection was the number of elements through the thickness of each ply. A 

single element across the thickness of a ply was found to be inadequate in capturing 

the out-of-plane shear behaviour accurately, often resulting in unrealistic stresses. 

On this account, all the individual models created using the global parametric 

models employed two elements through the thickness of each ply.  

The second mesh-related parameter requiring input by the user was the global seed 

size. This value required variation between the individual models due to the varying 

angles between the flat regions and areas affected by defects. The range of values 

used was between 0.08 mm and 0.15 mm and was selected on a case-by-case basis 
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to provide a final overall mesh of satisfactory quality. The mesh verification tool in 

Abaqus was used to check the range of face corner angles and aspect ratios of 

elements (Table 7-4) to ensure there were no elements deemed unacceptable by the 

built-in standards of the program. The high density of the mesh required to satisfy 

the criteria of obtaining multiple elements through the thickness of the plies, and 

avoiding high aspect ratio elements, resulted in a mesh with a total number of 

elements in the order of two million.   

 Table 7-4: Mesh verification parameter limits 

Shape 

Face corner angle 20° to 150° 

Element aspect ratio < 5 

Size 

Geometric deviation factor < 0.2 
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7.3 Standard CLC Model 

A single model using nominal geometry without any defects was created as a 

baseline for the numerical study. The geometry and boundary conditions are as 

specified in §7.2.1. The model showing the global orientation, boundary conditions, 

and the loading (applied displacement) direction, is given in Figure 7-6. 

 

Figure 7-6: Baseline CLC model showing locations of boundary conditions 
and load, and the specimen’s global orientation 

7.3.1 Results 

The maximum compressive stresses at a planar displacement of 0.048 were 

extracted. All results related to material stresses presented throughout this chapter 

have been normalised to the results obtained from this baseline model. A stress 

contour for the central slice of the model is provided in Figure 7-7. 

 

Figure 7-7: σ11 for yz-plane at x = 6.5 (centre slice of the specimen) 
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The maximum compressive stress of 431 MPa was found in the model, located at the 

13th and 35th plies, which have a 0° orientation. Additionally, remaining plies of the 

same orientation experienced similar stresses. Other stress components were 

checked to ensure that the contributions are small enough to consider the 

compressive stresses as the critical component of the comparative assessments in 

the parametric study. Example results of the checks for the nominal case are 

provided in Figure 7-8. Normal stresses in the through-thickness (z) direction were 

negligible, but maximum in-plane shear stresses (σ12) of 27.5 MPa, and compressive 

stresses (σ22) of 30.4 MPa required the stress component to be checked consistently 

for all subsequent models. Therefore, ±45° plies were inspected for in-plane shear 

stress concentrations, while 90° plies were checked for compressive stresses in the 

“2”-direction. 

 
(a) (b) 

Figure 7-8: τ12 (a), and σ33 (b) for the nominal specimen (MPa) 
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7.4 Modelling Wrinkles 

A parametric model was created to study the effects of different wrinkle 

characteristics on the overall stress distributions and magnitudes of maximum 

stresses for material undergoing compression. This section discusses the details of 

the modelling approach and discusses the consequent results obtained using the 

parametric model. 

7.4.1 Geometry 

The severity of out-of-plane wrinkling can be described using a few different 

methods. The distance deviation of a ply from its nominal location, angle of ply 

deviation, and the number of consecutive wrinkles are a few indicators. In order to 

parametrise the numerical model, the topology of wrinkles was idealised to be a 

sinusoidal wave. A full range of possible wrinkles was studied by adjusting the 

wavelength, amplitude and a total number of waves. In order to determine the 

typical severities that may occur in the curved region being studied, optical 

microscopy scans were analysed as described in §5.2.2 of this thesis and are 

summarised in Table 7-5. 

Table 7-5: Summary of typical wrinkle characteristics in parts with 20 mm 
radii of curvature and 8.49 mm thickness 

Mean amplitude (A) 0.9 mm 

Minimum half-wavelength (𝜆
2⁄ ) 1.75 mm 

Mean half-wavelength (𝜆
2⁄ ) 6.8 mm 

Maximum number of half-waves 3 

The expression of a sine wave as described by Georgi [378] was modified to obtain 

an equation representative of wrinkles based on their half-wavelength and 

amplitude, as shown in Eq. 7-1. 
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 y = A × 𝑐𝑜𝑠 (
2𝜋

𝜆
𝑥) Eq. 7-1 

Where:  
x, y → x–axis, and y–axis ply location in two-dimensional plane, respectively 

𝐴 → Maximum offset of ply wrinkle in z-direction from nominal location 

𝜆 → Wavelength of wrinkle 

Table 7-6: Parametric model ID and corresponding wrinkle attributes 

Model 
ID 

Amplitude 
(mm) 

Half-Wavelength 
(mm) 

Number of 
half-waves 

W01 0.1 7.00 1 

W02 0.1 4.00 2 

W03 0.1 3.00 3 

W04 0.1 1.75 1 

W05 0.1 1.75 2 

W06 0.1 1.75 3 

W07 0.4 7.00 1 

W08 0.4 4.00 2 

W09 0.4 3.00 3 

W10 0.4 1.75 1 

W11 0.4 1.75 2 

W12 0.4 1.75 3 

W13 0.9 7.00 1 

W14 0.9 4.00 2 

W15 0.9 3.00 3 

W16 0.9 1.75 1 

W17 0.9 1.75 2 

W18 0.9 1.75 3 

Although the models were created to include combinations of the some of the more 

severe individual wrinkle characteristic, a few of these combinations would never 

occur in reality. For example, a high amplitude wrinkle was never found to have the 

smallest wavelength. Therefore, it is safe to assume that the most severe realistic 

wrinkle was considerably less severe than the wrinkles applied to the parametric 

model. 

Two examples of simulations created using the parametric model are provided in 

Figure 7-9. It shows the variation of wrinkle severities, the direction of applied 

displacement, global orientations and the typical density of mesh. 
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(a) (b) 

Figure 7-9: Model W15 – sectioned part model (a), and Model W9 - meshed 
model (b) 

The parametric model was programmed using python and the code is provided in 

Appendix C2.3. 

7.4.2 Discussion of results 

All results presented in this section are extracted at 0.048 mm displacement 

(corresponding to a nominal strain of 0.4%). 

The maximum compressive stress is extracted for each model and normalised 

against the baseline case discussed in §7.3.1. The results, alongside the three key 

wrinkle characteristics applied as independent variables, are presented in Figure 

7-10. The results showed minimal effects caused by wrinkles to the compressive 

stress state of the part. The increase in compressive stress concentration with the 

most severe wrinkle was less than 1%. Such a small difference could be considered 

negligible due to the overall assumptions and generalisations applied to the 

modelling technique and material model. 
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Figure 7-10: Normalised maximum stress results for various wrinkle 
severities 

For verifying that other stress components were not significantly affected by 

wrinkles, the maximum shear stresses for all models were checked and was found 

to be less than 30 MPa for the most severe case (Model W18), compared to 27.5 MPa 

for the nominal model. Therefore, the effect of wrinkles in the plane orthogonal to 

the loading direction may not have significant effects on compressive failure. 

Some stress concentrations were typically found at locations adjacent to the onset 

or peak of wrinkles (Figure 7-11). The locations were potentially due to large local 

variation in ply angles caused by the misalignment. However, the effect of wrinkles 

did not account for a large enough stress concentration in the models, as the most 

severe wrinkle only caused an increase of only 0.83%. 

 

Figure 7-11: Typical relative location for stress concentrations in models 
with severe out-of-plane wrinkles 
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Since wrinkles in the orthogonal plane to the loading direction did not have a critical 

effect on stress concentrations, it was of interest to see the effect of loading 

specimens in the same plane as the wrinkles. Therefore, two additional models were 

created and run. Model W19 was the baseline specimen described earlier in §7.3 

loaded in the y-direction instead of the x-direction. Model W9 was chosen due to its 

similarity to the average three-waved wrinkles found in parts with 20 mm radii 

curves. It underwent a similar transformation in loading direction and boundary 

conditions as the baseline specimen that produced Model W19 and resulted in the 

production of Model W20 (Table 7-7).  

Table 7-7: Wrinkle parameters for Model W20 

Model 
ID 

Amplitude 
(mm)  

Half-Wavelength 
(mm) 

Number of 
half-waves 

W20 0.4 3.00 3 

The maximum compressive and in-plane shear stresses in both models were 

extracted, and the results for Model W20 was normalised against the results 

obtained from Model W19 to give Figure 7-12. 

 

Figure 7-12: Normalised σc and τ12 for Model W20 against displacement 
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The maximum stress results indicate that wrinkles along the plane of loading have 

a much larger influence on shear stress concentrations. Contour plots of the shear 

stress for model W19 and W20 are shown in Figure 7-13. The non-uniformity of the 

shear stress in the ±45° layers is evident in Figure 7-13 (b) compared Figure 7-13 

(a), most noticeably at the apexes of the wrinkles where the curvature is greatest. 

As mentioned in §4.5, voids were found to occur at close to peaks of wrinkle, 

suggesting that the combination could lead to early damage initiation. 

 
(a) 

 
(b) 

Figure 7-13: Shear stress (τ12) distribution in MPa – Model W19 (a), and 
Model W20 (b) 
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7.5 Modelling Voids 

A parametric model was created to study the effects of different void morphologies 

on the overall stress distributions and magnitudes of maximum stresses for material 

undergoing compression. The shape and size of voids are studied as part of this 

exploration, but the effect of multiple voids was not included in the numerical 

investigation. This section of the thesis discusses the details of the modelling 

approach and discusses the consequent results obtained using the parametric 

model. 

7.5.1 Geometry 

The characterisation study explained in Chapter 0 of this thesis resulted in the 

identification of a variety of void shapes, sizes and locations. It was necessary to 

determine a suitable parametrically variable geometric model for the voids that 

would be reasonably representative of the voids found in actual curved parts. 

Early void characterisation studies using ultrasound-based NDE showed an increase 

in elongation with void size, indicating an ellipsoidal void shape for larger voids 

[379]. Gurdal, et al. [380] studied the shape of voids using microscopy and claimed 

that voids had an elliptical cross-section and a cylindrical morphology. Others 

studying void morphology using a ‘pseudo’ tomographic method achieved by 

extracting several thin slices in different orientation planes showed an average void 

aspect ratio of 0.35 and qualitatively classified them as “needle” shaped or elongated 

ellipses [381]. Several studies conducted on the morphology of voids have made 

similar conclusions, using comparable terminology to describe voids, such as; 

“elliptically cylindrical” [310], “cigar-shaped” [382, 383], “flat and elliptical in cross-

section” [72], and “flattened” [384]. Therefore, an ellipse was proposed as the 

idealised two-dimensional void section for finite element based numerical 

modelling purposes. 

The aspect ratios for voids established during this investigation into the 

characterisation of void shapes showed them to be “needle”, cigar” or “lens” shaped. 

An ellipse in two-dimensional planes across the curved region was determined to 

be the closest geometric shape that could represent these void types. All the 

previous studies incorporating an elliptical void morphology were conducted on flat 

specimens. Hence, it was necessary to explore the validity of using an ellipse as an 
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idealised void shape for this study due to the focus being curved structures. On this 

account, a comparative study between the actual void shapes in curved regions (as 

characterised in Chapter 0) and the closest fitting ellipse was undertaken.  

When calculating aspect ratios using Matlab’s “regionprops” function, the voids are 

fit to an ellipse before the length of major and minor axes are determined. This 

makes the assumption of voids to be closest to an ellipse valid in relation to 

characterisation data obtained from microscopy and micro-CT imaging techniques 

that utilised the “regionprops” function. As an example of the process undertaken to 

compare real void shapes to relative ellipses, see Figure 7-14 for a single greyscale 

tomographic slice and its corresponding binary conversion showing only voids. 

   
(a) (b) 

Figure 7-14: Single two-dimensional greyscale tomographic slice (a), and 
voids extracted as a binary image (b) 

Any inclusion of incomplete voids in the idealisation process would skew the 

idealisation. Accordingly, after the voids were identified and extracted as binary 

image slices, any voids which were incomplete due to their positioning and location 

to partially lie outside the analysis area were removed. Since this endeavour was to 

determine the typical shapes of large voids, any void with a cross-sectional area less 

than 0.1 mm2 were also removed from the idealisation analysis. The result of this 

progression on the example slice shown previously is presented in Figure 7-15.  
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Figure 7-15: Incomplete and small voids (< 0.1 mm2) removed 

Once the typical large void cross-sections were isolated, the next step was 

identifying a suitable method of fitting an ellipse to the data. After a review of well-

established ellipse fitting methods, it was determined that the direct least-square 

fitting of ellipses to a dataset as proposed by Fitzgibbon, et al. [385] was a suitable 

option for this study. Other methods by Watson [386] and Ahn, et al. [387] 

considered approached the problem using relatively similar procedures, but were 

found to be inadequate or extended the method beyond the requirements of this 

study. The idealised ellipses fitted to the voids shown in provided in Figure 7-16. 

   
(a) (b) 

Figure 7-16: Idealised elliptical representations of real voids (a), and their 
extracted outer edges (b) 

The first comparative analysis between the actual voids and idealised ellipses 

representing voids was the difference in overall cross-sectional areas for each pair 

of corresponding binarised slices. It was accomplished by conducting a pixel count 

of each connected component in the image pair and calculating the difference 

between each image pair. The results of this analysis are presented in Figure 7-17. 
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Figure 7-17: Comparison of actual void sections and idealised ellipse 

The comparison between actual void cross-sections and corresponding idealised 

voids showed that the majority of image slices showed a difference of less than 20% 

in cross-sectional area, out of which, ~60% of image slices had less than 10% 

difference. 

A subsequent analysis was conducted by overlapping the actual voids onto the 

idealised representative ellipses to determine the ratio of the actual void that lies 

inside the ellipse versus outside. The results obtained for this analysis are provided 

in Figure 7-18. 

   

Figure 7-18: Area of actual voids inside corresponding idealised ellipses 

For both examinations into the comparisons between actual voids and their 

representative idealised ellipses, a high level of similarity was established. To 
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summarise, it can be concluded that ellipses are an appropriate geometric shape for 

representing real voids. 

The geometry for all FEA modelling was done in Cartesian coordinates. Thus, it was 

necessary to determine a parametric equation for the ellipse that could be applied 

to the models to obtain suitable void geometries. Clemens and Clemens [388] 

described an ellipse with its major and minor axes parallel to the ‘x’ and ‘y’ axes 

respectively using Eq. 7-2. This equation was applied to the parametric model to 

determine the shape and size of the void being modelled. 

 
(x − c1)

a2
+

(y − c2)

b2
= 1 Eq. 7-2 

Where:  

a → Major axis length 

b → Minor axis length 

c1, c2 → ‘x, y’ coordinates of the centre of the ellipse 

A single idealised elliptical void within a flat laminate was initially proposed, as 

shown in Figure 7-19.  
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Figure 7-19: Schematic for a 10-ply laminate in the yz-plane with an idealised 
void located above the fifth ply 

However, it was soon determined that keeping ply edges straight raised several 

issues related to the representativeness of the geometry and material properties. 
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The plies adjacent to the void reduced in thickness due to the volume occupied by 

the void. In reality, some ply thinning around voids were observed during the 

characterisation study, but considerable corner thickening was also observed, 

negating the representativeness of the straight ply edges near voids. Another 

concern was the changing fibre volume fractions that required attention if ply 

thinning was included in the model. Ultimately, it was decided to apply a local 

thickening of the laminate caused by the void. A labelled cross-section showing the 

final geometric approach to model a discrete void is provided in Figure 7-20. 

 

Figure 7-20: Cross-section across the yz-plane of an FEA model with an 
idealised elliptical void at the specimen centre (between ply-30 and ply-31) 

Based on the characteristics of voids determined using the methods specified in 

§4.2.3, the range of sizes and aspect ratios have been summarised in Table 7-8. 

Table 7-8: Summary of the limits of typical void characteristics 

Maximum volume 30.61 mm3 

Maximum length (x-axis) 20+ mm 

Maximum width (y-axis) 9.92 mm 

Maximum height (z-axis) 1.35 mm 

Maximum aspect ratio (xy - plane) 26.1 

Maximum aspect ratio (xz - plane) 40.5 

Maximum aspect ratio (yz - plane) 12.5 

As it was necessary to determine the relationship between various possible shapes 

and sizes of voids to failure behaviour, an FEA model matrix had to be generated 

that captures a range of typical void shapes and sizes. The modifiable void attributes 
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implemented in the parametrisation were the void height, width and location. In 

order to reduce the total number of voids, the first set of models implemented a 

centralised void located exactly at the mid-plane of the laminate (between ply 30 

and 31). The model matrix based on void geometry is described in Table 7-9. 

Table 7-9: Parametric model ID and corresponding void attributes 

Model 
ID 

Void Width 
(mm) 

Void Height 
(mm) 

Aspect 
ratio 

Cross-sectional 
area (mm2) 

V01 2.5 0.25 10.0 0.98 

V02 2.5 0.50 5.0 1.96 

V03 2.5 0.75 3.3 2.95 

V04 2.5 1.00 2.5 3.93 

V05 2.5 1.25 2.0 4.91 

V06 2.5 1.50 1.7 5.89 

V07 5.0 0.50 10.0 3.93 

V08 5.0 0.75 6.7 5.89 

V09 5.0 1.00 5.0 7.85 

V10 5.0 1.25 4.0 9.82 

V11 5.0 1.50 3.3 11.78 

V12 7.5 0.50 15.0 5.89 

V13 7.5 0.75 10.0 8.84 

V14 7.5 1.00 7.5 11.78 

V15 7.5 1.25 6.0 14.73 

V16 7.5 1.50 5.0 17.67 

V17 10.0 0.75 13.3 11.78 

V18 10.0 1.00 10.0 15.71 

V19 10.0 1.25 8.0 19.63 

V20 10.0 1.50 6.7 23.56 

A full FEA model that contained a void required over 256 gigabytes of onboard 

computational memory. All void simulations were reduced to a half-symmetric 

model as shown in Figure 7-21 to reduce the memory requirement and run-time of 

each model. A boundary condition of “Y-Symmetry” was applied to the cut surface. 
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(a) (b) 

Figure 7-21: Model V7 – full (a), and half-symmetric (b) 

The reduction of the model raised the issue of asymmetric stress distributions 

caused by the off-axis (±45°) plies at the xz-plane location used to split the model, as 

shown in Figure 7-22. 

  

Figure 7-22: Alternating stress concentration location caused by symmetry-
cut 

Results were extracted from the yz-plane located at x = 6.5 mm to avoid any 

misrepresentation of data caused by unrealistic stress concentrations due to 

boundary or symmetry effects. Since this study was a comparative analysis of 

different void morphologies, all the results were extracted from the same location 

for each model. The chosen longitudinal position of the analysis plane was 

equidistant from the loading and fixed ends to remove unrealistic stress 

concentrations.  

The parametric model was programmed using python and the code is provided in 

Appendix C2.1 and C2.2.  
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7.5.2 Discussion of results 

All results presented in this section are extracted at 0.048 mm displacement 

(corresponding to a nominal strain of 0.4%). The maximum compressive stress is 

extracted for each model and normalised against the nominal case discussed in 

§7.3.1. 

7.5.2.1 Effect of void width and height (thickness) on maximum compressive stress 

Models V1 to V20 covered the typical range of void widths and heights found in 

curved regions of CFRP parts. The maximum compressive stresses for the models at 

an edge displacement of 0.048 mm provided twenty unique data points (one for 

each simulation). Since the results were based on two independent variables, 

visualisation of results was made easier by using Delaunay triangulation method 

[285] to create a surface plot of the data. The data were interpolated using the linear 

multivalued tetrahedral interpolation process presented by Amidror [389]. The 

resulting three-dimensional data is presented in Figure 7-23 as a surface plot.  

  

Figure 7-23: Effect of void width (x) and height (y) on compressive stress 

The maximum compressive stress for each model was normalised against the value 

obtained for the baseline geometry (§7.3.1) undergoing the same displacement. 
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Thicker voids and wider voids generally caused higher maximum compressive 

stresses. 

Different planes are presented, each representing a fixed aspect ratio of voids. The 

intersections between the planes and the surface plot representing the max stress 

variation are given in yellow, green and blue for void aspect ratios of 3, 6 and 10, 

respectively. The extracted curves were then plotted against the width and height of 

void independently for clarity and ease of assessment of the results (provided in 

Figure 7-24).  

 
(a) 

 
(b) 

Figure 7-24: Interpolated maximum compressive stresses for selected void 
aspect ratios - against increasing void widths (a), void heights (b) 

The general trend showed an increase in the maximum stresses with increasing void 

aspect ratio, but this effect seems to asymptote at high void widths, and potentially 
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have an inverse effect at very high void widths with a low aspect ratio (AR = 3). The 

effects would vary with the relationship of the length-scale of the part and void in 

consideration and is limited to the range of voids considered in this work. 

The effect of aspect ratio with increasing void thicknesses were also similar, where 

an increase in aspect ratio showed a tendency for higher maximum compressive 

stresses with an asymptotic trend at higher thicknesses.  

A typical on-axis (S11) stress distribution is shown in Figure 7-25, extracted from 

Model V7. This model incorporated a 5 mm wide void with an aspect ratio of 10 (0.5 

mm thickness) and was located between plies 30 and 31 (mid-plane of the laminate 

stack). The maximum compressive S11 stress usually occurred within the 0° ply 

closest to the void. However, it was observed that models with voids of lower aspect 

ratios (1.7 to 3.3) were more likely to exhibit maximum S11 stress concentrations 

within 0° plies farther from the void. 

 

Figure 7-25: Typical region of high compressive stress for specimens with 
elliptical voids 

7.5.2.2 Effect of void location on maximum compressive stress  

Subsequent to analysing the results for the various void geometries (provided in 

§7.5.2.1), Model V12 resulted in the highest stress concentrations. Therefore, the 

void geometry incorporated in Model V12 was selected for further exploration into 

the effect of the location of the voids on maximum compressive stresses. The various 
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locations modelled to study the effect of void location, including the adjacent ply 

orientations to the void are provided in Table 7-10. Two example geometries are 

shown in Figure 7-26.  

Table 7-10: Parametric model ID and corresponding void location 

Model 
ID 

Inter-ply 
void location 

Ply orientation 
below void 

Ply orientation 
above the void 

V21 2-3 0° 90° 

V22 5-6 0° 45° 

V23 10-11 -45° 45° 

V24 27-28 0° 0° 

 

Figure 7-26: Model V21 (a), Model V23 (b) 

The results for normalised maximum compressive stress for each model are 

provided in Figure 7-27, along with the location of the void in terms of the ply 

number as counted from the bottom of the laminate. 
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Figure 7-27: Effect of through-thickness void location on maximum 
compressive stress 

The only through-thickness void location that caused an increase in stress 

concentration when compared to the mid-plane void (Model V12) was when the 

void was located above ply #2, which corresponds to the 1st ply in the actual stacking 

sequences due to the 0° plies being twice the areal weight compared to the rest of 

the plies. An interesting phenomenon observed in this model was the instability of 

the sub-laminate region of the specimen under high strains. The sub-laminate 

instability shape for Model V21 is shown in Figure 7-28. 

  

Figure 7-28: Model V21 – sub-laminate instability causing high compressive 
stresses 
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7.5.2.3 Effect of aspect ratio and cross-sectional area of voids on maximum 

compressive stress 

Models V1 to M20 applied typical geometries of voids found in curved CFRP parts to 

an idealised flat compression geometry and elliptical void. For a closer controlled 

look at the effect of varying the aspect ratio of voids while maintaining the cross-

sectional area of voids, five additional models were created. Each model included a 

void with a cross-sectional area of 6 mm2, and varying void widths and heights. The 

void area was selected based on the average void cross-sectional area determined 

using methods described in Chapter 0, and it corresponded to approximately 5.9% 

of the specimen cross-section. The details of these five models are provided in Table 

7-11. The void was located above the fifth ply for each of these models. This was 

based on the results obtained for the study on the void location (provided in 

§7.5.2.2), which showed that the highest stresses without instabilities in the sub-

laminate occurred when the void was between plies five and six. 

Table 7-11: Parametric model ID and corresponding widths and heights for 
study on the effect of void aspect ratio with a fixed void cross-sectional area 

of 6 mm2 

Model 
ID 

Void Width 
(mm) 

Void Height 
(mm) 

Aspect 
ratio 

V25 2.6 1.47 1.77 

V26 4 0.95 4.19 

V27 5.5 0.69 7.92 

V28 7 0.55 12.83 

V29 9 0.42 21.21 

Figure 7-29 shows the locations of the highest compressive stresses for the two 

extreme cases studied. A high aspect ratio was observed to cause stress 

concentrations adjacent to the void tip to the sides, whereas, a more cylindrical 

shaped void with a low aspect ratio caused high stresses in the region above the 

void.  
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(a) (b) 

Figure 7-29: Location of the highest compressive stress in Model V25 (a), and 
Model V29 (b) 

The compressive stresses normalised to the results from the baseline specimen 

geometry is presented in Figure 7-30. An increase in aspect ratio of the void with a 

fixed cross-sectional area caused an increase in the maximum compressive stress. 

However, this effect decayed at higher aspect ratios, likely due to the void geometry 

reaching a critical width with respect to the overall specimen geometry, beyond 

which there was no observable increase in stress concentrations. 

 

Figure 7-30 Effect of increasing void aspect ratio for a fixed void cross-
sectional area of 6 mm2 on the maximum compressive stress 
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Similar to the controlled study of the effect of void aspect ratio, the effect of the 

cross-sectional area of voids were assessed at a fixed void aspect ratio of ten while 

varying the void widths and heights. 

Table 7-12: Parametric model ID and corresponding widths and heights for 
study on the effect of the void cross-sectional area with a fixed AR of 10 

Model 
ID 

Void Width 
(mm) 

Void Height 
(mm) 

Cross-sectional 
area (mm2) 

V30 3 0.3 0.63 

V31 4 0.4 2.51 

V32 6 0.6 5.66 

V33 8 0.8 10.05 

V34 10 1 15.71 

Figure 7-31 shows the locations of the highest compressive stresses for the two 

extreme cases studied. In both cases, the highest stresses are located near the void 

tip in a 0° ply, rather than near its peak. However, for voids with a smaller cross-

sectional area, the maximum compressive stresses were found to occur in ply 8 and 

9, whereas, voids with larger cross-sectional areas showed the stress concentrations 

to be located adjacent to voids in ply 5. 

 
(a) (b) 

Figure 7-31: Location of the highest compressive stress in Model V30 (a), and 
Model V35 (b) 

The compressive stresses normalised to the results from the nominal specimen 

geometry is provided in Figure 7-32. An increase in the cross-sectional area of voids 

caused higher maximum compressive stresses. The effect tapered off at higher void 

cross-sectional areas. It is interesting that the maximum stress does not tend to zero 
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at a void area of zero. It could suggest that the presence of void, albeit very small 

introduces a stress concentration, which then increases at a more gradual rate with 

the size of the void. 

 

Figure 7-32: Effect of increasing void cross-sectional area for a fixed void 
aspect ratio of 10 on the maximum compressive stress 

7.6 Summary 

Two different parametric numerical studies using elastic material models and static 

nonlinear modelling approach were undertaken. The first study applied idealised 

out-of-plane wrinkles as sinusoidal waves with a varying number of waves, 

amplitudes, and wavelengths representing a variety of defect severity. The second 

study included models with voids idealised as ellipses based on a statistical study 

confirming the similarity of actual voids to ellipses. 

Out-of-plane ply wrinkles were shown to have minimal effect on the compressive 

stresses of specimens when loaded orthogonally to the plane of wrinkling. The 

average variation of maximum compressive stress between specimens containing 

wrinkling of various severities and the nominal specimen was ~0.3%. The minor 

effect of wrinkles on compressive stresses is likely due to the loading direction being 

orthogonal to the orientation of the wrinkling. When the loading direction was 

parallel to the plane of wrinkling, compressive stress concentrations were lower by 

~1.5% compared to the nominal geometry, but shear stresses were higher by 

~9.9%. 
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Voids, on the other hand, were shown to cause an increase in stress concentrations 

and had a general tendency to result in a higher maximum compressive stress when 

compared to the defect-free nominal model. Generally, an increase in void aspect 

ratio caused an increase in the maximum stresses experienced by specimens that 

contained voids of typical geometry. This was substantiated with a controlled study 

where the cross-sectional area of the void was fixed while varying the void aspect 

ratio. Therefore, large voids, and voids of high aspect ratios require special attention 

when assessing defects in parts during production as part of any quality assurance 

or non-destructive inspections. 

Voids located very close to the specimen surfaces showed possible instabilities in 

the small sub-laminate created by its presence. Similar behaviour was observed in 

physical tests, indicating that there is a possibility of voids causing sub-laminate 

buckling, and consequent delamination of plies from the void tip. It is important for 

manufacturers of CFRP parts to detect voids close to the surface due to their 

increased effect on causing delaminations in adjacent regions by sub-laminate 

buckling. 
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8 CONCLUSION 

X-ray micro-CT images were analysed to determine the shape, size, location and 

orientation of voids present within curved CFRP parts using a system of image 

processing and quantifying tools3. The reconstructed tomographic data calculated 

from the X-ray scan data was also used to calculate the variation in average 

misalignment of plies along the length of parts using two different approaches (2D-

DFT and ST) to ensure high fidelity of the orientation analysis. Standard quality 

assurance procedures utilising single probe ultrasound scans were unable to detect 

voids or wrinkles found using low magnification microscopy and X-ray micro-CT 

scans. 

Typical voids found in corners were quantitatively characterised based on their 

volumes, lengths, widths, and heights. The largest voids within a 20 mm length along 

a curved region had a volume of 5.59 mm3, while the average void volume was 

measured to be 0.12 mm3. Voids were measured to have widths and thicknesses of 

up to 8.2 mm and 1.35 mm, respectively. The longest voids detected had extremities 

extending past the specimen gauge length, demonstrating a very large length-to-

width ratio for large voids. 

 
3 A. Ramesh, M. Battley, T. Allen, and C. Hickey, "Characterising Voids and Wrinkles in Curved Carbon 

Fibre Reinforced Polymer Parts using µ-CT and Optical Microscopy," in 18th European Conference 

on Composite Materials, Athens, Greece, 2018, 2018. 
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Aspect ratios quantifying the scale of skewness and slenderness of voids were also 

calculated in different planes to understand typical void shapes in curved regions of 

CFRP parts. The average void aspect ratios in the xy-planes and xz-planes were found 

to be up to three times greater with magnitudes of ~25 to 35 when compared to the 

aspect ratios in the yz-plane that typically had aspect ratios just below 10. The 

difference in aspect ratio demonstrates that individual voids are more likely to be 

cylindrical and less spherical, whereas average aspect ratios of over five in the yz-

plane show that these voids have highly elliptical cross-sections. 

Analysis of the volumetric distribution and characteristics of voids demonstrated 

that larger voids have greater cross-sectional ellipticity than smaller voids, which 

tend to be spherical. Voids with “lens” shapes were found to be common in highly 

curved regions. Larger voids of this type were typically associated with ply bridging. 

It was also observed that in cases with severe out-of-plane wrinkling of plies, long 

“needle” or “cigar”-shaped voids were also detected. 

Average lamina orientation along the length of the parts in the curved region was 

assessed using 2D DFT and structure tensors, and a variation of up to 2.2° was found 

in the orientation orthogonal to the part’s curvature. 

The out-of-plane wrinkling of plies in the curved regions was manually mapped 

from low-magnification reflective optical micrographs. Image analysis tools were 

developed and employed to quantify the thickening of curved regions and to 

characterise the wavelength and amplitude of wrinkles.  

Parts with radii of curvature of 10 mm and a thickness of 5.66 mm and a radius of 

curvature of 20 mm and a thickness of 8.49 mm were assessed during this 

investigation. Corner regions showed an average thickening of up to 25.7% 

compared to nominal laminate thickness, while adjacent flat areas only increased in 

thickness by ~5% in parts with a corner radii of 10 mm. The mean corner thickening 

in parts with a 20 mm radius of curvature was measured to be 17.4 %, while 

adjacent flat regions showed a thinning effect of up to 3%.  

The radius of curvature of the wrinkling at its peak was also determined using 

micrograph data. The smallest curvature resulting in the most severe cases for parts 

with 10 mm corner radii was 1.5 mm, and for parts with 20 mm corner radii was 

1.18 mm. Since the most severe case was a relatively rare condition, a more 
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meaningful metric to assess was the mean wrinkle peak radius, which was measured 

to be 8.9 mm and 4.6 mm for parts with corner radii of 10 mm and 20 mm, 

respectively. 

Wrinkle amplitudes and peak-curvature were most severe at ~ 50% of the 

thickness, while wrinkle wavelengths were most severe at ~65% of the thickness 

away from the mould surface, beyond which it tends to asymptote. The peak-

curvature also asymptotes, while amplitude decays to nominal levels as it 

approaches the surface farthest from the mould surface. 

The effect of different manufacturing parameters on defect severity, particularly de-

bulk frequency, was assessed. The results demonstrated that high levels of quality 

control measures infeasible to production scale manufacturing still result in voids 

and wrinkles. However, the severity of both defect types were reduced with higher 

de-bulk frequencies and lower humidity levels in manufacturing workspaces.  

Standardised compression tests (ASTM 6641) with additional instrumentation 

including an acoustic emission monitoring system and multiple high-speed cameras 

were used to study the damage behaviour in specimens extracted from curved 

regions of CFRP parts. AE signal parameters indicated progressive damage of the 

composite, with most of the fibre breaking related failure mode associated with 

higher signal frequencies and amplitudes happening close to failure loads, whereas 

matrix cracking took place throughout the tests. High-speed cameras detected sub-

laminate buckling in multiple specimens under compressive loads. The final failure 

event under compression for specimens that did not undergo sub-laminate buckling 

was found to be highly rapid and was not capturable at image acquisition rates of up 

to 20000 FPS. Some micro buckling of surface fibre bundles was detected when 

analysing image data acquired using high-speed cameras. 

A novel test method was developed using a custom loading system that allows for 

X-ray micro-CT scanning of specimens under compressive loads. This was utilised 

to study the damage behaviour of CFRP specimens extracted from curved regions 

containing a variety of defect severities4.  

 
4  A. Ramesh, M. Battley, D. J. Bull, M. Mavrogordato, and T. Allen, "In Situ Micro-CT Imaging of 

Compression Loaded Carbon Fibre Reinforced Polymer Specimens with Voids and Wrinkles," in 22nd 

International Conference on Composite Materials, Melbourne, Australia, 2019, 2019 
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The gauge regions of specimens were scanned while loaded at multiple steps up to 

90% of their compressive failure. Some cracks were found to develop from the edges 

and walls of voids. However, most of the observed damage was related to the micro 

buckling of fibre bundles located on specimen surfaces, similar to data obtained 

using high-speed cameras. Some shear cracks in the matrix were seen occurring at 

45° angles through plies.  

