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Type III cylinders are hybrid structures typically consisting of a metal liner en-
closed by layers of composite material. Such structures are prone to unexpected
damage during service, usually as a result of a low velocity impact. The capa-
bility of the cylinder to carry load in the presence of existing damage due to an
impact event has not been fully investigated for these structures. In this project,
a methodology to develop a novel 3D finite element model of a Type III cylinder
under quasi-static indentation loading is presented. The aim is to investigate the
structure’s damage tolerance properties by predicting the residual indentation de-
veloped in the inner metal liner of the cylinder due to quasi-static load application.
Previous work had indicated that this is the critical determinant of the post-indent
residual fatigue life.

The project is divided into three parts. First a ring specimen investigation,
consisting of a short cylindrical cross section of a complete cylinder was virtually
and experimentally analysed under a 2D line quasi-static compression indentation.
The structure is an intermediate building block to allow improved understanding
of Type III cylinders, and to allow the modelling approach to be refined on a
specimen with less complexity than a full cylinder. Using this model it was pos-
sible to predict composite damage delamination as well as metal-composite sepa-
ration using an explicit finite element model containing cohesive elements. Metal-
composite interface properties were obtained and calibrated through experimental
testing. Validation was performed by comparing force-displacement curves, strain
field measurements, and chronological visualisation of damage events. Analytical
results showed good agreement with experimental values.

Then, the interface properties obtained from the ring specimen model were
transferred to a full Type III cylinder model. The model was compared with
experimental results from a previous study on complete cylinders and was found
to predict the quasi-static indentation response well, without further calibration
or fitting of the metal-composite interface properties. It was demonstrated that
the methodology developed was applicable for developing Type III cylinder models
with different diameter sizes and thickness ratios.

Finally, the model was used for parametric investigations in which the resid-
ual dent was evaluated under different geometric and loading conditions, including
internal pressure loads. Overall, it was demonstrated that relevant damage pro-
cesses associated with quasi-static indentation are reproduced. Furthermore, it
was shown this model can be used to explore different design options in a virtual
environment and could potentially be used in early stages of the cylinder product
design cycle.
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I want to thank the National Council for Science and Technology (CONACYT)

for the financial support provided during the last four years, which made possible

the achievement of this personal project.

I want to thank my friends, Berenice, Barbara, Daniela, Isaac, Ezequiel, Ana,

Paty, Steph, Rafa, Joel and Mariana for being always in contact and encouraging

me. Special thanks to Taine Ramirez, for her great welfare support and guidance,

which has been a very important part.

I want to thank my family, particularly, Edna and Roberto. Mom & Dad: this

personal project never would have started without your support. Despite the

distance, it felt that you were here next to me at every single moment. Gracias.

Finally, I want to thank the love of my life, Monse. This has been the single

greatest adventure of my life, and the best part has been sharing it with you.

Thanks for being caring, supportive, understanding and patient, specially the

last few months. I am very lucky that you have been with me throughout this

whole adventure. Infinite thanks for being there always!

xiii



To Paco and Abuelito Roberto...

xiv



Acronyms

AFV Alternative Fuel Vehicles

ARALL Aramid Reinforced Aluminium Laminates

BVID Barely Visible Impact Damage

CARALL Carbon Reinforced Aluminium Laminates

CBT Classical Beam Theory

CFRP Carbon Fibre Reinforced Polymer

COPV Composite Overwrapped Pressure Vessels

CT Computer Tomography

CZM Cohesive Zone Model

DCB Double Cantilever Beam

DIC Digital Image Correlation

DoT Department of Transport

ENF End Notched Flexure

FE Finite Element

FML Fibre Metal Laminates

FoV Field of View

GFRP Glass Fibre Reinforced Polymer

GLARE Glass Rinforced Aluminium Laminates

IE Internal Energy

KE Kinetic Energy

LEFM Linear Elastic Fracture Mechanics

xv



Acronyms

LGC Luxfer Gas Cylinders

LVI low velocity impact

MMB Mixed-Mode Bending

PMC Polymer Matrix Composites

SCBA self-contained breathing apparatus

VCCT Virtual Crack Closure Technique

xvi



Chapter 1

Introduction

1.1 Background

Since the 1940’s applications using Polymer Matrix Composites (PMC) have been

developed, initially mainly using glass fibres. Development of different PMC ap-

plications led engineers to observe that the density of Glass Fibre Reinforced

Polymer (GFRP) is relatively high and their specific stiffness is low, thus new

composite materials based on carbon fibres were developed [1]. The high stiffness

and strength to weight ratio of Carbon Fibre Reinforced Polymer (CFRP) com-

posites became very attractive initially for aircraft structural applications, and

subsequently their use has expanded to other sectors.

Additional to high specific strength and stiffness PMCs offer the advantage

of being tailored materials, i.e. they can be manufactured with mechanical prop-

erties specific to a certain problem. As a result, these materials are widely used

in automotive, aerospace and marine industries which typically aim for weight

saving in their products [1–3]. For instance, civil airframes increasingly contain

significant amounts of carbon fibre composites in their construction (∼ 50% by

weight) and many luxury and performance cars include carbon fibre composite

components to substitute for metals. Consequently, by developing such complex

structures, these industries have become the significant drivers of research related

to PMCs [4].

Regarding product design, transport applications are frequently weight-

reduction driven so the use of composites conveys an obvious advantage, however
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there are other sectors interested in applying and developing research related

to PMCs. One example is the pressure vessel industry. Initially, pure metallic

pressure vessels were commonly used to contain and transport gases with working

pressures up to 12 MPa. However, the pressure requirements have kept increasing

due to the variety of applications and standards set by industry. Currently, such

applications may require up to 10,000 l cylinder capacity and working pressures

range from 20 to 70 MPa which depends on the application [5]. Such requirements

can be reached by hybrid metal-composite pressure vessels, used to store hydro-

gen or natural gas for Alternative Fuel Vehicles (AFV). Cylinders using similar

materials but smaller sizes are used in other sectors. For instance, the healthcare

sector uses portable oxygen cylinders which are usually in the range of 1 to 10

l capacity [6], while the emergency services use slightly larger capacity cylinders

for self-contained breathing apparatus (SCBA). As such, transport, emergency

services and healthcare sectors are growing based on environmental and health

standards, therefore it is expected that the production demand for a wide range

of pressure vessels will continue to grow in the next few years [7].

According to the material combinations used for construction, four cate-

gories of pressure vessels have been defined: Type I, Type II, Type III and Type

IV cylinders [8]. A short description of the cylinders is presented in Table 1.1.

Type III and Type IV cylinders are very attractive options for automotive and

transport industries because of several advantages over Type I and II cylinders.

These advantages include a large overall weight reduction, increased load-carrying

capacity and improved corrosion resistance. As a consequence of the use of Type

III and IV cylinders in transport applications, these components are required to

meet the same crash-worthiness regulations as the vehicle as a whole; this has

hitherto been achieved largely by empirical approaches.

Previous research conducted at the University of Southampton studied the

failure mechanisms of Type III cylinders. This initially focused on understanding

and improving static burst pressure, which is one key design driver, however

other factors are known to be important for cylinder development. The work

of Allen [2] showed that post impact damage has an important effect on the

cylinder’s fatigue life. Damage to Type III cylinders can result from pressure

loads or dynamic loads, such as low velocity impact (LVI) resulting from the

2



Chapter 1. Introduction

Table 1.1: Pressure vessel classification according to material

Type Description
I Pure metal (steel or aluminium)
II Metal cylinders with composite hoop-wrapped barrel
III Metal liner fully wrapped with multi-axial composite filaments
IV Plastic liner fully wrapped with composite filaments

cylinder being dropped during transportation or during vehicle accidents [5]. It

was observed that, as a result of LVI, permanent damage may not only occur

in the composite layers of the cylinders, but also in the aluminium liner as well.

Figure 1.1 shows the residual indentation developed in the liner as a consequence

of a LVI. As reported by Allen [2] the depth of this blister-like deformation has a

direct relation to the subsequent fatigue life performance of the cylinder, i.e. the

deeper the indentation depth the greater the reduction in the fatigue life.

Figure 1.1: CT image of the blister formation within a Type III cylinder after a
quasi-static indentation test similar to a LVI [2]
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Although current designs are still nominally driven by burst pressure fail-

ure, Type III cylinders must satisfy different standards which contain post-impact

behaviour tests. ISO 11119-2 and DoT CFFC:2007 [9, 10] are two different stan-

dards which include free fall cylinder drop tests followed by post-impact pressure

and fatigue tests. Considering that the current standards include guidelines to

test the post-impact behaviour of Type III cylinders, research is needed to de-

velop more robust designs that can withstand higher loads in the presence of

damage. Particular methods need to be developed for the design of cylinders

accounting for both burst pressure and post-impact fatigue performance. This

is a particular example of a more general requirement for structural designs in

which initial static load requirements must be balanced against requirements for

damage resistance and damage tolerance.

To achieve a robust design with a balanced burst pressure and post im-

pact performance target, a deeper understanding of the mechanical properties

governing the metal-composite interface within Type III cylinders should be de-

veloped. Furthermore, the understanding of these characteristics can be used to

modify the design in order to increase its capabilities. While this could continue

to be achieved by largely empirical means, it is highly desirable to develop a

better predictive modelling capability in order to reduce the cost of developing

new cylinder designs. This is particularly important for large cylinders where the

manufacturing cost is high.

The novelty of the current project relies on the use of Finite Element (FE)

analysis to predict the residual indentation developed on the metal liner of a

Type III cylinder in order to gain understanding of its development during a LVI.

Although this indentation has been previously reported [5], no further research

has been performed to investigate the development of this dent using numerical

modelling techniques. Furthermore, the model developed in this project is used

to investigate the properties governing the metal-composite interface such as the

interface fracture toughness and strength, which have not been reported in liter-

ature hitherto. Parameters obtained from model characterisation will be used for

basic optimisation, to find design criteria that contribute to a reduction of the

liner residual dent at impact sites. Experimental testing for validation activities

are implemented to verify the model outputs. Finally, design modifications will
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be proposed to explore the potential of the cylinder model for use as part of the

design process and investigate the dent development under different loading and

boundary conditions. Particular focus will be given to the role of design choices

in determining the dent development, and therefore likely post-impact fatigue

life, under different loading conditions.