Parametric numerical models were developed to study the effect of varying 

magnitudes of idealised defect characteristics typically found in curved regions of 

CFRP specimens on the stress distribution under compressive loads orthogonal to 

the plane of the part’s curvature. 

Two different parametric numerical studies using elastic material models and static 

nonlinear modelling approach were undertaken. The first study included models 

with voids idealised as ellipses based on the quantified similarity of actual voids to 

ellipses. The second study incorporated idealised out-of-plane wrinkles represented 

by sinusoidal waves with a varying number of cycles, amplitudes, and wavelengths 

representing a variety of defect severity. 

Numerical models showed out-of-plane ply wrinkles to have minimal effect on the 

compressive stresses of specimens when loaded orthogonally to the plane of 

wrinkling. However, loading specimens parallel to the plane of wrinkling showed 

maximum shear stresses of ~10% higher than nominal geometry for a specimen 

with typical wrinkle parameters (0.4 mm amplitude and 6 mm wavelength). Models 

showed that voids increased the maximum compressive stresses, and high void 

aspect ratios seemed to cause stress concentrations at void tips. Voids close to a 

surface resulted in instability of the sub-laminate, as observed in the experimental 

studies. 

The results of this study have demonstrated that thick curved CFRP laminates can 

have complex void morphologies and wrinkle severities. The effect of these on the 

resulting laminate compressive strength is more dependent on individual defect 

parameters than the average defect characteristics. Increase in the volume fraction, 

length, and width of voids, caused a reduction of compression strengths in CFRP 

specimens. Stress concentrations near void tips were observed in high aspect ratio 

voids, while it was found near the peak of low aspect voids. Increase in void aspect 

ratios caused higher stress concentrations. Voids close to an outer surface of parts 

were found to cause instability of the region and sub-laminate buckling related 

delamination, leading to failure.  
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8.1 Recommendations and Future Work 

8.1.1 Stacking sequence 

The motivation for this study was supported by the project’s industry partner’s 

concern about the typical defects found in curved regions of thick CFRP laminates 

and the effect it may have on the mechanical performance of marine structures 

under compressive loads. The investigation accounted for the highly oriented 

stacking sequence into the study to maintain representativeness to real-world 

scenarios. It may have also been beneficial to study symmetric and balanced 

stacking sequences to eliminate the complexities in the failure behaviour caused by 

the coupling of extension and bending. The application of quasi-isotropic laminates 

would have simplified the mechanics to allow for an improved understanding of the 

mechanical behaviour observed during compression tests while removing some of 

the uncertainties experienced while rationalising the results obtained using the 

finite element based parametric numerical models. 

8.1.2 Sample sizes, scan resolutions and noise reduction for X-ray micro-

CT scanning 

The large number of identified defect characteristics introduced challenges in 

isolating the exact attribute responsible for different damage mechanisms identified 

during in-situ compression tests. Conducting compression tests on a much larger 

sample set would allow for improved isolation of correlating defect parameter and 

damage mechanisms. 

The X-ray micro-CT scan resolution of ~10 µm voxel size could be increased to 

obtain more details regarding damage accumulations and mechanisms. In contrast, 

the increased scan times of higher resolution scans would result in greater stress 

relaxation and hydraulic pressure losses, which require special care and attention 

to overcome.  

Methods of noise reduction during the scan and during post-processing would 

benefit greatly in improving the ability to detect ply edges automatically. However, 

these processes can often lead to increased scan times, which is an expensive 

undertaking when a large set of specimens need to be studied. A compromise would 

be to conduct shorter scans on many specimens to identify any particular area of 

interest that need to be studied in detail, which can then be scanned using finer 
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rotational steps and at higher resolutions so that they can be downsampled later to 

reduce the noise while preserving the internal details of interest. 

8.1.3 AE signal parameter characterisation studies 

AE monitoring offered a large amount of data describing the internal material 

responses to compressive loads. However, due to the novel approach to applying the 

instrumentation onto the test fixture rather than the specimens themselves, filtering 

the signal parameters posed a huge challenge. Moreover, the lack of consensus on 

the correlation between various signal parameter ranges and damage mechanisms 

add to the uncertainties of assessing AE data to describe the failure behaviour of 

CFRP specimens. A thorough independent investigation into the variations in AE 

signal parameters for various damage mechanisms, such as fibre breaks, matrix 

cracks, and delaminations, when measured through multiple interfaces similar to 

the CLC test setup would improve the quality of filtering applied to the raw data 

gathered. Advancing the knowledge on AE monitoring of composites is of high 

interest due to the limited number of previous research and the large differences in 

conclusions presented by researchers in existing literature. 

8.1.4 Improvements to test methods 

An improvement to the proposed implementation of high-speed cameras to the 

ASTM standard CLC test would be to synchronise the data from the load cell, AE 

monitoring and strain gauges to the camera’s internal timer. The synchronisation 

would allow for an improved understanding of visually observable damage 

phenomenon and their relationship to variation in reaction forces and stresses, 

strains and properties of events captured by AE monitoring, such as amplitude, 

frequency, count, and energy.  

8.1.5 Improvement in numerical modelling methods 

The set of results obtained using the current simulations created with the 

parametric model could be used to optimise the mesh and improve the run-time of 

each job by implementing biased seeds towards areas of stress concentrations and 

high geometric variations. It could also implement further checks with respect to 

mesh quality controls to provide the user with options to adjust the mesh locally as 

required. 
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An improvement to the idealised geometries currently implemented would be a 

linear decay in the ply offsets caused by the wrinkles, allowing for a flat outer surface 

with internal defects of varying severity based on through-thickness location within 

the laminate. This would result in a more realistic scenario considering the results 

obtained from various inspection methods discussed in previous chapters. 

However, this would require multiple material properties within the specimen due 

to varying fibre volume fractions caused by the defect’s decay. 

The current numerical models developed and presented lack the detail necessary to 

capture the sophisticated constituent material behaviour caused by the 

complexities that defects such as voids and wrinkles introduce. The simple elastic 

orthotropic material properties applied at the lamina level also fail to capture the 

details of damage accumulation that was observed in results obtained from physical 

compression tests.  

Applying multiscale material models, in theory, could be a solution to the problem 

discussed above. Nonetheless, it was found to be computationally intensive, 

requiring up to twenty times the processing speeds and power for the same 

geometry and mesh densities as a static elastic model.  

Multiscale models are useful in determining the degradation of constitutive 

materials within composites under loads, but for a successful application, multiscale 

material models require homogenisation across a macro-scale model. For 

specimens with large variations in internal architecture, such as defect 

morphologies and fibre volume fractions, a large number of homogenised 

representative volume elements would be required to represent the problem 

accurately. Additionally, the defect scales identified in this project were larger than 

typical constituent micro-scale representative volume elements, superseding the 

purpose of a multiscale model. An investigation into the use of multiscale material 

models that are representative of defects in CFRP parts was undertaken, and a 

summary of its possible applications and methodologies are provided in Appendix 

A4. 

Applying varying fibre volume fractions caused by uneven matrix distribution 

within the part or defects of several severities within the same specimen poses huge 

challenges because of the requirement for multiple representative volume elements 

necessary to describe the problem numerically. For these reasons, to accurately 
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model composite materials containing wrinkles and voids, it is necessary to 

establish a suitable modelling method that is numerically efficient and at the same 

time have the ability to capture the necessary details required. 

8.1.6 Conversion of algorithms to UI based tools 

The algorithms developed as part of this project are currently in the form of scripts 

in Matlab and Python programming languages. A useful improvement to the image 

processing codes used for analysing voids and ply misalignment would be to 

combine the algorithms and implement them into a software program with a user 

interface (UI). A user-friendly software tool for processing three-dimensional X-ray 

micro-CT scan data, along with methods of assessing two-dimensional micrographs 

for analysing continuous fibre reinforced composites could be useful for material 

scientists and engineers conducting similar studies on the internal architecture of 

composites. In the future, additional tools could be added to the software, such as 

digital volume correlation of in-situ micro-CT data, increasing the value of the 

proposed UI-based software tool.  

8.1.7 Application of neural network 

The data obtained during the course of this project using X-ray micro-CT was limited 

in resolution and contained a large amount of noise, restricting the possibilities of 

automated extraction of internal ply architecture of specimens from the scan data 

using currently established image processing techniques.  

Alternatively, it is the author’s belief that the application of artificial intelligence and 

neural network based deep learning could solve the problems of increased noise and 

relatively low resolutions of scans. This is especially applicable to this project due to 

the large quantity of micro-CT data gathered over the course of this project, which 

can be a huge factor in determining the efficacy of AI and neural network based deep 

learning.
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APPENDIX A1 INVESTIGATION OF NDT METHODS  

A1.1 Microscopy 

For the purpose of determining any internal features, such as voids, the part needs 

to be cut open to expose the cross section of interest, then ground and polished, 

before scanning and imaging the region of interest using a reflective optical 

microscope (Nikon SMZ18). A distinct observation that was made during the 

investigation of characterisation techniques as part of this project was the difference 

in quality of the image seen using the microscope binocular and the digital image 

saved using the microscope’s image acquisition system. A photo taken using a 

mobile telephone camera through one of the binocular eye piece and an image 

acquired using the image acquisition system can be seen in Figure A- 1. Note that 

the images are of different specimens. 

 

Figure A- 1: Example of view through binocular eyepiece (left) and digital 

image captured using the microscope’s system (right). 

       ̀                                                                

Electron microscope can be used to characterise defects at much higher resolutions, 

giving it the ability to detect features at a sub micrometer scale. A trial scan using a 

scanning electron microscope (Model: FEI XL30 S-FEG) of a curved CFRP part is 

given in Figure A- 2. Although the results were of high resolution, each image can 

only analyse a very small region of the corner. Hence, multiple images would need 

to be combined and analysed to obtain the necessary details for successfully 

characterising voids using electron microscope. The cost of an electron microscope 



 

is also magnitudes greater than an optical microscope, and only adds little value 

when compared to the much cheaper optical microscope for the scale of interest to 

this project.  

 

Figure A- 2: Electron microscopic scan of a CFRP part 

Two dimensional imaging processes such as optical and electron microscopes are 

unable to capture any characteristics of voids outside the plane being imaged. The 

procedure also relies on numerous slices to be imaged to determine a statistically 

accurate representation of void geometry and locations. 

A1.2 Phased Array Ultrasound 

The potential described in literature encouraged further investigation into using PA 

ultrasound to characterise voids. An initial study was undertaken to gain a basic 

understanding of how to operate a phased array (PA) ultrasound machine (Olympus 

OmniScan MX2) to non-destructively inspect CFRP specimens for defects in 

collaboration with Mr Cartier [1]. Calibration tests using a stepped block (Figure A- 

3) along and a panel with inclusions at various depths (Figure A- 4 & Figure A- 5) 

allowed further developing the knowledge of set up parameters of the device.  

  

Figure A- 3: Stepped CFRP block to calibrate phased array ultrasound system 
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Figure A- 4: Lay-up at various stages to include defects at different thickness 

locations of the same panel 

After a preliminary investigation, it was determined that PA ultrasound test results 

lacked the resolution and detail required to accurately describe voids and was also 

not sensitive enough to determine the ply edges to identify any wrinkling. The defect 

edges could not be clearly distinguished for accurate characterisation. 

 

Figure A- 5: Artificial delamination two-dimensional schematic (left) and 

final panel (right) 

 



 

APPENDIX A2 USER INPUT BASED WRINKLE ANALYSIS 

PROCESS FOR MICROGRAPHS - EXAMPLE 

1. File selection 

 

2. Image transformation 

 

 

3. Calculation of corner thickness 
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4. Number of plies to be analysed 

 

5. Bottom edge mapping 

 



 

6. Ply selection for analysis 

 

7. Ideal ply calculation 
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8. Actual ply edge mapping 

 

9. Ideal ply edge offset 

 



 

 

10. Calculating wrinkle parameters – Number of observed intercepts 

 

11.   Calculating wrinkle parameters – Number of calculated intercepts 

 

12. Calculating wrinkle parameters –Region selection 
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APPENDIX A3 PHYSICAL TESTS - DATA 

A3.1 Control specimens – CLC Test Results 

Loads and Strains 
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A3.2 CLC Test 01 

Stresses and Strains 

 

Specimen 01 

 

 

Specimen 02 

 

  



 

A-15 

 

A3.3 CLC Test 02 

A3.3.1 Laminate Schedule 

Layer Weight Type Direction Length Width  

1 300 SM 0 900 300 

2 150 SM 90 900 300 

3 300 SM 0 900 300 

4 150 SM 45 900 300 

5 150 SM -45 900 300 

6 300 SM 0 900 300 

7 150 SM -45 900 300 

8 150 SM 45 900 300 

9 300 SM 0 900 300 

10 150 SM 90 900 300 

11 300 SM 0 900 300 

12 150 SM 45 900 300 

13 150 SM -45 900 300 

14 300 SM 0 900 300 

15 150 SM -45 900 300 

16 150 SM 45 900 300 

17 300 SM 0 900 300 

18 150 SM 90 900 300 

19 300 SM 0 900 300 

20 300 SM 0 900 300 

21 150 SM 45 900 300 Mid 
Plane 

22 150 SM -45 900 300 

23 300 SM 0 900 300  

24 300 SM 0 900 300 

25 150 SM 90 900 300 

26 300 SM 0 900 300 

27 150 SM 45 900 300 

28 150 SM -45 900 300 

29 300 SM 0 900 300 

30 150 SM -45 900 300 

31 150 SM 45 900 300 

32 300 SM 0 900 300 

33 150 SM 90 900 300 

34 300 SM 0 900 300 

35 150 SM 45 900 300 

36 150 SM -45 900 300 

37 300 SM 0 900 300 

38 150 SM -45 900 300 

39 150 SM 45 900 300 

40 300 SM 0 900 300 

41 150 SM 90 900 300 

42 300 SM 0 900 300 

Sidewall: ~85 mm Radius: 20 mm Aft Face: 120 mm 

Area: 

All [0] plies: 
300G 4.86 sq.m  

Total Laminate 
Thickness 

8.066 
mm 

Rest: 150G 6.48 sq.m      



 

 

A3.3.2 HS Cam (time rounded to nearest µs) 

Specimen 01S 

Time = 0 s 000000 µs 

 

Time = 4 s 057000 µs 

 
Time = 4 s 058000 µs 

 

Time = 6 s 000000 µs 
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Specimen 02P 

Time = 0 s 000000 µs 

 

Time = 0 s 007000 µs 

 

Time = 0 s 008000 µs 

 
Time = 0 s 009000 µs 

 

Time = 3 s 178000 µs  

 

 

  



 

Specimen 04S 

Time = 0 s 000000 µs 

 

Time = 4 s 205300 µs 

 

Time = 4 s 206650 µs 

 
Time = 4 s 206800 µs 

 

Time = 4 s 215450 µs  

 

 

  



 

A-19 

 

Specimen 05P 

Time = 0 s 000000 µs 

 

Time = 1 s 681050 µs 

 

Time = 1 s 681150 µs 

 
Time = 1 s 695500 µs 

 

Time = 1 s 695850 µs 

 

Time = 1 s 708100 µs 

  

 

  



 

Specimen 05S  

Time = 0 s 000000 µs 

 

Time = 0 s 001000 µs 

 

Time = 0 s 001600 µs 

 
Time = 0 s 001650 µs 

 

Time = 0 s 002000 µs  

 

Time = 0 s 003500 µs  
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A3.3.3 Stresses and Strains 

Specimen 01S 

 
Specimen 02P 

 
Specimen 02S 

 
 

 

 

 

 

 



 

Specimen 04S 

 
Specimen 05P 

 
Specimen 05S 
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A3.3.4 Acoustic Emission Results 

Specimen 01S 

Cumulative Hits 

 

Cumulative Counts  

 

Energy 

 

Cumulative Energy 

 

Frequency 

 

Cumulative Frequency 

 
Amplitude  

 

 

  



 

Specimen 02P 

Cumulative Hits 

 

Cumulative Counts  

 
Energy 

 

Cumulative Energy 

  
Frequency 

 

Cumulative Frequency 

 

Amplitude  
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Specimen 02S 

Cumulative Hits 

 

Cumulative Counts  

 
Energy 

 

Cumulative Energy 

 
Frequency 

 

Cumulative Frequency 

 
Amplitude  

 

 

 

  



 

Specimen 04S 

Cumulative Hits 

 

Cumulative Counts  

 

Energy 

 

Cumulative Energy 

 
Frequency 

 

Cumulative Frequency 

 
Amplitude  
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Specimen 05P 

Cumulative Hits 

 

Cumulative Counts  

 
Energy 

 

Cumulative Energy 

 
Frequency 

 

Cumulative Frequency 

 
Amplitude  

 

 

 

  



 

Specimen 05S 

Cumulative Hits 

 

Cumulative Counts  

 
Energy 

 

Cumulative Energy 

 
Frequency 

 

Cumulative Frequency 

 

Amplitude  
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A3.4 CLC Test 03 – Part A 

A3.4.1 High-speed camera synchronisation 

The additional camera introduced the challenge of synchronisation between the two 

cameras to ensure that the images acquired can be matched to the same time stamp. 

Both cameras were connected to the same control laptop and operated using a single 

instance of the camera’s proprietary software Phantom Camera Control (PCC) 

version 3.3. Thus, two synchronisation options were available; software based 

simultaneous trigger or voltage signal based hardware trigger. A software trigger 

was convenient, however, a delay exists in the signal between the control-software 

and cameras due to the limitations in data transfer speeds of the Ethernet cable and 

network card. Thus, a hardware trigger was a more robust method of ensuring 

accurate synchronisation between the two cameras. The hardware based trigger 

input of the camera was a Bayonet Neill–Concelman (BNC) connector that was 

activated by a switch to ground.  A hardware trigger was not immediately available 

because it was not included in the system used for this test series. Therefore, an 

improvised trigger was implemented into the system for this test by connecting a 

cable with a male BNC connector to the camera and a male RCA connector at the 

opposing end that was manually grounded upon failure of the specimen to save the 

latest images acquired by the camera. 

 

  



 

A3.4.2 HS Cam Snapshots (time rounded to nearest µs) 

Specimen 01 - P1_P03 (only one camera operational) 

Time = 0 s 

 

Time = 7s 30389µs 

 

Time = 7s 550667µs 

 
Time = 7s 550778µs 

 

Time = 7s 550778µs 

 

Time = 7s 606389µs 
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Specimen 03 - P2_P02 (only one camera operational) 

Time = 0 s 

 

Time = 7s 239908µs  

 

Time = 7s 239963µs 

 

Time = 7s 240019µs 

 

Time = 7s 240075µs 

 

Time = 7s 240130µs 

 
  



 

Specimen 02 - P2_P01 

Time = 0 s 

  

Time = 8s 369757µs  

  
Time = 8s 369812µs 

  

Time = 8s 369868µs 

  

Specimen 04 - P2_P03 

Time = 0 s 

   

Time = 8s 184819µs  

    
Time = 8s 184930µs 

    

Time = 8s 184930µs 
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Specimen 05 - P3_P01 

Time = 0 s 

  

Time = 7s 276629µs  

    
Time = 7s 276685µs 

  

Time = 7s 277518µs 

   
Time = 7s 291462µs 

  

Time = 7s 291573µs 

  
Time = 7s 291628µs 

 

Time = 7s 291740µs 
 

  



 

Specimen 06 - P3_P02 

Time = 0 s 

  

Time = 6s 905031µs  

  
Time = 6s 905142µs 

  

Time = 6s 909975µs 

  
Time = 7s 212965µs 

  

Time = 7s 213076µs 

  
Time = 7s 213187µs 

  

Time = 7s 212965µs 
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Specimen 07 - P3_P03 

Time = 0 s 

 

Time = 5s 450305µs  

  
Time = 5s 450361µs 

  

Time = 5s 450416µs 

  
Time = 5s 450583µs 

  

Time = 5s 485249µs 

  
Time = 7s 670115µs 

  

Time = 7s 671170µs 

  



 

Specimen 08 - P3_S1 

Time = 0 s 

  

Time = 8s 127321µs  

  
Time = 8s 129765µs 

  

Time = 8s 956180µs 

  

Specimen 09 - P3_S2 

Time = 0 s 

  

Time = 7s 416902µs  

  
Time = 7s 442123µs 

  

Time = 8s 956180µs 
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A3.4.3 Acoustic Emission results 

Specimen 01 - P1_P03 

Cumulative Hits 

 

Cumulative Counts  

  

Energy 

 

Cumulative Energy 

 

Frequency 

 

Cumulative Frequency 

 
Amplitude  

 

 

  



 

Specimen 02 - P2_P01 

Cumulative Hits 

 

Cumulative Counts  

  
Energy 

 

Cumulative Energy 

 

Frequency 

 

Cumulative Frequency 

 
Amplitude  
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Specimen 03 - P2_P02 

Cumulative Hits 

 

Cumulative Counts  

 
Energy 

 

Cumulative Energy 

 
Frequency 

 

Cumulative Frequency 

 
Amplitude  

 

 

 

  



 

Specimen 04 - P2_P03 

Cumulative Hits 

 

Cumulative Counts  

 
Energy 

 

Cumulative Energy 

 

Frequency 

 

Cumulative Frequency 

 
Amplitude  
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Specimen 05 - P3_P01 

Cumulative Hits 

 

Cumulative Counts  

 
Energy 

 

Cumulative Energy 

 
Frequency 

 

Cumulative Frequency 

 
Amplitude  

 

 

 

  



 

Specimen 06 - P3_P02 

Cumulative Hits 

 

Cumulative Counts  

  
Energy 

 

Cumulative Energy 

  

Frequency 

 

Cumulative Frequency 

 
Amplitude  
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Specimen 07 - P3_P03 

Cumulative Hits 

 

Cumulative Counts  

 
Energy 

 

Cumulative Energy 

 

Frequency 

 

Cumulative Frequency 

 
Amplitude  

 

 

  



 

Specimen 08 - P3_S1 

Cumulative Hits 

 

Cumulative Counts  

 
Energy 

 

Cumulative Energy 

  
Frequency 

 

Cumulative Frequency 

 
Amplitude  
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Specimen 09 - P3_S2 

Cumulative Hits 

 

Cumulative Counts  

  
Energy 

 

Cumulative Energy 

 
Frequency 

 

Cumulative Frequency 

 
Amplitude  

 

 

 

  



 

A3.5 CLC Test 03 – Part B (in-situ X-ray µ-CT) 

A3.5.1 Photographs of Failed Specimens 

Specimen 01 - P1_P01 

 

Specimen 02 - P1_S01 
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Specimen 03 - P2_S01 

 

Specimen 04 - P3_S01 

 



 

Specimen 05 - P3_S02 

 

Specimen 06 - P3_S03 
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Specimen 07 - P3_P2 

 

Specimen 08 - P3_P3 

 

  



 

Specimen 09 - P3_S3 
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A3.5.2 Load, and Displacement Data 

Specimen 01 - P1_P01 

 

Specimen 02 - P1_S01 

 

Specimen 03 - P2_S01 

 

Specimen 04 - P3_S01 

 



 

Specimen 05 - P3_S02 

 

Specimen 06 - P3_S03 

 

Specimen 07 - P3_P2 
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Specimen 08 - P3_P3 

 

Specimen 09 - P3_S3 

 

 

 

 

 

 

 

 

 

 



 

 

A3.5.3 µ-CT Scan Results 

Specimen 01 - P1_P01 

 

Specimen 02 - P1_S01 
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Specimen 03 - P2_S01 

 

  



 

Specimen 04 - P3_S01 

 

Specimen 06 - P3_S03 
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Specimen 05 - P3_S02 

 

  



 

Specimen 07 - P3_P2 
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Specimen 08 - P3_P3 

 



 

 

 

 

Specimen 09 - P3_S3 

Specimen failed during first load step, and no in-situ scan data was obtained under 

loading as only a partial scan was conducted before the specimen failed. 
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APPENDIX A4 INVESTIGATION OF MULTISCALE 

MODELLING TECHNIQUES 

Numerical modelling of composites began with strength-based models and then 

developed into fracture mechanics based approaches. As summarised by 

Mishnaevsky Jr and Brøndsted [2], the evolution of numerical modelling of damage 

in composites began with models based on the shear lag developed in the 1950’s. 

The next stage of models involved progressive failure analysis. One of these was 

fibre bundle models that included a bundle of known number fibres with uniform 

properties. Any broken fibres would result in the loads being distributed evenly to 

the remaining fibres. Fracture mechanics based models were the next main 

development in modelling composite failure. These including mechanisms of matrix 

cracking, influence of stress intensity and combinations of other previously 

established techniques, such as the shear lag model and fibre bundle model.  

The latest stages of fracture modelling in composites involve continuum damage 

mechanics based models and continuum mechanical models. Continuum damage 

mechanics excludes all defects within a body that is unable to carry loads and 

represents them as a crack placed across the entire body. This reduces the total load 

carrying area of the component [3]. 

Multi-continuum theory based models 

This technique is based around the principle that physical properties of a material 

at a point can be evaluated by averaging the property over a representative volume 

element (RVE) which surrounds this arbitrary point. RVE has to be considerably 

smaller than the overall part being analysed, but still large enough to apply 

statistically averaged properties for analysis. Helius PFA by Autodesk employs this 

theory to determine the behaviour of the different constituents in FRPs and which 

constituent is responsible for the initiation of failure and how the failure progresses. 

Micro mechanics is applied to determine the constituent properties within the 

software when that information is not readily available. 

Multi-scale models 

In order to model the behaviour of a laminate that contain defects that are at a much 

smaller scale to the overall component, it is no longer practical to use a micro scale 



 

model to analyse the material behaviour of specimen with realistic geometric 

features such as corners or ply drop-offs.  It is then necessary to use a multi-scale 

approach to ensure computational efficiency and practicality, while ensuring that 

significant defects such as voids and wrinkles are included in the model. 

Two possible methods of multi-scale modelling techniques could be utilised to 

model such a problem. One method involves starting the model at a unit cell level 

and moving to bigger scales as described by Shi, et al. [4] and Tserpes, et al. [5]. This 

method may be called bottom-up, upscaling or micromechanics analysis method.  

The second method starts at a structural level and moves down to smaller scales [6]. 

This is called the top-down, downscaling or global-local method [7]. 

There are currently a few commercial software available which claim to create 

multi-scale FEA models and/or analyse composites at a micromechanics level. Some 

of these are listed below: 

1. Autodesk - Helius PFA (Progressive Failure Analysis) previously Firehole 

Composite’s product Helius:MCT 

2. Altair – Hyperworks Multiscale Designer, previously Multiscale Design 

Systems (MDS) product MDS for linking Continuum scale 

3. MultiMechanics – MultiMech for Abaqus / Ansys 

4. E-Xstream – DIGIMAT (MSC Softwares) 

5. Alpha Star - Genoa  

6. HyperSizer (started as NASA software, now independent),  

7. Engenuity – Czone 

Having considered the options currently available, Altair’s Hyperworks Multiscale 

Designer and Autodesk’s Helius PFA was selected for further exploration of using 

multiscale modelling approach of composites. This was mainly because of the 

versatility of the software and licencing availability. 

Helius PFA utilises multicontinuum theory (MCT) to predict the failure of each 

constituent separately of a composite unlike typical FEA methods which assume a 

failure criteria based on the combined composite failing. MCT models will be initially 

created to determine whether failure caused by wrinkles and voids are dependent 

on the fibre failing first or the matrix.  

 



 

A-63 

 

 

Generating a ‘Representative Volume Element’ (RVE) 

Using Altair’s Multiscale Designer, it is possible to develop nonlinear multiscale 

material models that can then be used with a nonlinear Abaqus (Standard-Static) 

model at a macro scale. The stresses and strains of the fibre and matrix can be 

resolved by analysing the macro scale model without the high computational costs 

of a complete micro-meso-macro scale numerical simulation. 

In this study, a combination forward and inverse homogenisation methods were 

used to define the constituent (fibre and matrix) properties of the lamina based on 

available data and mechanical tests conducted during the project. 

Unit Cell 

The first step in creating an RVE is to define the geometry, mesh, volume ratios of 

the micro-phases, orientations and the association of element sets to each micro-

phase, which may be described as the unit cell. For the purpose of modelling cured 

thermoset based CFRP material being studied in this project, a cubic unit cell from 

the MDS software’s parametric unit cell library was selected. A fibrous model was 

used and a fibre volume fraction of 60% was applied to the unit cell definition. 

According to Altair Engineering [8], the radius of the fibre can then be calculated 

using Eq. A-1. 

 𝐯𝐟 = 𝟏𝟎𝟎𝛑𝐫𝐟
𝟐 

Eq A-1 

 ∴  rf =  √
vf

100π
 

Once the geometric properties for the micro-phases and the overall unit cell of the 

macro-phase are all defined, the next step involves meshing the unit cell and 

defining the element sets associated with each micro-phase. Figure A- 6 shows a 

visualisation of the unit cell for a continuous fibre based composite material’s unit 

cell that consists of a fibre volume fraction of 60%. 



 

 

Figure A- 6: Meshed RVE of epoxy (left), fibre (centre) and composite (right) 

It is also possible to create the geometry and meshes for unit cells externally using 

tools such as Abaqus or OptiStruct, and the generation of unit cell definitions are not 

dependent on the next steps that develop the material property characteristics.  

A key step in producing a valid RVE to conduct a multiscale numerical analysis is the 

homogenisation of material properties. Mustiscale designer offers two methods of 

achieving this task; 

1. by either calculating the macro homogenous material properties using a 

system of direct forward homogenisation,  

2. or by solving an inverse optimisation problem. 

Direct forward homogenisation involves using data sheet values for micro-phase 

material properties to calculate the respective homogenised macro-phase 

properties for the RVE. 

In order to applying MDS RVE to an Abaqus macro scale model, the steps outlined in 

Figure A- 7 has to be undertaken. 



 

A-65 

 

Create a 
macro scale 

homogenous 
model

Validate the 
homogenous 

mode

Create a 
multiscale 

material RVE

Apply 
multiscale 
material 

subroutine 
into macro 
scale model

Solve model 
and post-
process

Create RVE 
based material 

subroutine

Define RVE 
geometry

Determine 
constituent 

material 
properties

Linear / non-linear 
forward or inverse 

homogenisation

Linear material 
parameters

Determine 
suitable micro 

scale mesh

Non-linear material 
parameters

Reduced 
order model 
computation

 

Figure A- 7: MDS multiscale model - process architecture for use with Abaqus 
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APPENDIX A5: ENGINEERING SKETCHES AND DRAWINGS 
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APPENDIX A6: MICRO-CT SCAN SETTINGS 

A6.1 Specimen ‘Eval 01’ 

[System] 
Scanner=SkyScan1272 
Instrument S/N=14E09050 
Software Version=1.1.2 
Home Directory=C:\SkyScan1272\SkyScan1272 
Source Type=HAMAMATSU_L11871_20 
Camera Type=XIMEA xiRAY16 
Camera Pixel Size (um)=7.4 
Camera X/Y Ratio=1.0029 
[User] 
User Name=SkyScan 
Computer Name=BN337132 
[Acquisition] 
Number Of Files=  475 
Number Of Rows= 1640 
Number Of Columns= 2452 
Partial Width=OFF 
Image crop origin X=0 
Image crop origin Y=0 
Camera binning=2x2 
Image Rotation=0.17200 
Optical Axis (line)=  820 
Camera to Source (mm)=222.27687 
Object to Source (mm)=150.18750 
Source Voltage (kV)=  60 
Source Current (uA)= 140 
Image Pixel Size (um)=10.000028 
Scaled Image Pixel Size (um)=10.000028 
Image Format=TIFF 
Depth (bits)=16 
Reference Intensity=57000 
Exposure (ms)=2300 
Rotation Step (deg)=0.400 
Use 360 Rotation=NO 
Scanning position=8.000 mm 
Frame Averaging=ON (2) 
Random Movement=ON (4) 
Flat Field Correction=ON 
Geometrical Correction=ON 
Filter=Al 0.25mm 
Gantry direction=CC 
Rotation Direction=CC 
Type of Detector Motion=STEP AND SHOOT 
Scanning Trajectory=ROUND 
Scan duration=1h:14m:31s 
[Reconstruction] 
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Reconstruction Program=NRecon 
Program Version=Version: 1.6.9.18 
Program Home Directory=C:\SkyScan1272\SkyScan1272 
Reconstruction engine=InstaRecon 
Engine version=Version: 2.0.2.6 
Reconstruction from batch=No 
Postalignment=-2.00 
Reconstruction servers= BN337132  
Dataset Origin=SkyScan1272 
First Section=66 
Last Section=1508 
Reconstruction duration per slice (seconds)=0.058905 
Total reconstruction time (1443 slices) in seconds=85.000000 
Section to Section Step=1 
Sections Count=1443 
Result File Type=BMP 
Result File Header Length (bytes)=1134 
Result Image Width (pixels)=2452 
Result Image Height (pixels)=2452 
Pixel Size (um)=10.00003 
Reconstruction Angular Range (deg)=190.00 
Use 180+=OFF 
Angular Step (deg)=0.4000 
Smoothing=2 
Smoothing kernel=2 (Gaussian) 
Ring Artifact Correction=20 
Draw Scales=OFF 
Object Bigger than FOV=OFF 
Reconstruction from ROI=OFF 
Filter cutoff relative to Nyquisit frequency=100 
Filter type=0 
Filter type meaning(1)=0: Hamming (Ramp in case of optical scanner); 1: Hann; 
2: Ramp; 3: Almost Ramp;  
Filter type meaning(2)=11: Cosine; 12: Shepp-Logan; [100,200]: Generalized 
Hamming, alpha=(iFilter-100)/100 
Undersampling factor=1 
Threshold for defect pixel mask (%)=0 
Beam Hardening Correction (%)=72 
CS Static Rotation (deg)=0.00 
Minimum for CS to Image Conversion=0.003848 
Maximum for CS to Image Conversion=0.034877 
HU Calibration=OFF 
BMP LUT=2 
Cone-beam Angle Horiz.(deg)=9.333588 
Cone-beam Angle Vert.(deg)=6.250329 
Pseudo-parallel projection calculated=1 
 



 

 A6.2 Specimen 01, Specimen 02 and Specimen 03 

 [System] 
Scanner=Skyscan1172 
Instrument S/N=006 
Hardware version=G 
Software=Version 1. 5 (build 27) 
Home directory=C:\Skyscan1172g_Ximea 
Source Type=Hamamatsu 100/250 
Camera=SHT 11Mp camera 
Camera Pixel Size (um)=    9.00 
CameraXYRatio=1.0027 
Incl.in lifting (um/mm)=2.2177 
[User] 
User Name=Skyscan 
Computer Name=BN337109 
[Acquisition] 
Number of Files= 1000 
Source Voltage (kV)=  65 
Source Current (uA)= 149 
Number of Rows= 2664 
Number of Columns= 4000 
Image crop origin X=   0 
Image crop origin Y=0 
Camera binning=1x1 
Image Rotation=0.1500 
Gantry direction=CC 
Image Pixel Size (um)=    5.48 
Object to Source (mm)=128.220 
Camera to Source (mm)=210.565 
Vertical Object Position (mm)=46.600 
Optical Axis (line)=1290 
Filter=No filter 
Image Format=TIFF 
Depth (bits)=16 
Screen LUT=0 
Exposure (ms)=  1000 
Rotation Step (deg)=0.200 
Frame Averaging=ON (2) 
Random Movement=ON (4) 
Use 360 Rotation=NO 
Geometrical Correction=ON 
Camera Offset=OFF 
Median Filtering=ON 
Flat Field Correction=ON 
Rotation Direction=CC 
Scanning Trajectory=ROUND 
Type Of Motion=STEP AND SHOOT 
Scan duration=01:36:24 
Maximum vertical TS=5.0 
[Reconstruction] 
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Reconstruction Program=NRecon 
Program Version=Version: 1.7.1.0 
Program Home Directory=C:\Skyscan software Oct2017 
downloads\Extracted\NRecon server 64 1.7.1.0 
Reconstruction engine=GPUReconServer 
Engine version=Version: 1.7.1 
Reconstruction from batch=No 
Postalignment=9.50 
Reconstruction servers= BN356561  
Dataset Origin=Skyscan1172 
First Section=170 
Last Section=2546 
Reconstruction duration per slice (seconds)=1.028607 
Total reconstruction time (2377 slices) in seconds=2445.000000 
Section to Section Step=1 
Sections Count=2377 
Result File Type=BMP 
Result File Header Length (bytes)=1134 
Result Image Width (pixels)=4000 
Result Image Height (pixels)=4000 
Pixel Size (um)=5.48122 
Reconstruction Angular Range (deg)=199.80 
Use 180+=OFF 
Angular Step (deg)=0.2000 
Smoothing=2 
Smoothing kernel=2 (Gaussian) 
Ring Artifact Correction=18 
Draw Scales=OFF 
Object Bigger than FOV=ON 
Reconstruction from ROI=OFF 
Filter cutoff relative to Nyquist frequency=100 
Filter type=0 
Filter type description=Hamming (Alpha=0.54) 
Undersampling factor=1 
Threshold for defect pixel mask (%)=0 
Beam Hardening Correction (%)=28 
CS Static Rotation (deg)=0.00 
Minimum for CS to Image Conversion=0.000000 
Maximum for CS to Image Conversion=0.038598 
HU Calibration=OFF 
BMP LUT=0 
Cone-beam Angle Horiz.(deg)=9.773487 
Cone-beam Angle Vert.(deg)=6.517933 
[File name convention] 
Filename Index Length=4 

 

 



 

A6.3 Scan series 03 

 [XTekCT] 
Name=20180706_HUTCH_1940_DJB_P1_P03 
InputSeparator=_ 
OutputSeparator=_ 
InputFolderName= 
OutputFolderName=20180706_HUTCH_1940_DJB_P1_P03 
VoxelsX=2000 
VoxelsY=2000 
VoxelsZ=2000 
VoxelSizeX=0.011373638720525 
VoxelSizeY=0.011373638720525 
VoxelSizeZ=0.011373638720525 
OffsetX=0 
OffsetY=0 
OffsetZ=0 
SrcToObject=45.5582046508789 
SrcToDetector=801.1193 
MaskRadius=11.373638720525 
DetectorPixelsX=2000 
DetectorPixelsY=2000 
DetectorPixelSizeX=0.2 
DetectorPixelSizeY=0.2 
DetectorOffsetX=0.0 
DetectorOffsetY=0 
CentreOfRotationTop=0.0 
CentreOfRotationBottom=0.0 
WhiteLevel=60000.0 
Scattering=0.0 
CoefX4=0.0 
CoefX3=0.0 
CoefX2=0.0 
CoefX1=1.0 
CoefX0=0.0 
Scale=1.0 
RegionStartX=0 
RegionStartY=0 
RegionPixelsX=2000 
RegionPixelsY=2000 
Projections=3142 
InitialAngle=4.48899984359741 
AngularStep=0.11457670273711 
FilterType=0 
CutOffFrequency=2.4999999627471 
Exponent=1.0 
Normalisation=1.0 
InterpolationType=1 
Scaling=1.0 
AutomaticCentreOfRotation=1 
AutomaticCentreOfRotationOffsetZ1=0 
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AutomaticCentreOfRotationOffsetZ2=0 
OutputType=0 
TIFFScaling=1 
ImportConversion=1 
AutoScalingType=0 
LowPercentile=0.2 
HighPercentile=99.8 
[Xrays] 
XraykV=120 
XrayuA=253 
[CTPro] 
Filter_ThicknessMM=0.000 
Filter_Material= 
Shuttling=False 

 



 

APPENDIX A7: ASTM S2344 TEST SUMMARY 

A short beam strength test in accordance with ASTM S2344 standards [347] was 

conducted, and the results are shown in Figure A- 8 and the table below. Failure 

mode was always interlaminar shear (IS), mostly in the middle and sometimes at 

the edge.  

 

Figure A- 8: ASTM D2344 results 

Short beam strength test results 

# 
Max 

Load (N) 

CH Disp. 

(mm) 

Max Fail 

Stress (MPa) 
SBS (MPa) 

01 7328 0.9126 630.8 77.85 

02 7445 0.8520 623.6 78.02 

03 7230 0.8014 607.1 76.10 

04 7360 0.8181 613.2 76.98 

05 7535 0.8620 630.2 79.12 

06 7587 0.8614 635.6 79.80 

07 7425 0.8464 624.2 78.23 

08 7475 0.8650 644.2 79.46 

Figure A- 9 shows typical specimen’s failure mode, which occurred within ~15% 

into the thickness from the top between 0° and 45° plies. 
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Figure A- 9: Interlaminar shear failure of a specimen 

The material supplier states an interlaminar shear strength (ILSS) of 76 MPa 

(Appendix A7) and the specimens tested had an average short beam strength of 78.2 

MPa. The material supplier’s assessment understated the ILSS of the laminate by 

almost 2.9%. Accordingly, it was concluded that the overall lamina properties 

obtained from the data sheets supplied by the manufacture were in agreement with 

the part qualities manufactured for this project. 
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APPENDIX B1 MICRO-CT RECONSTRUCTIONS, OPTICAL MICROSCOPIC IMAGES AND PROCESSED 

IMAGES 

B1.1 Micro-CT 

B1.1.1 Scan 1 – “Eval 01” 

Slice 750 – Reconstructed 

 

Slice 750 – Voids 

 
Slice 1500 – Reconstructed 

 

Slice 1500 – Voids 

 



 

 

B1.1.2 Scan 2 

Specimen S03_S - Slice 1500 – Reconstructed 

 

Specimen S03_S - Slice 1500 – Voids Isolated 

 
Specimen S03_S - Slice 3000 – Reconstructed 

 

Specimen S03_S - Slice 3000 – Voids Isolated 

 
Specimen S04_P - Slice 1500 – Reconstructed Specimen S04_P - Slice 1500 – Voids Isolated 
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Specimen S04_P - Slice 3000 – Reconstructed 

 

Specimen S04_P - Slice 3000 – Voids Isolated 

 
  



 

 

 
Specimen S06_S - Slice 1500 – Reconstructed 

 

Specimen S06_S - Slice 1500 – Voids Isolated 
 
 
 
 
 

Not Applicaple - zero voids detected 

Specimen S06_S - Slice 3000 – Reconstructed 

 

Specimen S06_S - Slice 3000 – Voids Isolated 
 
 
 
 
 
 

Not Applicaple - zero voids detected 
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B1.1.3 Scan 3 

Ring artefact reduction parameters for 3rd scan session based on calibration 

Specimen 
Window 

size 
Threshold Precision Iterations 

P1_P01 51 1.0 3.0 5 
P2_P01 51 1.0 3.0 5 
P2_P02 41 2.0 3.0 1 
P2_P03 51 1.0 3.0 10 
P3_P01 71 1.0 3.0 1 
P3_P02 61 2.0 3.0 1 
P3_P03 51 1.0 3.0 5 
P3_S02 51 1.0 3.0 5 
P3_S1 51 2.0 3.0 5 

P1_P03 41 2.0 3.0 1 
P1_S01 61 2.0 3.0 5 
P2_S01 71 2.0 3.0 1 

P3S3 51 1.0 3.0 5 
P3_P2 61 2.0 3.0 1 
P3_P3 61 1.0 3.0 1 

P3_S01 51 2.0 3.0 1 
P3_S03 41 2.0 3.0 5 
P3_S2 41 2.0 3.0 1 
P3_S3 71 2.0 3.0 1 

 



 

 

 

P1_P01 (yz-plane) 

Slice 400 - Reconstructed 

 

Slice 400 – Ring Artefact Reduced 

 

Slice 400 – Voids Isolated 

 

Slice 800 - Reconstructed 

 

Slice 800 – Ring Artefact Reduced 

 

Slice 800 – Voids Isolated 

 

Slice 1200 - Reconstructed 

 

Slice 1200 – Ring Artefact Reduced 

 

Slice 1200 – Voids Isolated 
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P1_P03 (yz-plane) 

Slice 400 - Reconstructed 

 

Slice 400 – Ring Artefact Reduced 

 

Slice 400 – Voids Isolated 

 

Slice 800 - Reconstructed 

 

Slice 800 – Ring Artefact Reduced 

 

Slice 800 – Voids Isolated 

 

Slice 1146 - Reconstructed 

 

Slice 1146 – Ring Artefact Reduced 

 

Slice 1146 – Voids Isolated 

 



 

 

 

P1_S01 (yz-plane) 

Slice 400 - Reconstructed 

 

Slice 400 – Ring Artefact Reduced 

 

Slice 400 – Voids Isolated 

 

Slice 800 - Reconstructed 

 

Slice 800 – Ring Artefact Reduced 

 

Slice 800 – Voids Isolated 

 

Slice 1200 - Reconstructed 

 

Slice 1200 – Ring Artefact Reduced 

 

Slice 1200 – Voids Isolated 
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P2_P01 (yz-plane) 

Slice 400 - Reconstructed 

 

Slice 400 – Ring Artefact Reduced 

 

Slice 400 – Voids Isolated 

 

Slice 800 - Reconstructed 

 

Slice 800 – Ring Artefact Reduced 

 

Slice 800 – Voids Isolated 

 

Slice 1200 - Reconstructed 

 

Slice 1200 – Ring Artefact Reduced 

 

Slice 1200 – Voids Isolated 
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P2_P02 (yz-plane) 

Slice 400 - Reconstructed 

 

Slice 400 – Ring Artefact Reduced 

 

Slice 400 – Voids Isolated 

 

Slice 800 - Reconstructed 

 

Slice 800 – Ring Artefact Reduced 

 

Slice 800 – Voids Isolated 

 

Slice 1200 - Reconstructed 

 

Slice 1200 – Ring Artefact Reduced 

 

Slice 1200 – Voids Isolated 

 

 

  



 

 

P2_P03 (yz-plane) 

Slice 400 - Reconstructed 

 

Slice 400 – Ring Artefact Reduced 

 

Slice 400 – Voids Isolated 

 

Slice 800 - Reconstructed 

 

Slice 800 – Ring Artefact Reduced 

 

Slice 800 – Voids Isolated 

 

Slice 1200 - Reconstructed 

 

Slice 1200 – Ring Artefact Reduced 

 

Slice 1200 – Voids Isolated 
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P2_S01 (yz-plane) 

Slice 400 - Reconstructed 

 

Slice 400 – Ring Artefact Reduced 

 

Slice 400 – Voids Isolated 

 

Slice 800 - Reconstructed 

 

Slice 800 – Ring Artefact Reduced 

 

Slice 800 – Voids Isolated 

 

Slice 1200 - Reconstructed 

 

Slice 1200 – Ring Artefact Reduced 

 

Slice 1200 – Voids Isolated 

 

 

  



 

 

P3_P01 (yz-plane) 

Slice 400 - Reconstructed 

 

Slice 400 – Ring Artefact Reduced 

 

Slice 400 – Voids Isolated 

 

Slice 800 - Reconstructed 

 

Slice 800 – Ring Artefact Reduced 

 

Slice 800 – Voids Isolated 

 

Slice 1200 - Reconstructed 

 

Slice 1200 – Ring Artefact Reduced 

 

Slice 1200 – Voids Isolated 
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P3_P02 (yz-plane) 
Slice 400 - Reconstructed 

 

Slice 400 – Ring Artefact Reduced 

 

Slice 400 – Voids Isolated 

 

Slice 800 - Reconstructed 

 

Slice 800 – Ring Artefact Reduced 

 

Slice 800 – Voids Isolated 

 

Slice 1200 - Reconstructed 

 

Slice 1200 – Ring Artefact Reduced 

 

Slice 1200 – Voids Isolated 

 

 
  



 

 

P3_P03 (yz-plane) 
Slice 400 - Reconstructed 

 

Slice 400 – Ring Artefact Reduced 

 

Slice 400 – Voids Isolated 

 

Slice 800 - Reconstructed 

 

Slice 800 – Ring Artefact Reduced 

 

Slice 800 – Voids Isolated 

 

Slice 1200 - Reconstructed 

 

Slice 1200 – Ring Artefact Reduced 

 

Slice 1200 – Voids Isolated 
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P3_S01 (yz-plane) 
Slice 400 - Reconstructed 

 

Slice 400 – Ring Artefact Reduced 

 

Slice 400 – Voids Isolated 

 

Slice 800 - Reconstructed 

 

Slice 800 – Ring Artefact Reduced 

 

Slice 800 – Voids Isolated 

 

Slice 1200 - Reconstructed 

 

Slice 1200 – Ring Artefact Reduced 

 

Slice 1200 – Voids Isolated 

 

 
  



 

 

P3_S02 (yz-plane) 
Slice 400 - Reconstructed 

 

Slice 400 – Ring Artefact Reduced 

 

Slice 400 – Voids Isolated 

 

Slice 800 - Reconstructed 

 

Slice 800 – Ring Artefact Reduced 

 

Slice 800 – Voids Isolated 

 

Slice 1200 - Reconstructed 

 

Slice 1200 – Ring Artefact Reduced 

 

Slice 1200 – Voids Isolated 
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P3_S03 (yz-plane) 
Slice 400 - Reconstructed 

 

Slice 400 – Ring Artefact Reduced 

 

Slice 400 – Voids Isolated 

 

Slice 800 - Reconstructed 

 

Slice 800 – Ring Artefact Reduced 

 

Slice 800 – Voids Isolated 

 

Slice 1200 - Reconstructed 

 

Slice 1200 – Ring Artefact Reduced 

 

Slice 1200 – Voids Isolated 

 

 
  



 

 

P3_P2 (yz-plane) 
Slice 400 - Reconstructed 

 

Slice 400 – Ring Artefact Reduced 

 

Slice 400 – Voids Isolated 

 

Slice 800 - Reconstructed 

 

Slice 800 – Ring Artefact Reduced 

 

Slice 800 – Voids Isolated 

 

Slice 1200 - Reconstructed 

 

Slice 1200 – Ring Artefact Reduced 

 

Slice 1200 – Voids Isolated 
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P3_P3 (yz-plane) 
Slice 400 - Reconstructed 

 

Slice 400 – Ring Artefact Reduced 

 

Slice 400 – Voids Isolated 

 

Slice 800 - Reconstructed 

 

Slice 800 – Ring Artefact Reduced 

 

Slice 800 – Voids Isolated 

 

Slice 1200 - Reconstructed 

 

Slice 1200 – Ring Artefact Reduced 

 

Slice 1200 – Voids Isolated 

 

 
  



 

 

P3_S1 (yz-plane) 
Slice 400 - Reconstructed 

 

Slice 400 – Ring Artefact Reduced 

 

Slice 400 – Voids Isolated 

 

Slice 800 - Reconstructed 

 

Slice 800 – Ring Artefact Reduced 

 

Slice 800 – Voids Isolated 

 

Slice 1200 - Reconstructed 

 

Slice 1200 – Ring Artefact Reduced 

 

Slice 1200 – Voids Isolated 
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P3_S2 (yz-plane) 
Slice 400 - Reconstructed 

 

Slice 400 – Ring Artefact Reduced 

 

Slice 400 – Voids Isolated 

 

Slice 800 - Reconstructed 

 

Slice 800 – Ring Artefact Reduced 

 

Slice 800 – Voids Isolated 

 

Slice 1200 - Reconstructed 

 

Slice 1200 – Ring Artefact Reduced 

 

Slice 1200 – Voids Isolated 

 

 
  



 

 

P3_S3 (yz-plane) 
Slice 400 - Reconstructed 

 

Slice 400 – Ring Artefact Reduced 

 

Slice 400 – Voids Isolated 

 

Slice 800 - Reconstructed 

 

Slice 800 – Ring Artefact Reduced 

 

Slice 800 – Voids Isolated 

 

Slice 1200 - Reconstructed 

 

Slice 1200 – Ring Artefact Reduced 

 

Slice 1200 – Voids Isolated 
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XZ-orientation analysis results – 3D orientation distributions 
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YZ-plane x-axis projection (left) and corresponding “C-Scan” rendering (right) 

P1_P01 
 

P1_P03  



 

 

P1_S01 

 

P2_P01 
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P2_P02  

P2_P03 
 



 

 

P2_S01 
 

P3_P01 
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P3_P02  

P3_P2 
 



 

 

P3_P03 
 

P3_P3 
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P3_S01 
 

P3_S1 
 



 

 

P3_S02 
 

P3_S2 
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P3_S03 
 

P3_S3  



 

 

B1.1.4 Orientation analysis results xz-plane – 2D-DFT 
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B1.1.5 Orientation analysis results xz-plane – Structure tensor 
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B1.1.6 Orientation analysis results xz-plane – average orientation (left) and weighted anisotropy (right) 
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B1.2 Microscopy 

B1.2.1 10 mm radii 
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Panel 1 – Starboard 
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Panel 2 – Port 
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Panel 2 – Starboard 
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Panel 7 – Port 
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B1.2.4 Microscopy – wrinkle results 
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APPENDIX B2: DATA SHEETS 
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APPENDIX C1– MATLAB CODES FOR IMAGE PROCESSING 

C1.1 Loop void 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%               Micro-CT Image Analysis - Void Content               % 

%               Author: Abhi Ramesh                                  % 
%               Date: 05 September 2017                              % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 

%%%%%%%%%%%%%%% Clean up%%%%%%%%%%%%%%%%%%%  
tic; % Start timer. 
clear all 
close all 
warning off 

  
% Specimen list 
spec_nm = ["P5", "S3", "S5"];%..."P2",  

  
% Number of specimens and main directory location 
spec_cnt = numel(spec_nm); 
main_dir = strcat('P:\Documents\PhD\Year 4\SS_Manu_Panel\Micro-

CT\Scan02\'); 

  
for m = 1:spec_cnt 
    % Set input directory and file name 
    spec_name1 = spec_nm(:,m); % specimen name 
    % convert string to character vector 
    spec_name1 = convertStringsToChars(spec_name1);  
    in_dir = strcat(main_dir,spec_name1,"\DS\crop_yz\"); 
    % Create output directory 
    out_dir = fullfile(in_dir,'processed'); 
    if ~exist(out_dir, 'dir') 
        mkdir(out_dir) 
    end 

  
    % File count 
    % Get a list of all image files in this folder. 
    files1 = dir(fullfile(in_dir,'*tif'));  
    spec_list = {files1.name}; % Extract list of images. 
    tif_count = numel(files1); % Number of BMP files 

  
    % Read through and analyse full tiff stack.   
    for k = 1:tif_count 
        tif_Filename = strcat(sprintf('crop_%04d.tif', k)); 

  
        % Import image into variable imgDat 
        imgDat = imread(fullfile(in_dir,tif_Filename)); 

  
% Convert image to BW. Can use a different threshold value by 
...specifying it in im2bw(B,threshold_Value) if using global method. 
        %imgBW1 = im2bw(imgDat,0.8); 
        imgBW1 = imbinarize(imgDat,'adaptive',... 
        'ForegroundPolarity','dark','Sensitivity',0.2); 
        imgBW2 = ~imgBW1; 
        % Clean image of small white speckles. 
        speckle_sz = 200; 
        imgClean = bwareaopen(imgBW2,speckle_sz); 



 

 

 

  
% Create morphological structuring element: disk shape, radius. 
        rad = 7; 
        se = strel('diamond',rad); 

  
        % Morphologically close image 
        imgClose = imclose(imgClean,se); 

  
        fullDestFileName = fullfile(out_dir, tif_Filename); 
        imwrite(imgClose, fullDestFileName, 'tiff', 'Compression', 

'none'); 
    end 
end 

 
toc %Performance Check 

 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%                           END                                      % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

 

C1.2 Ring artefact reduction – Centre of Rotation 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%     CFRP Image Analysis - Ring Artefact - Centre of Rotation    % 
%             Author: Abhi Ramesh                                    % 
%             Date: 12 August 2018                                   % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%%%%%%%%%%%%%%% Clean up%%%%%%%%%%%%%%%%%%% 
tic; % Start timer. 
clc;    % Clear the command window. 
close all;  % Close all figures (except those of imtool) 
imtool close all;  % Close all imtool figures (Image Processing 

Toolbox) 
clear;  % Erase all existing variables. Or clearvars if you want. 
workspace;  % Make sure the workspace panel is showing. 
warning off 

  
% Set input directory and file name 
test_type = {'AE'; 'In_Situ'}; 
main_dir = ('E:\Files\Micro_CT\UoS\PreScan\Results - Cropped TIFF\'); 
in_dir = strcat(main_dir,test_type); 

  
% Get a list of all files and folders in this folder. 
files1 = dir(in_dir{1});  
files1 = files1(3:end); 
% Get a logical vector that tells which is a directory. 
dirFlags1 = [files1.isdir];  
% Extract only those that are directories. 
spec_AE = {files1(dirFlags1).name}; 

  
% Get a list of all files and folders in this folder. 
files2 = dir(in_dir{2});  
files2 = files2(3:end); 
% Get a logical vector that tells which is a directory. 
dirFlags2 = [files2.isdir];  
% Extract only those that are directories. 
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spec_In_Situ = {files2(dirFlags2).name};  

  
CoRot = []; 

  
% Create output text file 
fid = fopen(fullfile(main_dir,'CoR_list.txt'),'w'); 
fprintf(fid, 'Centre of Rotation\n\n'); 
fprintf(fid, 'AE Specimens\n'); 
fprintf(fid,'%s\n',spec_AE{:}); % Write AE specimen list to file 

  
for sp_ae = 1:numel(spec_AE) 
    input_dir = fullfile(in_dir{1},spec_AE{sp_ae}); 
    fname_in = strcat(input_dir,'\',spec_AE{sp_ae},'_0001.tif'); 
    img = imread(fname_in); 
    waitfor(msgbox(... 
        {'Zoom in and hit "Enter" key when ROI is clearly visible';... 
        'Then select Centre of Rotation'})); 
    figure, imshow(img), title('Select centre of rotation') 
    zoom on; 

% Hit 'Enter' key once zoomed 
    waitfor(gcf, 'CurrentCharacter', char(13))  
    [x{sp_ae},y{sp_ae}] = ginput(1); 
    zoom off; % to escape the zoom mode 
    close all 
    CoRot_AE = [CoRot;x{sp_ae} y{sp_ae}] 
    fprintf(fid,'%6.2f %6.2f\n',CoRot_AE); % Write data to text file 
end 
fprintf(fid, '\n AE Specimens\n'); 
fprintf(fid,'%s\n',spec_In_Situ{:});  % Write In Situ specimen list to 

file 

  
for sp_is = 1:numel(spec_In_Situ) 
    input_dir = fullfile(in_dir{2},spec_In_Situ{sp_is}); 
    fname_in = strcat(input_dir,'\',spec_In_Situ{sp_is},'_0001.tif'); 
    img = imread(fname_in); 
    waitfor(msgbox({'Zoom in and hit "Enter" key when ROI is clearly 

visible';... 
        'Then select Centre of Rotation'})); 
    figure, imshow(img), title('Select centre of rotation') 
    zoom on; 
    waitfor(gcf, 'CurrentCharacter', char(13)) % Hit 'Enter' key once 

zoomed 
    [x{sp_is},y{sp_is}] = ginput(1); 
    zoom off; % to escape the zoom mode 
    close all 
    CoRot_IS = [CoRot;x{sp_is} y{sp_is}]; 
    fprintf(fid,'%6.2f %6.2f\n',CoRot_IS); % Write data to text file 
end 
%Close File 
fclose(fid); 

  
toc % Stop timer. 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%                           END                                      % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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C1.2 Z-Projection rendering for “C-Scan” visualisation 
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C1.3 File rename 

 

 

 



 

 

 

C1.4 Re-Slice into different planes 
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C1.5 Ring artefact reduction – calibration 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%        CFRP Image Analysis - Ring Artefact Removal Calibration     % 
%        Author: Abhi Ramesh                                         % 
%        Date: 22 August 2018                                        % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%%%%%%%%%%%%%%% Clean up%%%%%%%%%%%%%%%%%%% 
tic; % Start timer. 
clc;    % Clear the command window. 
close all;  % Close all figures (except those of imtool) 
imtool close all;  % Close all imtool figures (Image Processing 

Toolbox) 
clear;  % Erase all existing variables. Or clearvars if you want. 
workspace;  % Make sure the workspace panel is showing. 
warning off 

  

% Specimen list and corresponding Centre of Rotation location for AE 

test  
spec_nm_ae = ["P1_P01", "P2_P01", "P2_P02", "P2_P03", "P3_P01", ... 
    "P3_P02", "P3_P03", "P3_S02", "P3_S1"];  
CoR_ae = [568.84 318.41; 451.82 317.00; 514.08 334.70;... 
    485.51 314.87; 416.67 299.27; 402.92 318.28;... 
    464.64 319.54; 448.55 320.93; 414.18 320.81]; 
 

%%%%%%% Try various parameters for ring artefact removal %%%%%%%%% 

 
for m = 1:1:numel(spec_nm_ae) 
    for wnsz = [31 41 51 61 71] %window size 
        for thr = [0.1 0.5 1.0 0.5 2.0] %threshold 
            for prec = [1.0 2.0 3.0] %precision for far field accuracy 
                for iter = [1 5 10] %number of iteations 
                    %Set input directory and file name 
                    spec_name1 = spec_nm_ae(:,m); % specimen name 
                    % convert string to character vector 
                    spec_name1 = convertStringsToChars(spec_name1);  
                    % specify directory 
                    in_dir = strcat(... 
                        'E:\Files\Micro_CT\UoS\PreScan\Results - 

Cropped TIFF\AE\',... 
                        spec_name1); 
%concatenate directory and specimen name for full file location 
                    fname_in = strcat(spec_name1,'_0001.tif');  
                    %Load input image 
                    img_in = imread(fullfile(in_dir,fname_in));  
                    %Create output directory for processed images 
                    out_dir = fullfile(in_dir,'calibration'); 
                    if ~exist(out_dir, 'dir') 
                        mkdir(out_dir) 
                    end 
                    %Ring removal operation 
                    img_out = ringrem(img_in,... 
                        [CoR_ae(m,2),CoR_ae(m,1)], ... 
                        wnsz, thr, prec, iter); 
                    %set output file name format 
                    fname_out = sprintf(... 
                        'calib_%d_%0.1f_%0.1f_%d.tif',... 
                        wnsz,thr,prec,iter);  
                    % Write processed image to outputdirectory 

 imwrite(img_out,fullfile(out_dir,fname_out),'tif');  
                end     



 

C-13 

 

            end 
        end 
    end 
end 

  
% % Specimen list and corresponding Centre of Rotation location for 
...in Situ test  
spec_nm_is = ["P1_P03", "P1_S01", "P2_S01", "P3S3", ... 
"P3_P2", "P3_P3", "P3_S01", "P3_S03", "P3_S2", "P3_S3"]; 
CoR_is = [380.83 307.19; 479.30 318.82; 353.07 322.34; ... 
    379.29 299.63; 463.14 313.18; 409.28 318.04; ... 
    424.58 328.02; 439.43 323.66; 512.67 325.35; 381.89 303.43]; 

  
for m = 1:1:numel(spec_nm_is) 
    for wnsz = [31 41 51 61 71] %window size 
        for thr = [0.1 0.5 1.0 0.5 2.0] %threshold 
            for prec = [1.0 2.0 3.0] %precision for far field accuracy 
                for iter = [1 5 10] %number of iteations 
                    %Set input directory and file name 
                    spec_name2 = spec_nm_is(:,m); % specimen name 
                    % convert string to character vector 
                    spec_name2 = convertStringsToChars(spec_name2);  
                    % specify directory 
                    in_dir = strcat(... 
                        'E:\Files\Micro_CT\UoS\PreScan\Results - 

Cropped TIFF\In_Situ\',... 
                        spec_name2); 
                    %concatenate directory and specimen name for full 

file location 
                    fname_in = strcat(spec_name2,'_0001.tif'); 
                    %Load input image 
                    img_in = imread(fullfile(in_dir,fname_in));  
                    %Create output directory for processed images 
                    out_dir = fullfile(in_dir,'calibration'); 
                    if ~exist(out_dir, 'dir') 
                        mkdir(out_dir) 
                    end 
                    %Ring removal operation 
                    img_out = ringrem(img_in, ... 
                        [CoR_is(m,2),CoR_is(m,1)],... 
                        wnsz, thr, prec, iter); 
                    %set output file name format 
                    fname_out = sprintf(... 
                        'calib_%d_%0.1f_%0.1f_%d.tif',... 
                        wnsz,thr,prec,iter);  
                    % Write processed image to outputdirectory 
                    imwrite(img_out,fullfile... 
                        (out_dir,fname_out),'tif');  
                end     
            end 
        end 
    end 
end 
 

 
toc %performance check 

 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% END %%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 



 

 

 

C1.6 Ring artefact reduction loop 
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C1.7 Idealised ellipse for each void 
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C1.8 Ply coordinate extraction - Flat 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%         Spline Coordinates                                         % 

%         Author: Abhi Ramesh                                        % 

%         Date: 13 September 2018                                    % 

%         Last Modified: 06 November 2018            % 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% Clean up %%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

tic; % Start timer. 

clc;    % Clear the command window. 

close all;  % Close all figures (except those of imtool) 

imtool close all;  % Close all imtool figures (Image Processing 

Toolbox) 

clear;  % Erase all existing variables. Or clearvars if you want. 

workspace;  % Make sure the workspace panel is showing. 

warning off 

 

%%%%%%%%%%%%% Set file location and output 

file%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

main_dir = ('E:\Working_Files\Matlab\ply_points\');% Set input 

directory 

fID = fopen('ply_points.csv','w'); 

 

%%%%%%%%%%%%%% Assign variables for laminate geometry %%%%%%%%%%%%%%% 

 

ply_t = 0.1415;    %ply thickness 

ply_count = 28;    %total ply count 

lam_t = ply_t*ply_count; %laminate thickness 

lam_w = 12.0;               %laminate width 

lam_h = 140.0;              %laminate length 

 

%%%%%%%%%%%%%%%% Assign variables for coordinates 

%%%%%%%%%%%%%%%%%%%%%%%%% 

 

x = zeros(1,120); 

y = zeros(1,120); 

ply = []; 

 

%%%%%%%%%%%%%%%% Flat Panel - Pristine Laminate 

%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

for i = 1:ply_count 

    ply_num = sprintf('ply_%02d', i); 

    fprintf(fID, '%6s\n', ply_num); 

    fprintf(fID, '%1s %1s\n','x','y'); 

    for j = 0:120 

        x(j+1) = j/lam_w; 

        y(j+1) = ply_t*i; 

        ply = [x(j+1),y(j+1)]; 

        fprintf(fID, '%6.4f %6.4f\n', x(j+1), y(j+1)); 

    end 

end 

fclose(fID);% Close CSV File 

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%                           END                                      % 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 



 

 

C1.9 Ply coordinate extraction - corner 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%         Spline Coordinates                                         % 

%         Author: Abhi Ramesh                                        % 

%         Date: 13 September 2018                                    % 

%         Last Modified: 15 November 2018        % 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% Clean up %%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

tic; % Start timer. 

clc;    % Clear the command window. 

close all;  % Close all figures (except those of imtool) 

imtool close all;  % Close all Image Processing Toolbox figs 

clear;  % Erase all existing variables. Or clearvars if you want. 

workspace;  % Make sure the workspace panel is showing. 

warning off 

%%%%%%%%%%%%% Set file location and output file%%%%%%%%%%%%%%%%%%%%%% 

main_dir = ('E:\Working_Files\Matlab\ply_points\');% Set input 

directory 

fID = fopen('ply_points_20mm.csv','w'); 

%%%%%%%%%%%%%% Assign variables for laminate geometry %%%%%%%%%%%%%%%% 

ply_t = 0.1415;                 % ply thickness 

ply_count = 28;                 % total ply count 

lam_t = ply_t*ply_count;        % laminate thickness 

lam_w = 40*cos((50*pi/180));    % laminate width 

lam_h = 140.0;                  % laminate length 

a = (230)*(pi/180);             % start angle in radians 

b = (310)*(pi/180);             % end angle in radians 

orig_x = 0.0;                   % origin x-coordinate 

orig_y = 20.0;                  % origin x-coordinate 

radius = 20.0;                  % radius of curvature 

segments = 120;                 % number of segments to plot 

n = (b-a)/segments; 

%%%%%%%%%%%%%%%% Assign variables for coordinates %%%%%%%%%%%%%%%%%%%% 

x = zeros(1,segments); 

y = zeros(1,segments); 

ply = []; 

%%%%%%%%%%%%%%%% Curved Panel - Pristine Laminate %%%%%%%%%%%%%%%%%%% 

for i = 0:1:ply_count 

    ply_num = sprintf('ply_%02d', i); 

    fprintf(fID, '%6s\n', ply_num); 

    fprintf(fID, '%1s %1s\n','x','y'); 

    if i == 0 

       orig_y = orig_y; 

    else 

       orig_y = orig_y+ply_t; 

    end 

        for j = a:n:b 

            x = radius*cos(j) + orig_x; 

            y = radius*sin(j) + orig_y; 

            fprintf(fID, '%6.4f %6.4f\n', x, y); 

            hold on 

            plot(x,y) 

            axis([orig_x-radius-2 orig_x+radius+2 ... 

                orig_y-radius-lam_t-3 orig_y+radius+2]) 

            axis square; 

        end 

end 

fclose(fID);% Close CSV File 

 

toc % performance check 
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C1.10 Down-sampling 3D greyscale stack 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%             CFRP Image Analysis - Downsample 3D                   % 
%             Author: Abhi Ramesh                                   % 
%             Date: 20 March 2019                                   % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%%%%%%%%%%%%%%% Clean up%%%%%%%%%%%%%%%%%%% 
tic; % Start timer. 
clc;    % Clear the command window. 
close all;  % Close all figures (except those of imtool) 
imtool close all;  % Close all imtool figures (Image Processing 