1.2 Project Sponsor

The current project was developed as part of an Engineering Doctorate pro-

gramme, which requires an industrial collaboration so that the outcomes have

significant contributions to both academic and the industrial sides. This project

is sponsored by Luxfer Gas Cylinders (LGC), which is one of the world’s largest

manufacturers of metal and composite cylinders having regional offices world-

wide including U.S., England, Canada, China and India. Research collaboration

between LGC and University of Southampton seeks to contribute not only to en-

gineering product understanding and enhancement but also regarding the product

standards for the cylinder market.

1.3 Project aim and objectives

The aim of this research is to develop a 3D FE model of a Type III cylinder

to predict the separation and residual indentation depth occurring at the metal-

composite interface as a result of a quasi-static indentation, which has been shown

to be a good proxy for impact [11]. Results are initially motivated and discussed

against previous experimental findings, however, new experiments are proposed to

gain greater mechanistic understanding of the damage process within the indenta-

tion region. These experiments include applying quasi-static 2D line indentations

on hybrid metal-composite structures similar to Type III cylinders. Additionally,

Digital Image Correlation (DIC) will be included to obtain 2D full field map-

ping of deformation and load partitioning between composite and metallic layers

during LVI-like load events.

The aim of the project will be achieved through the following objectives:

� Develop a FE model based on testing a structure similar in construction
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to a Type III cylinder, identified here as a ring specimen. The aim is to

obtain more detailed insight regarding deformation and damage evolution

in the indentation region, including damage to the composite layers. This

specimen is simpler than a full cylinder and allows modelling complexities

to be understood and addressed with lower computational cost than for a

full cylinder.

� Conduct experiments on ring specimens extracted from full cylinders to

allow model calibration and initial verification of the analogous FE model.

� Use the model and experimental tests to investigate the properties governing

the metal-composite interface within a Type III cylinder.

� Develop a full 3D FE model using the properties investigated during the

ring specimen activities. Use the model for parametric investigation of the

cylinder behaviour.

� Transfer the knowledge obtained during the course of this Eng.D product

to the industrial sponsor to help improve their design process and also to

help inform industry-wide pressure vessel standards.

1.4 Thesis structure

The overall thesis structure is written as follows:

Chapter 2 - Literature review: This chapters presents details regard-

ing design and manufacturing of Type III cylinders. Furthermore, a review of

composite materials behaviour along with low velocity impacts is presented. Fi-

nally, an overview of finite element modelling techniques and relevant models

previously developed is shown in this chapter.

Chapter 3 - Experimental background and modelling methods:

This chapter briefly describes the some of the experiments and results that moti-

vated some of the objectives of the current project. Furthermore, general methods

used throughout this project are presented, such as experimental imaging and nu-

merical modelling techniques.
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Chapter 4 - Model experiment comparison for transverse loading

of metal-composite Ring Specimen: This chapter presents the development

of a ring specimen FE model along with an analogous experiment to validate

such model. This chapter has been submitted to Composites: Part B journal

as a paper. For this reason some sections described in the literature review are

presented in this chapter as part of the introduction.

Chapter 5 - Full Type III cylinder cohesive element implementa-

tion: Modelling methodologies obtained from the previous chapter were imple-

mented in a full Type III cylinder model which is presented in this chapter. This

chapter has been submitted to Composites: Part B.

Chapter 6 - Parametric investigation of a Type III cylinder using

a Finite Element approach: Parametric investigation to explore design possi-

bilities for Type III cylinders was performed using the full cylinder model and is

presented in this chapter. Among the design variables explored using the model

are material and metal-composite interface modification. Furthermore, damage

within the inner layers of the cylinder was analysed under pressure loads.

Chapter 7 - Conclusions & Future work: General conclusions of the

present work are drawn regarding the validity and usage of the model presented.

Additionally, suggestions are given from an academic and industrial point of view

towards further work relating to the cylinder model.

1.5 List of Publications

1.5.1 Conference papers

� Montes de Oca, E., Spearing S.M., Sinclair, I., Hepples, W., Development

of a 3D finite element model of a quasi-static indentation test in a Type III

cylinder, proceedings for the SAMPE European Conference, Southampton,

UK, 2018.

� Montes de Oca, E., Spearing S.M., Sinclair, I., Hepples, W., Development

of a 3D finite element model of a quasi-static indentation test in a Type III

cylinder, proceedings for the 22nd International Conference of Composite

Materials (ICCM), Melbourne, Australia, 2019.
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1.5.2 Journal papers

� Montes de Oca, E., Spearing S.M., Sinclair, I., Hepples, W., Model-experiment

comparison for transverse loading of metal-composite Ring Specimen (Part

1), submitted to Composites: Part B.

� Montes de Oca, E., Spearing S.M., Sinclair, I., Hepples, W., Full Type III

cylinder cohesive element implementation (Part 2), submitted to Compos-

ites: Part B.
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Literature review

2.1 Type III cylinders manufacture

Typical construction of a Type III cylinder is described in Figure 2.1. The cylinder

is a hybrid structure consisting of a metal liner which main objective is to avoid

any gas leaking. The metal liner is wrapped by composite layers which carry the

majority of the loading. A description of the manufacturing process of each part

of the cylinder is describe in the next sections.

Figure 2.1: Typical Type III cylinder: 1. Aluminium liner; 2. Surface finish;
3. Insulating layer for metal-composite interface; 4. CFRP overwrap; 5. GFRP
protective layer [12]

9



Chapter 2. Literature review

2.1.1 Aluminium liner

Typical manufacturing process of Type III cylinders, starts with the metal liner,

often stainless steel, titanium or an aluminium alloy. The latter is one of the

most common used in industry [13]. Manufacturing of this part is commonly

performed by either deep draw and spinning or extruded tubing and spin closing.

The process typically starts with a cylindrical die that is used to draw a circular

metal plate, followed by a heat treatment to improve strength and durability of

the resultant liner [6, 14]. The open part of the cylinder is then closed using

metal spinning techniques. A further T6 heat treatment is applied to the final

shaped cylinder, followed by inspections to ensure that the liner is ready for the

wrapping process. A summary of the liner manufacture can be observed in Figure

2.2 [6, 15].

Figure 2.2: Type III cylinder aluminium liner manufacturing process [6]
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2.1.2 Composite wrap

Composite reinforcement is typically manufactured by braiding, prepreg layup

or filament winding. The latter is one of the most common techniques used for

Type III cylinders because it is relatively simple to apply and control [5, 13, 15].

During this process fibre tows are impregnated with liquid resin and then used

to wrap the cylinder which is rotating in a circular mandrel. Figure 2.3 shows

a typical fibre winding process. In this step, the fibres are commonly applied in

three different winding angles: polar, hoop and/or helical. Polar angle refers to

fibres being aligned with the longitudinal axis of the cylinder (Figure 2.4a). Hoop

winding refers to those fibres close to 90° with respect to the longitudinal axis,

usually applied only in the cylindrical region of the pressure vessel (Figure 2.4b).

Finally, helical winding pattern indicates fibres that are placed between 5° to 80°

with respect to the longitudinal axis(Figure 2.4c) [13]. After fibre winding, the

cylinder undergoes the curing cycle process, which is typically performed in an

oven.

Figure 2.3: Filament winding process for tubular structures [16]
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Figure 2.4: Typical filament wound patterns for COPV [13]

2.1.3 Autofrettage

Once a cylinder has been cured it typically undergoes a process called autofret-

tage. Autofrettage is the manufacturing process whereby a pressure vessel is

exposed to a high proof pressure, commonly 1.8 to 1.9 times higher than its

service pressure [17]. In all metal thick-walled pressure vessels, typically two

different regions are formed on the inner and outer sections of the liner as a re-

sult of autofrettage: plastic region and elastic region. The former is the region

where compressive residual stresses are formed, and the latter is where tensile

residual stresses are formed (see Figure 2.5). This mechanism similarly occurs

on hybrid metal-composite cylinders, however, in such case, the applied pressure

exceeds the liner yield strength resulting in its plastic deformation [18]. As a

consequence of the permanent expansion, compressive stresses are located in the

metal liner and tensile stresses are induced in the composite layers. Autofrettage

gives hybrid metal-composite pressure vessels some particular benefits. Hocine

et al. [19] suggested that during the cooling stage of the curing cycle, a gap

may appear within the metal-composite interface as a result of the difference in

thermal expansion coefficients and the elevated curing temperature used for the

composite layers. The autofrettage procedure eliminates this gap and enhances

the interface between the two materials. Furthermore, due to the aluminium

having a much lower yield stress value than the tensile strength of the composite,

compressive residual stresses are formed in the liner. Consequently, mechanical

lock between the two materials is formed. For a Composite Overwrapped Pres-
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sure Vessels (COPV) this translates to the fatigue-sensitive metal liner being kept

in compression, whereas the less fatigue sensitive composite layers carry an in-

creased tensile load, which has the overall effect of increasing the fatigue life of

the cylinder.

Figure 2.6 describes the autofrettage process schematically [17]. Autofret-

tage is developed in steps [2→ 4] where the proof pressure is applied and removed

(Figure 2.6b). From [0 → 2] (proof pressure application) the liner undergoes

elastic-plastic deformation, whereas the composite deforms elastically. When the

proof pressure is removed, the composite moves from point A to point C elas-

tically and remains in tension. This compresses linearly the aluminium liner in

steps [2 → 3], followed by plastic compression from [3 → 4], introducing the

compressive stress σc. When the cylinder is working in service conditions, the

liner operates between 4 and 4’, whereas the composite remains linear between C

and B. As a consequence of the liner being pressurised under the [4 → 4′] cycle,

the fatigue life of the cylinder is increased.