Toolbox) 
clear;  % Erase all existing variables. Or clearvars if you want. 
workspace;  % Make sure the workspace panel is showing. 
warning off 

  

% Specimen list 
spec_nm = ["P2", "P5", "S3", "S5"];%... 
        %["S03_S", "S04_P", "S06_S"];%];%,... 
        %"P1_P01", "P1_P03", "P2_P01", "P1_S01", "P2_P02", "P2_P03",  
        %"P2_S01", "P3_P01", "P3_P02", "P3_P03", "P3_S01", "P3_S02", 
        %"P3_S03", "P3_P2", "P3_P3", "P3_S1", "P3_S2", "P3_S3"]; 
        %, "Spec_9" 

  
% Number of specimens 
spec_cnt = numel(spec_nm); 
main_dir = strcat('P:\Documents\PhD\Year 4\SS_Manu_Panel\Micro-

CT\Scan02\'); 

  
for m = 1:1:spec_cnt 
    %Set input directory and file name 
    spec_name1 = spec_nm(:,m); % specimen name 
    % convert string to character vector 
    spec_name1 = convertStringsToChars(spec_name1);  
    in_dir = strcat(main_dir,spec_name1,'\Rec\'); % specify directory 

     
    %Create output directory for processed images 
    out_dir = strcat(main_dir,spec_name1); 
    out_dir = fullfile(out_dir,'DS'); 
    if ~exist(out_dir, 'dir') 
        mkdir(out_dir) 
    end 

         
    % Get list of image files in input folder 
    im_list = dir(fullfile(in_dir,'*.bmp')); 
    im_count = numel(im_list); 

     
    for h = 1:im_count 
        tifFname{h} = (['rec_',sprintf('%04d', h),'.bmp']); 

  
        % Import image into variable imgDat 
        imgDat{h} = imread(fullfile(in_dir,tifFname{h})); 
        %imgDat1{h} = uint8(255 * imgDat{h}); 
    end 

  
% Stack recon images into 3D Matrix based on number of total images 



 

 

    preStack = cat(im_count,imgDat{1:im_count});  
    preStack1 = squeeze(preStack); 
    %Resize 
    scale = 0.5; 
    stack_resize = imresize3(preStack1,scale); 

     
    % Save 2D slices of resized volume 
    for k = 1:round(im_count*scale) % number of pixels in the z 

direction 
        % extract x-y one slice at a time 
        img_xy = squeeze(stack_resize(:,:,k));  
        % Write x-y slices as images 
        %img_xy = imbinarize(img_xy); 
        fname_out_xy = ['xy_',sprintf('%04d', k),'.tif']; 
        imwrite(img_xy,fullfile(out_dir,fname_out_xy),... 
            'tif','Compression','none') 
    end 
end 

toc %performance check 

 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%                           END                                     % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

C1.11 Down-sampling 3D colour stack 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%             CFRP Image Analysis - Downsample 3D                   % 
%             Author: Abhi Ramesh                                   % 
%             Date: 14 May 2016                                     % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%%%%%%%%%%%%%%% Clean up%%%%%%%%%%%%%%%%%%% 
tic; % Start timer. 
clc;    % Clear the command window. 
close all;  % Close all figures (except those of imtool) 
imtool close all;  % Close all imtool figures 
clear;  % Erase all existing variables. Or clearvars if you want. 
workspace;  % Make sure the workspace panel is showing. 
warning off 

  
% Specimen list 
spec_nm = ["P2", "P5", "S3", "S5"];%... 
        %["S03_S", "S04_P", "S06_S"];%];%,... 
        %"P1_P01", "P1_P03", "P2_P01", "P1_S01", "P2_P02", "P2_P03",  
        %"P2_S01", "P3_P01", "P3_P02", "P3_P03", "P3_S01", "P3_S02",  
        %"P3_S03", "P3_P2", "P3_P3", "P3_S1", "P3_S2", "P3_S3"]; 
        %, "Spec_9" 

 
% Number of specimens 
spec_cnt = numel(spec_nm); 
main_dir = strcat('P:\Documents\PhD\Year 4\SS_Manu_Panel\Micro-

CT\Scan02\'); 

  
for m = 1:1:spec_cnt 
    %Set input directory and file name 
    spec_name1 = spec_nm(:,m); % specimen name 
    % convert string to character vector 
    spec_name1 = convertStringsToChars(spec_name1);  
    in_dir = strcat(main_dir,spec_name1,'\Rec\'); % specify directory 
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    %Create output directory for processed images 
    out_dir = strcat(main_dir,spec_name1); 
    out_dir = fullfile(out_dir,'DS'); 
    if ~exist(out_dir, 'dir') 
        mkdir(out_dir) 
    end 

     
    % Get list of image files in input folder 
    im_list = dir(fullfile(in_dir,'*.tif')); 
    im_count = numel(im_list); 

     
    for h = 1:im_count 
        tifFname{h} = (['rgb_',sprintf('%04d', h),'.tif']); 

  
        % Import image into variable imgDat 
        imgDat{h} = imread(fullfile(in_dir,tifFname{h})); 

         
        % Extract color channels. 
        redChannel{h} = imgDat{h}(:,:,1); % Red channel 
        greenChannel{h} = imgDat{h}(:,:,2); % Green channel 
        blueChannel{h} = imgDat{h}(:,:,3); % Blue channel 
    end 

  
    % Stack reconstructed images into 3D Matrix 
    %based on number of total images 
    preStackRed = cat(im_count,redChannel{1:im_count});  
    preStackGreen = cat(im_count,greenChannel{1:im_count});  
    preStackBlue = cat(im_count,blueChannel{1:im_count});  

     
    preStackR1 = squeeze(preStackRed); 
    preStackG1 = squeeze(preStackGreen); 
    preStackB1 = squeeze(preStackBlue); 

     
    %Resize 
    scale = 0.5; 
    resizeRed = imresize3(preStackR1,scale); 
    resizeGreen = imresize3(preStackG1,scale); 
    resizeBlue = imresize3(preStackB1,scale); 

     
    % Save 2D slices of resized volume 
    for k = 1:round(im_count*scale) % number of pixels in the y 

direction 
        % extract one red channel slice at a time 
        img_red = squeeze(resizeRed(:,:,k));  
        % extract one green red channel slice at a time 
        img_green = squeeze(resizeGreen(:,:,k)); 
        % extract one blue channel slice at a time 
        img_blue = squeeze(resizeBlue(:,:,k));  
        img_rgb = cat(3,img_red,img_green,img_blue); 

         
        % Write y-z slices as images 
        fname_out_yz = ['void_',sprintf('%04d', k),'.tif']; 
        imwrite(img_rgb,fullfile(out_dir,fname_out_yz),'tif',... 
            'Compression','none') 
    end 
end 

toc % performance check 

%%%%%%%%%%%%%%%%%%%%%%%%%% END %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 



 

 

C1.12 Extracting large voids 
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C1.13 Comparing actual voids to idealised ellipses (area) 
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C1.14 Extracting perimeter edge of voids and ellipses 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%             CFRP Image Analysis - Voids Idealised Ellipses         % 
%             Author: Abhi Ramesh                                    % 
%             Date: 18 Nocember 2018                                 % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%%%%%%%%%%%%%%% Clean up%%%%%%%%%%%%%%%%%%% 
tic; % Start timer. 
clc;    % Clear the command window. 
close all;  % Close all figures (except those of imtool) 
imtool close all;  % Close all imtool figures (Image Processing 

Toolbox) 
clear;  % Erase all existing variables. Or clearvars if you want. 
workspace;  % Make sure the workspace panel is showing. 
warning off 

  

% Specimen list 
spec_nm = ["S03_S", "S04_P"...%, "S06_S", "P3_P03", "P3_S03", "P3_S3" 
        "P1_P01", "P1_P03", "P2_P01", "P1_S01", "P2_P02", "P2_P03", 

... 
        "P2_S01", "P3_P01", "P3_P02",  "P3_S01", "P3_S02", ... 
        "P3_P2", "P3_P3", "P3_S1", "P3_S2"]; 

  
% Number of specimens 
spec_cnt = numel(spec_nm); 
main_dir = strcat('E:\Files\Micro_CT\EllipseFit\'); 

  
for m = 1:1:spec_cnt 
    %Set input directory and file name 
    spec_name1 = spec_nm(:,m); % specimen name 
    % convert string to character vector 
    spec_name1 = convertStringsToChars(spec_name1);  
    in_dir = strcat(main_dir,spec_name1,'\VoidEdge\'); % specify 

directory 

     
    %Create output directory for processed images 
    out_dir = fullfile(main_dir,spec_name1,'EllipseEdge2'); 
    if ~exist(out_dir, 'dir') 
        mkdir(out_dir) 
    end 

     
    % Get list of image files in input folder 
    im_list = dir(fullfile(in_dir,'*.tif')); 
    im_count = numel(im_list); 

     
    for h = 1:1:im_count 
        tifFname = (['yz',sprintf('_%04d', h),'.tif']); 

         
        % Import image into variable imgDat 
        imgDat = imread(fullfile(in_dir,tifFname)); 

         
        % Determine image size 
        [wd,ht,clr] = size(imgDat); 
        x_pix = size(imgDat, 1); % Number of pixels in 'x' direction 
        y_pix = size(imgDat, 2); % Number of pixels in 'y' direction 

         
        % Use regionprops to fit voids with ellipse 
        rp = regionprops(imgDat,{... 
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            'Centroid',... 
            'MajorAxisLength',... 
            'MinorAxisLength',... 
            'Orientation'}); 
        t = linspace(0,2*pi,50); 
        % Create blank canvas for idealised ellipse based voids 
        EllipseIm = zeros(x_pix, y_pix);    

         
        for k = 1:length(rp) 
            a = rp(k).MajorAxisLength/2; 
            b = rp(k).MinorAxisLength/2; 
            Xc = rp(k).Centroid(1); 
            Yc = rp(k).Centroid(2); 
            phi = deg2rad(-rp(k).Orientation); 
            x = Xc + a*cos(t)*cos(phi) - b*sin(t)*sin(phi); 
            y = Yc + a*cos(t)*sin(phi) + b*sin(t)*cos(phi); 
            void_el = poly2mask(x, y, x_pix, y_pix); 
            EllipseIm(void_el) = true; 
        end 

         
        %Find void boundaries 
        EllipseEdge = bwperim(EllipseIm); 

         
        %Write image files to output directory 
        fname_out_yz = ['yz_',sprintf('%04d', h),'.tif']; 
        imwrite(EllipseEdge,fullfile(out_dir,fname_out_yz),'tif') 

         
    end 
end 
toc % performance check 
%%%%%%%%%%%%%%%%%%%%%%%%%%% END %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

C1.15 2-D Discrete Fourier Transform – image orientation 
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C1.16 File formatting for plotting 3D xz-orientation data 
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C1.17 Saving 3D xz-orientation plots 
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C1.18 Void area inside and outside idealised ellipses 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%             CFRP Image Analysis - Voids Idealised Ellipses        % 

%             Author: Abhi Ramesh                                   % 

%             Date: 12 January 2019                                 % 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

%%%%%%%%%%%%%%% Clean up%%%%%%%%%%%%%%%%%%% 

tic; % Start timer. 

clc;    % Clear the command window. 

close all;  % Close all figures (except those of imtool) 

imtool close all;  % Close all imtool figures (Image Processing 

Toolbox) 

clear;  % Erase all existing variables. Or clearvars if you want. 

workspace;  % Make sure the workspace panel is showing. 

warning off 

 

% Specimen list and corresponding Centre of Rotation location for AE 

test  

spec_nm = ["S03_S", "S04_P"...%, "S06_S", "P3_P03", "P3_S03", "P3_S3" 

        "P1_P01", "P1_P03", "P2_P01", "P1_S01", "P2_P02", "P2_P03",... 

        "P2_S01", "P3_P01", "P3_P02",  "P3_S01", "P3_S02", ... 

        "P3_P2", "P3_P3", "P3_S1", "P3_S2"]; 

 

% Number of specimens 

spec_cnt = numel(spec_nm); 

main_dir = strcat('P:\Documents\PhD\Year 

4\UoS_uCT_PreScan\EllipseFit\'); 

 

% Open CSV for writing data 

fileID = fopen('compare1.csv','w'); 

fprintf(fileID, '%8s %10s %13s %6s %6s\n', 'Slice',... 

    'VoidArea', 'EllipseArea', 'AreaIn', 'AreaOut');     

     

for m = 1:1:spec_cnt 

    %Set input directory and file name 

    spec_name1 = spec_nm(:,m); % specimen name 

    spec_name1 = convertStringsToChars(spec_name1); % convert string 

to character vector 

    in_dir1 = strcat(main_dir,spec_name1,'\BigVoids\'); % specify 

directory of extracted large voids 

    in_dir2 = strcat(main_dir,spec_name1,'\IdealEllipses\'); % specify 

directory of idealised images 

     

    % Get list of image files in input folder 

    im_list1 = dir(fullfile(in_dir1,'*.tif')); 

    im_count1 = numel(im_list1); 

     

    for h = 1:1:im_count1 

        tifFname = (['yz',sprintf('_%04d', h),'.tif']); 

         

        % Import images for comparison into variable imgDat 

        imgDat1 = imread(fullfile(in_dir1,tifFname)); 

        imgDat2 = imread(fullfile(in_dir2,tifFname)); 

        [label1,n1] = bwlabel(imgDat1); 

        [label2,n2] = bwlabel(imgDat2); 

 

        %number of objects to delete 

        obj_del = abs(n2-n1); 



 

 

        obj_keep = min(n1,n2); 

         

        if obj_keep > 0 

            imgDat1 = bwareafilt(imgDat1,obj_keep); 

        else 

            imgDat1 = bwareafilt(imgDat1,1); 

        end     

        imgOverlapPos = imgDat1 .* imgDat2; 

        imgOverlapNeg = imgDat1 - imgOverlapPos; 

         

        A1 = sum(imgDat1(:)); 

        A2 = sum(imgDat2(:)); 

        InPix = sum(imgOverlapPos(:)); 

        OutPix = sum(imgOverlapNeg(:)); 

         

        if A1>0 && A2>0 %&& (InPix/A1)>0.5 

        %Write data to csv file 

        fprintf(fileID, '%6d %12.1f %12.1f %12.1f %12.5f\n',... 

            h, A1, A2, InPix, OutPix); 

        end 

    end 

end 

% Close CSV File 

fclose(fileID); 

toc %Performance Check 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%END%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%        
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C1.19 Manual ply extraction (scripts developed with Mr Tony 

Kamberi as part of an undergraduate summer internship) 

% This script is used to extract information on corner wrinkles of 

CFRP specimens. The aim is 

% to figure out the amplitude a given wrinkle has from the ideal curve 

% (R10, 100 degree angle), and to figure out the wavelength of that 

amplitude. This 

% script will be adapted to automatically input information into an 

Excel 

% spreadsheet, further streamlining the process and possible batch 

% processing 

 

close all 

clear 

warning off 

clc 

 

%% SET DIRECTORY AND PREP SCRIPT FOR PANEL IMAGE PROCESSING 

 

% Input directory 

directory = 'C:\'; 

 

% Ask user for specific panel number to be worked on 

panel = 'PANEL6'; 

panelFolderName = fullfile(directory,panel); 

 

% Extract all subfolder names in the panel folder and create a list of 

all 

% subfolder names 

rawDirectory = dir(panelFolderName); 

idxs = [rawDirectory(:).isdir]'; 

names = {rawDirectory(:).name}'; 

folders = names(idxs); 

names(ismember(folders,{'.','..'})) = []; 

 

% Make a matrix which will contain all the information gathered from 

the 

% wrinkle analysis 

cornerData{1,1} = 'Image Name'; 

cornerData{1,2} = 'Ply number'; 

cornerData{1,3} = 'Wrinkle Amplitude (in mm)'; 

cornerData{1,4} = 'Wrinkle Half Wavelength (in mm)'; 

cornerData{1,5} = 'Radius of Curvature (in mm)'; 

cornerData{1,6} = 'Types of Amplitudes'; 

cornerData{1,7} = 'Number of observed intercepts'; 

cornerData{1,8} = 'Number of actual intercepts'; 

cornerData{1,9} = 'Difference in wrinkle and ideal curve (Mean)'; 

cornerData{1,10} = 'Difference in wrinkle and ideal curve (St.Dev.)'; 

cornerData{1,11} = 'Difference in wrinkle and ideal curve (Median)'; 

cornerData{1,12} = 'Second Offset Curve Shift (in millimetres)'; 

cornerData{1,13} = 'Corner Thickness (in mm)'; 

 

% Make a matrix which will contain wavelength data 

wrinkleWavelengthData{1,1} = 'Image Name'; 

wrinkleWavelengthData{1,2} = 'Ply number'; 

wrinkleWavelengthData{1,3} = 'Wrinkle Half Wavelength (in mm)'; 

 

% Make a matrix which will contain amplitude data 

wrinkleAmplitudeData{1,1} = 'Image Name'; 



 

 

wrinkleAmplitudeData{1,2} = 'Ply number'; 

wrinkleAmplitudeData{1,3} = 'Wrinkle Amplitude (in mm)'; 

 

% Make a matrix which will contain radius of curvature data 

radiusOfCurvatureData{1,1} = 'Image Name';  

radiusOfCurvatureData{1,2} = 'Ply number'; 

radiusOfCurvatureData{1,3} = 'Radius of Curvature (in mm)'; 

 

% Prepare spreadsheet names so that they can be written to the 

appropriate 

% spreadsheets at the end of the script 

spreadFolder = 'C:\'; 

cornerDataSpread = fullfile(spreadFolder,'CORNER_DATA.xlsx'); 

wrinkleWavelengthSpread = 

fullfile(spreadFolder,'Wrinkle_Half_Wavelength.xlsx'); 

wrinkleAmplitudeSpread = 

fullfile(spreadFolder,'Wrinkle_Amplitude.xlsx'); 

radiusOfCurvatureSpread = 

fullfile(spreadFolder,'Radius_Of_Curvature.xlsx'); 

 

 

plyPattern = [2 1 2 1 1 2 1 1 2 1 1 2 1 2]; 

plyPattern = cat(2,plyPattern,plyPattern); 

plyThickness = 0.1415; % save thickness of ply (millimetres) 

 

 

% Read in conversion ratio datasheet 

conversionRatioData = 

xlsread(fullfile(spreadFolder,'ConversionRatios_Corners.xlsx'),panel); 

 

 

currentRow = 2; % sets current row to below the titular row 

 

% Loop through all subfolders 

index = 1; % Index will be used to store pixel width in array 

for f = 1:numel(folders) % number of subfolders in directory 

    currentFolderName = folders{f}; % Get current subfolder name 

    currentFolder = fullfile(panelFolderName,currentFolderName); % get 

directory name 

  

     

    % Get a list of all files in the folder with the desired file name 

pattern. 

    filePattern = fullfile(currentFolder, '*.bmp'); 

    theFiles = dir(filePattern); 

     

    for tF = 1 : length(theFiles) % number of files in subfolder 

        baseFileName = theFiles(tF).name; 

        fullFileName = fullfile(currentFolder, baseFileName); 

        fprintf(1, 'Now reading %s\n', fullFileName); 

        figure(1); 

         

        imRGB = imread(fullFileName); % read in current file 

        figure(1);imshow(imRGB);title(baseFileName, 'Interpreter', 

'none'); 

        confirm = questdlg('Would you like to skip this file','Skip 

Image'); 

        switch confirm 

            case 'Yes' 

                close all 

                continue 

            case 'No' 

                close all 
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        end 

        [rows, cols, layers] = size(imRGB); % find the no. of 

rows,cols, and layers 

        cornerData{currentRow,1} = baseFileName; % input file name 

into infoMatrix 

        wrinkleWavelengthData{currentRow,1} = baseFileName; 

        wrinkleAmplitudeData{currentRow,1} = baseFileName; 

        radiusOfCurvatureData{currentRow,1} = baseFileName; 

        conversionRatio = conversionRatioData(tF); 

 

 

         

        %% IMAGE PROCESSING 

         

        % Provide any image rotation that is required such that the 

image is 

        % relatively symmetrical along the y axis 

        figure(1);imshow(imRGB);title(baseFileName, 'Interpreter', 

'none'); 

        n = 0; 

        while n==0 

            prompt = {'Enter a value of theta (in degrees):'}; 

            promptTitle = 'Theta Value'; 

            dims = [1 35]; 

            definput = {'0'}; 

            theta = 

str2double(inputdlg(prompt,promptTitle,dims,definput)); 

            imRotate = imrotate(imRGB,theta); 

            imshow(imRotate); 

            confirm = questdlg('Is theta input 

correct?:','Confirmation'); 

             

            switch confirm 

                case 'Yes' 

                    n = 1; 

                case 'No' 

                    n = 0; 

            end 

        end 

         

        % Allow the user to crop the image, based on an arbitrary 

        % input that the user select, such that the image is a close 

to symmetrical 

        % as possible about midpoint as possible 

        confirm = questdlg('Would you like to crop image','Crop 

Image'); 

        switch confirm 

            case 'Yes' 

                n = 1; 

            case 'No' 

                n = 0; 

        end 

         

        if n == 1 

            % Crop image using a user input of midpoint 

            message = msgbox('Select midpoint of image for cropping'); 

            waitfor(message); 

            [imCrop, midPoint] = centreCrop(imRotate); 

            [rowC,colC,layC] = size(imCrop); 

             



 

 

            % Sketch a vertical line through the midpoint to give the 

user a visual 

            % reference (must find the new midpoint) 

            imCrop(:,ceil(colC/2),1) = 255;imCrop(:,ceil(colC/2),2) = 

0;imCrop(:,ceil(colC/2),3) = 0; 

        else 

            % Sketch a vertical line through the midpoint to give the 

user a visual 

            % reference (must find the new midpoint) 

            imCrop = imRotate; 

            [rowC,colC,layC] = size(imCrop); 

            imCrop(:,ceil(colC/2),1) = 255;imCrop(:,ceil(colC/2),2) = 

0;imCrop(:,ceil(colC/2),3) = 0; 

        end 

         

        figure(1);imagesc([0 2560],[0 

1920],imCrop);title(baseFileName, 'Interpreter', 'none'); 

         

         

         

        %% WRINKLE EXTRACTION %% 

         

        % Firstly, the user will be asked to get points to determine 

the 

        % thickness of the specimen  

        message = msgbox('Select two points for determining thickness 

of corner'); 

        waitfor(message); 

        [xThickness, yThickness] = ginput(2); 

        cornerThickness = conversionRatio*hypot((xThickness(1)-

xThickness(2)),(yThickness(1)-yThickness(2))); 

         

         

        % User will be asked to extract points from the bottom surface 

of the part 

        % (this curve will represent the ideal curve as no wrinkling 

has occurred 

        % to this surface). User will initially be asked to enter 

amount of splines 

        % to be analysed. 

         

        prompt = {'How many plys will be analysed?'}; 

        promptTitle = 'Ply Amount'; 

        dims = [1 35]; 

        definput = {'0'}; 

        numberofPlysExtracted = 

str2double(inputdlg(prompt,promptTitle,dims,definput)); 

         

         

        % Next, the user needs to extract the ideal curve from the 

bottom 

        % surface of the corner 

        [xIdeal,yIdeal] = ginput; % get user input points for ideal 

curve 

        idealCurveFit = polyfit(xIdeal,yIdeal,3); % fit a polynomial 

with 3 coeffecients (most practical) 

        hold on 

        deltaX = 1; 

        xRangeIdeal = xIdeal(1):deltaX:xIdeal(length(xIdeal)); % 

produce x value array for ideal curve 

        yRangeIdeal = polyval(idealCurveFit,xRangeIdeal); % produce y 

value array for ideal curve 

        idealCurvePlot = plot(xRangeIdeal,yRangeIdeal,'b'); 
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        n = 0; 

        while n==0 

            confirm = questdlg('Would you like to keep the sketched 

line?','Confirmation'); 

            switch confirm 

                case 'Yes' 

                    n = 1; 

                case 'No' 

                    delete(idealCurvePlot) 

                    clear xIdeal yIdeal idealCurveFit yRangeIdeal 

idealCurvePlot 

                    [xIdeal,yIdeal] = ginput; % get user input points 

for ideal curve 

                    idealCurveFit = polyfit(xIdeal,yIdeal,3); % fit a 

polynomial with 3 coeffecients (most practical) 

                    hold on 

                    deltaX = 1; 

                    xRangeIdeal = 

xIdeal(1):deltaX:xIdeal(length(xIdeal)); % produce x value array for 

ideal curve 

                    yRangeIdeal = polyval(idealCurveFit,xRangeIdeal); 

% produce y value array for ideal curve 

                    idealCurvePlot = 

plot(xRangeIdeal,yRangeIdeal,'b'); 

            end 

        end 

         

         

         

        plyNumber = 0; 

        plysDone = 0; 

        % Loop goes through all the ply that need to be extracted and 

allow 

        % the user to offset the ideal curve to the current ply, 

        for i = currentRow:currentRow+numberofPlysExtracted - 1 

            clear intRealSoltnsX intRealSoltnsY xIntercepts 

yIntercepts 

            figure(1);             

            n=0; 

            while n == 0 

                % Ask user what ply number needs to be analysed 

                prompt = sprintf('Enter the ply that will be analysed 

(Previous ply number: %d; Plys left to analyse: 

%d)',plyNumber,(numberofPlysExtracted-plysDone)); 

                prompt = {prompt}; 

                promptTitle = 'Ply Number'; 

                dims = [1 35]; 

                definput = {'0'}; 

                plyNumber = 

str2double(inputdlg(prompt,promptTitle,dims,definput)); 

                plyShift = plyThickness*sum(plyPattern(1:plyNumber)); 

                offset = plyShift/conversionRatio; 

                [xOff, yOff] = 

radialOffset(xRangeIdeal,yRangeIdeal,offset); 

                xOffSeg = xOff(1):0.005:xOff(length(xOff)); 

                firstOffsetCurveFit = polyfit(xOff,yOff,9); 

                figure(1);offsetPlot = plot(xOff,yOff,'r'); 

                query = questdlg(sprintf('Would you like to use this 

ply? Ply number: %d',plyNumber),'Ply Confirmation'); 

                switch query 



 

 

                    case 'Yes' 

                        n = 1; 

                    case 'No' 

                        n = 0; 

                        delete(offsetPlot); 

                end 

            end 

             

            delete(offsetPlot); 

             

             

            firstOffsetCurve = polyval(firstOffsetCurveFit,xOffSeg); 

             

            % Plot the actual wrinkle 

            [xWrinkle,yWrinkle] = ginput; % get user input points for 

actual curve 

            wrinkleFit = polyfit(xWrinkle,yWrinkle,10); % fit a 

polynomial with n-1 coeffecients (most practical) 

            wrinkleCurve = polyval(wrinkleFit,xOff); 

            offsetPlot = plot(xOff,yOff,'r'); 

            wrinklePlot = plot(xOff,wrinkleCurve,'m'); 

             

            % Allow user to redraw the wrinkle if the polyfit is not 

good 

            % enough be used for data extraction 

            n = 0; 

            while n==0 

                confirm = questdlg('Would you like to keep the 

sketched line?','Confirmation'); 

                switch confirm 

                    case 'Yes' 

                        n = 1; 

                    case 'No' 

                        delete(wrinklePlot) 

                        delete(offsetPlot) 

                        clear xWrinkle yWrinkle wrinkleFit 

wrinkleCurve wrinklePlot 

                        [xWrinkle,yWrinkle] = ginput; % get user input 

points for actual curve 

                        wrinkleFit = polyfit(xWrinkle,yWrinkle,10); % 

fit a polynomial with n-1 coeffecients (most practical) 

                        wrinkleCurve = polyval(wrinkleFit,xOff); 

                        wrinklePlot = plot(xOff,wrinkleCurve,'m'); 

                        offsetPlot = plot(xOff,yOff,'r'); 

                                     

                end 

            end 

             

 

             

            % Find the simple difference between the ideal curve and 

the actual 

            % wrinkle, calculate mean, median, and standard dev. and 

store in 

            % matrix 

            % xRangeActual = xWrinkle(1):(xWrinkle(length(xWrinkle))-

xWrinkle(1))/(length(xRangeIdeal)-2):xWrinkle(length(xWrinkle)); 

             

            % yRangeActual = polyval(wrinkleFit,xRangeActual); 

             

            differenceOffset = wrinkleCurve - yOff; % difference of 

where ply should be and where it is 
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            differenceOffsetMean = 

conversionRatio.*(mean(differenceOffset)); 

            differenceOffsetMedian = 

conversionRatio.*(median(differenceOffset)); 

            differenceOffsetStd = 

conversionRatio.*(std(differenceOffset)); 

             

            % Now we need to offset the curve slightly further up so 

that we can 

            % find the true amplitude and half wavelengths that exist. 

This offset 

            % will need to be done from the first offset curve and 

will only be a 

            % vertical offset which is decided and confirmed by the 

user 

             

            n=0; 

            while n == 0 

                % Ask the user to enter in offset amount 

                prompt = {'Enter the offset amount require (in 

millimetres):'}; 

                promptTitle = 'Offset Amount'; 

                dims = [1 35]; 

                definput = {'0'}; 

                secondOffset = 

str2double(inputdlg(prompt,promptTitle,dims,definput))/conversionRatio

; % calculate offset using user input 

                secondOffsetCurveFit = 

polyfit(xOffSeg,firstOffsetCurve - secondOffset,10); % create polyfit 

for the optimal offset ideal curve for gathering half wavelength and 

amplitude values 

                figure(1); secondOffsetPlot = 

plot(xOffSeg,polyval(secondOffsetCurveFit,xOffSeg),'r'); 

                query = questdlg('Would you like to keep the offset 

ideal line from the image for ease of actual line extraction?','Remove 

plot'); 

                switch query 

                    case 'Yes' 

                        n = 1; 

                    case 'No' 

                        n = 0; 

                        delete(secondOffsetPlot); 

                end 

            end 

             

            %% INTERSECTION FINDING AND HALF WAVELENGTH CALCULATIONS 

             

            % Find intersections between ideal curve and wrinkle curve 

(AUTOMATED) 

            % This method requires the actual curve and the ideal 

curve to have 

            % intersections that are non-tangential 

             

            % Firstly, ask user how many intercepts can be observed in 

the figure 

            prompt = {'Enter the amount of intercepts between the 

ideal curve and actual curve that you can observe: '}; 

            promptTitle = 'Number of intercepts'; 

            dims = [1 35]; 

            definput = {'0'}; 



 

 

            numInterceptsObs = 

str2double(inputdlg(prompt,promptTitle,dims,definput)); 

             

            [xIntercepts,yIntercepts,numIntercepts] = 

getIntercepts(wrinkleFit,secondOffsetCurveFit,xOff,xWrinkle,rows); 

             

            [halfWavelengthsMM, ~, ~] = 

getHalfWavelengthsMM(numIntercepts,xIntercepts,secondOffsetCurveFit,co

nversionRatio); 

            [~, xMidPoint, yMidPoint] = 

getHalfWavelengthsMM(numIntercepts,xIntercepts,wrinkleFit,conversionRa

tio); 

             

            [wrinkleAmplitudeMM,~, ~] = 

findAmplitudes(wrinkleFit,secondOffsetCurveFit,xIntercepts,xMidPoint,y

MidPoint,conversionRatio); 

            [radius] = getRadiusOfCurvature(xMidPoint,wrinkleFit); 

            radiusMM = conversionRatio*radius; 

             

             

            % Lastly, let the user choose what types of waves are 

present 

            % when analysing the current wrinkle so that the 

            % post-processing of results can be easier (determining 

            % outliers, irregularities,sorting results etc) 

             

            message = msgbox(sprintf('Number of intercepts calculated 

by script is: %d',numIntercepts)); 

            waitfor(message); 

                       

            list = {'Left','Left and Mid','Left, Mid, and Right','Left 

and Right','Mid','Mid and Right','Right','Irregular'}; 

            [selection,tf] = 

listdlg('ListString',list,'SelectionMode','single'); 

            if selection == 1 

                waveType = 'Left'; 

            elseif selection == 2 

                waveType = 'Left and Mid'; 

            elseif selection == 3 

                waveType = 'Left, Mid, and Right';                 

            elseif selection == 4 

                waveType = 'Left and Right'; 

            elseif selection == 5 

                waveType = 'Mid'; 

            elseif selection == 6 

                waveType = 'Mid and Right'; 

            elseif selection == 7 

                waveType = 'Right'; 

            elseif selection == 8 

                waveType = 'Irregular'; 

            end 

             

             

             

            cornerData{i,2} = num2str(plyNumber); % store ply number 

            cornerData{i,3} = num2str(wrinkleAmplitudeMM); % store 

wrinkle offset (in MM) 

            cornerData{i,4} = num2str(halfWavelengthsMM); % store 

wavelength (in MM) 

            cornerData{i,5} = num2str(radiusMM); % store the radius of 

curvature of all amplitudes calculated 

            cornerData{i,6} = waveType; 
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            cornerData{i,7} = num2str(numInterceptsObs); % store no. 

of observed intercepts 

            cornerData{i,8} = num2str(numIntercepts); % store no. of 

actual intercepts 

            cornerData{i,9} = num2str(differenceOffsetMean); % store 

mean of difference 

            cornerData{i,10} = num2str(differenceOffsetStd); % store 

std of difference 

            cornerData{i,11} = num2str(differenceOffsetMedian); % 

store median of difference 

            cornerData{i,12} = num2str(secondOffset*conversionRatio); 

            cornerData{i,13} = num2str(cornerThickness); 

             

            

            wrinkleWavelengthData{i,2} = num2str(plyNumber); % store 

ply number 

            wrinkleWavelengthData{i,3} = num2str(halfWavelengthsMM); % 

store wavelength (in MM) 

            wrinkleWavelengthData{i,6} = waveType; 

             

            wrinkleAmplitudeData{i,2} = num2str(plyNumber); % store 

ply number 

            wrinkleAmplitudeData{i,3} = num2str(wrinkleAmplitudeMM); % 

store wrinkle amplitude (in MM) 

            wrinkleAmplitudeData{i,6} = waveType; 

             

            radiusOfCurvatureData{i,2} = num2str(plyNumber); % store 

ply number 

            radiusOfCurvatureData{i,3} = num2str(radiusMM); % store 

the radius of curvature of all amplitudes calculated 

            radiusOfCurvatureData{i,6} = waveType; 

             

            % Remove the wrinkle curve and two offset plots for next 

iteration 

            delete(wrinklePlot) 

            delete(offsetPlot) 

            delete(secondOffsetPlot) 

            plysDone = plysDone+1; 

             

        end 

        currentRow = currentRow + numberofPlysExtracted + 1; % update 

current row index of infoMatrix for next image input 

         

    end 

end 

 

% Write the data to their respective spreadsheets and appropriate 

% worksheets 

 

xlswrite(cornerDataSpread,cornerData,panel); 

xlswrite(wrinkleWavelengthSpread,wrinkleWavelengthData,panel); 

xlswrite(wrinkleAmplitudeSpread,wrinkleAmplitudeData,panel); 

xlswrite(radiusOfCurvatureSpread,radiusOfCurvatureData,panel); 

 

% 

xlswrite(fullfile(spreadFolder,'20190221_Sets_WW.xlsx'),wrinkleWavelen

gthData,'SET2'); 

% 

xlswrite(fullfile(spreadFolder,'20190221_Sets_WA.xlsx'),wrinkleAmplitu

deData,'SET2'); 



 

 

% 

xlswrite(fullfile(spreadFolder,'20190221_Sets_ROC.xlsx'),radiusOfCurva

tureData,'SET2'); 

% 

xlswrite(fullfile(spreadFolder,'20190221_Sets.xlsx'),cornerData,'SET2'

); 

 

% This program is used to analyse the ply geometries of aft and side 

wall carbon fibre specimens 

% from panels produced for the aft sides of masts. This script allows 

the 

% user to cycle through images based on the input panel and determine 

the 

% deviation between where the ply should theoretically be and where it 

% actually is, as well as the average thickness of the part. These 

values 

% will later be utilised in determining how the deviation of ply 

location 

% varies with panel type and also how it varies with corresponding 

corner 

% parts. 