Figure 2.5: Residual stresses formed on cylinder regions as a result of thermal
autofrettage process [20]
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Figure 2.6: Autofrettage process on a Type III cylinder. From [0 → 2] proof
pressure application, [2 → 4] proof pressure removal, and [4 → 4′] operating
pressure

2.2 Type III cylinder design standards

There are several international standards that specify the main design character-

istics and inspection of cylindrical hybrid gas containers such as Type III, Type

IV and toroidal vessels. One of the main requirements defined in these standards

is the fatigue performance, in which is required that leak is the first failure before

burst after a specified number of cycles. The requirements also specify service

conditions, validation of manufacturing materials, life span, operating pressures

and inspection methods [21]. Fatigue performance after induced impact events on

pressure vessels is also defined on the standards. These requirements are starting

to gain interest as cylinders are prone to be subjected to unexpected impact loads

as a result of mishandling or a tool being dropped into them during transporta-

tion or in service. Some of the standards covering different cylinder types are

listed and briefly described below [9, 21–23]:

� ISO 11119-1: 2012: Refillable composite gas cylinders and tubes — De-

sign, construction and testing — Part 1: Hoop wrapped fibre reinforced
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composite gas cylinders and tubes up to 450 l

� ISO 11119-2: 2012: Refillable composite gas cylinders and tubes — De-

sign, construction and testing — Part 2: Fully wrapped fibre reinforced

composite gas cylinders and tubes up to 450 l with load-sharing metal lin-

ers

� ISO 11119-3: 2012: Refillable composite gas cylinders and tubes — De-

sign, construction and testing — Part 3: Fully wrapped fibre reinforced

composite gas cylinders and tubes up to 450L with non-load-sharing metal-

lic or non-metallic liners

� ISO 11439: 2013: High pressure cylinders for the on-board storage of

natural gas as a fuel for automotive vehicles

� ISO/TR 13086-1: 2011: Guidance for design of composite cylinders —

Part 1: Stress rupture of fibres and burst ratios related to test pressure

� CSA/ANSI NGV 2-2019: Compressed natural gas vehicle fuel contain-

ers. Defines requirements of material, design, manufacture and testing of

refillable gas containers. Applicable for containers up to 1000 L capacity.

� Dot CFFC: 2007: Defines the requirements for design, manufacturing,

construction and testing of fully wrapped carbon-fibre reinforced cylinders.

The specific cylinder types used in this research are covered by two main

standards, the ISO 11119-2 and the DoT CFFC: 2007. The next sections present

a deeper description of each standard.

2.2.1 ISO 11119-2

The ISO 11119-2 specifies a series of drop tests that involves impacting a single

cylinder in five different locations (see Figure 2.7). The cylinder must be filled

with water to half its capacity. It must be dropped from a height of 1.2 m onto a

10 mm thickness flat steel plate. Two different cylinders should be dropped, the

first one must subsequently be tested for burst pressure failure and the second

one for fatigue failure. For the first test, the passing criterion indicates that the
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cylinder must not burst below 1.5 times the working pressure specified by the

supplier. For the fatigue tests, the cylinder must accomplish 250 cycles per year

of design life without a leak or burst pressure. According to the standard, one

cycle is defined as a pressure/de-pressure process. Then, the cycle continues up

to 500 cycles per year of design life during which only leak failure is acceptable.

In any of the fatigue cases, in order to be approved, the cylinder must not burst

during the specified number of pressure cycles [10].

This is currently one of the most acceptable standards for the design of hy-

brid pressure vessels. However, the impact tests described are not fully controlled.

For instance, it is difficult to achieve an exactly 45° impact on the dome regions

of the cylinder by only dropping them. Furthermore, the inspection described

by the standard is not fully clear regarding the level of damage that should be

acceptable in the liner/composite layers for the cylinder to be considered usable

after impact, without the need of performing fatigue cycles. As a result, there

is a possibility that the current design is conservative. Further internal damage

inspection techniques should be included along with a better understanding of

the damage development during impact, which can be achieved via numerical

modelling.

Figure 2.7: ISO 11119-2 different impact tests for a Type III cylinder
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2.2.2 DoT CFFC: 2007

The USA Department of Transport (DoT) standard establishes the basic require-

ments to design, manufacture and define the performance of a fully-wrapped pres-

sure vessel. This test indicates that three different drops should be performed on

a single cylinder. The first two drops should be performed from 3.0 metres height

using vertical and horizontal orientations respectively. The third drop must be

performed at the same height in a horizontal position, however the cylinder should

be impacted to a 90° angle-iron base at approximately the centre of the cylinder

(see Figure 2.8). After the drop test has been performed, the cylinder must be

subjected to 1000 pressure/depressure cycles at service pressure. The criteria to

pass these tests indicates that the cylinder must not evidence any leakage during

or after the pressure test [9]. It has been shown in [2] that the third drop test

is the most critical for the Type III cylinder’s fatigue performance because this

kind of impact is strongly related to the permanent deformation in the liner that

causes the metal-composite separation.

Similar to the ISO 11119-2, this standards has some opportunity areas that

could be further explored in order to achieve a lighter more robust design. The

lack of a well-described inspection technique along with a better methodology

to perform the drop are also encountered in this standard. A more thorough

inspection and investigation should be performed, specially with the most critical

drop. With such information it would be possible to take decisions that could

lead to optimal designs.

Figure 2.8: DoT CFFC 2007 drop test for a pressure vessel
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2.3 Composite materials behaviour

A composite material refers to a type of material that can be made of two or more

components. Typically, composite materials are manufactured using a continu-

ous matrix in which reinforcement is embedded. The reinforcement is commonly

in the form of fibres, whiskers or particles. In the current project, composite

materials known as PMCs are being investigated. These type of composites are

commonly made of a polymeric resin matrix reinforced with long fibres such as

carbon, glass, aramid or natural fibres. During the manufacturing of composite

components, unwanted defects may appear. As such, defects are usually small

and difficult to detect in service, however their effect on the overall structural be-

haviour of the components is critical [24]. Thus, in order to gain an understanding

of composites behaviour and develop safer applications, composite materials and

structures have been widely studied from a multi-scale perspective. In this sec-

tion, an overview of mechanical behaviour of PMCs is presented.

2.3.1 Damage in polymer matrix composites

Damage mechanisms in composite materials are commonly different from those

observed in metals because composites exhibit distinct anisotropic properties.

For instance, the impact energy absorption is mainly given by fracture mecha-

nisms which reduce the strength and stiffness of the material. Conversely, metals

may dissipate energy largely through plastic deformation. Typically, PMCs may

undergo different failure modes such as matrix cracking, delamination and fibre

fracture. At least one of these mechanisms usually occurs before ultimate fail-

ure (total separation of the part into two or more pieces). Figure 2.9 shows the

different failure modes that can be observed in a PMC under tensile load.

2.3.1.1 Intralaminar cracking

In PMCs intralaminar cracking commonly refers to the cracks occurring in lon-

gitudinal or transverse to the fibres or within the inter-phase region. Usually,

interlaminar cracking is preceded by fibre-matrix debonding. Such cracks can be

challenging to detect as they can be small compared to other composite damage

mechanisms, however, under specific loadings such as fatigue, these cracks can
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Figure 2.9: Common failure mechanisms on PMCs [25]

act as initiators for delamination, which lead to a more critical failure stage [26].

It has been reported that matrix cracking is strongly associated with the onset of

other types of composite damages, such as clustering of fibre fractures or buckling

[27, 28].

2.3.1.2 Delamination

Delamination is a damage mechanism that occurs as a result of interlaminar

stresses created mainly by mechanical or thermal loads. Also, delamination can

result from pre-existing matrix cracks, free edges, bonded joints, or joint speci-

mens [29–31]. This mechanism has been widely studied as it is one of the most

common failure modes in composite materials. It has been reported that delami-

nation damage is more intense when a higher angle difference exists between two

contiguous plies due to higher stiffness mismatch between plies, in combination

with relative loading direction [27]. Based on the location within a structure,

Bolotin [29] classified delamination in three different types: internal, near surface

and multiple cracking (see Figure 2.10). Internal delaminations are difficult to de-

tect during service conditions and their presence can result in a significant reduc-

tion of bending stiffness [32]. Surface delaminations are easier to detect, however,

their presence can indicate a much larger internal delamination growth (multiple

cracking). Investigations have been made in order to increase the fracture tough-

ness of the interface between different plies and in this way reduce delamination

within structures. The majority of the fracture toughness characterisation inves-
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tigations have been developed through standard Double Cantilever Beam (DCB),

Mixed-Mode Bending (MMB) and End Notched Flexure (ENF) tests and some

variations based on them [33–35].

Figure 2.10: Different types of delamination on a composite structure; a) internal
delamination, b) surface delamination, c) multiple cracking [29]

2.3.1.3 Fibre fracture

Under tensile loading, fibre fracture can be one of the last damage mechanisms

before ultimate failure. Bishop [36] studied multiple defects on composite struc-

tures and suggested that even small numbers of fibre fractures can lead to a

significant reduction of stiffness and strength of composites. In contrast to other

composite damage mechanisms, fibre fracture is difficult to predict due to the

nature of their construction. High strength carbon fibres are brittle, so governed

by the weakest-link statistics. As a result, there will be a distribution of different

fibre strengths that, as such, can be described using a Weibull distribution [28].

Due to this behaviour, it is difficult to predict the pattern in which fibre frac-

tures will expand and produce a major composite failure. It has been reported

that the energy associated to fibre fracture is greater than energy associated to

matrix-dominated failure mechanisms, that is why, small regions of fibre fracture

can dissipate as much energy as larger areas of matrix damage [24].

2.3.2 Low-velocity impacts on composite materials

To understand the importance of impact damage investigation on PMCs two

concepts are introduced in this section: damage resistance and damage tolerance.
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Damage resistance refers to the capability of a structure to resist initial damage

formation under certain applied loads. On the other hand, damage tolerance

refers to the amount of load that a structure can carry on the presence of pre-

existing damage [37]. This concept is particularly important for composite struc-

tures due to the potential incidence of Barely Visible Impact Damage (BVID)

occurring in the inner layers of composite materials. Hence, different method-

ologies are investigated to increase the damage tolerance properties of structures

developed in industries with critical safety requirements, such as aerospace, aero-

nautical and automotive. The aim is to develop structures that can carry sig-

nificant amount of load and residual lifetime after being exposed to LVI. Impact

loads are of specific interest within the literature because they can produce BVID

which may lead to a significant reduction of strength and lifetime, and ultimately,

abrupt failure modes [24, 29, 35, 37]. LVI on composite materials has been widely

studied, particularly for laminates. It has been reported that low impact energies

can produce sufficient internal damage that can lead to several failure of com-

ponents [38–40]. Figure 2.11 describes a particular damage pattern occurring in

thick laminate composites after LVI. This damage pattern is well known in the

literature and it has been studied through experimental and modelling research

[41].

Figure 2.11: Damage mechanisms on fibre reinforced composite laminates as a
result of low-velocity impacts [35]

Generally speaking, low-velocity impacts entail different failure mecha-

nisms than high-velocity impacts, and their contribution to the overall structural
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strength is different. For instance, during a high-velocity impact, damage ob-

served typically shows a local deformation near the point where the impactor

makes contact with the material. Conversely, during low-velocity impacts the

contact is long enough to allow a wider area of the component to react, engag-

ing more structure of the material and, as a consequence, more energy absorp-

tion through elastic means [37, 41, 42]. Although both mechanisms have been

studied, no clear definition of a low-velocity impact has been found in the liter-

ature. Some authors define a low-velocity impact based on the velocity of the

impactor itself, whereas other authors define the event based in the final dam-

aged observed on the structure, which is related to the impact energy. Cantwell

and Morton [43] indicated that impacts occurring at velocities between 1m/s to

10m/s could be defined as low velocity based on the extent of damage observed

after the impact, which exhibits a global deformation. Bolotin [29] performed a

series of experiments on laminated plates at different energy impacts, in which

he defined low-velocity impacts as “low-energy surface impacts” (around 600J).

This is, to some extent, supported by Liu and Malvern [44], who differentiate

high and low-velocity impacts based on the damage generated in plate laminates.

They indicated that high-velocity impacts involve major fibre breakage whereas

low-velocity impacts principally cause delamination and matrix cracking. Other

approaches such as the one from Robinson and Davies [45], suggest that low-

velocity impacts should be considered as those in which through-thickness stress

waves do not affect the stress distribution. It was indicated that using a typical

failure strain of 0.5 and 1.0 % and a typical speed of sound in composites, a

high-velocity impact may start at 10 m/s, which partially agrees with the values

proposed by Cantwell and Morton.

Special interest is being given to post-impact behaviour in composite ma-

terials as the damage arising from these events can cause large losses in resid-

ual tensile, compressive, flexural strength and fatigue life of the material [37].

Bolotin [29] investigated the effect of delaminations arising from low-velocity im-

pacts on graphite/epoxy, organic fibre/epoxy and glass fibre/epoxy laminates.

Post-impact tensile, compressive and cyclic loads were performed together with

residual strength and crack growth measurements. Results suggested that at

higher impact energies more delamination occurred and the residual tensile and
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compressive strength was reduced. Moreover, crack growth under fatigue loading

occurred faster than in undamaged specimens. A similar study was developed by

Yuanjian [46] focusing on post-impact fatigue performance of GFRP laminates

with different stack configurations. Results indicated that impacted specimens

have a significant reduction of fatigue lifetime compared to those without impact.

Horn [47] et al. estimated fatigue lifetime on PMCs using thermoelastic stress

analysis, and suggested similar conclusions as Yuanjian. The results presented in

these investigations are in agreement with several authors in the literature [24,

48, 49].

Impact investigations on composite materials are not limited to fibre/epoxy

resins. For instance, interest on Fibre Metal Laminates (FML) has been shown in

different investigations because they combine the advantages of metals and fibre

reinforced composites to enhance damage resistance and damage tolerance [50–

52]. Similar to damage found in PMCs, damage mechanisms observed in these

hybrid materials as a result of low-velocity impacts are delamination, through

thickness cracks and permanent deformation in the metal layers (Figure 2.12).

Figure 2.12: Damage mechanisms on fibre-metal laminates as a result of low-
velocity impacts [50]

The most common configurations of fibre-metal laminates are aluminium

plates bonded to a glass-reinforced (Glass Rinforced Aluminium Laminates (GLARE)),

carbon-reinforced (Carbon Reinforced Aluminium Laminates (CARALL)) or kevlar-
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reinforced (Aramid Reinforced Aluminium Laminates (ARALL)) composite lam-

inates. Regarding impact, the main advantage of FML is that more energy can be

dissipated through elastic means. Vlot [53] was one of the pioneers to investigate

FML under impact loads. He performed quasi-static indentations, low-velocity

and high-velocity impacts on GLAREs, CARALLs and ARALLs and compared

the structural response to aluminium. The results suggested that the energies

to create first fibre fracture in GLAREs is similar to that needed to develop

fracture in the aluminium, whereas the energy needed to develop the same condi-

tion in CARALLs and ARALLs is significantly less. Thus, it was indicated that

GLAREs show a more aluminium critical behaviour (depending on the ply lay-

out), whereas a more brittle behaviour was exhibited by CARALLs and ARALLs.

The effect shown by GLAREs is mainly due to a higher strain to failure. Data

suggested that GLARE used in this experiment is more attractive for aircraft

impact applications.

Laliberté et al. [54] investigated the impact response of GLAREs and

tested three different structures, in which the inner glass fibre layer configura-

tions were [0o/90o], [0o/90o/0o] and [0o/90o]s respectively. These configurations

are typically used for aircraft fuselages due to high energy absorption. It was re-

ported that these structures were less susceptible to impact damage than PMC.

Payeganeh et al. [55] showed that layer sequence, position of the aluminium

layer, the mass of the projectile and the plate aspect radio have a significant

influence on the final impact behaviour of FMLs. Morinière et al. [52] investi-

gated the impact effect on FML using standard GLARE 5-2/1-0.3 and GLARE

5-2/1-0.41 through experimental testing and analytical modelling. Similarly to

Payeganeh, results indicated the influence that mass of the projectile and po-

sition of the aluminium layer have. However, Morinière’s analytical model was

also used to evaluate the velocity, absorbed energy, contact time and maximum

displacement of a low velocity impact on the test specimens. It was reported

that aluminium layers have a damping effect during impact, and they dissipate

90% of the absorbed energy. In contrast, the composite layers help delaying crack

propagation in the core of the specimen. This results suggested that GLAREs

1Composite core [0°/90°]s embedded between two same-thickness aluminium plates; 0.4 &
0.3 denote metal plate thicknesses in each specimen
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are a suitable option for impact applications. Lawcock et al. [56] investigated

the impact behaviour of CARALLs using specimens with different fibre/matrix

adhesion. Results indicated that a weaker fibre/damage adhesion showed larger

damage zones after low-velocity impacts. Furthermore, higher residual strength

was shown with better initial matrix/fibre adhesion. These studies show the

advantages of using FML structures, which are similar in construction to the

cylinders used in this project.

Strain energy release rate and interface fracture toughness are often stud-

ied within FML as interface properties between the two different materials has a

significant effect to the overall performance [57, 58]. Bieniás et al. [59] performed

DCB and ENF experiments to determine the effect of loading mode mixity on

the interface toughness in CARALLs and GLAREs. The results indicated that

increasing fibre orientation near the metal interface can reduce the reduce the

critical strain energy release rates. Furthermore, it was reported that GLARE

laminates showed a higher critical strain energy release rate than CARALL lami-

nates, which can be attributed to higher residual stresses after curing. Prawoto et

al. [60] developed similar experiments on self-reinforced polypropylene (SRPP)

and glass fibre reinforced polypropylene (GFPP) based FML. Compared to the

investigation performed by Bieniás, surface treatments where applied to the metal

laminate and it was shown that such treatment contributes to higher energy re-

lease rate values.

Investigations mentioned in this section were performed on flat plate spec-

imens. Results reported on these experiments regarding fatigue, stiffness and

strength will be modified by the geometry of a specific application or defects aris-

ing from the manufacturing process. Therefore, for design engineering purposes,

it is important to perform similar studies on a component level with representative

features including curvatures.

2.3.3 Damage in filament wound structures

Filament wound cylindrical components are widely used in industrial applica-

tions such as composite risers/pipes and pressure vessels. These structures were

typically made from metals, however the high specific strength and stiffness, as

well as the reduced density of composites, have increased the interest of indus-
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tries to use these materials. Thus, research has been developed to increase the

understanding of the behaviour of such components (e.g. impact, fatigue, effect

of winding patterns etc). The present investigation is focused in damage devel-

opment in COPV, however, given the geometric and construction similarities,

investigations regarding impact behaviour on composite risers are also presented

in further sections for reference.

2.3.4 Effect of winding pattern

The importance of an optimised filament winding angle is such that it has been

widely studied in literature for different applications. Mertiny et al. [61] per-

formed a series of experiments to investigate the effect of multi-angle layup con-

figurations on the stress distribution of filament wound tubes subjected to internal

pressure and biaxial tensile loads. Three different lay-up configurations were in-

vestigated in this study: [±603]T (baseline), [±45,±602]T, [±30,±602]T. It was

found, that the multi-angle specimens showed a reduced extent of matrix damage,

which translated in an improved strength under variable loading conditions (axial

+ hoop loads). Moreno et al. [62] studied the effect of winding angle on strength

and buckling behaviour of thin and thick-walled filament wound glass/epoxy pres-

sure vessels subjected to external pressures. It was reported that no significant

influence was shown by the winding angle on strength or buckling behaviour.