 

close all 

clear 

warning off 

clc 

 

%% SET DIRECTORY AND PREP SCRIPT FOR PANEL IMAGE PROCESSING 

 

% Input directory 

directory = 'C:\'; 

 

% Ask user for specific panel number to be worked on 

panel = 'PANEL2'; 

panelFolderName = fullfile(directory,panel); % produce panel directory 

string 

 

% Extract all subfolder names in the panel folder and create a list of 

all 

% subfolder names 

rawDirectory = dir(panelFolderName); 

idxs = [rawDirectory(:).isdir]'; 

names = {rawDirectory(:).name}'; 

folders = names(idxs); 

names(ismember(folders,{'.','..'})) = []; 

 

 

% Make a matrix which will contain the information gathered from the 

wrinkle fitting 

flatData{1,1} = 'Image Name'; 

flatData{1,2} = 'Ply number'; 

flatData{1,3} = 'Specimen Thickeness'; 

flatData{1,4} = 'Ply position (Above/Below Ideal Position)'; 

flatData{1,5} = 'Mean Wrinkle Difference'; 

flatData{1,6} = 'Stand. Dev. Wrinkle Difference'; 

flatData{1,7} = 'Max. Wrinkle Difference'; 

flatData{1,8} = 'Median Wrinkle Difference'; 

 

 

% Input spreadsheet directory 

spreadFolder = 'C:\'; 

flatDataSpread = fullfile(spreadFolder,'Flat_Data.xlsx'); 
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plyThickness = 0.1415; % input nominal ply thickness 

 

% Lay out the laminate pattern that is used (laminate pattern is 

symmetric, 

% hence the concatenation) 

plyPattern = [2 1 2 1 1 2 1 1 2 1 1 2 1 2]; 

plyPattern = cat(2,plyPattern,plyPattern); 

 

% Read in conversion ratio datasheet 

conversionRatioData = 

xlsread(fullfile(spreadFolder,'ConversionRatios_Flats.xlsx'),panel); 

 

currentRow = 2; % sets current row to below the titular row 

 

% Loop through all subfolders 

for f = 1:numel(folders) % number of subfolders in directory 

    currentFolderName = folders{f}; % Get current subfolder name 

    currentFolder = fullfile(panelFolderName,currentFolderName); % get 

directory name 

     

    % Get a list of all files in the folder with the desired file name 

pattern. 

    filePattern = fullfile(currentFolder, '*.bmp'); 

    theFiles = dir(filePattern); 

     

    for tF = 1 : length(theFiles) % number of files in subfolder 

        baseFileName = theFiles(tF).name; 

        fullFileName = fullfile(currentFolder, baseFileName); 

        fprintf(1, 'Now reading %s\n', fullFileName); 

         

        imRGB = imread(fullFileName); % read in current file 

        fig = figure(1);imshow(imRGB);title(baseFileName, 

'Interpreter', 'none'); set(gcf, 'Position', get(0, 'Screensize')); 

        % movegui(fig,'west'); 

        confirm = questdlg('Would you like to skip this file','Skip 

Image'); 

        switch confirm 

            case 'Yes' 

                close all 

                continue 

            case 'No' 

                close all 

        end 

        [rows, cols, layers] = size(imRGB); % find the no. of 

rows,cols, and layers 

        flatData{currentRow,1} = baseFileName; % input file name into 

infoMatrix 

         

        conversionRatio = conversionRatioData(tF); 

         

         

        %% PLY ANALYSIS %% 

         

        fig = figure(1);imagesc([0 2560],[0 

1920],imRGB);title(baseFileName, 'Interpreter', 'none'); set(gcf, 

'Position', get(0, 'Screensize')); 

        % movegui(fig,'west'); 

         

        %         % User will be asked to get points to determine the 

        %         % thickness of the specimen 



 

 

        %         prompt = {'How many sets of thicknesses will be 

taken?'}; 

        %         promptTitle = 'Thickness Sets'; 

        %         dims = [1 35]; 

        %         definput = {'0'}; 

        %         setsOfThicknesses = 

str2double(inputdlg(prompt,promptTitle,dims,definput)); 

        setsOfThicknesses = 5; 

        [xThickness, yThickness] = ginput(2*setsOfThicknesses); % 

store points in coordinates arrays 

         

        % Go through arrays and find the lengths of all measurements 

taken 

        for j = 1:setsOfThicknesses 

            flatThickness(j) = conversionRatio*hypot((xThickness(j)-

xThickness(j+1)),(yThickness(j)-yThickness(j+1))); 

        end 

         

        % Average out thicknesses 

        flatThicknessAvg = sum(flatThickness)/setsOfThicknesses; 

         

        % Display thickness to user 

        message = msgbox(sprintf('%d',flatThicknessAvg)); 

        waitfor(message); 

         

        % User will be asked to extract points from the bottom surface 

of the part 

        % (this surface will represent the ideal curve as no wrinkling 

has occurred 

        % to this surface). User will initially be asked to enter 

amount of plys to 

        % be analysed 

         

        prompt = {'How many plys will be analysed? '}; 

        promptTitle = 'Number of plys'; 

        dims = [1 35]; 

        definput = {'0'}; 

        numberofPlysExtracted = 

str2double(inputdlg(prompt,promptTitle,dims,definput)); 

         

         

        % Next, the user needs to extract the ideal curve from the 

bottom 

        % surface of the corner 

        figure(1);imagesc([0 2560],[0 1920],imRGB);title(baseFileName, 

'Interpreter', 'none'); set(gcf, 'Position', get(0, 'Screensize')); 

        % movegui(fig,'west'); 

        [xIdeal,yIdeal] = ginput; % get user input points for ideal 

curve 

        idealCurveFit = polyfit(xIdeal,yIdeal,3); % fit a polynomial 

with n-1 coeffecients (most practical) 

        idealCurve = polyval(idealCurveFit,0:cols); 

         

        % 

        %         % Before beginning the actual analysis of the part, 

the script will rotate 

        %         % the image based on the angle calculated from the 

bottom line 

        %         theta = atand((idealCurve(length(idealCurve))-

idealCurve(1))./(cols)); 

        %         if theta < 0 

        %             imRotated = imrotate(imRGB,theta); 

        %         elseif theta>0 
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        %             imRotated = imrotate(imRGB,-theta); 

        %         end 

         

         

        figure(1);imagesc([0 2560],[0 1920],imRGB);title(baseFileName, 

'Interpreter', 'none'); set(gcf, 'Position', get(0, 'Screensize')); 

        % movegui(fig,'west'); 

        hold on 

        idealCurvePlot = plot(0:cols,idealCurve,'b'); 

        n = 0; 

        while n==0 

            confirm = questdlg('Would you like to keep the sketched 

line?','Confirmation'); 

            switch confirm 

                case 'Yes' 

                    n = 1; 

                case 'No' 

                    delete(idealCurvePlot) 

                    clear xIdeal yIdeal idealCurveFit idealCurvePlot 

                    figure(1);imagesc([0 2560],[0 

1920],imRGB);title(baseFileName, 'Interpreter', 

'none');movegui(fig,'west'); 

                    [xIdeal,yIdeal] = ginput; % get user input points 

for ideal curve 

                    idealCurveFit = polyfit(xIdeal,yIdeal,3); % fit a 

polynomial with 3 coeffecients (most practical) 

                    idealCurve = polyval(idealCurveFit,0:cols); 

                     

                    %                     % Before beginning the 

actual analysis of the part, the script will rotate 

                    %                     % the image based on the 

angle calculated from the bottom line 

                    %                     theta = 

atand((idealCurve(length(idealCurve))-idealCurve(1))./(cols)); 

                    %                     if theta < 0 

                    %                         imRotated = 

imrotate(imRGB,theta); 

                    %                     elseif theta>0 

                    %                         imRotated = 

imrotate(imRGB,-theta); 

                    %                     end 

                    hold on 

                    idealCurvePlot = plot(0:cols,idealCurve,'b'); 

            end 

        end 

         

        % Set up initial values for whatthe current ply number is and 

how 

        % many have been analysed 

        plyNumber = 0; 

        plysDone = 0; 

         

        % Loop goes through all the ply that need to be extracted and 

allow 

        % the user to offset the ideal curve to the current ply, 

        for i = currentRow:currentRow+numberofPlysExtracted-1 

            figure(1); 

            n=0; 

            while n == 0 

                % Ask user what ply number needs to be analysed 

(display 



 

 

                % the previous ply umber used and how many plys are 

left to 

                % be analysed) 

                prompt = sprintf('Enter the ply that will be analysed 

(Previous ply number: %d; Plys left to analyse: 

%d)',plyNumber,(numberofPlysExtracted-plysDone)); 

                prompt = {prompt}; 

                promptTitle = 'Ply Number'; 

                dims = [1 35]; 

                definput = {'0'}; 

                plyNumber = 

str2double(inputdlg(prompt,promptTitle,dims,definput)); 

                plyShift = plyThickness*sum(plyPattern(1:plyNumber)); 

                offset = plyShift/conversionRatio; 

                offsetCurve = idealCurve - offset; 

                figure(1);offsetPlot = plot(0:cols,offsetCurve,'r'); 

                query = questdlg(sprintf('Would you like to use this 

ply? Ply number: %d',plyNumber),'Ply Confirmation'); 

                switch query 

                    case 'Yes' 

                        n = 1; 

                    case 'No' 

                        n = 0; 

                        delete(offsetPlot); 

                end 

            end 

             

            delete(offsetPlot) 

             

             

            % Plot the actual wrinkle 

            [xWrinkle,yWrinkle] = ginput; % get user input points for 

actual curve 

            wrinkleFit = polyfit(xWrinkle,yWrinkle,3); % fit a 

polynomial with n-1 coeffecients (most practical) 

            wrinkleCurve = polyval(wrinkleFit,0:cols); 

            wrinklePlot = plot(0:cols,wrinkleCurve,'m'); 

             

            % Allow user to redraw the wrinkle if the polyfit is not 

good 

            % enough be used for data extraction 

            n = 0; 

            while n==0 

                confirm = questdlg('Would you like to keep the 

sketched line?','Confirmation'); 

                switch confirm 

                    case 'Yes' 

                        n = 1; 

                    case 'No' 

                        delete(wrinklePlot) 

                        clear xWrinkle yWrinkle wrinkleFit 

wrinkleCurve wrinklePlot 

                        [xWrinkle,yWrinkle] = ginput; % get user input 

points for actual curve 

                        wrinkleFit = polyfit(xWrinkle,yWrinkle,3); % 

fit a polynomial with n-1 coeffecients (most practical) 

                        wrinkleCurve = polyval(wrinkleFit,0:cols); 

                        wrinklePlot = plot(0:cols,wrinkleCurve,'m'); 

                         

                end 

            end 
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            % Find the offset between the actual curve and the ideal 

curve 

            differenceOffset = wrinkleCurve - offsetCurve; 

            differenceOffsetMean = 

conversionRatio.*(mean(differenceOffset)); 

            differenceOffsetMedian = 

conversionRatio.*(median(differenceOffset)); 

            differenceOffsetMax = 

conversionRatio.*(max(abs(differenceOffset))); 

            differenceOffsetStd = 

conversionRatio.*(std(differenceOffset)); 

             

            offsetPlot = plot(0:cols,offsetCurve,'r'); 

             

            message = msgbox('Select whether the majority of the 

actual ply is above or below the ideal position'); 

            waitfor(message); 

             

            list = {'Above','Below','Unsure'}; 

            [selection,tf] = 

listdlg('ListString',list,'SelectionMode','single'); 

            if selection == 1 

                plyPosition = 'Above'; 

            elseif selection == 2 

                plyPosition = 'Below'; 

            elseif selection == 3 

                plyPosition = 'Unsure'; 

            end 

             

            flatData{i,2} = num2str(plyNumber); % store ply number 

            flatData{i,3} = num2str(flatThicknessAvg); % store average 

thickness of specimen 

            flatData{i,4} = plyPosition; 

            flatData{i,5} = num2str(differenceOffsetMean); % store 

mean difference of ideal position and actual position 

            flatData{i,6} = num2str(differenceOffsetStd); % store 

standard deviation of ideal position and actual position 

            flatData{i,7} = num2str(differenceOffsetMax); % store 

maximum difference of ideal position and actual position 

            flatData{i,8} = num2str(differenceOffsetMedian); % store 

median difference of ideal position and actual position 

             

             

             

            plysDone = plysDone+1; 

             

        end 

        currentRow = currentRow + numberofPlysExtracted + 1; % update 

current row index of infoMatrix for next image input 

         

    end 

end 

 

% Write data to corresponding panel worksheet in flat specimen 

spreadsheet 

xlswrite(flatDataSpread,flatData,panel); 

 

 

 

% This script is used to provide batch processing of specimen images 

and to 



 

 

% process them by reducing vignetting effects caused by microscopy 

imaging 

 

close all 

clear 

warning off 

clc 

 

directory = 'C:\'; 

panelName = 'PANEL1'; 

 

% Specify raw images folder for desired panel 

myFolder = fullfile(directory,panelName); 

 

% Check to make sure that folder actually exists 

if ~isdir(myFolder) 

    errorMessage = sprintf('Error: The following folder does not 

exist:\n%s', myFolder); 

    uiwait(warndlg(errorMessage)); 

    return; 

end 

 

% Extract all subfolder names in the Raw folder and create a list of 

all 

% subfolder names 

rawDirectory = dir(myFolder); 

idxs = [rawDirectory(:).isdir]'; 

names = {rawDirectory(:).name}'; 

folders = names(idxs); 

folders(ismember(folders,{'.','..'})) = []; 

 

 

% Loop through all subfolders 

for i = 1:numel(folders) 

    currentFolderName = folders{i}; % Get current subfolder name 

    currentFolder = fullfile(myFolder,currentFolderName); 

     

    % Get a list of all files in the folder with the desired file name 

pattern. 

    filePattern = fullfile(currentFolder, '*.bmp'); 

     

     

     

    % Make destination directory for processed images 

    destDirectory = fullfile('C:\',panelName,currentFolderName); 

     

    mkdir(destDirectory); 

    theFiles = dir(filePattern); 

     

    for k = 1 : length(theFiles) 

        baseFileName = theFiles(k).name; 

        fullFileName = fullfile(currentFolder, baseFileName); 

         

        fprintf(1, 'Now reading %s\n', fullFileName); 

        imRGB = imread(fullFileName); % read in image 

        imCorrected = imflatfield(imRGB,100); % apply imcorrect 

correction 

        if endsWith(baseFileName,'A.BMP') 

            baseFileNameProcess = insertAfter(baseFileName,'A','_FF'); 

        elseif endsWith(baseFileName,'W.BMP') 

            baseFileNameProcess = insertAfter(baseFileName,'W','_FF'); 

        elseif endsWith(baseFileName,'C.BMP') 

            baseFileNameProcess = insertAfter(baseFileName,'C','_FF'); 
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        end 

         

        fullFileNameProcess = fullfile(destDirectory, 

baseFileNameProcess); 

        imwrite(imCorrected,fullFileNameProcess); 

    end 

     

end 

 

disp('All images have been processed'); 

 

 

% This script is used to propose a random sequence of number sets for 

the 

% user to have as a rough guideline when analysing the corners for any 

% particular panel. These random numbers are generated in sets of a 

user 

% input value and will be bounded. 

 

close all 

clear all 

clc 

spreadDirectory = 'C:\'; 

panelName = 'PANEL8'; 

 

specimenType = 'FLAT'; 

 

if strcmp(specimenType,'FLAT') 

    amountFlats = 20; 

    index = 1; 

    for i = 1:amountFlats 

        % Generate random integer between 1 and 14 and store 

        randomPly(index) = randi([1 14]); 

        index = index + 1; 

        % Generate random integer between 15 and 27 and store 

        randomPly(index) = randi([15 27]); 

        index = index + 2; 

    end 

     

     

     

    for j = 1:numel(randomPly) 

        if randomPly(j) == 4 

            randomPly(j) = pickUpDown(4); 

        elseif randomPly(j) == 7 

            randomPly(j) = pickUpDown(7); 

        elseif randomPly(j) == 10 

            randomPly(j) = pickUpDown(10); 

        elseif randomPly(j) == 14 

            randomPly(j) = pickUpDown(14); 

        elseif randomPly(j) == 18 

            randomPly(j) = pickUpDown(18); 

        elseif randomPly(j) == 21 

            randomPly(j) = pickUpDown(21); 

        elseif randomPly(j) == 24 

            randomPly(j) = pickUpDown(24); 

        end 

    end 

     

    randomPly = randomPly.'; 

elseif strcmp(specimenType,'CORNER') 



 

 

    amountCorners = 14; 

    index = 1; 

    for i = 1:amountCorners 

        % Generate random integer between 1 and 6 and store 

        randomPly(index) = randi([1 6]); 

        index = index + 1; 

        % Generate random integer between 1 and 6 and store 

        randomPly(index) = randi([7 13]); 

        index = index + 1; 

        % Generate random integer between 1 and 6 and store 

        randomPly(index) = randi([14 20]); 

        index = index + 1; 

        % Generate random integer between 1 and 6 and store 

        randomPly(index) = randi([21 27]); 

        index = index + 2; 

    end 

     

     

     

    for j = 1:numel(randomPly) 

        if randomPly(j) == 4 

            randomPly(j) = pickUpDown(4); 

        elseif randomPly(j) == 7 

            randomPly(j) = pickUpDown(7); 

        elseif randomPly(j) == 10 

            randomPly(j) = pickUpDown(10); 

        elseif randomPly(j) == 14 

            randomPly(j) = pickUpDown(14); 

        elseif randomPly(j) == 18 

            randomPly(j) = pickUpDown(18); 

        elseif randomPly(j) == 21 

            randomPly(j) = pickUpDown(21); 

        elseif randomPly(j) == 24 

            randomPly(j) = pickUpDown(24); 

        end 

    end 

     

    randomPly = randomPly.'; 

     

end 

 

xlswrite(fullfile(spreadDirectory,'plyNumbersFlats.xlsx'),randomPly,pa

nelName); 

 

 

function [xIntercepts,yIntercepts,numIntercepts] = 

getIntercepts(wrinkleFit,secondOffsetCurveFit,xOff,xWrinkle,rows) 

 % Equate the second offset curve with the wrinkle curve and solve to 

    % find the x and y coordinates of where the intercepts occur 

    syms x y 

    wrinkleFitSym = poly2sym(wrinkleFit); 

    secondOffsetCurveFitSym = poly2sym(secondOffsetCurveFit); 

    intEqtns = [y==wrinkleFitSym,y==secondOffsetCurveFitSym]; % 

formulate equations for solving 

    intSoltns = solve(intEqtns,[x y]); 

    idxX = 1; % x solutions index 

    idxY = 1; % y solutions index 

     

    % Find the lower x bound so that intercepts out of these bounds 

will 

    % not be considered in calculations 

    if xOff(1) < xWrinkle(1) 

        lowerXBound = xWrinkle(1); 
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    elseif xOff(1) > xWrinkle(1) 

        lowerXBound = xOff(1); 

    end 

     

    % Find the upper x bound so that intercepts out of these bounds 

will 

    % not be considered in calculations 

    if xOff(length(xOff)) < xWrinkle(length(xWrinkle)) 

        upperXBound = xOff(length(xOff)); 

    elseif xOff(length(xOff)) > xWrinkle(length(xWrinkle)) 

        upperXBound = xWrinkle(length(xWrinkle)); 

    end 

     

     

    % Go through solutions struct and remove complex solutions 

    for z = 1:length(intSoltns.x) 

        if isreal(vpa(intSoltns.x(z))) 

            intRealSoltnsX(idxX) = double(vpa(intSoltns.x(z))); 

            idxX = idxX + 1; 

        end 

        if isreal(vpa(intSoltns.y(z))) 

            intRealSoltnsY(idxY) = double(vpa(intSoltns.y(z))); 

            idxY = idxY + 1; 

        end 

    end 

     

    % Go through solutions array and remove impossible solutions 

    for z = 1:numel(intRealSoltnsX) 

        if intRealSoltnsX(z) >= lowerXBound && intRealSoltnsX(z) <= 

upperXBound 

            if intRealSoltnsY(z) >= 0 && intRealSoltnsY(z) <= rows 

                xIntercepts(z) = intRealSoltnsX(z); 

                yIntercepts(z) = intRealSoltnsY(z); 

            end 

        end 

    end 

     

    % Remove any nonzero values in the x and y intercepts array 

    xIntercepts = nonzeros(xIntercepts); 

    yIntercepts = nonzeros(yIntercepts); 

     

    numIntercepts = length(xIntercepts); % get number of intercepts 

     

     

    % Loop through the y intercepts array such that when xIntercepts 

    % is sorted into ascending order, yIntercepts values will match 

their 

    % corresponding xIntercepts value 

     

    % Create temporary x and y intercepts arrays (that will be edited) 

and 

    % an array for storing the ordered yIntercepts values 

    tempX = xIntercepts.'; 

    tempY = yIntercepts.'; 

    storeTempY = zeros(1,numIntercepts); 

     

    for f = 1:numIntercepts 

        [M,I] = min(tempX); 

        storeTempY(f) = tempY(I); 

        tempX(I) = []; 



 

 

        tempY(I) = []; 

    end 

     

    % Sort x intercepts into ascending order and remove non-zero 

values 

    xIntercepts = (sort(xIntercepts)).'; 

    yIntercepts = storeTempY; % replace 

end 

 

 

% This script is used to be able to measure distances in sample images 

and then store them in an array for further use 

 

close all 

clear 

warning off 

clc 

 

widthPxl{1,1} = 'FileNames'; 

widthPxl{1,2} = 'Length (in pixels)'; 

panelName = 'PANEL6'; 

directory = 'C:\'; 

myFolder = fullfile(directory,panelName); 

 

% Check to make sure that folder actually exists 

if ~isdir(myFolder) 

    errorMessage = sprintf('Error: The following folder does not 

exist:\n%s', myFolder); 

    uiwait(warndlg(errorMessage)); 

    return; 

end 

 

% Extract all subfolder names in the Raw folder and create a list of 

all 

% subfolder names 

rawDirectory = dir(myFolder); 

idxs = [rawDirectory(:).isdir]'; 

names = {rawDirectory(:).name}'; 

folders = names(idxs); 

folders(ismember(folders,{'.','..'})) = []; 

 

% Loop through all subfolders 

index = 1; % Index will be used to store pixel width in array 

for i = 1:numel(folders) % number of subfolders in directory 

    currentFolderName = folders{i}; % Get current subfolder name 

    currentFolder = fullfile(myFolder,currentFolderName); 

     

    % Get a list of all files in the folder with the desired file name 

pattern. 

    filePattern = fullfile(currentFolder, '*.bmp'); 

    theFiles = dir(filePattern); 

     

    for k = 1 : length(theFiles) % number of files in subfolder 

        baseFileName = theFiles(k).name; 

        fullFileName = fullfile(currentFolder, baseFileName); 

        fprintf(1, 'Now reading %s\n', fullFileName); 

        widthPxl{index,1} = baseFileName; 

         

        imRGB = imread(fullFileName); % read in image 

        figure;imshow(imRGB);title(baseFileName, 'Interpreter', 

'none');zoom on; % display image 

        prompt = {'Enter the width of the specimen: '}; 

        promptTitle = 'Specimen Width'; 
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        dims = [1 35]; 

        definput = {'0'}; 

        specimenWidthMM = 

str2double(inputdlg(prompt,promptTitle,dims,definput)); 

         

        w = waitforbuttonpress; 

        zoom off; % to escape the zoom mode 

        [x1,y1] = ginput(1); % get two sets of coordinates 

        zoom out; 

        zoom on; % display image 

        w = waitforbuttonpress; 

        zoom off; % to escape the zoom mode 

        [x2,y2] = ginput(1) ; % get two sets of coordinates 

        zoom out; 

        specimenWidthPixels = sqrt((x1-x2)^2 + (y1-y2)^2); 

        widthPxl{index,2} = num2str(sqrt((x1-x2)^2 + (y1-y2)^2)); 

        widthPxlVal(index,1) = specimenWidthMM; 

        widthPxlVal(index,2) = specimenWidthPixels; 

        widthPxlVal(index,3) = specimenWidthMM/specimenWidthPixels; 

         

        index = index + 1; 

        close 

    end 

end 

 

 

% This script is used to separate the corners and flat specimen images 

of into their respective folders (CORNERS and FLATS). These images 

come from their respective panel subfolder in the processed folder. 

The script will find the specified panel folder in the processed 

directory, read in the images within that folder and based on what the 

image is (corner specimen or flat specimen), it will write the file to 

the appropriate directory 

 

close all 

clear 

warning off 

clc 

 

% Prepare directories for processed images, corners, and flat 

specimens 

processedDirectory = 'C:\ '; 

cornerDirectory = 'C:\ '; 

flatDirectory = 'C:\ '; 

 

panelName = 'PANEL1'; % set panel name 

panelFolder = fullfile(processedDirectory,panelName); % create panel 

file string 

 

% Check to make sure that folder actually exists 

if ~isdir(panelFolder) 

    errorMessage = sprintf('Error: The following folder does not 

exist:\n%s', panelFolder); 

    uiwait(warndlg(errorMessage)); 

    return; 

end 

 

% Extract all subfolder names in the Raw folder and create a list of 

all 

% subfolder names 

rawDirectory = dir(panelFolder); 



 

 

idxs = [rawDirectory(:).isdir]'; 

names = {rawDirectory(:).name}'; 

folders = names(idxs); 

folders(ismember(folders,{'.','..'})) = []; 

 

 

% Loop through all subfolders 

for i = 1:numel(folders) 

    currentSubFolder = folders{i}; % Get current subfolder name 

    currentFolder = fullfile(panelFolder,currentSubFolder); 

     

    % Get a list of all files in the folder with the desired file name 

pattern. 

    filePattern = fullfile(currentFolder, '*.bmp'); 

     

    % Make destination directory for processed images 

    destDirectory = sprintf('C:\\%s\\%s',panelName,currentSubFolder); 

    mkdir(destDirectory); 

    theFiles = dir(filePattern); 

     

    % Go through all the images in the current subfolder 

    for k = 1 : length(theFiles) 

        baseFileName = theFiles(k).name; 

        fullFileName = fullfile(currentFolder, baseFileName); 

        fprintf(1, 'Now reading %s\n', fullFileName); 

        imRGB = imread(fullFileName); % read in image 

         

        % Write image files into respective directories based on 

whether 

        % the image is an aft, side wall, or corner 

        if endsWith(baseFileName,'A_FF.BMP') 

            destDirectory = 

fullfile(flatDirectory,panelName,currentSubFolder); 

            mkdir(destDirectory); 

            imwrite(imRGB,fullfile(destDirectory,baseFileName)) 

        elseif endsWith(baseFileName,'W_FF.BMP') 

            destDirectory = 

fullfile(flatDirectory,panelName,currentSubFolder); 

            mkdir(destDirectory); 

            imwrite(imRGB,fullfile(destDirectory,baseFileName)) 

        elseif endsWith(baseFileName,'C_FF.BMP') 

            destDirectory = 

fullfile(cornerDirectory,panelName,currentSubFolder); 

            mkdir(destDirectory); 

            imwrite(imRGB,fullfile(destDirectory,baseFileName)) 

        end         

    end     

end 

 

disp('All images have been processed'); 

 

-------------------------------------------------------------------- 

function [newNum] = pickUpDown(oldNum) 

% This function takes a number as an input and returns a number that 

is 

% either above it or below it; via random selection. 

 

selector = randi([0,1]); 

 

if selector == 0 

    newNum = oldNum - 1; 

elseif selector == 1 

    newNum = oldNum + 1; 
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end 

 

 

end 

------------------------------------------------------------------ 

function [radius] = getRadiusOfCurvature(wrinkleAmpXLoc,wrinkleFit) 

 

radius = 

(1+polyval(polyder(wrinkleFit),wrinkleAmpXLoc).^2).^(3/2)./(abs(polyva

l(polyder(polyder(wrinkleFit)),wrinkleAmpXLoc))); 

 

end 

function [xOff,yOff] = radialOffset(xVals,yVals,offset) 

% This function offsets a polynomial radially by using the 

intersection of 

% lines normal; to the curve and a circular locii to find the radial 

offset 

% Inputs: xVals - values of x for which the original curve was 

calculated 

%                 for 

%         yVals - values for y which the original curve was calculated 

for 

%         offset - the radial offset required 

% Outputs: xOff - values of x for the offset curve 

%          yOff - values of y for the offset curve 

 

dy = diff(yVals); 

dx = diff(xVals); 

xOff = zeros(1,length(xVals)-1); 

yOff = zeros(1,length(yVals)-1); 

 

[M,I] = max(yVals); 

 

for i = 1:length(xVals)-1 

    currentX = xVals(i); % get current x value 

    currentY = yVals(i); % get current y value 

    % if the current x value is 0 then the points for which the 

shifted 

    % curve needs to pass through are already known (also slope 

calculating 

    % at x = 0 is inf) 

    if currentX == xVals(I) 

        xOff(i) = xVals(I); 

        yOff(i) = yVals(i) - offset; 

    else 

        mTangent = dy(i)./dx(i); % get the slope of the line tangent 

to curve at current xy points 

        mNormal = -1./mTangent; % get slope of line normal to curve at 

current xy points 

        intercept = currentY - mNormal.*currentX; % calculate 

intercept of normal line 

        [xInt, yInt] = linecirc(mNormal, intercept, currentX, 

currentY, offset); % get intercepts of where the normal line 

intercepts a circle with radius of offset and centred about current 

points 

         

         

        %  When current x value is less than 0, 

        if currentX<xVals(I) 

            index = xInt>currentX; 

            xOff(i) = xInt(index); 



 

 

            yOff(i) = yInt(index); 

        elseif currentX>xVals(I) 

            index = xInt<currentX; 

            xOff(i) = xInt(index); 

            yOff(i) = yInt(index); 

        end         

         

         

    end 

end 

end 
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C1.20 VBA Script – combine csv files 

Sub Button1_Click() 

    Dim xFilesToOpen As Variant 

    Dim I As Integer 

    Dim xWb As Workbook 

    Dim xTempWb As Workbook 

    Dim xDelimiter As String 

    Dim xScreen As Boolean 

    On Error GoTo ErrHandler 

    xScreen = Application.ScreenUpdating 

    Application.ScreenUpdating = False 

    xDelimiter = "|" 

    xFilesToOpen = Application.GetOpenFilename("Text Files (*.csv), 

*.csv", , "Select Files to Combine", , True) 

    If TypeName(xFilesToOpen) = "Boolean" Then 

        MsgBox "No files were selected", , "Import Tool" 

        GoTo ExitHandler 

    End If 

    I = 1 

    Set xTempWb = Workbooks.Open(xFilesToOpen(I)) 

    xTempWb.Sheets(1).Copy 

    Set xWb = Application.ActiveWorkbook 

    xTempWb.Close False 

    Do While I < UBound(xFilesToOpen) 

        I = I + 1 

        Set xTempWb = Workbooks.Open(xFilesToOpen(I)) 

        xTempWb.Sheets(1).Move , xWb.Sheets(xWb.Sheets.Count) 

    Loop 

ExitHandler: 

    Application.ScreenUpdating = xScreen 

    Set xWb = Nothing 

    Set xTempWb = Nothing 

    Exit Sub 

ErrHandler: 

    MsgBox Err.Description, , "CSV Import Tool" 

    Resume ExitHandler 

End Sub 



 

 

APPENDIX C2 – VBA CODES FOR FEA 

C2.1 Python Script for Parametric Voids (Full) 

############################################################# 

 

 

#!/usr/bin/env python 

# -*- coding: utf-8 -*-  

############################################################# 

# Voids Under Compression Test                 

# 

# Author: Abhi Ramesh                                       # 

# Date created: February 2018                               # 

# Date modified: September 2018                             # 

############################################################# 

 

#################### 

# PRE PROCESSING   # 

#################### 

 

# Model is in millimeters and MPa 

 

'''We are working in a python environment which do not include all  

functionality of Abaqus. Including the section below will import  

some of the Abaqus modules used in this script file.''' 