Nonetheless, this study only considers two winding angle configurations, which

is contrasting to what was developed in studies mentioned above. Furthermore,

analysis of filament winding angle effects is not restricted to cylindrical pressure

vessels. For instance, it has been reported that toroidal pressure vessels are af-

fected by modifying geodesic into non-geodesic winding patterns [63]. Studies

suggest that a non-geodesic pattern provides a better stress distribution due to

internal pressure, however these angles require a high slippage coefficient, which

is the frictional force between the fibre tows and the mandrel surface [64]. How-

ever, it has been reported that the slippage coefficient is difficult to achieve in real

practice [65–67]. Ellyin and Mertens [68] studied the effect of fibre orientation on

fatigue behaviour of GFRP filament wound pipes under uniaxial and bi-axial fa-

tigue loads. Results indicated that a better fatigue performance can be achieved

using certain fibre direction combinations, however, special care should be taken
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as manufacturing defects can arise from these configurations. Rousseau et al. [69]

developed a similar approach for composite pipes, in which weaving effects were

added to the components to investigate damage growth under internal pressure

loads. In this study, inspection of damage led the investigators to suggest that

at certain undulating regions of the pipe damage would start to grow, thus the

interweaving of fibres inside the layers would act as a defect.

2.3.4.1 Damage in Composite Overwrap Pressure Vessels (COPV)

COPV are hybrid metal-composite structures usually made from a metal core

wrapped with CFRP and/or GFRP. Typically, unexpected damage may arise

from external objects impacting on the cylinders (e.g. a tool), a cylinder dropped

as a result of poor handling or anything that can hit and thus induce damage

during service. Low-velocity impacts on COPV have been reported by differ-

ent authors [5, 70, 71]. Kobayashi & Kawahara [72] studied the effect of the

composite wrap thickness on the residual structural response of an empty metal-

liner pressure vessel subjected to quasi-static and impact tests. Results suggested

that increasing the CFRP thickness contributes to an increased initial stiffness

and a reduced aluminium liner deformation. Wakayama et al. [71] performed

impact tests on filament-wound polymer vessels using three different types of

low-modulus pitch-based carbon fibres. Using Computer Tomography (CT) to

scan the specimens and observe the depth of the composite damage caused by

different impactor shapes, data suggested that the depth of the damage caused by

the impact had a correlation to the decrease in residual burst pressure strength.

Blanc-Vannetet al. [73] studied the effect of increasing impact energies on empty

thick polymer liner pressure vessels, and reported a reduction on residual burst

pressure due to higher impact energies. Subsequent reductions in fatigue life have

also been reported as a result of low-velocity impacts [74, 75]. Results indicate

that a deeper composite damage, as a consequence of increasing impact energies,

contributes to a greater reduction on the fatigue life of the cylinder.

Following hybrid metal-composite structures investigation, hybrid com-

posite rings have been also used as an alternative experimental approach to in-

vestigate composite pressure vessels or tubes. Ha & Jeong [76] used rings to

investigate the influence of winding angles on through-thickness properties of
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thick wound filament composite tubes. Residual strain measurements were re-

ported under various winding angle configurations. Eggers et al. [77] reported

the structural force-displacement response and damage mechanisms of filament-

wound composite rings under hoop tensile and radial compression loads. Spec-

imens were manufactured under different winding angle, diameter-to-thickness

and stacking sequence conditions. Similarly, Weerts et al. [78] investigated resid-

ual strains on thick-walled composite cylinders with a polymer liner subjected to

compression loads. These approaches used quasi-static tests to induce damage

on the specimens, which has been reported to be a valid approximation to LVI

[11, 72, 79, 80].

However, either using full cylinder, pipes or rings, the research performed

around hybrid metal structures mainly focus on onset of damage occurring on

the composite layers of the structures. Allen et al. [11] performed LVI tests

followed by continuous and interrupted quasi-static indentation tests on Type

III cylinders. From this study, it was concluded that there is an equivalence

in damage response between an LVI and quasi-static indentation tests, which

corresponds to the observations made by Curtis et al [80]. In both tests, metal-

composite de-cohesion was observed, as well as delamination and fibre breaks.

Furthermore, evidence was presented by Allen [2] to conclude that the final depth

of the residual dent observed after the quasi-static indentation has a significant

correlation to the post-impact fatigue performance of the cylinder. Considering

the impact tests required by both ISO 11119-2 and DoT standards (see Section

2.2), plus the strong correlation between the indentation depth and fatigue life of

Type III cylinders, deeper investigation of the interface properties between the

liner and the CFRP should be performed.

2.3.4.2 Damage in composite risers

Composite risers are a similar application with structural construction compa-

rable to that found in metal-composite pressure vessels. As such, both pressure

vessels and composite risers have similarities on impact damage and fatigue be-

haviour and they are both prone to similar damage modes due to internal pressure

and unexpected LVI, which will have a significant effect on fatigue performance

[75]. In the case of composite risers, they are exposed to loadings such as buck-
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ling, tension and compression induced by the currents and surface waves, external

hydrostatic pressure and fluid pressure. Furthermore, unexpected loads in form

of an impact may arise from dropped tools or trawl board impacts [81]. Because

of these loads, risers are widely investigated within the literature. Ellyn et al.

[82] studied filament wound tubes under biaxial loads and developed stress-strain

curves. In a further study, Ellyn and Martens [68] developed fatigue life curves

and fatigue envelopes of composite pipes subjected to biaxial loads. Mustafa et

al. [83] investigated the damage process on composite tubes by performing lat-

eral indentations on them. They used their experimental results to develop FE

models in AbaqusTM . Force-displacement curves were reported in the results of

this study along with residual shape prediction. However, the model had some

discrepancies with the experimental results, particularly at larger indentation

values. The reason behind these discrepancies could be the simplification of the

materials, as they were only using elastic properties, as well as shell elements.

Curtis et al. [80] further investigated by comparing the quasi-static results to

lateral low-velocity impacts, and concluded that the damage in both cases was

similar. These studies provide an important understanding of composite tubes

behaviour, however there are some areas that have not been deeply explored such

as the metal-composite interface and deeper modelling in this regards.

2.4 Finite Element Modelling

2.4.1 Modelling on Type III cylinders

Generally speaking, finite element modelling has been widely used to investigate

composites from the micro, meso and macro-level point of view. Models have been

developed to study fibre behaviour, individual ply behaviour and/or complete

structural behaviour. The current project investigates composites behaviour from

a ply-level perspective.

There are some relevant numerical models developed. Changliang et al.

[84] developed a FE damage model on the composite layers of hybrid pressure

vessels. Results for fibre and matrix fracture on the outer layers of the pressure

vessel were reported from this model with good agreement to experimental results.
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Kim et al. [75] investigated the effect that induced flaws on the outer composite

layers have on the fatigue performance of metal-liner COPV. Results suggested

that a deeper flaw contributes to a greater reduction of cylinder’s fatigue life. No

delamination or fibre/matrix damage was considered in Kim’s model, however

good agreement between experimental and modelling results was reported. In

the same context, Sulaiman et al. [85] developed a Type III FE model to investi-

gate the influence of the fibre angle orientation over the cylinder’s burst pressure

performance. Prediction of burst pressure and shell displacement were performed

using the maximum stress as the failure criterion. Moreover, based on Tsai-Wu

and Tsai-Hill failure criteria it was shown that a 55° winding angle (with respect

to the longitudinal axis) provides a better fatigue life performance. These models

were developed using a microscale approach, however further COPV modelling

has been reported using ply-to-ply basis approach for more mesoscale modelling

focusing on delamination between CFRP layers and liner separation resulting

from impact and internal pressure loads [86, 87].

Son et al. [88] proposed different modelling approaches to model metal-

composite pressure vessels subjected to internal pressure loads and validated them

through experimental tests. Their model used plastically deforming aluminium

liner and a perfectly elastic carbon/epoxy for the composite wrap. A simple

contact was simulated between both material layers, i.e. no perfect bonding

nor interface properties were assumed. The approaches proposed by Son were

a full ply based modelling, a laminate-based modelling and a hybrid modelling

technique which combines the first two. It was reported that these models were

used to model the stress distribution resulting from the pressure loads. Results

showed that the ply-based modelling technique exhibited the best agreement to

experimental results. The other two techniques showed an overestimation of

the stress distribution. This study focused on the damage developed on the outer

layers as a result of pressure loads, that is, no LVI load was assessed. Nonetheless,

this modelling techniques were used to determine the autofrettage pressure and

assess the influence of residual stresses on the final stress distribution on the outer

layers of the composite. A similar modelling approach was taken by Han et al.

[89] which modelled a hybrid metal-composite vessel under free fall impact. This

FE 3D model used Hashin’s criterion to determine fibre fracture, matrix crack
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and delamination in the inner layers of the cylinders and, thus, it is possible to

suggest whether the cylinder can be re-used or not. This model was later used

to predict damage on COPV in a car-to-car collision simulation [90]. Kobayashi

et al. [91] used elasto-plastic FE modelling approach to evaluate residual burst

pressure of hybrid metal-composite pipes. Results showed residual stresses after

pressure loading and residual burst strength after low-velocity impact. Both

models showed good agreement prediction results for composite damage after

impact, however it is not clear at what extent of damage the cylinder would still

be re-usable.

The modelling approaches mentioned above were focused on investigating

damage on the composite layers of the vessels and only few studies assess damage

on the liner [78, 86], however these are on polymer liner pressure vessels. It has

been suggested that as a result of LVI, hybrid metal-composite pressure vessels

exhibit a separation of the metal-composite interface and a residual indentation

on the aluminium liner [5], similar to that shown in Figure 2.13. Allen et al. [2]

performed quasi-static point indentation tests on hybrid COPV as a proxy for

LVI. Force-displacement curves were obtained to analyse the structural response

of the whole cylinder under this loading (Figure 2.14a) and study it in relation

to the residual depth observed on the metal liner. Results suggest that there is a

correlation between the depth of the dent and the post impact fatigue life of the

specimen (Figure 2.14b). Based in the results, the effect of reducing the amount

of residual plastic deformation on the liner should be investigated.

Figure 2.13: CT image of metal-composite delamination within a COPV after
quasi-static loading [2]
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(a) (b)

Figure 2.14: COPV quasi-static loading behaviour: a)Force-displacement curve
response after indentation loading; b)Correlation between liner dent depth and
fatigue life [2]

2.4.2 Delamination modelling approaches

The de-cohesion occurring after indentation of a Type III cylinder can be treated

as a delamination problem. Additionally, it has been reported that along with

metal yielding, a significant amount of composite delamination occurs during the

LVI event. Therefore, the main modelling activities within this project are related

to the development of delamination modelling techniques in order to reproduce

the permanent deformation within the liner with an appropriate parameter selec-

tion. Due to the increasing use of composite materials within industry (especially

aerospace and automotive) many efforts have been developed to establish ade-

quate criteria to analyse and predict failure in composites. Although composites

develop different damage mechanisms (see Section 2.3.1), there is a particular

interest in delamination [26]. Delamination failure can occur in Mode I (open-

ing), Mode II (sliding) and Mode III (tearing) (see Figure 2.15), and current FE

models can assess each type depending on the simulation requirements [92].

Current methodologies to simulate delamination numerically can be di-

vided in a) direct application of fracture mechanics and b) applying damage

mechanics or softening plasticity. Within these two groups techniques such as

J-integral, the virtual crack extension, Virtual Crack Closure Technique (VCCT)
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Figure 2.15: Delamination failure modes; a)opening, b)sliding, c)tearing [92]

and Cohesive Zone Model (CZM) are the most common. However, due to the ease

of application to finite element codes, the last two are the most widely reported

in the literature [93].

2.4.2.1 Virtual Crack Closure Technique

The VCCT is based on fracture mechanics and widely used to calculate strain

energy release rate. It involves two main assumptions: a) the crack propagates

when the required energy release rate is greater than or equal to a critical value;

and b) a small crack extension ∆a does not changes the location of the crack tip

significantly [35, 93, 94]. VCCT is based on the assumption that the energy δE

released by the crack extension δa, is identical to the energy required to close the

same extension [94]. Considering Figure 2.16 the energy release rate in mode I

and mode II, GI and GII can be calculated from equations 2.1 and 2.2.

GI = − 1

2∆a
Fyi(v

′
l − v′l

∗
) (2.1)

GII = − 1

2∆a
Fxi(u

′
l − u′l

∗
) (2.2)

where Fyi and Fxi are shear and opening forces at nodal point i respec-

tively. Here, the total energy release rate would be GT = GI +GII .

Similarly, for a 3D FE model (Figure 2.17) the energies in mode I, mode
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Figure 2.16: VCCT method in 2D [95]

II and mode III are calculated as:

GI = − 1

2∆A
Fyi(v

′
l − v′l

∗
) (2.3)

GII = − 1

2∆A
Fxi(u

′
l − u′l

∗
) (2.4)

GIII = − 1

2∆A
Fzi(w

′
l − w′l

∗
) (2.5)

where ∆A = ∆ab, Fyi, Fxi and Fzi are shear, opening and tear forces

at nodal point i respectively. The total energy release rate is given by: GT =

GI +GII +GIII [94].

Although VCCT was initially used for cracks in linear elastic and isotropic

materials, it is currently widely used for crack prediction within orthotropic ma-

terials [94]. Pirondi et al. [96] developed standard DCB, ENF and MMB tests

to compare VCCT and CZM. Additionally, the models were used to to predict

cracks under fatigue loading. Results showed good agreement between both mod-

elling methodologies, except for the beginning of the fracture propagation where
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Figure 2.17: VCCT method in 3D [95]

small differences were observed. Such differences were attributed to mesh size ,

however no evidence was provided to support this conclusion. In a similar way,

Perince et al. [97] developed a VCCT model to reproduce delamination in com-

posites that can migrate through the thickness. Prediction of energy release rate

values in their tests was critical, thus VCCT was used and it demonstrated ac-

ceptable prediction values. Good correlation behaviour to experimental results

was demonstrated as well.

VCCT technique has some limitations that do not affect the accuracy of

the method but increase the complexity of its application, thus making it less

attractive for industrial projects [35]. One of the main disadvantages is that

the method on its own is not capable of predicting crack initiation, hence it is

restricted to problems where the information of the initial crack is available or

where it is acceptable to assume certain initial crack size and location. This

can also be solved by implementing a separate stress-based criteria, however it

increases complexity when applied to a commercial code. Furthermore, as the

method is based on the Linear Elastic Fracture Mechanics (LEFM) framework,

problems can arise if the plasticity developed ahead of the crack tip is non-

negligible.
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2.4.2.2 Cohesive Zone Models

The concept of cohesive zones was first introduced by Dugdale in 1960 [98] when

he analysed the effect of a small plastic zone ahead of a slit in a steel plate

subjected to tension loading. However, this method was first implemented nu-

merically around 1976 by Hilleborg [99] through a concrete beam bending model.

CZM combines damage and fracture mechanics approaches, which allows predic-

tion of damage initiation and damage propagation without the need for initial

crack information. This characteristic makes the CZM technique potentially more

attractive to develop industrial applications as the implementation of the method

is simpler than in the VCCT scheme, and may be possible to use with a coarser

mesh.

CZM is based on the premise that a softening zone exists ahead of a crack

tip in a material and, within this region, the crack propagation is resisted by

cohesive tractions [100]. The softening zone is defined by a traction-separation

relationship which follows a cohesive law (see Figure 2.18). Delamination is de-

scribed using this traction-separation relation and the parameters that defines it

in pure mode I, mode II and mode III: interface strength (σI , σII , σIII), interface

fracture toughness (GIc, GIIc, GIIIc) and final surface displacements δf . The in-

terface strength is the maximum stress needed to separate one surface into two

new ones and promote the propagation of the crack [101]. Delamination onset

occurs when the interface strength at each mode has been surpassed. Moreover,

the interface fracture toughness is the property of the material to resist crack

growth. As such, delamination occurs when the energy release rate G is higher

than a critical value Gc, which represents the area under the traction-separation

curve. For mix-mode delamination, G is related to the interface fracture tough-

ness as G = G1 +Gshear where Gshear = GII +GIII [102].

From a traction-separation law such as the one shown in Figure 2.18, the

values of σmax and δf can be defined in such way that the energy absorbed per

unit crack area is equal to the critical fracture energy of the material Gc [103].

Furthermore, Gc and σmax can usually be either measured or estimated with some

certainty, to allow physically realistic values to be chosen.

CZM is often applied using interface features which can be in the form of

surfaces or elements. Cohesive surfaces involves defining the traction-separation
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Figure 2.18: Bilinear traction-separation law; where σmax is the strength at dam-
age initiation; δi separation at initiation, δf is the displacement at failure and Gc

is the energy release rate

law as a contact interaction between two surfaces. Here, the main advantage

relies on the ease of the model definition, however as the cohesive formulation is

constrained to each node the simulations can be more computationally expensive.

On the other hand, the cohesive elements include the traction-separation law and,

as elements are used, this method allows thickness control, which can be useful to

model thin layers of adhesive in certain applications. Although cohesive elements

demand more set up time, this methodology permits more control of the damage

initiation and propagation parameters, which is useful when little information is

available regarding the interface between two separating surfaces [103]. Because

of the advantages that CZM offers over VCCT, this technique is widely used

within composite modelling, specially for delamination problems [103].

Another important cohesive element parameter that has been widely stud-

ied in literature is the length of the cohesive zone Lcz [92, 104–106]. This pa-

rameter represents the cohesive region existing ahead of the crack tip. Within

this region, the interface elements remain on the softening part of the traction-

separation law. Figure 2.19 shows the development of the cohesive zone within

a FE model. The cohesive zone starts where the elements near the crack tip

(see Figure 2.19 element-1) quickly move to the softening region of the traction-
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separation response; then it ends where some elements located ahead of the crack

tip reach their maximum interfacial strength (see Figure 2.19 element-5). It is

important to clarify that the definition above refers to the numerical cohesive

zone length, which is different from the physical cohesive zone length defined as

the length over which permanent damage has occurred. Within the literature it

is recommended to use around three to five elements within the cohesive zone

length to achieve accurate results [106].

Figure 2.19: Development of cohesive zone length in a FE model [104]

As in the VCCT case, when the CZM is used on a FE model to perform

certain analyses, validation is performed through standard DCB, ENF and MMB

tests. One of the most cited authors in the field, Camanho et al. [107], developed

3D implicit cohesive models of these tests to validate mixed-mode progressive

delamination in a composite material. He proposed a softening law based on the

Benzeggagh-Kenane criterion which can be used in Modes I, II and III. Harper

and Hallet [108] developed FE DCB, ENF and MMB models to investigate the

optimal number of elements within a cohesive length. In a similar way, Turon

[106] performed these analyses and reached the same conclusion: three to five
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elements. However, the work developed by Turon not only aimed to determine the

optimal number of elements in the cohesive zone, but showed that by modifying

the strength of the cohesive elements a bigger element size could be used. This can

be used to perform coarse-mesh analyses with a reduction of the computational

cost and negligible effect on the final result.

2.5 Experimental background

This section briefly describes the experiments developed in [2] to show the main

characteristics used to develop the analogous FE model within this project. The

experimental test set up along with the main results is also shown.

2.5.1 Quasi-static indentation experiments

Quasi-static indentation tests on Type III cylinder were conducted to observe

onset of damage and propagation resulting from a LVI. Validity of using quasi-

static indentation tests as an approximation to LVI has been already discussed

in Section 2.3.4.1. The tests were performed on a standard universal electrome-

chanical test machine. Cylinders were positioned horizontally on a steel v-shaped

support specifically designed for this purpose. After positioning the cylinder, a

16 mm diameter hemispherically-ended tup was used to perform the indentation

on the central area of the barrel region of the pressure vessel (Figure 2.20). The

indentation was developed at a loading rate of 2 mm/min for each cylinder.

In the present research only one Type III cylinder model was used to

develop and validate the FE model. For more information regarding further tests

of different Type III cylinder models refer to [2]. The cylinders used in this project

were manufactured by Luxfer Gas Cylinders specifically for research purposes.