 

 

# Import required modules 

 

from abaqus import * 

from abaqusConstants import * 

from part import * 

from material import * 

from section import * 

from assembly import * 

from step import * 

from interaction import * 

from load import * 

from mesh import * 

from job import * 

from sketch import * 

from visualization import * 

from connectorBehavior import * 

import os 

sys.path.append( 

    'C:\\Program Files\\Simulayt 3DS\\Composites Modeler\\Abaqus 6.14 

- 6.17\\Plugin') 

import CMACommands 

import CMACommandsMapMesh 

import CMACommandsResults 

import CMACommandsMaterials 

import CMACommandsBoundingMeshes 

CMACommands.InitialiseLayup() 

from CMAConstants import * 

from caeModules import * 

import regionToolset 

import numpy as np 

from numpy import linspace, pi 

from numpy import linspace, sin 

from numpy import linspace, cos 
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# (1,7) 1.25 0.125*(param) 

#(7,12) 2.5 0.125*(param-5) 

#(12,17) 3.75 0.125*(param-10) 

#(17,21) 5.0 0.125*(param-14) 

 

for param in range(17,21): 

 

 # Create Variables 

   

 ply_t = 0.1415    #ply thickness 

 num_ply = 60    #total ply count 

 lam_t = ply_t*num_ply  #laminate thickness 

 lam_w = 12.0    #laminate width 

 lam_h = 13.0   #laminate length 

 extra_h = 9    #excess height of laminate 

thickness 

 void_w = 5.0   #void width radius (y) 

 void_h = 0.125*(param-14)#void height radius (z) 

 void_l = 63.5   #void length (x) 

 gauge_l = 13.0   #gauge length 

 void_loc = 30;          #specify above which ply void lies 

 cx = lam_w/2;           #void centre 'x' coordinate 

 cy = (void_loc*ply_t); #void centre 'y' coordinate 

 spline_res = 50;        #number of points before & after void 

causes offset 

 spacing = ((lam_w/2)-void_w)/spline_res; #spacing between each 

point 

 angles_top = np.linspace(np.pi, 0, spline_res) #ellipse plot 

angles for plies above void 

 angles_bot = np.linspace(-np.pi, 0, spline_res)#ellipse plot 

angles for plies above void 

 

 global_sz = 0.1   #global seed size 

 thru_elem_num = 2   #number of through thickness 

elements per ply 

 

 # Sequence- [0/90/0/45/-45/0/-45/45/0/90/0/45/-45/0/-

45/45/0/90/0/0/±45]S 

 # 0 deg = 1,2,4,5,8,9,12,13,15,16,19,20,23,24,26,27,28,29, 

  

 #32,33,34,35,37,38,41,42,45,46,48,49,52,53,56,57,59,60 

 # 90 deg = 3,14,25,36,47,58 

 # 45 deg = 6,11,17,22,30,39,44,50,55 

 # -45 deg = 7,10,18,21,31,40,43,51,54 

 

 zero_plies = ['ply_1', 'ply_2', 'ply_4', 'ply_5', 'ply_8', 

'ply_9',  

    'ply_12', 'ply_13', 'ply_15', 'ply_16', 

'ply_19', 'ply_20',  

    'ply_23', 'ply_24', 'ply_26', 'ply_27', 

'ply_28', 'ply_29', 

    'ply_32', 'ply_33', 'ply_34', 'ply_35', 

'ply_37', 'ply_38', 

    'ply_41', 'ply_42', 'ply_45', 'ply_46', 

'ply_48', 'ply_49', 

    'ply_52', 'ply_53','ply_56', 'ply_57', 

'ply_59', 'ply_60'] 

     

 ninety_plies = ['ply_3', 'ply_14', 'ply_25', 'ply_36', 'ply_47', 

'ply_58'] 

     



 

 

 plus_plies = ['ply_6', 'ply_11', 'ply_17', 'ply_22', 'ply_30',  

    'ply_39', 'ply_44', 'ply_50', 'ply_55'] 

     

 minus_plies = ['ply_7', 'ply_10','ply_18', 'ply_21', 'ply_31',  

    'ply_40', 'ply_43', 'ply_51', 'ply_54'] 

 

 ########## Create a Model ##########----------------------------

------------ 

 

 model_name_a = "Model-"+str(param)  

 model_name_b = "Model-"+str(param+1)  

  

 model_id = "void_"+str(param) 

  

 session.viewports['Viewport: 1'].setValues(displayedObject=None) 

 

 mdb.models.changeKey(fromName=model_name_a, toName=model_id) 

 Void_Model= mdb.models[model_id] 

 

 ########## Create Parts ##########------------------------------

------------ 

 import part 

 

 # Create solid specimen 

 

 lamProfileSketch= Void_Model.ConstrainedSketch(name='Lam Profile 

Sketch', 

           

      sheetSize=400) 

 # Laminate 

 lamProfileSketch.Line(point1= (0, 0),  

         point2= 

((lam_h), 0)) 

 lamProfileSketch.Line(point1= (0, (lam_w)),  

         point2= 

((lam_h), (lam_w)))         

 lamProfileSketch.Line(point1= (0, 0),  

         point2= (0, 

(lam_w))) 

 lamProfileSketch.Line(point1= ((lam_h), 0),  

         point2= 

((lam_h), (lam_w))) 

          

 laminatePart = Void_Model.Part(dimensionality=THREE_D,  

          

name='Laminate', type= DEFORMABLE_BODY) 

 # Extrude sketch to create 3D part with padding on top to 

accommodate void offset 

 laminatePart.BaseSolidExtrude(sketch = lamProfileSketch,  

         depth 

=lam_t+extra_h) 

 

 # Add local ply thickening 

 lam_faces = laminatePart.faces 

 lam_edges = laminatePart.edges 

 

 selected_face = lam_faces.findAt((lam_h,0.1,0.1),)  #define 

sketch plane 

 selected_edge = lam_edges.findAt((lam_h,lam_w,0.1),) # define 

vertical   

           

 #edge to right of intended sketch 
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 lam_trans = 

laminatePart.MakeSketchTransform(sketchPlane=selected_face, 

    sketchUpEdge=selected_edge, 

sketchOrientation=RIGHT,  

    sketchPlaneSide=SIDE1, origin=(lam_h, 0.0, 

0.0)) 

 

 lam_sketch = Void_Model.ConstrainedSketch(name='edge_thick',  

  sheetSize=(lam_w*3), gridSpacing=0.5, transform=lam_trans) 

 

 lam_sketch.setPrimaryObject(option=SUPERIMPOSE) 

 

 laminatePart = Void_Model.parts['Laminate'] 

 

 #Top Ply 

 # p1 = (((lam_w/2)+void_w,lam_t),) 

 # p2 = (((lam_w/2)-void_w,lam_t),) 

 # lam_sketch.Line(point1=p1[0], point2=p2[0]) 

 

 # top_spline = [] 

 # for i in angles_top: 

  # x1 =cx+void_w*np.cos(i) 

  # y1 = cy+void_h*np.sin(i)+((num_ply-void_loc)*ply_t) 

  # top_spline.append([x1,y1]) 

 

 # lam_sketch.Spline(points = top_spline) 

 

 #Bottom Ply 

 p1 = (((lam_w/2)-void_w,0.0),) 

 p2 = (((lam_w/2)+void_w,0.0),) 

 lam_sketch.Line(point1=p1[0], point2=p2[0]) 

 

 bot_spline = [] 

 for i in angles_bot: 

  x1 =cx+void_w*np.cos(i) 

  y1 = cy+void_h*np.sin(i)-(void_loc*ply_t) 

  bot_spline.append([x1,y1]) 

 

 lam_sketch.Spline(points = bot_spline) 

 

 # Extrude Part 

 laminatePart.SolidExtrude(sketch=lam_sketch, 

sketchPlane=selected_face,  

     depth=lam_h, sketchPlaneSide=SIDE1, 

sketchOrientation=RIGHT,  

     sketchUpEdge=selected_edge, 

flipExtrudeDirection=ON) 

 

 lamProfileSketch.unsetPrimaryObject() 

 

 

 ########## Create Materials ##########--------------------------

------------ 

 #This block is a placeholder before replacing the material model 

using MDS for any multiscale analyses 

 

 import material 

 

 # Lamina - T700_HS5454 - For specimen 

 stdCarbon = Void_Model.Material(name='MAT1') 



 

 

 laminaElastProp = (117E3, 8.93, 8.9E3, 0.3, 0.2, 0.3, 5.3E3, 

5.3E3, 3E3) 

 laminaFailStress = (2841, -1397, 100, -100, 79, 1.0, 1.0) 

 stdCarbon.Elastic(type = ENGINEERING_CONSTANTS, 

table=(laminaElastProp, )) 

 stdCarbon.elastic.FailStress(table=(laminaFailStress, )) 

 

 

 

 ########## Create Partitions ##########-------------------------

------------ 

 

 # Create partitions for plies 

 

 # Sketches 

 

 lam_faces = laminatePart.faces 

 lam_edges = laminatePart.edges 

 lam_cells = laminatePart.cells 

 

 front_face = lam_faces.findAt((lam_h,0.1,0.1),) #define sketch 

plane 

 sketch_edge1 = lam_edges.findAt((lam_h,lam_w,0.1),) # define 

vertical   

           

 #edge to right of intended sketch 

 

 ply_transform = laminatePart.MakeSketchTransform( 

           

  sketchPlane=front_face,  

           

  sketchUpEdge=sketch_edge1,  

           

  sketchPlaneSide=SIDE1,  

           

  origin=((lam_h, 0.0, 0.0))) 

   

 plies_sketch = Void_Model.ConstrainedSketch(name='ply edges',  

      sheetSize=200, gridSpacing=5, 

transform=ply_transform) 

 

 plies_sketch.setPrimaryObject(option=SUPERIMPOSE) 

 

 laminatePart.projectReferencesOntoSketch(sketch=plies_sketch,  

          

 filter=COPLANAR_EDGES) 

 

 # Define ply edges 

 

 # Ply coordinates below void 

 for i in range(1,void_loc+1): 

  x1 = 0.0 

  y1 = ply_t*i 

  p1 = ((x1,y1),) 

   

  x2 =(lam_w/2)-void_w 

  y2 = ply_t*i 

  p2 = ((x2,y2),) 

  plies_sketch.Line(point1=p1[0], point2=p2[0]) 

   

  x3 = (lam_w/2)+void_w 

  y3 = ply_t*i 

  p3 = ((x3,y3),) 
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  x4 =lam_w 

  y4 = ply_t*i 

  p4 = ((x4,y4),) 

  plies_sketch.Line(point1=p3[0], point2=p4[0])  

   

  cx1 = cx 

  cy1 = cy-(ply_t*-i) 

  bot_spline = [] 

 

  for j in angles_bot: 

   x5 =cx1+void_w*np.cos(j) 

   y5 = cy1+void_h*np.sin(j)-(void_loc*ply_t) 

   bot_spline.append([x5,y5]) 

    

  plies_sketch.Spline(points = bot_spline)  

 

 # Ply coordinates above void 

 for i in range(void_loc,num_ply+1): 

  x1 = 0.0 

  y1 = ply_t*i 

  p1 = ((x1,y1),) 

   

  x2 =(lam_w/2)-void_w 

  y2 = ply_t*i 

  p2 = ((x2,y2),) 

  plies_sketch.Line(point1=p1[0], point2=p2[0]) 

   

  x3 = (lam_w/2)+void_w 

  y3 = ply_t*i 

  p3 = ((x3,y3),) 

   

  x4 =lam_w 

  y4 = ply_t*i 

  p4 = ((x4,y4),) 

  plies_sketch.Line(point1=p3[0], point2=p4[0])  

   

  cx1 = cx 

  cy1 = cy-(ply_t*-i) 

  top_spline = [] 

 

  for j in angles_top: 

   x5 =cx1+void_w*np.cos(j) 

   y5 = cy1+void_h*np.sin(j)-(void_loc*ply_t) 

   top_spline.append([x5,y5]) 

    

  plies_sketch.Spline(points = top_spline) 

 

 laminatePart.PartitionFaceBySketch(faces=front_face, 

sketch=plies_sketch, 

         

 sketchUpEdge=sketch_edge1) 

 plies_sketch.unsetPrimaryObject() 

 

 # Partition each ply 

 

 #datum for extruding ply edges to partition laminate 

 extr_dir = laminatePart.DatumAxisByTwoPoint(point1 = 

(0.0,0.0,0.0), 

      point2 = (1.0,0.0,0.0)).id 

 



 

 

 lam_faces = laminatePart.faces 

 lam_edges = laminatePart.edges 

 lam_cells = laminatePart.cells 

 lam_datums = laminatePart.datums 

       

 #Below void 

 for ply_n in range(1,void_loc+1): 

  x1 = lam_h 

  y1 = 0.1 

  z1 = ply_t*ply_n 

  p1 = (x1,y1,z1) 

   

  x2 = lam_h 

  y2 = lam_w-0.1 

  z2 = ply_t*ply_n 

  p2 = (x2,y2,z2) 

   

  cx1 = cx 

  cy1 = cy-(ply_t*-ply_n) 

  x3 = lam_h 

  y3 = cx1+void_w*np.cos(angles_bot[20]) 

  z3 = cy1+void_h*np.sin(angles_bot[20])-(void_loc*ply_t) 

  p1 = (x3,y3,z3) 

   

  ply_edge = lam_edges.findAt(((x1, y1, z1), ), 

      ((x2, y2, z2), ), 

      ((x3, y3, z3), )) 

   

  #selecting all cells in laminate using a bounding box 

  spec_allcells = laminatePart.cells.getByBoundingBox( 

         xMin = -1.0, 

yMin = -1.0, zMin = -1.0, 

         xMax = lam_h+1, 

yMax = lam_w+1,  

         zMax = 

lam_t+extra_h+1)         

  

 

 laminatePart.PartitionCellByExtrudeEdge(line=lam_datums[extr_dir

],  

          

 sense=REVERSE, cells=spec_allcells,  

          

 edges=ply_edge) 

 #Above void 

 for ply_n in range(void_loc+1,num_ply+1): 

  x1 = lam_h 

  y1 = 0.1 

  z1 = ply_t*ply_n 

  p1 = (x1,y1,z1) 

   

  x2 = lam_h 

  y2 = lam_w-0.1 

  z2 = ply_t*ply_n 

  p2 = (x2,y2,z2) 

   

  cx1 = cx 

  cy1 = cy-(ply_t*-ply_n) 

  x3 = lam_h 

  y3 = cx1+void_w*np.cos(angles_top[20]) 

  z3 = cy1+void_h*np.sin(angles_top[20])-(void_loc*ply_t) 

  p3 = (x3,y3,z3) 
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  ply_edge = lam_edges.findAt(((x1, y1, z1), ), 

      ((x2, y2, z2), ), 

      ((x3, y3, z3), )) 

   

  #selecting all cells in laminate using a bounding box 

  spec_allcells = laminatePart.cells.getByBoundingBox( 

         xMin = -1.0, 

yMin = -1.0, zMin = -1.0, 

         xMax = lam_h+1, 

yMax = lam_w+1,  

         zMax = 

lam_t+extra_h+1)         

  

 

 laminatePart.PartitionCellByExtrudeEdge(line=lam_datums[extr_dir

],  

          

 sense=REVERSE, cells=spec_allcells,  

          

 edges=ply_edge) 

 #Void bottom        

   

 cx1 = cx 

 cy1 = cy 

 x1 = lam_h 

 y1 = cx1+void_w*np.cos(angles_top[20]) 

 z1 = cy1+void_h*np.sin(angles_top[20]) 

 p1 = (x1,y1,z1) 

   

 ply_edge = lam_edges.findAt(p1,) 

   

 #selecting all cells in laminate using a bounding box 

 spec_allcells = laminatePart.cells.getByBoundingBox( 

         xMin = -1.0, 

yMin = -1.0, zMin = -1.0, 

         xMax = lam_h+1, 

yMax = lam_w+1,  

         zMax = 

lam_t+extra_h+1)         

  

 laminatePart.PartitionCellByExtrudeEdge(line=lam_datums[extr_dir

],  

          

 sense=REVERSE, cells=spec_allcells,  

          

 edges=ply_edge) 

 

 ########## Create Sets ##########-------------------------------

------------ 

 # Create a set for the full laminate 

 lam_faces = laminatePart.faces 

 lam_edges = laminatePart.edges 

 lam_cells = laminatePart.cells 

 lam_datums = laminatePart.datums 

 lam_surf = laminatePart.Surface 

 

 lam_cells_all = lam_cells.getByBoundingBox( 

          xMin = -

1.0, yMin = -1.0,  

          zMin = (-

void_h-1.0), 



 

 

          xMax = 

lam_h+1.0, yMax = lam_w+1.0,  

          zMax = 

(lam_t+void_h+1.0)) 

 laminatePart.Set(cells=lam_cells_all, name='full laminate') 

 

 # Create a set for each ply 

 

 x = lam_h/2 

 y = 0.1 

 

 #Below void 

 for ply_n in range(1,void_loc+2): 

  z = (ply_t*(ply_n-1))+0.01 

  ply_cells = lam_cells.findAt(((x, y, z), )) 

  ply_name = "ply_" + str(ply_n) 

  laminatePart.Set(cells=ply_cells, name=ply_name) 

 

 #Above void 

 for ply_n in range(void_loc,num_ply+1): 

  z = (ply_t*(ply_n))-0.01 

  ply_cells = lam_cells.findAt(((x, y, z), )) 

  ply_name = "ply_" + str(ply_n) 

  laminatePart.Set(cells=ply_cells, name=ply_name) 

 

 #Remove void from part 

 x1 = 0.0 

 x2 = lam_h 

 y = lam_w/2 

 z = void_loc*ply_t 

 

 void_faces = lam_faces.findAt(((x1, y, z), ), 

      ((x2, y, z), )) 

 laminatePart.RemoveFaces(faceList = void_faces, 

deleteCells=False) 

 

 #Remove excess top from part 

 x1 = 0.0 

 x2 = lam_h 

 x3 = lam_h/2 

 y1 = 0.01 

 y2 = 0.0 

 y3 = lam_w 

 z1 = lam_t+extra_h-1 

 z2 = lam_t+extra_h 

 excess_faces = lam_faces.findAt(((x1, y1, z1), ), 

     ((x2, y1, z1), ), ((x3, y2, z1), ), 

     ((x3, y3, z1), ), ((x3, y1, z2), )) 

 laminatePart.RemoveFaces(faceList = excess_faces, 

deleteCells=False) 

   

 # Create normal surfaces for plies 

 #Below void 

 for ply_n in range(1,void_loc+1): 

  x1 = lam_h/2 

  y1 = 0.1 

  z1 = ply_t*ply_n 

  p1 = (x1,y1,z1) 

   

  x2 = lam_h/2 

  y2 = lam_w-0.1 

  z2 = ply_t*ply_n 

  p2 = (x2,y2,z2) 
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  cx1 = cx 

  cy1 = cy-(ply_t*-ply_n) 

  x3 = lam_h/2 

  y3 = cx1+void_w*np.cos(angles_bot[20]) 

  z3 = cy1+void_h*np.sin(angles_bot[20])-(void_loc*ply_t) 

  p3 = (x3,y3,z3) 

   

  ply_normsurf = lam_faces.findAt(((x1, y1, z1), ), 

      ((x2, y2, z2), ), 

      ((x3, y3, z3), )) 

   

  surf_name = "ply_" + str(ply_n) + "_normsurf" 

  lam_surf(side1Faces=ply_normsurf, name=surf_name) 

 #Above void 

 for ply_n in range(void_loc+1,num_ply+1): 

  x1 = lam_h/2 

  y1 = 0.1 

  z1 = ply_t*ply_n 

  p1 = (x1,y1,z1) 

   

  x2 = lam_h/2 

  y2 = lam_w-0.1 

  z2 = ply_t*ply_n 

  p2 = (x2,y2,z2) 

   

  cx1 = cx 

  cy1 = cy-(ply_t*-ply_n) 

  x3 = lam_h/2 

  y3 = cx1+void_w*np.cos(angles_top[20]) 

  z3 = cy1+void_h*np.sin(angles_top[20])-(void_loc*ply_t) 

  p3 = (x3,y3,z3) 

   

  ply_normsurf = lam_faces.findAt(((x1, y1, z1), ), 

      ((x2, y2, z2), ), 

      ((x3, y3, z3), )) 

 

  surf_name = "ply_" + str(ply_n) + "_normsurf" 

  lam_surf(side1Faces=ply_normsurf, name=surf_name) 

   

 # Create edge sets for orienting each ply 

 #Below void 

 for ply_n in range(0,void_loc): 

  x1 = lam_h 

  y1 = 0.1 

  z1 = ply_t*ply_n 

  p1 = (x1,y1,z1) 

   

  x2 = lam_h 

  y2 = lam_w-0.1 

  z2 = ply_t*ply_n 

  p2 = (x2,y2,z2) 

   

  cx1 = cx 

  cy1 = cy-(ply_t*-ply_n) 

  x3 = lam_h 

  y3 = cx1+void_w*np.cos(angles_bot[20]) 

  z3 = cy1+void_h*np.sin(angles_bot[20])-(void_loc*ply_t) 

  p3 = (x3,y3,z3) 

   

  x4 = lam_h 



 

 

  y4 = 0.1 

  z4 = ply_t*(ply_n+1) 

  p4 = (x4,y4,z4) 

   

  x5 = lam_h 

  y5 = lam_w-0.1 

  z5 = ply_t*(ply_n+1) 

  p5 = (x5,y5,z5) 

   

  cx2 = cx 

  cy2 = cy-(ply_t*-(ply_n+1)) 

  x6 = lam_h 

  y6 = cx2+void_w*np.cos(angles_bot[20]) 

  z6 = cy2+void_h*np.sin(angles_bot[20])-(void_loc*ply_t) 

  p6 = (x6,y6,z6) 

   

  ply_or_edges = lam_edges.findAt(((x1, y1, z1), ), 

      ((x2, y2, z2), ), 

      ((x3, y3, z3), ), 

      ((x4, y4, z4), ), 

      ((x5, y5, z5), ), 

      ((x6, y6, z6), )) 

   

  orient_name = "ply_" + str(ply_n+1) + "_or" 

  laminatePart.Set(edges=ply_or_edges, name=orient_name) 

 

 #Above void 

 for ply_n in range(void_loc,num_ply): 

  x1 = lam_h 

  y1 = 0.1 

  z1 = ply_t*ply_n 

  p1 = (x1,y1,z1) 

   

  x2 = lam_h 

  y2 = lam_w-0.1 

  z2 = ply_t*ply_n 

  p2 = (x2,y2,z2) 

   

  cx1 = cx 

  cy1 = cy-(ply_t*-ply_n) 

  x3 = lam_h 

  y3 = cx1+void_w*np.cos(angles_top[20]) 

  z3 = cy1+void_h*np.sin(angles_top[20])-(void_loc*ply_t) 

  p3 = (x3,y3,z3) 

   

  x4 = lam_h 

  y4 = 0.1 

  z4 = ply_t*(ply_n+1) 

  p4 = (x4,y4,z4) 

   

  x5 = lam_h 

  y5 = lam_w-0.1 

  z5 = ply_t*(ply_n+1) 

  p5 = (x5,y5,z5) 

   

  cx2 = cx 

  cy2 = cy-(ply_t*-(ply_n+1)) 

  x6 = lam_h 

  y6 = cx2+void_w*np.cos(angles_top[20]) 

  z6 = cy2+void_h*np.sin(angles_top[20])-(void_loc*ply_t) 

  p6 = (x6,y6,z6) 

   

  ply_or_edges = lam_edges.findAt(((x1, y1, z1), ), 
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      ((x2, y2, z2), ), 

      ((x3, y3, z3), ), 

      ((x4, y4, z4), ), 

      ((x5, y5, z5), ), 

      ((x6, y6, z6), )) 

   

  orient_name = "ply_" + str(ply_n+1) + "_or" 

  laminatePart.Set(edges=ply_or_edges, name=orient_name) 

 

 

 

 # Create sets for loads and boundary conditions 

 

 # Load surface 

 load_surf = lam_faces.getByBoundingBox(xMin = -1.0, yMin = -1.0,  

           zMin 

= -1.0, 

           xMax 

= 1.0, yMax = (lam_w+1),  

           zMax 

= (lam_t+1)) 

 load_surf1= (load_surf,) 

 

 laminatePart.Set(faces=load_surf1, name='load surf') 

 laminatePart.Surface(side1Faces=load_surf1, name='load surface') 

 

 # Fixed surface 

 fix_surf = lam_faces.getByBoundingBox(xMin = lam_h-1.0, yMin = -

1.0, 

          zMin = -

1.0, 

          xMax = 

(lam_h+1), yMax = (lam_w+1),  

          zMax = 

lam_t+1) 

 fix_surf1= (fix_surf,) 

 laminatePart.Set(faces=fix_surf1, name='fix surf') 

 laminatePart.Surface(side1Faces=fix_surf1, name='fix surface') 

 

 # Fixed point 

 lam_vert = laminatePart.vertices 

 clamp_pnt = lam_vert.findAt(((lam_h,0.0,0.0),)) 

 laminatePart.Set(vertices=clamp_pnt, name='clamped point') 

 

 ########## Assign Material orientations ##########--------------

------------ 

 lam_faces = laminatePart.faces 

 lam_edges = laminatePart.edges 

 lam_cells = laminatePart.cells 

 lam_datums = laminatePart.datums 

 lam_sets = laminatePart.sets 

 lam_surf = laminatePart.surfaces 

 

 zero_count = len(zero_plies) 

 ninety_count = len(ninety_plies) 

 plus_count = len(plus_plies) 

 minus_count = len(minus_plies) 

 

 orientation=None 

 

 # 0 degree plies 



 

 

 for set_num in range(zero_count): 

  ply_name = zero_plies[set_num] 

  ply_ax_name = ply_name + "_or" 

  ply_surfname = ply_name + "_normsurf" 

   

  ply_reg = lam_sets[ply_name] 

  ply_mainaxis = lam_sets[ply_ax_name] 

  ply_normsurf = lam_surf[ply_surfname] 

   

  laminatePart.MaterialOrientation( 

  region=ply_reg,  

  orientationType=DISCRETE, axis=AXIS_3,  

  normalAxisDefinition=SURFACE,  

  normalAxisRegion=ply_normsurf, flipNormalDirection=False,  

  normalAxisDirection=AXIS_3, primaryAxisDefinition=EDGE,  

  primaryAxisRegion=ply_mainaxis,  

  primaryAxisDirection=AXIS_2,  

  flipPrimaryDirection=False, 

additionalRotationType=ROTATION_NONE,  

  angle=0.0, additionalRotationField='', 

stackDirection=STACK_3)  

 

 # 90 degree plies 

 for set_num in range(ninety_count):   

  ply_name = ninety_plies[set_num] 

  ply_ax_name = ply_name + "_or" 

  ply_surfname = ply_name + "_normsurf" 

   

  ply_reg = lam_sets[ply_name] 

  ply_mainaxis = lam_sets[ply_ax_name] 

  ply_normsurf = lam_surf[ply_surfname] 

   

  laminatePart.MaterialOrientation( 

  region=ply_reg,  

  orientationType=DISCRETE, axis=AXIS_3,  

  normalAxisDefinition=SURFACE,  

  normalAxisRegion=ply_normsurf, flipNormalDirection=False,  

  normalAxisDirection=AXIS_3, primaryAxisDefinition=EDGE,  

  primaryAxisRegion=ply_mainaxis,  

  primaryAxisDirection=AXIS_2,  

  flipPrimaryDirection=False, 

additionalRotationType=ROTATION_ANGLE,  

  angle=90.0, additionalRotationField='', 

stackDirection=STACK_3)  

 

 

 # 45 degree plies  

 for set_num in range(plus_count):   

  ply_name = plus_plies[set_num] 

  ply_ax_name = ply_name + "_or" 

  ply_surfname = ply_name + "_normsurf" 

   

  ply_reg = lam_sets[ply_name] 

  ply_mainaxis = lam_sets[ply_ax_name] 

  ply_normsurf = lam_surf[ply_surfname] 

   

  laminatePart.MaterialOrientation( 

  region=ply_reg,  

  orientationType=DISCRETE, axis=AXIS_3,  

  normalAxisDefinition=SURFACE,  

  normalAxisRegion=ply_normsurf, flipNormalDirection=False,  

  normalAxisDirection=AXIS_3, primaryAxisDefinition=EDGE,  

  primaryAxisRegion=ply_mainaxis,  
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  primaryAxisDirection=AXIS_2,  

  flipPrimaryDirection=False, 

additionalRotationType=ROTATION_ANGLE,  

  angle=45.0, additionalRotationField='', 

stackDirection=STACK_3)  

 

 

 # -45 degree plies   

 for set_num in range(minus_count):   

  ply_name = minus_plies[set_num] 

  ply_ax_name = ply_name + "_or" 

  ply_surfname = ply_name + "_normsurf" 

   

  ply_reg = lam_sets[ply_name] 

  ply_mainaxis = lam_sets[ply_ax_name] 

  ply_normsurf = lam_surf[ply_surfname] 

   

  laminatePart.MaterialOrientation( 

  region=ply_reg,  

  orientationType=DISCRETE, axis=AXIS_3,  

  normalAxisDefinition=SURFACE,  

  normalAxisRegion=ply_normsurf, flipNormalDirection=False,  

  normalAxisDirection=AXIS_3, primaryAxisDefinition=EDGE,  

  primaryAxisRegion=ply_mainaxis,  

  primaryAxisDirection=AXIS_2,  

  flipPrimaryDirection=False, 

additionalRotationType=ROTATION_ANGLE,  

  angle=-45.0, additionalRotationField='', 

stackDirection=STACK_3)  

 

 

 ######### Sections ##########-----------------------------------

--------- 

 import section 

 

 # Create Sections # 

 

 # Solid homogeneous section for specimen with orthotropic 

material 

 CFRPSection = 

Void_Model.HomogeneousSolidSection(name='T700_HS5454 Lamina', 

  material='MAT1', thickness=1.0) 

 

 # Assign Sections # 

 lam_sets = laminatePart.sets 

 

 # Assign specimen with CFRP lamina sections 

 laminatePart.SectionAssignment(region=lam_sets['full laminate'],  

     sectionName = 'T700_HS5454 Lamina', 

offset=0.0,  

     offsetType=MIDDLE_SURFACE, 

offsetField='') 

 

 ########## Meshing ##########-----------------------------------

---------------- 

 import mesh 

 

 lam_region = laminatePart.cells 

 lam_sets = laminatePart.sets 

 lam_edges = laminatePart.edges 

 



 

 

 #Assign Stack direction 

 top_face = laminatePart.faces.findAt(((0.1,0.1,lam_t),),) 

 laminatePart.assignStackDirection(cells=lam_region,  

         

 referenceRegion=top_face[0]) 

 

 # Mesh control 

 laminatePart.setMeshControls(regions = lam_region, elemShape = 

HEX,  

      technique = SWEEP, algorithm = 

ADVANCING_FRONT) 

       

 # Element type 

 LamElem1 = mesh.ElemType(elemCode=C3D8, elemLibrary=STANDARD,  

  kinematicSplit=AVERAGE_STRAIN, secondOrderAccuracy=OFF,  

  hourglassControl=DEFAULT, distortionControl=DEFAULT) 

 LamElem2 = mesh.ElemType(elemCode=C3D6, elemLibrary=STANDARD) 

 LamElem3 = mesh.ElemType(elemCode=C3D4, elemLibrary=STANDARD) 

 

 lam_region = (laminatePart.cells,) 

 laminatePart.setElementType(regions = lam_region,  

    elemTypes =(LamElem1, LamElem2, LamElem3)) 

 

 for ply_n in range(0, (num_ply)): 

  x1 = 0.0 

  y1 = 0.0 

  z1 = ply_n*ply_t+0.001 

  edge_coord = (x1,y1,z1) 

  if ply_n == 0 : 

   lam_edges1 = lam_edges.findAt((edge_coord,),) 

  else: 

   lam_edges1 += lam_edges.findAt((edge_coord,),) 

   

 for ply_n in range(0, (num_ply)): 

  x2 = lam_h 

  y2 = 0.0 

  z2 = ply_n*ply_t+0.001 

  edge_coord = (x2,y2,z2) 

  lam_edges1 += lam_edges.findAt((edge_coord,),) 

 

 for ply_n in range(0, (num_ply)): 

  x3 = 0.0 

  y3 = lam_w 

  z3 = ply_n*ply_t+0.001 

  edge_coord = (x3,y3,z3) 

  lam_edges1 += lam_edges.findAt((edge_coord,),) 

   

 for ply_n in range(0, (num_ply)): 

  x4 = lam_h 

  y4 = lam_w 

  z4 = ply_n*ply_t+0.001 

  edge_coord = (x4,y4,z4) 

  lam_edges1 += lam_edges.findAt((edge_coord,),) 

   

 laminatePart.seedEdgeByNumber(edges=lam_edges1, 

number=thru_elem_num,  

    constraint=FINER) 

 

 laminatePart.seedPart(size=global_sz, deviationFactor=0.5,  

       minSizeFactor=0.1) 

 

 # Mesh entire part 

 laminatePart.generateMesh() 
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 # # Create Seed Edge Sets 

 # lam_edges = (lam_edges1 + lam_edges11 + lam_edges2 + 

lam_edges22 + lam_edges3 + 

    # lam_edges33 + lam_edges4 + lam_edges44) 

 # laminatePart.Set(edges=lam_edges, name='vertical seed edges') 

 # laminatePart.Set(edges=lam_edges5, name='vert seed edges 

gauge')  

 # laminatePart.Set(edges=lam_edges6, name='horiz seed edges') 

 

 ########### Create Assembly ##########--------------------------

---------------- 

 import assembly 

 

 # Create a specimen instance. 

 CLCAssembly = Void_Model.rootAssembly 

 SpecimenInstance = CLCAssembly.Instance(name='lam_instance', 

        part=laminatePart, 

dependent=ON, autoOffset=ON) 

 

 ########### Create Step ##########------------------------------

---------------- 

 import step 

 

 Void_Model.StaticStep(name='CLC', previous='Initial', 

  timePeriod=1.0, initialInc=0.01, nlgeom = ON, maxNumInc = 

10000, 

  minInc = 1.0e-35, maxInc = 0.1, 

  description='MultiScale Compression with Void') 

  

 Void_Model.FieldOutputRequest(name='F-Output-2',  

    createStepName='CLC', variables=('DMICRT', )) 

 

 ########## BC and Loads ##########------------------------------

---------------- 

 import load 

 

 # Bottom surface fix 

 region_bot = CLCAssembly.instances['lam_instance'].sets['fix 

surf'] 

 Void_Model.DisplacementBC(name='bottom_fix',  

  createStepName='Initial', region=region_bot, u1=SET, 

u2=UNSET, u3=UNSET,  

  ur1=UNSET, ur2=UNSET, ur3=UNSET, amplitude=UNSET, 

distributionType=UNIFORM,  

  fieldName='', localCsys=None) 

 

 # Clamped Point 

 region_clamp = 

CLCAssembly.instances['lam_instance'].sets['clamped point'] 

 Void_Model.EncastreBC(name='fix point', 

createStepName='Initial',  

  region=region_clamp, localCsys=None) 

 

 # Load surface move 

 region_load = CLCAssembly.instances['lam_instance'].sets['load 

surf'] 

 Void_Model.DisplacementBC(name='displacement', 

createStepName='CLC',  

  region=region_load, u1=0.15, u2=UNSET, u3=UNSET, 

ur1=UNSET,  



 

 

  ur2=UNSET, ur3=UNSET,  

  amplitude=UNSET, fixed=OFF, distributionType=UNIFORM, 

fieldName='',  

  localCsys=None) 

 

 ########## Create Element Set for SDV ##########----------------

------------------------------ 

 

 asm = Void_Model.rootAssembly 

 els_1 = asm.instances['lam_instance'].elements 

 full_els = els_1.getByBoundingBox( 

          xMin = -

1.0, yMin = -1.0,  

          zMin = (-

void_h-1.0), 

          xMax = 

lam_h+1.0, yMax = lam_w+1.0,  

          zMax = 

(lam_t+void_h+1.0)) 

 asm.Set(elements=full_els, name='All_Elems')  

   

 ########## Create Job for Analysis ##########-------------------

---------------- 

 import job  

 

 # Create job 

 mdb.Job(name=model_id, model=model_id, description='', 

type=ANALYSIS,  

  atTime=None, waitMinutes=0, waitHours=0, queue=None, 

memory=95,  

  memoryUnits=PERCENTAGE, getMemoryFromAnalysis=True,  

  explicitPrecision=SINGLE, nodalOutputPrecision=SINGLE, 

echoPrint=OFF,  

  modelPrint=OFF, contactPrint=OFF, historyPrint=OFF, 

userSubroutine='',  

  scratch='', resultsFormat=ODB, 

multiprocessingMode=DEFAULT, numCpus=14,  

  numDomains=14, numGPUs=0) 

   

 # Write input file and create next Model 

 mdb.jobs[model_id].writeInput() 

 mdb.Model(name=model_name_b, modelType=STANDARD_EXPLICIT) 

 

# #################### 

# # POST PROCESSING # 

# ################### 
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C2.2 Python Script for Parametric Voids (Half-symmetric) 

############################################################# 

#!/usr/bin/env python 

# -*- coding: utf-8 -*-  

############################################################# 

# Voids Under Compression Test                 

# 

# Author: Abhi Ramesh                                       # 

# Date created: February 2018                               # 

# Date modified: September 2018                             # 

############################################################# 

 

#################### 

# PRE PROCESSING   # 

#################### 

 

# Model is in millimeters and MPa 

 

'''We are working in a python environment which do not include all  

functionality of Abaqus. Including the section below will import  

some of the Abaqus modules used in this script file.''' 