This model was selected based on the extent of information extracted from the

previous experiments and results reported by Allen. In terms of manufacturing

materials, the liner was manufactured using an aluminium 6061-T6, and the

composite wrap is CFRP with an outer layer of GFRP to protect the carbon

layers. The cylinder should have an even number of hoop and helical layers, in

which the hoop plies are ≈ 0° and helical are ±71°. Moreover, the ply stacking
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(a) (b)

Figure 2.20: Quasi-static indentation test of a Type III cylinder [2]; a) Experi-
mental set up schematic, b) Experimental indentation on cylinder

sequence within the cylinder is [0°/ ± 71°]3. For this project and hereafter the

fibres aligned in direction of longitudinal axis of the cylinder will be considered

as 90°, whereas the fibres in the hoop direction will be designated as 0°. Table

2.1 shows a summary of the geometrical and manufacturing characteristics of the

cylinder used in this project.

Table 2.1: Type III cylinder specifications

Water Length Outside Liner Thickness No. of Thickness
volume (l) (mm) diameter thickness of CFRP CFRP of GFRP

(mm) (mm) (mm) plies (mm)

6.8 525 159 2.2 4.6 6 1.0

2.5.2 Quasi-static indentation results

A typical experimental force-displacement (F-d) curve of the quasi-static inden-

tation test is presented in order to give an idea of the responses that are sought

from the FE model. Figure 2.21 shows the F-d curve described by a Type III
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cylinder subjected to a point indentation. Additionally, the curve shows a series

of CT scan slices of the internal layers of the cylinder under the indentation re-

gion. The behaviour shows an initial elastic response from the structure followed

by change in the slope of the curve, resulting from a reduction in the effective

cylinder stiffness caused by the yielding of the material (confirmed via CT scan).

The yielding of the liner leads to the next damage mechanism which is the onset

of delamination of the composite layers. Towards the end of the loading phase of

the curve, there is a noticeable load drop. It was reported that this load drop is

related to matrix cracking and fibre fracture damage mechanisms. During the un-

loading phase of the curve, the undamaged composite regions recover elastically,

while the metal liner exhibits a certain level of spring back, but a permanent

residual deformation is now developed. The evidence presented at this point of

the research suggested that this difference in material behaviour during load re-

moval was the main cause of the material separation observed in Figure 2.21d,

i.e. the separation mechanism is mainly driven by mode I delamination.

Figure 2.21: Force-displacement curve of a Type III cylinder under quasi-static
indentation [2]
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2.6 Conclusions from the literature review

Whilst current Type III cylinder design complies with the required standards,

there is still a lack of understanding in the mechanisms governing damage prop-

agation and damage tolerance. An example of this was observed in the work

presented by Allen [2] in which de-cohesion was observed within the aluminium-

composite interface after a quasi-static indentation test. It was indicated that the

permanent deformation in the liner drives the post-impact fatigue performance of

the cylinder, and thus, development of this particular damage mechanisms should

be further investigated.

From the modelling point of view, the projects presented in [90, 109] re-

marked the importance of using the autofrettage residual stresses in the modelling

of a Type III cylinder under impact loading. Furthermore, it was concluded that

the metal-composite de-cohesion in a Type III cylinder can be investigated as

a delamination problem. Two of the most cited techniques to model delamina-

tion were described along with their use in different investigations [105–107, 110].

This information was used to define the most appropriate method for this project,

which is described in further chapters.

The advantages and disadvantages of using an implicit or an explicit

scheme were reviewed. It was noticed that delamination damage can be mod-

elled using either of those schemes, however each one introduces different initial

conditions and modelling parameters depending on the nature of the problem.

For this project, the explicit scheme was selected given the significant amount of

non-linearities arising from the nature of the problem (e.g. plastic deformation,

large displacements and composite delamination) and the potential need to model

dynamic problems (drop tests, high velocity impact, whole car crash simulations)

in the future.
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Experimental background and

modelling methods

This chapter presents the experimental and modelling methodologies used through-

out the project. First, an introduction to DIC is presented highlighting the main

characteristics and the procedure to be used in this project. Regarding the mod-

elling methodology, cohesive elements are presented as the key FE technique to

model the interface between different materials which are part of a Type III cylin-

der construction. Furthermore, selection of explicit simulation parameters is pre-

sented by describing the main assumptions to perform a quasi-static simulation

using an explicit solution scheme. Such parameters are validated by perform-

ing standard FE DCB and ENF tests. Results and conclusions regarding the

selection of such parameters are also presented and discussed. Details of experi-

mental techniques and computational models will be presented as they are used

in Chapters 4, 5 and 6.

3.1 Digital Image Correlation (DIC)

This section presents a brief summary of the main characteristics and general

steps related to the development of an experiment using DIC for strain measure-

ments. DIC is commonly used as a full-field optical method to track deformations

(strains) on a surface of a test specimen throughout a mechanical test [111, 112].

DIC can be applied to a wide variety of applications because it is a non-contact
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technique, which means it is independent of the material or length-scale of inter-

est, e.g. it can be applied on a small coupon or on a full assembly.

To perform this technique coordinates and displacements are obtained

from time series digital images taken directly from patterns applied on a sur-

face of a test specimen (see Figure 3.1). This is achieved by computationally

dividing the field/pattern into smaller subsets and then analysing the displace-

ment in each subset [113]. Here, the main assumption is that the pattern on the

surface follows the same deformation path as the surface on the specimen. Then,

the displacements obtained during the test are processed (correlated) to produce

full-field displacements that reproduce the shape, deformation and motion from

the pattern on the surface [111]. Figure 3.2 briefly describes the DIC process

development from discretised subsets to obtaining a strain field.

Figure 3.1: Speckle pattern applied on a sphere for DIC testing [112]

DIC can be developed in 2D or 3D. A 2D (a.k.a 2D-DIC) configuration

means that only in-plane displacements are tracked. On the other hand a 3D con-

figuration measures the coordinates including out-of-plane displacements. This

3D method requires a minimum of two cameras in a stereo-angle configuration,

known as Stereo-DIC. Although both 2D-DIC and Stereo-DIC require initial cal-

ibration, the latter becomes more complex as it is required to establish communi-

cation between the two cameras; in other words, information about the location

and orientation of the cameras along with their distance to the test specimen is

provided with the calibration and is critical to obtain accurate measurements.

The specific details regarding the use of DIC in the current project are described

in Chapter 4.
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Figure 3.2: DIC process: (a) Subset discretisation; (b) Vector correlation; (c)
Full strain field [113]

3.2 Interface modelling with cohesive elements

This section gives a brief description of the different processes to define a co-

hesive model within AbaqusTM is presented. Generally speaking, the process to

define a cohesive element involves defining different sections of a bilinear traction-

separation law (see Figure 2.18); that is: elastic behaviour, damage initiation

criterion and damage evolution criterion. Each process is described in further

subsections.

3.2.1 Linear elastic behaviour

The first part of the bilinear traction-separation law is described by the elastic

behaviour, which has a stiffness Kn. Within AbaqusTM , Kn works as a penalty

stiffness parameter because the actual value of the interface stiffness is not known.

Although Kn is a well-defined parameter in cohesive models, the choice of a value

for it, and its physical significance is less clear. There are many different val-

ues proposed for this parameter because it should be large enough to ensure

an acceptable bond between two surfaces but small enough to avoid numerical

issues. For instance, Zou et al. [114] developed 2D models to assess delamina-

tion in composite structures using a CZM. It was proposed a range of values
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of 4.5x105 ≤ Kn ≤ 4.5x108 N/mm3 based on the interlaminar shear and tensile

strengths. Camanho et al. [107] pioneered the development of 8-node de-cohesion

elements for initiation and propagation of delamination modelling. During their

element development, an investigation of Kn parameter was performed and re-

sults suggested that a value of 106N/mm3 produces almost a similar result in

different delamination modes without convergence problems.

Another solution to estimate Kn is proposed by Turon [115]. Here, the

interface stiffness is determined based on the through-thickness stiffness of the

composite laminates as well as on their thickness. This method is well accepted

as it is a more mechanical approach to the stiffness within the interface. The

equation developed by Turon is then:

Kn =
αE33

t
(3.1)

where α is a parameter much larger than 1, E33 is the transversal sublam-

inate stiffness and t is the thickness of the sublaminate. Equation 3.1 has been

used in different studies with good results [103, 116]. Although this approach is

acceptable, it was decided to use the value proposed by Camanho to maintain

simplicity.

3.2.2 Damage initiation criteria

Damage initiation refers to the stresses or strains at which damage starts to

develop. Within AbaqusTM there are four different approaches [117]:

1. Maximum nominal stress criterion: Damage occurs when the maximum

nominal stress ratio is equal to one. Equation 3.2 describes this criterion,

where Nmax, Smax and Tmax are the nominal stresses in the normal (n), first

shear (s) and second shear (t) direction respectively.

MAX

{
σn
Nmax

,
σs
Smax

,
σt
Tmax

}
= 1 (3.2)

2. Maximum nominal strain criterion: Damage occurs when the maximum

nominal strain ratio is equal to one. Equation 3.3 describes this criterion,
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where εmax
n , εmax

s and εmax
t are the nominal strains in the normal, first shear

and second shear direction respectively.

MAX

{
εn
εmax
n

,
εs
εmax
s

,
εt
εmax
t

}
= 1 (3.3)

3. Quadratic nominal stress criterion: Damage occurs when a quadratic in-

teraction function involving the nominal stress ratio is equal to one. This

criterion is described in equation 3.4.

(
σn
Nmax

)2

+

(
σs
Smax

)2

+

(
σt
Tmax

)2

= 1 (3.4)

4. Quadratic nominal strain criterion: Damage occurs when a quadratic in-

teraction function involving the nominal strain ratio is equal to one. This

criterion is described in equation 3.5.