 

 

# Import required modules 

 

from abaqus import * 

from abaqusConstants import * 

from part import * 

from material import * 

from section import * 

from assembly import * 

from step import * 

from interaction import * 

from load import * 

from mesh import * 

from job import * 

from sketch import * 

from visualization import * 

from connectorBehavior import * 

import os 

sys.path.append( 

    'C:\\Program Files\\Simulayt 3DS\\Composites Modeler\\Abaqus 6.14 

- 6.17\\Plugin') 

import CMACommands 

import CMACommandsMapMesh 

import CMACommandsResults 

import CMACommandsMaterials 

import CMACommandsBoundingMeshes 

CMACommands.InitialiseLayup() 

from CMAConstants import * 

from caeModules import * 

import regionToolset 

import numpy as np 

from numpy import linspace, pi 

from numpy import linspace, sin 

from numpy import linspace, cos 

 

# (1,7) 1.25 0.125*(param) 

#(7,12) 2.5 0.125*(param-5) 



 

 

#(12,17) 3.75 0.125*(param-10) 

#(17,21) 5.0 0.125*(param-14) 

 

for param in range(17,21): 

 

 # Create Variables 

   

 ply_t = 0.1415    #ply thickness 

 num_ply = 60    #total ply count 

 lam_t = ply_t*num_ply  #laminate thickness 

 lam_w = 12.0    #laminate width 

 lam_h = 13.0   #laminate length 

 extra_h = 9    #excess height of laminate 

thickness 

 void_w = 5.0   #void width radius (y) 

 void_h = 0.125*(param-14)#void height radius (z) 

 void_l = 63.5   #void length (x) 

 gauge_l = 13.0   #gauge length 

 void_loc = 30;          #specify above which ply void lies 

 cx = lam_w/2;           #void centre 'x' coordinate 

 cy = (void_loc*ply_t); #void centre 'y' coordinate 

 spline_res = 50;        #number of points before & after void 

causes offset 

 spacing = ((lam_w/2)-void_w)/spline_res; #spacing between each 

point 

 angles_top = np.linspace(np.pi, 0, spline_res) #ellipse plot 

angles for plies above void 

 angles_bot = np.linspace(-np.pi, 0, spline_res)#ellipse plot 

angles for plies above void 

 

 global_sz = 0.1   #global seed size 

 thru_elem_num = 2   #number of through thickness 

elements per ply 

 

 # Sequence- [0/90/0/45/-45/0/-45/45/0/90/0/45/-45/0/-

45/45/0/90/0/0/±45]S 

 # 0 deg = 1,2,4,5,8,9,12,13,15,16,19,20,23,24,26,27,28,29, 

  

 #32,33,34,35,37,38,41,42,45,46,48,49,52,53,56,57,59,60 

 # 90 deg = 3,14,25,36,47,58 

 # 45 deg = 6,11,17,22,30,39,44,50,55 

 # -45 deg = 7,10,18,21,31,40,43,51,54 

 

 zero_plies = ['ply_1', 'ply_2', 'ply_4', 'ply_5', 'ply_8', 

'ply_9',  

    'ply_12', 'ply_13', 'ply_15', 'ply_16', 

'ply_19', 'ply_20',  

    'ply_23', 'ply_24', 'ply_26', 'ply_27', 

'ply_28', 'ply_29', 

    'ply_32', 'ply_33', 'ply_34', 'ply_35', 

'ply_37', 'ply_38', 

    'ply_41', 'ply_42', 'ply_45', 'ply_46', 

'ply_48', 'ply_49', 

    'ply_52', 'ply_53','ply_56', 'ply_57', 

'ply_59', 'ply_60'] 

     

 ninety_plies = ['ply_3', 'ply_14', 'ply_25', 'ply_36', 'ply_47', 

'ply_58'] 

     

 plus_plies = ['ply_6', 'ply_11', 'ply_17', 'ply_22', 'ply_30',  

    'ply_39', 'ply_44', 'ply_50', 'ply_55'] 

     

 minus_plies = ['ply_7', 'ply_10','ply_18', 'ply_21', 'ply_31',  
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    'ply_40', 'ply_43', 'ply_51', 'ply_54'] 

 

 ########## Create a Model ##########----------------------------

---------------- 

 

 model_name_a = "Model-"+str(param)  

 model_name_b = "Model-"+str(param+1)  

  

 model_id = "void_"+str(param) 

  

 session.viewports['Viewport: 1'].setValues(displayedObject=None) 

 

 mdb.models.changeKey(fromName=model_name_a, toName=model_id) 

 Void_Model= mdb.models[model_id] 

 

 ########## Create Parts ##########------------------------------

---------------- 

 import part 

 

 # Create solid specimen 

 

 lamProfileSketch= Void_Model.ConstrainedSketch(name='Lam Profile 

Sketch', 

           

      sheetSize=400) 

 # Laminate 

 lamProfileSketch.Line(point1= (0, 0),  

         point2= 

((lam_h), 0)) 

 lamProfileSketch.Line(point1= (0, (lam_w)),  

         point2= 

((lam_h), (lam_w)))         

 lamProfileSketch.Line(point1= (0, 0),  

         point2= (0, 

(lam_w))) 

 lamProfileSketch.Line(point1= ((lam_h), 0),  

         point2= 

((lam_h), (lam_w))) 

          

 laminatePart = Void_Model.Part(dimensionality=THREE_D,  

          

name='Laminate', type= DEFORMABLE_BODY) 

 # Extrude sketch to create 3D part with padding on top to 

accommodate void offset 

 laminatePart.BaseSolidExtrude(sketch = lamProfileSketch, depth 

=lam_t+extra_h) 

 

 # Add local ply thickening 

 lam_faces = laminatePart.faces 

 lam_edges = laminatePart.edges 

 

 selected_face = lam_faces.findAt((lam_h,0.1,0.1),)  #define 

sketch plane 

 selected_edge = lam_edges.findAt((lam_h,lam_w,0.1),) # define 

vertical   

           

 #edge to right of intended sketch 

 

 lam_trans = 

laminatePart.MakeSketchTransform(sketchPlane=selected_face, 



 

 

    sketchUpEdge=selected_edge, 

sketchOrientation=RIGHT,  

    sketchPlaneSide=SIDE1, origin=(lam_h, 0.0, 

0.0)) 

 

 lam_sketch = Void_Model.ConstrainedSketch(name='edge_thick',  

  sheetSize=(lam_w*3), gridSpacing=0.5, transform=lam_trans) 

 

 lam_sketch.setPrimaryObject(option=SUPERIMPOSE) 

 

 laminatePart = Void_Model.parts['Laminate'] 

 

 #Top Ply 

 # p1 = (((lam_w/2)+void_w,lam_t),) 

 # p2 = (((lam_w/2)-void_w,lam_t),) 

 # lam_sketch.Line(point1=p1[0], point2=p2[0]) 

 

 # top_spline = [] 

 # for i in angles_top: 

  # x1 =cx+void_w*np.cos(i) 

  # y1 = cy+void_h*np.sin(i)+((num_ply-void_loc)*ply_t) 

  # top_spline.append([x1,y1]) 

 

 # lam_sketch.Spline(points = top_spline) 

 

 #Bottom Ply 

 p1 = (((lam_w/2)-void_w,0.0),) 

 p2 = (((lam_w/2)+void_w,0.0),) 

 lam_sketch.Line(point1=p1[0], point2=p2[0]) 

 

 bot_spline = [] 

 for i in angles_bot: 

  x1 =cx+void_w*np.cos(i) 

  y1 = cy+void_h*np.sin(i)-(void_loc*ply_t) 

  bot_spline.append([x1,y1]) 

 

 lam_sketch.Spline(points = bot_spline) 

 

 # Extrude Part 

 laminatePart.SolidExtrude(sketch=lam_sketch, 

sketchPlane=selected_face,  

     depth=lam_h, sketchPlaneSide=SIDE1, 

sketchOrientation=RIGHT,  

     sketchUpEdge=selected_edge, 

flipExtrudeDirection=ON) 

 

 lamProfileSketch.unsetPrimaryObject() 

 

 

 ########## Create Materials ##########--------------------------

---------------- 

 #This block is a placeholder before replacing the material model 

using MDS for any multiscale analyses 

 

 import material 

 

 # Lamina - T700_HS5454 - For specimen 

 stdCarbon = Void_Model.Material(name='MAT1') 

 laminaElastProp = (117E3, 8.93, 8.9E3, 0.3, 0.2, 0.3, 5.3E3, 

5.3E3, 3E3) 

 laminaFailStress = (2841, -1397, 100, -100, 79, 1.0, 1.0) 

 stdCarbon.Elastic(type = ENGINEERING_CONSTANTS, 

table=(laminaElastProp, )) 
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 stdCarbon.elastic.FailStress(table=(laminaFailStress, )) 

 

 

 

 ########## Create Partitions ##########-------------------------

---------------- 

 

 # Create partitions for plies 

 

 # Sketches 

 

 lam_faces = laminatePart.faces 

 lam_edges = laminatePart.edges 

 lam_cells = laminatePart.cells 

 

 front_face = lam_faces.findAt((lam_h,0.1,0.1),) #define sketch 

plane 

 sketch_edge1 = lam_edges.findAt((lam_h,lam_w,0.1),) # define 

vertical   

           

 #edge to right of intended sketch 

 

 ply_transform = laminatePart.MakeSketchTransform( 

           

  sketchPlane=front_face,  

           

  sketchUpEdge=sketch_edge1,  

           

  sketchPlaneSide=SIDE1,  

           

  origin=((lam_h, 0.0, 0.0))) 

   

 plies_sketch = Void_Model.ConstrainedSketch(name='ply edges',  

      sheetSize=200, gridSpacing=5, 

transform=ply_transform) 

 

 plies_sketch.setPrimaryObject(option=SUPERIMPOSE) 

 

 laminatePart.projectReferencesOntoSketch(sketch=plies_sketch,  

          

 filter=COPLANAR_EDGES) 

 

 # Define ply edges 

 

 # Ply coordinates below void 

 for i in range(1,void_loc+1): 

  x1 = 0.0 

  y1 = ply_t*i 

  p1 = ((x1,y1),) 

   

  x2 =(lam_w/2)-void_w 

  y2 = ply_t*i 

  p2 = ((x2,y2),) 

  plies_sketch.Line(point1=p1[0], point2=p2[0]) 

   

  x3 = (lam_w/2)+void_w 

  y3 = ply_t*i 

  p3 = ((x3,y3),) 

   

  x4 =lam_w 

  y4 = ply_t*i 



 

 

  p4 = ((x4,y4),) 

  plies_sketch.Line(point1=p3[0], point2=p4[0])  

   

  cx1 = cx 

  cy1 = cy-(ply_t*-i) 

  bot_spline = [] 

 

  for j in angles_bot: 

   x5 =cx1+void_w*np.cos(j) 

   y5 = cy1+void_h*np.sin(j)-(void_loc*ply_t) 

   bot_spline.append([x5,y5]) 

    

  plies_sketch.Spline(points = bot_spline)  

 

 # Ply coordinates above void 

 for i in range(void_loc,num_ply+1): 

  x1 = 0.0 

  y1 = ply_t*i 

  p1 = ((x1,y1),) 

   

  x2 =(lam_w/2)-void_w 

  y2 = ply_t*i 

  p2 = ((x2,y2),) 

  plies_sketch.Line(point1=p1[0], point2=p2[0]) 

   

  x3 = (lam_w/2)+void_w 

  y3 = ply_t*i 

  p3 = ((x3,y3),) 

   

  x4 =lam_w 

  y4 = ply_t*i 

  p4 = ((x4,y4),) 

  plies_sketch.Line(point1=p3[0], point2=p4[0])  

   

  cx1 = cx 

  cy1 = cy-(ply_t*-i) 

  top_spline = [] 

 

  for j in angles_top: 

   x5 =cx1+void_w*np.cos(j) 

   y5 = cy1+void_h*np.sin(j)-(void_loc*ply_t) 

   top_spline.append([x5,y5]) 

    

  plies_sketch.Spline(points = top_spline) 

 

 laminatePart.PartitionFaceBySketch(faces=front_face, 

sketch=plies_sketch, 

         

 sketchUpEdge=sketch_edge1) 

 plies_sketch.unsetPrimaryObject() 

 

 # Partition each ply 

 

 #datum for extruding ply edges to partition laminate 

 extr_dir = laminatePart.DatumAxisByTwoPoint(point1 = 

(0.0,0.0,0.0), 

      point2 = (1.0,0.0,0.0)).id 

 

 lam_faces = laminatePart.faces 

 lam_edges = laminatePart.edges 

 lam_cells = laminatePart.cells 

 lam_datums = laminatePart.datums 
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 #Below void 

 for ply_n in range(1,void_loc+1): 

  x1 = lam_h 

  y1 = 0.1 

  z1 = (ply_t*ply_n) 

  p1 = (x1,y1,z1) 

   

  x2 = lam_h 

  y2 = lam_w-0.1 

  z2 = ply_t*ply_n 

  p2 = (x2,y2,z2) 

   

  cx1 = cx 

  cy1 = cy-(ply_t*-ply_n) 

  x3 = lam_h 

  y3 = cx1+void_w*np.cos(angles_bot[20]) 

  z3 = cy1+void_h*np.sin(angles_bot[20])-(void_loc*ply_t) 

  p1 = (x3,y3,z3) 

   

  ply_edge = lam_edges.findAt(((x1, y1, z1), ), 

      ((x2, y2, z2), ), 

      ((x3, y3, z3), )) 

   

  #selecting all cells in laminate using a bounding box 

  spec_allcells = laminatePart.cells.getByBoundingBox( 

         xMin = -1.0, 

yMin = -1.0, zMin = -1.0, 

         xMax = lam_h+1, 

yMax = lam_w+1,  

         zMax = 

lam_t+extra_h+1)         

  

 

 laminatePart.PartitionCellByExtrudeEdge(line=lam_datums[extr_dir

],  

          

 sense=REVERSE, cells=spec_allcells,  

          

 edges=ply_edge) 

 #Above void 

 for ply_n in range(void_loc+1,num_ply+1): 

  x1 = lam_h 

  y1 = 0.1 

  z1 = ply_t*ply_n 

  p1 = (x1,y1,z1) 

   

  x2 = lam_h 

  y2 = lam_w-0.1 

  z2 = ply_t*ply_n 

  p2 = (x2,y2,z2) 

   

  cx1 = cx 

  cy1 = cy-(ply_t*-ply_n) 

  x3 = lam_h 

  y3 = cx1+void_w*np.cos(angles_top[20]) 

  z3 = cy1+void_h*np.sin(angles_top[20])-(void_loc*ply_t) 

  p3 = (x3,y3,z3) 

   

  ply_edge = lam_edges.findAt(((x1, y1, z1), ), 

      ((x2, y2, z2), ), 

      ((x3, y3, z3), )) 



 

 

   

  #selecting all cells in laminate using a bounding box 

  spec_allcells = laminatePart.cells.getByBoundingBox( 

         xMin = -1.0, 

yMin = -1.0, zMin = -1.0, 

         xMax = lam_h+1, 

yMax = lam_w+1,  

         zMax = 

lam_t+extra_h+1)         

  

 

 laminatePart.PartitionCellByExtrudeEdge(line=lam_datums[extr_dir

],  

          

 sense=REVERSE, cells=spec_allcells,  

          

 edges=ply_edge) 

 #Void bottom        

   

 cx1 = cx 

 cy1 = cy 

 x1 = lam_h 

 y1 = cx1+void_w*np.cos(angles_top[20]) 

 z1 = cy1+void_h*np.sin(angles_top[20]) 

 p1 = (x1,y1,z1) 

   

 ply_edge = lam_edges.findAt(p1,) 

   

 #selecting all cells in laminate using a bounding box 

 spec_allcells = laminatePart.cells.getByBoundingBox( 

         xMin = -1.0, 

yMin = -1.0, zMin = -1.0, 

         xMax = lam_h+1, 

yMax = lam_w+1,  

         zMax = 

lam_t+extra_h+1)         

  

 laminatePart.PartitionCellByExtrudeEdge(line=lam_datums[extr_dir

],  

          

 sense=REVERSE, cells=spec_allcells,  

          

 edges=ply_edge) 

 

 ########## Create Sets ##########-------------------------------

---------------- 

 # Create a set for the full laminate 

 lam_faces = laminatePart.faces 

 lam_edges = laminatePart.edges 

 lam_cells = laminatePart.cells 

 lam_datums = laminatePart.datums 

 lam_surf = laminatePart.Surface 

 

 lam_cells_all = lam_cells.getByBoundingBox( 

          xMin = -

1.0, yMin = -1.0,  

          zMin = (-

void_h-1.0), 

          xMax = 

lam_h+1.0, yMax = lam_w+1.0,  

          zMax = 

(lam_t+void_h+1.0)) 

 laminatePart.Set(cells=lam_cells_all, name='full laminate') 
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 # Create a set for each ply 

 

 x = lam_h/2 

 y = 0.1 

 

 #Below void 

 for ply_n in range(1,void_loc+1): 

  z = (ply_t*(ply_n-1))+0.01 

  ply_cells = lam_cells.findAt(((x, y, z), )) 

  ply_name = "ply_" + str(ply_n) 

  laminatePart.Set(cells=ply_cells, name=ply_name) 

 

 #Above void 

 for ply_n in range(void_loc+1,num_ply+1): 

  z = (ply_t*(ply_n))-0.01 

  ply_cells = lam_cells.findAt(((x, y, z), )) 

  ply_name = "ply_" + str(ply_n) 

  laminatePart.Set(cells=ply_cells, name=ply_name) 

 

 #Remove void from part 

 x1 = 0.0 

 x2 = lam_h 

 y = lam_w/2 

 z = void_loc*ply_t 

 

 void_faces = lam_faces.findAt(((x1, y, z), ), 

      ((x2, y, z), )) 

 laminatePart.RemoveFaces(faceList = void_faces, 

deleteCells=False) 

 

 #Remove excess top from part 

 x1 = 0.0 

 x2 = lam_h 

 x3 = lam_h/2 

 y1 = 0.01 

 y2 = 0.0 

 y3 = lam_w 

 z1 = lam_t+extra_h-1 

 z2 = lam_t+extra_h 

 excess_faces = lam_faces.findAt(((x1, y1, z1), ), 

     ((x2, y1, z1), ), ((x3, y2, z1), ), 

     ((x3, y3, z1), ), ((x3, y1, z2), )) 

 laminatePart.RemoveFaces(faceList = excess_faces, 

deleteCells=False) 

   

 # Create normal surfaces for plies 

 #Below void 

 for ply_n in range(1,void_loc+1): 

  x1 = lam_h/2 

  y1 = 0.1 

  z1 = ply_t*ply_n 

  p1 = (x1,y1,z1) 

   

  x2 = lam_h/2 

  y2 = lam_w-0.1 

  z2 = ply_t*ply_n 

  p2 = (x2,y2,z2) 

   

  cx1 = cx 

  cy1 = cy-(ply_t*-ply_n) 



 

 

  x3 = lam_h/2 

  y3 = cx1+void_w*np.cos(angles_bot[20]) 

  z3 = cy1+void_h*np.sin(angles_bot[20])-(void_loc*ply_t) 

  p3 = (x3,y3,z3) 

   

  ply_normsurf = lam_faces.findAt(((x1, y1, z1), ), 

      ((x2, y2, z2), ), 

      ((x3, y3, z3), )) 

   

  surf_name = "ply_" + str(ply_n) + "_normsurf" 

  lam_surf(side1Faces=ply_normsurf, name=surf_name) 

 #Above void 

 for ply_n in range(void_loc+1,num_ply+1): 

  x1 = lam_h/2 

  y1 = 0.1 

  z1 = ply_t*ply_n 

  p1 = (x1,y1,z1) 

   

  x2 = lam_h/2 

  y2 = lam_w-0.1 

  z2 = ply_t*ply_n 

  p2 = (x2,y2,z2) 

   

  cx1 = cx 

  cy1 = cy-(ply_t*-ply_n) 

  x3 = lam_h/2 

  y3 = cx1+void_w*np.cos(angles_top[20]) 

  z3 = cy1+void_h*np.sin(angles_top[20])-(void_loc*ply_t) 

  p3 = (x3,y3,z3) 

   

  ply_normsurf = lam_faces.findAt(((x1, y1, z1), ), 

      ((x2, y2, z2), ), 

      ((x3, y3, z3), )) 

 

  surf_name = "ply_" + str(ply_n) + "_normsurf" 

  lam_surf(side1Faces=ply_normsurf, name=surf_name) 

   

 # Create edge sets for orienting each ply 

 #Below void 

 for ply_n in range(0,void_loc): 

  x1 = lam_h 

  y1 = 0.1 

  z1 = ply_t*ply_n 

  p1 = (x1,y1,z1) 

   

  x2 = lam_h 

  y2 = lam_w-0.1 

  z2 = ply_t*ply_n 

  p2 = (x2,y2,z2) 

   

  cx1 = cx 

  cy1 = cy-(ply_t*-ply_n) 

  x3 = lam_h 

  y3 = cx1+void_w*np.cos(angles_bot[20]) 

  z3 = cy1+void_h*np.sin(angles_bot[20])-(void_loc*ply_t) 

  p3 = (x3,y3,z3) 

   

  x4 = lam_h 

  y4 = 0.1 

  z4 = ply_t*(ply_n+1) 

  p4 = (x4,y4,z4) 

   

  x5 = lam_h 
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  y5 = lam_w-0.1 

  z5 = ply_t*(ply_n+1) 

  p5 = (x5,y5,z5) 

   

  cx2 = cx 

  cy2 = cy-(ply_t*-(ply_n+1)) 

  x6 = lam_h 

  y6 = cx2+void_w*np.cos(angles_bot[20]) 

  z6 = cy2+void_h*np.sin(angles_bot[20])-(void_loc*ply_t) 

  p6 = (x6,y6,z6) 

   

  ply_or_edges = lam_edges.findAt(((x1, y1, z1), ), 

      ((x2, y2, z2), ), 

      ((x3, y3, z3), ), 

      ((x4, y4, z4), ), 

      ((x5, y5, z5), ), 

      ((x6, y6, z6), )) 

   

  orient_name = "ply_" + str(ply_n+1) + "_or" 

  laminatePart.Set(edges=ply_or_edges, name=orient_name) 

 

 #Above void 

 for ply_n in range(void_loc,num_ply): 

  x1 = lam_h 

  y1 = 0.1 

  z1 = ply_t*ply_n 

  p1 = (x1,y1,z1) 

   

  x2 = lam_h 

  y2 = lam_w-0.1 

  z2 = ply_t*ply_n 

  p2 = (x2,y2,z2) 

   

  cx1 = cx 

  cy1 = cy-(ply_t*-ply_n) 

  x3 = lam_h 

  y3 = cx1+void_w*np.cos(angles_top[20]) 

  z3 = cy1+void_h*np.sin(angles_top[20])-(void_loc*ply_t) 

  p3 = (x3,y3,z3) 

   

  x4 = lam_h 

  y4 = 0.1 

  z4 = ply_t*(ply_n+1) 

  p4 = (x4,y4,z4) 

   

  x5 = lam_h 

  y5 = lam_w-0.1 

  z5 = ply_t*(ply_n+1) 

  p5 = (x5,y5,z5) 

   

  cx2 = cx 

  cy2 = cy-(ply_t*-(ply_n+1)) 

  x6 = lam_h 

  y6 = cx2+void_w*np.cos(angles_top[20]) 

  z6 = cy2+void_h*np.sin(angles_top[20])-(void_loc*ply_t) 

  p6 = (x6,y6,z6) 

   

  ply_or_edges = lam_edges.findAt(((x1, y1, z1), ), 

      ((x2, y2, z2), ), 

      ((x3, y3, z3), ), 

      ((x4, y4, z4), ), 



 

 

      ((x5, y5, z5), ), 

      ((x6, y6, z6), )) 

   

  orient_name = "ply_" + str(ply_n+1) + "_or" 

  laminatePart.Set(edges=ply_or_edges, name=orient_name) 

 

 

 

 # Create sets for loads and boundary conditions 

 

 # Load surface 

 load_surf = lam_faces.getByBoundingBox(xMin = -1.0, yMin = -1.0,  

           zMin 

= -1.0, 

           xMax 

= 1.0, yMax = (lam_w+1),  

           zMax 

= (lam_t+1)) 

 load_surf1= (load_surf,) 

 

 laminatePart.Set(faces=load_surf1, name='load surf') 

 laminatePart.Surface(side1Faces=load_surf1, name='load surface') 

 

 # Fixed surface 

 fix_surf = lam_faces.getByBoundingBox(xMin = lam_h-1.0, yMin = -

1.0, 

          zMin = -

1.0, 

          xMax = 

(lam_h+1), yMax = (lam_w+1),  

          zMax = 

lam_t+1) 

 fix_surf1= (fix_surf,) 

 laminatePart.Set(faces=fix_surf1, name='fix surf') 

 laminatePart.Surface(side1Faces=fix_surf1, name='fix surface') 

 

 # Fixed point 

 lam_vert = laminatePart.vertices 

 clamp_pnt = lam_vert.findAt(((lam_h,0.0,0.0),)) 

 laminatePart.Set(vertices=clamp_pnt, name='clamped point') 

 

 ########## Assign Material orientations ##########--------------

---------------- 

 lam_faces = laminatePart.faces 

 lam_edges = laminatePart.edges 

 lam_cells = laminatePart.cells 

 lam_datums = laminatePart.datums 

 lam_sets = laminatePart.sets 

 lam_surf = laminatePart.surfaces 

 

 zero_count = len(zero_plies) 

 ninety_count = len(ninety_plies) 

 plus_count = len(plus_plies) 

 minus_count = len(minus_plies) 

 

 orientation=None 

 

 # 0 degree plies 

 for set_num in range(zero_count): 

  ply_name = zero_plies[set_num] 

  ply_ax_name = ply_name + "_or" 

  ply_surfname = ply_name + "_normsurf" 
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  ply_reg = lam_sets[ply_name] 

  ply_mainaxis = lam_sets[ply_ax_name] 

  ply_normsurf = lam_surf[ply_surfname] 

   

  laminatePart.MaterialOrientation( 

  region=ply_reg,  

  orientationType=DISCRETE, axis=AXIS_3,  

  normalAxisDefinition=SURFACE,  

  normalAxisRegion=ply_normsurf, flipNormalDirection=False,  

  normalAxisDirection=AXIS_3, primaryAxisDefinition=EDGE,  

  primaryAxisRegion=ply_mainaxis,  

  primaryAxisDirection=AXIS_2,  

  flipPrimaryDirection=False, 

additionalRotationType=ROTATION_NONE,  

  angle=0.0, additionalRotationField='', 

stackDirection=STACK_3)  

 

 # 90 degree plies 

 for set_num in range(ninety_count):   

  ply_name = ninety_plies[set_num] 

  ply_ax_name = ply_name + "_or" 

  ply_surfname = ply_name + "_normsurf" 

   

  ply_reg = lam_sets[ply_name] 

  ply_mainaxis = lam_sets[ply_ax_name] 

  ply_normsurf = lam_surf[ply_surfname] 

   

  laminatePart.MaterialOrientation( 

  region=ply_reg,  

  orientationType=DISCRETE, axis=AXIS_3,  

  normalAxisDefinition=SURFACE,  

  normalAxisRegion=ply_normsurf, flipNormalDirection=False,  

  normalAxisDirection=AXIS_3, primaryAxisDefinition=EDGE,  

  primaryAxisRegion=ply_mainaxis,  

  primaryAxisDirection=AXIS_2,  

  flipPrimaryDirection=False, 

additionalRotationType=ROTATION_ANGLE,  

  angle=90.0, additionalRotationField='', 

stackDirection=STACK_3)  

 

 

 # 45 degree plies  

 for set_num in range(plus_count):   

  ply_name = plus_plies[set_num] 

  ply_ax_name = ply_name + "_or" 

  ply_surfname = ply_name + "_normsurf" 

   

  ply_reg = lam_sets[ply_name] 

  ply_mainaxis = lam_sets[ply_ax_name] 

  ply_normsurf = lam_surf[ply_surfname] 

   

  laminatePart.MaterialOrientation( 

  region=ply_reg,  

  orientationType=DISCRETE, axis=AXIS_3,  

  normalAxisDefinition=SURFACE,  

  normalAxisRegion=ply_normsurf, flipNormalDirection=False,  

  normalAxisDirection=AXIS_3, primaryAxisDefinition=EDGE,  

  primaryAxisRegion=ply_mainaxis,  

  primaryAxisDirection=AXIS_2,  

  flipPrimaryDirection=False, 

additionalRotationType=ROTATION_ANGLE,  



 

 

  angle=45.0, additionalRotationField='', 

stackDirection=STACK_3)  

 

 

 # -45 degree plies   

 for set_num in range(minus_count):   

  ply_name = minus_plies[set_num] 

  ply_ax_name = ply_name + "_or" 

  ply_surfname = ply_name + "_normsurf" 

   

  ply_reg = lam_sets[ply_name] 

  ply_mainaxis = lam_sets[ply_ax_name] 

  ply_normsurf = lam_surf[ply_surfname] 

   

  laminatePart.MaterialOrientation( 

  region=ply_reg,  

  orientationType=DISCRETE, axis=AXIS_3,  

  normalAxisDefinition=SURFACE,  

  normalAxisRegion=ply_normsurf, flipNormalDirection=False,  

  normalAxisDirection=AXIS_3, primaryAxisDefinition=EDGE,  

  primaryAxisRegion=ply_mainaxis,  

  primaryAxisDirection=AXIS_2,  

  flipPrimaryDirection=False, 

additionalRotationType=ROTATION_ANGLE,  

  angle=-45.0, additionalRotationField='', 

stackDirection=STACK_3)  

 

 

 ######### Partitions for Symmetry ##########--------------------

--------- 

  

 lam_faces = laminatePart.faces 

 lam_edges = laminatePart.edges 

 lam_cells = laminatePart.cells 

 lam_datums = laminatePart.datums 

 lam_sets = laminatePart.sets 

 lam_surf = laminatePart.surfaces 

  

 cut_plane = laminatePart.DatumPlaneByPrincipalPlane( 

     principalPlane=XZPLANE, 

offset=(lam_w/2)) 

  

 spec_allcells = laminatePart.cells.getByBoundingBox( 

        xMin = -1.0, yMin = -

1.0, zMin = -1.0, 

        xMax = lam_h+1, yMax = 

lam_w+1,  

        zMax = 

lam_t+extra_h+1)  

 

 laminatePart.PartitionCellByDatumPlane(datumPlane=lam_datums[cut

_plane.id], 

        cells=spec_allcells) 

  

 # Delete half of model for symmetry 

  

 keep_faces = lam_faces.getByBoundingBox(xMin = -1.0, yMin = -

1.0,  

           zMin 

= -1.0, 

           xMax 

= lam_h+1.0,  
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           yMax 

= (lam_w/2)+1.0,  

           zMax 

= (lam_t+1)) 

 keep_surf1= (keep_faces,) 

 laminatePart.Set(faces=keep_surf1, name='keep surf')  

         

            

 del_surf = lam_faces.getByBoundingBox(xMin = -1.0, yMin = 

(lam_w/2)-0.01,  

           zMin 

= -1.0, 

           xMax 

= lam_h+1.0,  

           yMax 

= (lam_w)+1.0,  

           zMax 

= (lam_t+1)) 

 del_surf1= (del_surf,) 

 laminatePart.Set(faces=del_surf1, name='del surf')   

  

 laminatePart.SetByBoolean(sets=[laminatePart.sets['del surf'], 

       laminatePart.sets['keep 

surf']],  

       name='del surf1', 

       operation = DIFFERENCE)  

  

 laminatePart.RemoveFaces(faceList = laminatePart.sets['del 

surf1'].faces, 

        deleteCells = False) 

   

 # Create set for symmetry 

 sym_surf = lam_faces.getByBoundingBox(xMin = -1.0, yMin = 

(lam_w/2)-1.0,  

           zMin 

= -1.0, 

           xMax 

= lam_h+1.0,  

           yMax 

= (lam_w/2)+1.0,  

           zMax 

= (lam_t+1)) 

 sym_surf1= (sym_surf,) 

 

 laminatePart.Set(faces=sym_surf1, name='symmetry surf') 

 laminatePart.Surface(side1Faces=sym_surf1, name='symmetry 

surface') 

  

  

 ######### Sections ##########-----------------------------------

--------- 

 import section 

 

 # Create Sections # 

 

 # Solid homogeneous section for specimen with orthotropic 

material 

 CFRPSection = 

Void_Model.HomogeneousSolidSection(name='T700_HS5454 Lamina', 

  material='MAT1', thickness=1.0) 

 



 

 

 # Assign Sections # 

 lam_sets = laminatePart.sets 

 

 # Assign specimen with CFRP lamina sections 

 laminatePart.SectionAssignment(region=lam_sets['full laminate'],  

     sectionName = 'T700_HS5454 Lamina', 

offset=0.0,  

     offsetType=MIDDLE_SURFACE, 

offsetField='') 

 

 ########## Meshing ##########-----------------------------------

---------------- 

 import mesh 

 

 lam_region = laminatePart.cells 

 lam_sets = laminatePart.sets 

 lam_edges = laminatePart.edges 

 

 #Assign Stack direction 

 top_face = laminatePart.faces.findAt(((0.1,0.1,lam_t),),) 

 laminatePart.assignStackDirection(cells=lam_region, 

referenceRegion=top_face[0]) 

 

 # Mesh control 

 laminatePart.setMeshControls(regions = lam_region, elemShape = 

HEX,  

      technique = SWEEP, algorithm = 

ADVANCING_FRONT) 

       

 # Element type 

 LamElem1 = mesh.ElemType(elemCode=C3D8, elemLibrary=STANDARD,  

  kinematicSplit=AVERAGE_STRAIN, secondOrderAccuracy=OFF,  

  hourglassControl=DEFAULT, distortionControl=DEFAULT) 

 LamElem2 = mesh.ElemType(elemCode=C3D6, elemLibrary=STANDARD) 

 LamElem3 = mesh.ElemType(elemCode=C3D4, elemLibrary=STANDARD) 

 

 lam_region = (laminatePart.cells,) 

 laminatePart.setElementType(regions = lam_region,  

    elemTypes =(LamElem1, LamElem2, LamElem3)) 

 

 for ply_n in range(0, (num_ply)): 

  x1 = 0.0 

  y1 = 0.0 

  z1 = ply_n*ply_t+0.001 

  edge_coord = (x1,y1,z1) 

  if ply_n == 0 : 

   lam_edges1 = lam_edges.findAt((edge_coord,),) 

  else: 

   lam_edges1 += lam_edges.findAt((edge_coord,),) 

   

 for ply_n in range(0, (num_ply)): 

  x2 = lam_h 

  y2 = 0.0 

  z2 = ply_n*ply_t+0.001 

  edge_coord = (x2,y2,z2) 

  lam_edges1 += lam_edges.findAt((edge_coord,),) 

  

 # below void  

 for ply_n in range(1,void_loc+1): 

  x3 = 0.0 

  y3 = lam_w/2 

  z3 = (ply_n*ply_t)-(void_h)-0.001 

  edge_coord = (x3,y3,z3) 
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  lam_edges1 += lam_edges.findAt((edge_coord,),) 

   

 for ply_n in range(1,void_loc+1): 

  x4 = lam_h 

  y4 = lam_w/2 

  z4 = (ply_n*ply_t)-(void_h)-0.001 

  edge_coord = (x4,y4,z4) 

  lam_edges1 += lam_edges.findAt((edge_coord,),)  

   

 # above void 

 for ply_n in range((void_loc+1), (num_ply+1)): 

  x5 = 0.0 

  y5 = lam_w/2 

  z5 = (ply_n*ply_t)+(void_h)-0.001 

  edge_coord = (x5,y5,z5) 

  lam_edges1 += lam_edges.findAt((edge_coord,),) 

   

 for ply_n in range((void_loc+1), (num_ply+1)): 

  x6 = lam_h 

  y6 = lam_w/2 

  z6 = (ply_n*ply_t)+(void_h)-0.001 

  edge_coord = (x6,y6,z6) 

  lam_edges1 += lam_edges.findAt((edge_coord,),) 

   

 laminatePart.Set(edges=lam_edges1, name='thru_thick_edges')  

   

 laminatePart.seedEdgeByNumber(edges=lam_edges1, 

number=thru_elem_num,  

    constraint=FINER) 

 

 laminatePart.seedPart(size=global_sz, deviationFactor=0.5, 

minSizeFactor=0.1) 

 

 # Mesh entire part 

 laminatePart.generateMesh() 

 

 ########### Create Assembly ##########--------------------------

---------------- 

 import assembly 

 

 # Create a specimen instance. 

 CLCAssembly = Void_Model.rootAssembly 

 SpecimenInstance = CLCAssembly.Instance(name='lam_instance', 

        

 part=laminatePart, dependent=ON, autoOffset=ON) 

 

 ########### Create Step ##########------------------------------

---------------- 

 import step 

 

 Void_Model.StaticStep(name='CLC', previous='Initial', 

  timePeriod=1.0, initialInc=0.01, nlgeom = ON, maxNumInc = 

10000, 

  minInc = 1.0e-35, maxInc = 0.1, 

  description='MultiScale Compression with Void') 

  

 Void_Model.FieldOutputRequest(name='F-Output-2',  

    createStepName='CLC', variables=('DMICRT', )) 

 

 ########## BC and Loads ##########------------------------------

---------------- 



 

 

 import load 

 

 # y-symmetry 

 region_sym = 

CLCAssembly.instances['lam_instance'].sets['symmetry surf'] 

 Void_Model.YsymmBC(name='Y-Symmetry', createStepName='Initial',  

  region=region_sym, localCsys=None)  

  

 # Bottom surface fix 

 region_bot = CLCAssembly.instances['lam_instance'].sets['fix 

surf'] 

 Void_Model.DisplacementBC(name='bottom_fix',  

  createStepName='Initial', region=region_bot, u1=SET, 

u2=UNSET, u3=UNSET,  

  ur1=UNSET, ur2=UNSET, ur3=UNSET, amplitude=UNSET, 

distributionType=UNIFORM,  

  fieldName='', localCsys=None) 

 

 # Clamped Point 

 region_clamp = 

CLCAssembly.instances['lam_instance'].sets['clamped point'] 

 Void_Model.EncastreBC(name='fix point', 

createStepName='Initial',  

  region=region_clamp, localCsys=None) 

 

 # Load surface move 

 region_load = CLCAssembly.instances['lam_instance'].sets['load 

surf'] 

 Void_Model.DisplacementBC(name='displacement', 

createStepName='CLC',  

  region=region_load, u1=0.15, u2=UNSET, u3=UNSET, 

ur1=UNSET,  

  ur2=UNSET, ur3=UNSET,  

  amplitude=UNSET, fixed=OFF, distributionType=UNIFORM, 

fieldName='',  

  localCsys=None) 

 

 ########## Create Element Set for SDV ##########----------------

------------------------------ 

 

 asm = Void_Model.rootAssembly 

 els_1 = asm.instances['lam_instance'].elements 

 full_els = els_1.getByBoundingBox( 

          xMin = -

1.0, yMin = -1.0,  

          zMin = (-

void_h-1.0), 

          xMax = 

lam_h+1.0, yMax = lam_w+1.0,  

          zMax = 

(lam_t+void_h+1.0)) 

 asm.Set(elements=full_els, name='All_Elems')  

   

 ########## Create Job for Analysis ##########-------------------

---------------- 

 import job  

 

 # Create job 

 mdb.Job(name=model_id, model=model_id, description='', 

type=ANALYSIS,  

  atTime=None, waitMinutes=0, waitHours=0, queue=None, 

memory=95,  

  memoryUnits=PERCENTAGE, getMemoryFromAnalysis=True,  
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  explicitPrecision=SINGLE, nodalOutputPrecision=SINGLE, 

echoPrint=OFF,  

  modelPrint=OFF, contactPrint=OFF, historyPrint=OFF, 

userSubroutine='',  

  scratch='', resultsFormat=ODB, 

multiprocessingMode=DEFAULT, numCpus=14,  

  numDomains=14, numGPUs=0) 

   

 # Write input file and create next Model 

 mdb.jobs[model_id].writeInput() 

 mdb.Model(name=model_name_b, modelType=STANDARD_EXPLICIT) 

 

  



 

 

 

C2.3 Python Script for Parametric Wrinkles 

############################################################# 

 

#!/usr/bin/env python 

# -*- coding: utf-8 -*-  

############################################################# 

# Wrinkles Under Compression Test             # 

# Author: Abhi Ramesh                                       # 

# Date created: February 2018                               # 

# Date modified: January 2019                               # 

############################################################# 

 

#################### 

# PRE PROCESSING   # 

#################### 

 

# Model is in millimeters and MPa 

 

'''We are working in a python environment which do not include all  

functionality of Abaqus. Including the section below will import  

some of the Abaqus modules used in this script file.''' 

 

 

# Import required modules 

 

from abaqus import * 

from abaqusConstants import * 

from part import * 

from material import * 

from section import * 

from assembly import * 

from step import * 

from interaction import * 

from load import * 

from mesh import * 

from job import * 

from sketch import * 

from visualization import * 

from connectorBehavior import * 

import os 

sys.path.append( 

    'C:\\Program Files\\Simulayt 3DS\\Composites Modeler\\Abaqus 6.14 

- 6.17\\Plugin') 

import CMACommands 

import CMACommandsMapMesh 

import CMACommandsResults 

import CMACommandsMaterials 

import CMACommandsBoundingMeshes 

CMACommands.InitialiseLayup() 

from CMAConstants import * 

from caeModules import * 

import regionToolset 

import numpy as np 

from numpy import linspace, pi, sin, cos 

 

#(1,4) param   - (7-(2*(param-1)) - 0.1  

#(4,7) (param-3)  - 1.75     - 0.1 

#(7,10) (param-6)  - (7-(2*(param-7)) - 0.4 

#(10,13)(param-9)  - 1.75     - 0.4  

#(13,16)(param-12) - (7-(2*(param-13)) - 0.9 
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#(16,19) (param-15) - 1.75     - 0.9 

 

# Create Variables 

for param in range(1,4): 

  

 ply_t = 0.1415    #ply thickness 

 num_ply = 60    #total ply count 

 lam_t = ply_t*num_ply  #laminate thickness 

 lam_w = 12.0    #laminate width 

 lam_h = 13.0   #laminate length 

 extra_h = 3.0   #excess height of laminate 

thickness 

 gauge_l = 13.0   #gauge length 

 wave_res = 100       #number of points in wrinkle 

spline 

 line_res = 50   #number of points in  flat line 

adjacent to wrinkles 

 num_waves = (param)  #number of wrinkles (half waves) 

 wavelength = (7-(2*(param-1)))  #length of each half 

wrinkle wave 

 wave_amp = 0.1   #maximum offset of wrinkle 

 wrinkle_length = wavelength*num_waves #total wrinkle width 

 wx = wrinkle_length*0.5 #half wrinkle length 

 

 wx1 = (lam_w/2) - wx #wrinkle end point 

 wx2 = (lam_w/2) + wx #wrinkle end point 

 

 x_pre = np.linspace(0,wx1,line_res) # x-locations left of 

wrinkle 

 x_aft = np.linspace(wx2,lam_w,line_res) # x-locations left of 

wrinkle 

 x_wrinkle = np.linspace(wx1,wx2,wave_res)# x-locations for 

wrinkle 

 wrinkle_start = x_wrinkle[1] 

 

 x_wrinkle = x_wrinkle[1:] #removing repeated element for 

spline creation 

 x_aft = x_aft[1:]   #removing repeated element for 

spline creation 

 

 global_sz = 0.12   #global seed size 

 thru_elem_num = 2   #number of through thickness 

elements per ply 

 

 # Sequence- [0/90/0/45/-45/0/-45/45/0/90/0/45/-45/0/-

45/45/0/90/0/0/±45]S 

 # 0 deg = 1,2,4,5,8,9,12,13,15,16,19,20,23,24,26,27,28,29, 

  

 #32,33,34,35,37,38,41,42,45,46,48,49,52,53,56,57,59,60 

 # 90 deg = 3,14,25,36,47,58 

 # 45 deg = 6,11,17,22,30,39,44,50,55 

 # -45 deg = 7,10,18,21,31,40,43,51,54 

 

 zero_plies = ['ply_1', 'ply_2', 'ply_4', 'ply_5', 'ply_8', 

'ply_9',  

    'ply_12', 'ply_13', 'ply_15', 'ply_16', 

'ply_19', 'ply_20',  

    'ply_23', 'ply_24', 'ply_26', 'ply_27', 

'ply_28', 'ply_29', 

    'ply_32', 'ply_33', 'ply_34', 'ply_35', 

'ply_37', 'ply_38', 



 

 

    'ply_41', 'ply_42', 'ply_45', 'ply_46', 

'ply_48', 'ply_49', 

    'ply_52', 'ply_53','ply_56', 'ply_57', 

'ply_59', 'ply_60'] 

     

 ninety_plies = ['ply_3', 'ply_14', 'ply_25', 'ply_36', 'ply_47', 

'ply_58'] 

     

 plus_plies = ['ply_6', 'ply_11', 'ply_17', 'ply_22', 'ply_30',  

    'ply_39', 'ply_44', 'ply_50', 'ply_55'] 

     

 minus_plies = ['ply_7', 'ply_10','ply_18', 'ply_21', 'ply_31',  

    'ply_40', 'ply_43', 'ply_51', 'ply_54'] 

 

 ########## Create a Model ##########----------------------------

---------------- 

 model_name_a = "Model-"+str(param)  

 model_name_b = "Model-"+str(param+1)  

 

 model_id = "Wrinkle_"+str(param) 

 

 session.viewports['Viewport: 1'].setValues(displayedObject=None) 

 

 mdb.models.changeKey(fromName=model_name_a, toName=model_id) 

 Wrinkle_Model= mdb.models[model_id] 

 

 

 ########## Create Parts ##########------------------------------

---------------- 

 import part 

 

 # Create solid specimen 

 

 lamProfileSketch= Wrinkle_Model.ConstrainedSketch(name='Lam 

Profile Sketch', 

           

      sheetSize=400) 

 # Laminate 

 #Use four connected lines instead of a rectangle to ensure  

 #edge directions are desirable 

 

 lamProfileSketch.Line(point1= (0, 0),  

         point2= 

((lam_h), 0)) 

 lamProfileSketch.Line(point1= (0, (lam_w)),  

         point2= 

((lam_h), (lam_w)))         

 lamProfileSketch.Line(point1= (0, 0),  

         point2= (0, 

(lam_w)))          

 lamProfileSketch.Line(point1= ((lam_h), 0),  

         point2= 

((lam_h), (lam_w))) 

          

 laminatePart = Wrinkle_Model.Part(dimensionality=THREE_D,  

          

name='Laminate', type= DEFORMABLE_BODY) 

 # Extrude sketch to create 3D part with padding on top to 

accommodate wrinkling 

 laminatePart.BaseSolidExtrude(sketch = lamProfileSketch, depth 

=lam_t+extra_h) 

 

 # Add padding to base for extrusion 
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 laminatePart = Wrinkle_Model.parts['Laminate'] 

 lam_faces = laminatePart.faces 

 lam_edges = laminatePart.edges 

 

 #define sketch plane 

 selected_face = 

lam_faces.findAt((lam_h/2,lam_w/2,lam_t+extra_h),)  

 #define vertical edge to right of intended sketch  

 selected_edge = lam_edges.findAt((lam_h,lam_w/2,lam_t+extra_h),)  

 

 lam_trans = 

laminatePart.MakeSketchTransform(sketchPlane=selected_face, 

    sketchUpEdge=selected_edge, 

sketchOrientation=RIGHT,  

    sketchPlaneSide=SIDE1, origin=(0.0, 0.0, 

lam_t+extra_h)) 

 

 lam_sketch = Wrinkle_Model.ConstrainedSketch(name='edge_thick',  

  sheetSize=(lam_w*3), gridSpacing=0.5, transform=lam_trans) 

 

 lam_sketch.rectangle(point1=(0.0, 0.0), point2=(lam_h, lam_w))

  

 

 lam_sketch.setPrimaryObject(option=SUPERIMPOSE) 

 

 laminatePart.SolidExtrude(sketchPlane=selected_face, 

sketchUpEdge=selected_edge,  

       sketchPlaneSide=SIDE1, 

sketchOrientation=RIGHT,  

       sketch=lam_sketch, 

depth=lam_t+2*extra_h,  

       flipExtrudeDirection=ON) 

 

 ########## Create Materials ##########--------------------------

---------------- 

 #This block is a placeholder before replacing the material model 

using MDS for any multiscale analyses 

 

 import material 

 

 # Lamina - T700_HS5454 - For specimen 

 stdCarbon = Wrinkle_Model.Material(name='MAT1') 

 laminaElastProp = (117E3, 8.9E3, 8.9E3, 0.3, 0.2, 0.3, 5.3E3, 

5.3E3, 3E3) 

 laminaFailStress = (2841, -1397, 100, -100, 79, 1.0, 1.0) 

 stdCarbon.Elastic(type = ENGINEERING_CONSTANTS, 

table=(laminaElastProp, )) 

 stdCarbon.elastic.FailStress(table=(laminaFailStress, )) 

 

 

 ########## Create Partitions ##########-------------------------

---------------- 

 

 # Create partitions for plies 

 

 # Sketches 

 

 lam_faces = laminatePart.faces 

 lam_edges = laminatePart.edges 

 lam_cells = laminatePart.cells 

 



 

 

 front_face = lam_faces.findAt((lam_h,0.1,0.1),) #define sketch 

plane 

 sketch_edge1 = lam_edges.findAt((lam_h,lam_w,0.1),) # define 

vertical   

           

 #edge to right of intended sketch 

 

 ply_transform = laminatePart.MakeSketchTransform( 

           

  sketchPlane=front_face,  

           

  sketchUpEdge=sketch_edge1,  

           

  sketchPlaneSide=SIDE1,  

           

  origin=((lam_h, 0.0, 0.0))) 

   

 plies_sketch = Wrinkle_Model.ConstrainedSketch(name='ply edges',  

      sheetSize=(lam_w*3), 

gridSpacing=5, transform=ply_transform) 

 

 plies_sketch.setPrimaryObject(option=SUPERIMPOSE) 

 

 laminatePart.projectReferencesOntoSketch(sketch=plies_sketch,  

          

 filter=COPLANAR_EDGES) 

 

 # Define ply edges 

 

 # Ply coordinates 

 

 for ply_n in range(num_ply+1): 

  ply_spline = [] 

  for i in x_pre: 

   x1 = i 

   y1 = ply_n*ply_t 

   ply_spline.append([x1,y1])  

  for i in x_wrinkle: 

   x1 = i 

   y1 = wave_amp*sin((pi/wavelength)*(x1-

wrinkle_start))+(ply_n*ply_t) 

   ply_spline.append([x1,y1]) 

  for i in x_aft: 

   x1 = i 

   y1 = ply_n*ply_t 

   ply_spline.append([x1,y1])  

  plies_sketch.Spline(points = ply_spline) 

 

 laminatePart.PartitionFaceBySketch(faces=front_face, 

sketch=plies_sketch, 

         

 sketchUpEdge=sketch_edge1) 

 plies_sketch.unsetPrimaryObject() 

 

 # Partition each ply 

 

 #datum for extruding ply edges to partition laminate 

 extr_dir = laminatePart.DatumAxisByTwoPoint(point1 = 

(0.0,0.0,0.0), 

      point2 = (1.0,0.0,0.0)).id 

 

 lam_faces = laminatePart.faces 

 lam_edges = laminatePart.edges 
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 lam_cells = laminatePart.cells 

 lam_datums = laminatePart.datums 

 

 for ply_n in range(num_ply+1): 

  x1 = lam_h 

  y1 = 0.1 

  z1 = ply_t*ply_n 

  p1 = (x1,y1,z1) 

   

  ply_edge = lam_edges.findAt((p1, )) 

   

  #selecting all cells in laminate using a bounding box 

  spec_allcells = laminatePart.cells.getByBoundingBox( 

         xMin = -1.0, 

yMin = -1.0, zMin = -extra_h-1.0, 

         xMax = lam_h+1, 

yMax = lam_w+1,  

         zMax = 

lam_t+extra_h+1)         

  

 

 laminatePart.PartitionCellByExtrudeEdge(line=lam_datums[extr_dir

],  

          

 sense=REVERSE, cells=spec_allcells,  

          

 edges=ply_edge) 

 

 ########## Create Sets ##########-------------------------------

---------------- 

 # Create a set for the full laminate 

 lam_faces = laminatePart.faces 

 lam_edges = laminatePart.edges 

 lam_cells = laminatePart.cells 

 lam_datums = laminatePart.datums 

 lam_surf = laminatePart.Surface 

 

 #Remove excess top from part 

 x1 = 0.0 

 x2 = lam_h 

 x3 = lam_h/2 

 y1 = 0.01 

 y2 = 0.0 

 y3 = lam_w 

 z1 = lam_t+(extra_h/2) 

 z2 = lam_t+extra_h 

 excess_faces = lam_faces.findAt(((x1, y1, z1), ), 

     ((x2, y1, z1), ), ((x3, y2, z1), ), 

     ((x3, y3, z1), ), ((x3, y1, z2), )) 

 laminatePart.RemoveFaces(faceList = excess_faces, 

deleteCells=False) 

 #Remove excess bottom from part 

 x1 = 0.0 

 x2 = lam_h 

 x3 = lam_h/2 

 y1 = 0.01 

 y2 = 0.0 

 y3 = lam_w 

 z1 = -(extra_h/2) 

 z2 = -extra_h 

 excess_faces = lam_faces.findAt(((x1, y1, z1), ), 



 

 

     ((x2, y1, z1), ), ((x3, y2, z1), ), 

     ((x3, y3, z1), ), ((x3, y1, z2), )) 

 laminatePart.RemoveFaces(faceList = excess_faces, 

deleteCells=False) 

 

 

 lam_cells_all = lam_cells.getByBoundingBox( 

          xMin = -

1.0, yMin = -1.0,  

          zMin = (-

wave_amp-1.0), 

          xMax = 

lam_h+1.0, yMax = lam_w+1.0,  

          zMax = 

(lam_t+wave_amp+1)) 

 laminatePart.Set(cells=lam_cells_all, name='full laminate') 

 

 # Create a set for each ply 

 

 x = lam_h/2 

 y = 0.1 

 for ply_n in range(1,num_ply+1): 

  z = (ply_t*ply_n)-(ply_t*0.5) 

  ply_cells = lam_cells.findAt(((x, y, z), )) 

  ply_name = "ply_" + str(ply_n) 

  laminatePart.Set(cells=ply_cells, name=ply_name) 

   

 # Create normal surfaces for plies 

 for ply_n in range(1,num_ply+1): 

  x1 = lam_h/2 

  y1 = 0.1 

  z1 = ply_t*ply_n 

  p1 = (x1,y1,z1) 

  ply_normsurf = lam_faces.findAt(((x1, y1, z1), )) 

  surf_name = "ply_" + str(ply_n) + "_normsurf" 

  lam_surf(side1Faces=ply_normsurf, name=surf_name) 

 

 # Create edge sets for orienting each ply 

 for ply_n in range(1,ply_n+1): 

  x1 = lam_h 

  y1 = 0.1 

  z1 = ply_t*ply_n 

  p1 = (x1,y1,z1) 

   

  ply_or_edges = lam_edges.findAt((p1, )) 

   

  orient_name = "ply_" + str(ply_n) + "_or" 

  laminatePart.Set(edges=ply_or_edges, name=orient_name) 

 

 # Create sets for loads and boundary conditions 

 

 # Load surface 

 load_surf = lam_faces.getByBoundingBox(xMin = -1.0, yMin = -1.0,  

           zMin 

= -1.0, 

           xMax 

= 1.0, yMax = (lam_w+1),  

           zMax 

= (lam_t+1)) 

 load_surf1= (load_surf,) 

 

 laminatePart.Set(faces=load_surf1, name='load surf') 

 laminatePart.Surface(side1Faces=load_surf1, name='load surface') 
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 # Fixed surface 

 fix_surf = lam_faces.getByBoundingBox(xMin = lam_h-1.0, yMin = -

1.0, 

          zMin = -

1.0, 

          xMax = 

(lam_h+1), yMax = (lam_w+1),  

          zMax = 

lam_t+1) 

 fix_surf1= (fix_surf,) 

 laminatePart.Set(faces=fix_surf1, name='fix surf') 

 laminatePart.Surface(side1Faces=fix_surf1, name='fix surface') 

 

 # Fixed point 

 lam_vert = laminatePart.vertices 

 clamp_pnt = lam_vert.findAt(((lam_h,0.0,0.0),)) 

 laminatePart.Set(vertices=clamp_pnt, name='clamped point') 

 

 ########## Assign Material orientations ##########--------------

---------------- 

 lam_faces = laminatePart.faces 

 lam_edges = laminatePart.edges 

 lam_cells = laminatePart.cells 

 lam_datums = laminatePart.datums 

 lam_sets = laminatePart.sets 

 lam_surf = laminatePart.surfaces 

 

 zero_count = len(zero_plies) 

 ninety_count = len(ninety_plies) 

 plus_count = len(plus_plies) 

 minus_count = len(minus_plies) 

 

 orientation=None 

 

 # 0 degree plies 

 for set_num in range(zero_count): 

  ply_name = zero_plies[set_num] 

  ply_ax_name = ply_name + "_or" 

  ply_surfname = ply_name + "_normsurf" 

   

  ply_reg = lam_sets[ply_name] 

  ply_mainaxis = lam_sets[ply_ax_name] 

  ply_normsurf = lam_surf[ply_surfname] 

   

  laminatePart.MaterialOrientation( 

  region=ply_reg,  

  orientationType=DISCRETE, axis=AXIS_3,  

  normalAxisDefinition=SURFACE,  

  normalAxisRegion=ply_normsurf, flipNormalDirection=False,  

  normalAxisDirection=AXIS_3, primaryAxisDefinition=EDGE,  

  primaryAxisRegion=ply_mainaxis,  

  primaryAxisDirection=AXIS_2,  

  flipPrimaryDirection=False, 

additionalRotationType=ROTATION_NONE,  

  angle=0.0, additionalRotationField='', 

stackDirection=STACK_3)  

 

 # 90 degree plies 

 for set_num in range(ninety_count):   

  ply_name = ninety_plies[set_num] 



 

 

  ply_ax_name = ply_name + "_or" 

  ply_surfname = ply_name + "_normsurf" 

   

  ply_reg = lam_sets[ply_name] 

  ply_mainaxis = lam_sets[ply_ax_name] 

  ply_normsurf = lam_surf[ply_surfname] 

   

  laminatePart.MaterialOrientation( 

  region=ply_reg,  

  orientationType=DISCRETE, axis=AXIS_3,  

  normalAxisDefinition=SURFACE,  

  normalAxisRegion=ply_normsurf, flipNormalDirection=False,  

  normalAxisDirection=AXIS_3, primaryAxisDefinition=EDGE,  

  primaryAxisRegion=ply_mainaxis,  

  primaryAxisDirection=AXIS_2,  

  flipPrimaryDirection=False, 

additionalRotationType=ROTATION_ANGLE,  

  angle=90.0, additionalRotationField='', 

stackDirection=STACK_3)  

 

 

 # 45 degree plies  

 for set_num in range(plus_count):   

  ply_name = plus_plies[set_num] 

  ply_ax_name = ply_name + "_or" 

  ply_surfname = ply_name + "_normsurf" 

   

  ply_reg = lam_sets[ply_name] 

  ply_mainaxis = lam_sets[ply_ax_name] 

  ply_normsurf = lam_surf[ply_surfname] 

   

  laminatePart.MaterialOrientation( 

  region=ply_reg,  

  orientationType=DISCRETE, axis=AXIS_3,  

  normalAxisDefinition=SURFACE,  

  normalAxisRegion=ply_normsurf, flipNormalDirection=False,  

  normalAxisDirection=AXIS_3, primaryAxisDefinition=EDGE,  

  primaryAxisRegion=ply_mainaxis,  

  primaryAxisDirection=AXIS_2,  

  flipPrimaryDirection=False, 

additionalRotationType=ROTATION_ANGLE,  

  angle=45.0, additionalRotationField='', 

stackDirection=STACK_3)  

 

 

 # -45 degree plies   

 for set_num in range(minus_count):   

  ply_name = minus_plies[set_num] 

  ply_ax_name = ply_name + "_or" 

  ply_surfname = ply_name + "_normsurf" 

   

  ply_reg = lam_sets[ply_name] 

  ply_mainaxis = lam_sets[ply_ax_name] 

  ply_normsurf = lam_surf[ply_surfname] 

   

  laminatePart.MaterialOrientation( 

  region=ply_reg,  

  orientationType=DISCRETE, axis=AXIS_3,  

  normalAxisDefinition=SURFACE,  

  normalAxisRegion=ply_normsurf, flipNormalDirection=False,  

  normalAxisDirection=AXIS_3, primaryAxisDefinition=EDGE,  

  primaryAxisRegion=ply_mainaxis,  

  primaryAxisDirection=AXIS_2,  
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  flipPrimaryDirection=False, 

additionalRotationType=ROTATION_ANGLE,  

  angle=-45.0, additionalRotationField='', 

stackDirection=STACK_3)  

 

 

 ######### Sections ##########-----------------------------------

--------- 

 import section 

 

 # Create Sections # 

 

 # Solid homogeneous section for specimen with orthotropic 

material 

 CFRPSection = 

Wrinkle_Model.HomogeneousSolidSection(name='T700_HS5454 Lamina', 

  material='MAT1', thickness=1.0) 

 

 # Assign Sections # 

 lam_sets = laminatePart.sets 

 

 # Assign specimen with CFRP lamina sections 

 laminatePart.SectionAssignment(region=lam_sets['full laminate'],  

     sectionName = 'T700_HS5454 Lamina', 

offset=0.0,  

     offsetType=MIDDLE_SURFACE, 

offsetField='') 

 

 ########## Meshing ##########-----------------------------------

---------------- 

 import mesh 

 

 lam_region = laminatePart.cells 

 lam_sets = laminatePart.sets 

 lam_edges = laminatePart.edges 

 

 #Assign Stack direction 

 top_face = laminatePart.faces.findAt(((0.1,0.1,lam_t),),) 

 laminatePart.assignStackDirection(cells=lam_region, 

referenceRegion=top_face[0]) 

 

 # Mesh control 

 laminatePart.setMeshControls(regions = lam_region, elemShape = 

HEX,  

      technique = SWEEP, algorithm = 

ADVANCING_FRONT) 

 

 # Element type 

 LamElem1 = mesh.ElemType(elemCode=C3D8R, elemLibrary=STANDARD,  

  kinematicSplit=AVERAGE_STRAIN, secondOrderAccuracy=OFF,  

  hourglassControl=DEFAULT, distortionControl=DEFAULT) 

 LamElem2 = mesh.ElemType(elemCode=C3D6, elemLibrary=STANDARD) 

 LamElem3 = mesh.ElemType(elemCode=C3D4, elemLibrary=STANDARD) 

 

 lam_region = (laminatePart.cells,) 

 laminatePart.setElementType(regions = lam_region,  

    elemTypes =(LamElem1, LamElem2, LamElem3)) 

 

 for ply_n in range(0, (num_ply)): 

  x1 = 0.0 

  y1 = 0.0 



 

 

  z1 = ply_n*ply_t+0.001 

  edge_coord = (x1,y1,z1) 

  if ply_n == 0 : 

   lam_edges1 = lam_edges.findAt((edge_coord,),) 

  else: 

   lam_edges1 += lam_edges.findAt((edge_coord,),) 

   

 for ply_n in range(0, (num_ply)): 

  x2 = lam_h 

  y2 = 0.0 

  z2 = ply_n*ply_t+0.001 

  edge_coord = (x2,y2,z2) 

  lam_edges1 += lam_edges.findAt((edge_coord,),) 

 

 for ply_n in range(0, (num_ply)): 

  x3 = 0.0 

  y3 = lam_w 

  z3 = ply_n*ply_t+0.001 

  edge_coord = (x3,y3,z3) 

  lam_edges1 += lam_edges.findAt((edge_coord,),) 

   

 for ply_n in range(0, (num_ply)): 

  x4 = lam_h 

  y4 = lam_w 

  z4 = ply_n*ply_t+0.001 

  edge_coord = (x4,y4,z4) 

  lam_edges1 += lam_edges.findAt((edge_coord,),) 

   

 laminatePart.seedEdgeByNumber(edges=lam_edges1, 

number=thru_elem_num,  

    constraint=FINER) 

 

 laminatePart.seedPart(size=global_sz, deviationFactor=0.1, 

minSizeFactor=0.1) 

 

 # Mesh entire part 

 laminatePart.generateMesh() 

 

 # # Create Seed Edge Sets 

 # lam_edges = (lam_edges1 + lam_edges11 + lam_edges2 + 

lam_edges22 + lam_edges3 + 

    # lam_edges33 + lam_edges4 + lam_edges44) 

 # laminatePart.Set(edges=lam_edges, name='vertical seed edges') 

 # laminatePart.Set(edges=lam_edges5, name='vert seed edges 

gauge')  

 # laminatePart.Set(edges=lam_edges6, name='horiz seed edges') 

 

 ########### Create Assembly ##########--------------------------

---------------- 

 import assembly 

 

 # Create a specimen instance. 

 CLCAssembly = Wrinkle_Model.rootAssembly 

 SpecimenInstance = CLCAssembly.Instance(name='lam_instance', 

        

 part=laminatePart, dependent=ON, autoOffset=ON) 

 

 ########### Create Step ##########------------------------------

---------------- 

 import step 

 

 Wrinkle_Model.StaticStep(name='CLC', previous='Initial', 



 

C-113 

 

  timePeriod=1.0, initialInc=0.01, nlgeom = ON, maxNumInc = 

10000, 

  minInc = 1.0e-35, maxInc = 0.1, 

  description='MultiScale Compression with Wrinkles') 

 

 

 ########## BC and Loads ##########------------------------------

---------------- 

 import load 

 

 # Bottom surface fix 

 region_bot = CLCAssembly.instances['lam_instance'].sets['fix 

surf'] 

 Wrinkle_Model.DisplacementBC(name='bottom_fix',  

  createStepName='Initial', region=region_bot, u1=SET, 

u2=UNSET, u3=UNSET,  

  ur1=UNSET, ur2=UNSET, ur3=UNSET, amplitude=UNSET, 

distributionType=UNIFORM,  

  fieldName='', localCsys=None) 

 

 # Clamped Point 

 region_clamp = 

CLCAssembly.instances['lam_instance'].sets['clamped point'] 

 Wrinkle_Model.EncastreBC(name='fix point', 

createStepName='Initial',  

  region=region_clamp, localCsys=None) 

 

 # Load surface move 

 region_load = CLCAssembly.instances['lam_instance'].sets['load 

surf'] 

 Wrinkle_Model.DisplacementBC(name='displacement', 

createStepName='CLC',  

  region=region_load, u1=0.15, u2=UNSET, u3=UNSET, 

ur1=UNSET,  

  ur2=UNSET, ur3=UNSET,  

  amplitude=UNSET, fixed=OFF, distributionType=UNIFORM, 

fieldName='',  

  localCsys=None) 

 

 

 ########## Create job for Analysis ##########-------------------

---------------- 

 import job 

 

 mdb.Job(name=model_id, model=model_id, description='',  

  type=ANALYSIS, atTime=None, waitMinutes=0, waitHours=0,  

  queue=None, memory=99, memoryUnits=PERCENTAGE,  

  getMemoryFromAnalysis=True, explicitPrecision=SINGLE,  

  nodalOutputPrecision=SINGLE, echoPrint=OFF, 

modelPrint=OFF,  

  contactPrint=OFF, historyPrint=OFF, userSubroutine='', 

scratch='',  

  resultsFormat=ODB, multiprocessingMode=DEFAULT, 

numCpus=16,  

  numDomains=16, numGPUs=0) 

   

 # Write input file and create next Model 

 mdb.jobs[model_id].writeInput() 

 mdb.Model(name=model_name_b, modelType=STANDARD_EXPLICIT)  
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