(
εn
εmax
n

)2

+

(
εs
εmax
s

)2

+

(
εt
εmax
t

)2

= 1 (3.5)

The maximum nominal stress criterion was selected here to define the

cohesive zone. As there is no experimental data for the aluminium-composite

interface within a Type III cylinder, references were taken from studies hav-

ing similar material and delamination conditions [51, 118]. Based on the liter-

ature, the initial values selected as input parameters were Nmax = 30MPa and

Smax = Tmax = 60MPa. However, these parameters will be varied as part of the

subsequent investigation.

3.2.3 Damage evolution

To measure the damage evolution of the cohesive law (i.e. the softening region) in

AbaqusTM it is necessary to define the parameter D, which describes the overall

damage in the material and the combined effects of all other mechanisms. Based

on this parameter, the damage evolution is described by the specification of either

the effective displacement at complete failure δfm, or the energy dissipated due to

failure Gc [117]. If the evolution criterion is specified using the displacement, then
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the effective displacement at failure δfm relative to the effective displacement at

damage initiation δ0m, is required. Once these values are specified, the parameter

D is defined as:

D =
δfm(δmax

m − δ0m)

δmax
m (δfm − δ0m)

(3.6)

Within this model, the damage was defined using the effective displace-

ment at failure δfm to have better control on the damage deterioration. By varying

the δfm parameter it is possible to draw the cohesive law and compute the area

under the curve, which is the energy release rate Gc and, hence, approximate this

value.

3.2.4 Defining a cohesive zone length

In order to ensure a correct prediction of delamination, it is important to confirm

that there is a sufficient number of elements within the length of the cohesive

zone. Different models have been proposed to approximate the cohesive zone

length. Dugdale [98] developed a cohesive zone model in which it was assumed

that the stress within this region is similar to the yield strength to the material.

Barenblatt [119] developed a similar model for ideally brittle materials considering

that the stress can vary within the plastic zone. Hillerborg [99] applied the work

developed by Dugdale and Barenblatt and performed a finite element analysis on

crack initiation and growth in concretes. In more recent studies, Hui et al. [120]

estimated the cohesive length for elastic soft materials assuming the cohesive

zone as a long thin strip. Falk et al. [121] defined the cohesive zone length within

dynamic fracture events, considering the velocity of the crack growth. Although

they have some differences, these models follow a similar form [115]:

lcz = ME
Gc

(σmax)2
(3.7)

where E is the elastic modulus of the material, Gc is the energy release

rate, σmax is the maximum strength of the interface and the constant M varies

with each model.

One of the most commonly used models is the one developed by Hillerborg,
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where M = 1. Turon et al. [102] studied the mesh size effect on delamination

simulation using Hillerborg’s model, and developed a methodology to increase the

mesh size within the cohesive zones for industrial applications. Harper and Hallet

[104] studied the number of elements within the cohesive zone based on Turon’s

work but with a value of M = 0.5 and adding new variables to the cohesive length

model definition: longitudinal modulus of the material, transverse modulus, shear

modulus and plane stress or plane strain conditions. These properties are used

to define an equivalent elastic modulus E ′ which is different for delamination in

mode I and mode II, thus:

lcz,I = E ′I
GIc

(σI,max)2
(3.8)

lcz,II = E ′II
GIIc

(σII,max)2
(3.9)

For E ′ in mode I mode II, it is necessary to calculate Voigt elastic constants

which are defined by equations shown in Table 3.1.

Table 3.1: Voigt elastic constants

b11 = 1/E11 b12 = −ν12/E11 b66 = 1/G12

b22 = 1/E22 b23 = −ν23/E22 b55 = 1/G31

b33 = 1/E33 b31 = −ν31/E33 b44 = 1/G23

E ′I and E ′II are then defined by equations 3.10 and 3.11.

1

E ′1
=

√
b11b22

2

√(
b33
b11

)1/2

+
2b31 + b55

2b11
(3.10)

1

E ′II
=
√
b11/2

√
(b11b33)1/2 + (b31 + b55/2) (3.11)

As part of the mode I and mode II delamination model definition, a com-

parison of the cohesive length obtained from the equations proposed by Turon

and Harper has been performed and is presented in further sections.
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3.2.5 Implicit and explicit finite element analysis

Generally, problems modelled through explicit and implicit methodologies are

expressed through partial differential equations (PDEs). Both methodologies

can be used to solve quasi-static and dynamic problems, although one method

would be more suitable than the other depending on the problem. In all cases,

the PDEs are solved within the FE environment using matrix equations. The

resultant matrices can be linear or non-linear. Typically, sources of non-linearity

in structural problems can be large deformations, large rotations and/or non-

linear material properties. Thus, for linear problems the matrix equation to be

solved is:

[K]{x} = {f} (3.12)

where x is the displacement, [K] is the global stiffness matrix and f are

the nodal load vectors.

Similarly, for a non-linear quasi-static problem the matrix equation is:

[K(x)]{x} = {f} (3.13)

Finally, for a dynamic problem the matrix equation is:

[M ]{x′′}+ [C]{x′}+ [K]{x} = {f} (3.14)

where [M ] and [C] are the mass and the damping matrices respectively.

Within an implicit analysis the displacements are solved via inversion of

the stiffness matrix [K]. The solution is computed through various steps and the

current step solution is based on the previous step. However, for large dynamic

or non-linear problems, the inversion of the matrix [K] may result in convergence

issues as well time-consuming. However, the main advantage of using implicit

analysis is the large steps that can be used to compute the solution, because

implicit methods are unconditionally stable.

In the other hand, in explicit methods the solution of the later state of the

simulation is computed based on the current state. Although the implementation

of these methods is more practical, one disadvantage is the small time steps
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needed to perform the solution in order to comply with the Courant condition to

maintain stability.

3.2.5.1 Explicit finite element modelling using cohesive elements

For this project, an explicit finite element solver has been selected due to the non-

linearities resulting from large deformations, contact complexity and material

properties. The use of an explicit model prevent the convergence issues more

commonly encountered in implicit simulations. There are certain parameters to

consider in order to assess that the solution obtained from the solver is closest

to the real solution. For instance, it has been reported that the Kinetic Energy

(KE) and Internal Energy (IE) must be properly controlled and, typically, it is

required that the KE is less than 5% of the IE of the system [110, 117, 122].

Another parameter that needs to be properly controlled in an explicit so-

lution is the time increment. In explicit analysis the required time increment

depends mainly on the smallest element in the model. This results from consid-

eration of the Courant condition:

∆tstable ≤
Le

cm
(3.15)

Here, Le is the smallest element length and cm is the wave speed of the

material, which is defined in equation 3.16, where Em and ρm are the bulk stiffness

and density of the interface material, respectively [123].

cm =

√
Em

ρm
(3.16)

Equation 3.15 and 3.16 show that having a large element size within the

whole model is beneficial for reducing computational cost, however this becomes

difficult using CZM due to their small thickness. For industrial applications

(such as the one developed in this project), this can be a disadvantage giving the

large number of degrees of freedom used on their models. Thus, two different

approaches can be followed to reduce the computational time: mass scaling and

load rate change. The former refers to scaling artificially the density of the

critical elements (i.e. the smallest elements) to increase the stable time step. This
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method is widely used to develop static simulations using explicit formulations, for

instance, Pinho et al. [124] and Mollon et al. [125] suggest using mass scaling to

reduce computational time providing that the KE ≤ 5% IE relation is maintained.

Similarly, Gonzalez et al. [110] reported a scaling value of approximately 1.0e3 to

simulate transverse crack tension tests using CZM in an explicit code, and their

model showed good correlation to experimental data.

Furthermore, modifying the loading speed can reduce the computational

time by modifying the duration of the event. Mollon et al. [125] performed

a comparison between different fracture mechanics modelling techniques using

implicit and explicit schemes. Their results indicated that a range of load rate

values from 0.5 mm/s to 200 mm/s could be used with no significant change to the

results, which agrees with other publications [110, 117, 124]. The values selected

to develop the model in this project are based on the relations and equations

described in this section.

3.3 Application of CZM on quasi-static simula-

tions using an explicit scheme

3.3.1 Mode I & Mode II delamination models

In this section, two standard DCB and ENF test models are developed to inves-

tigate the effects of using an explicit scheme for a quasi-static simulation using

3D cohesive elements in Abaqus/Explicit, and to evaluate the robustness of the

method for the modelling of Type III cylinders. Mass scaling, mesh size and direct

comparison to an implicit solver are assessed in this section. Additionally, these

models are used to define the parameters for mode I and mode II delamination in

an explicit scheme. This study is compared to other similar work reported in the

literature [102, 116, 126], with the geometry used to develop the models being,

based on that used by Harper and Hallet [104] (see Figure 3.3). The material

used was HTA6376/C with a ply layout of [012//(±5/04)s]. Material properties

are presented in Table 3.2.
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Figure 3.3: DCB and ENF base geometry

Table 3.2: HTA6376/C material properties [104]

E11(MPa) 140,000
E22 = E33(MPa) 10,500
G12 = G13(MPa) 5,250
G23(MPa) 3480
ν12 = ν13 0.3
ν23 0.51

The main objective of these models is to define the cohesive element pa-

rameters within the explicit scheme, thus, to maintain simplicity, continuum shell

elements (SC8R) were selected to model the composite layers of the test speci-

mens. Continuum shell elements have the advantages of being computationally

cheaper than solid elements and allow an explicit modelling of the ply thick-

ness, with negligible differences in results [117]. Regarding the cohesive zone,

an 8-node three-dimensional element (COH3D8) has been used with an initial

thickness of 0.01 mm. The interface properties are defined in Table 3.3. The

value of KI = KII = 106N/mm3 was selected as is commonly used for this type

of analysis and it agrees to what is reported by some authors ([110, 114, 127])

and is not higher than the value calculated using the equation proposed by Turon

[102]. The energy release rate and maximum strength values are comparable to

similar studies simulating mode I and mode II delamination [100, 127–129].

To define the cohesive zone length the methods proposed by Turon [102]

and Harper [104] were compared using equations 3.7 through 3.11, with M =

1 and M = 0.5 respectively. The results of each method can be observed in
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Table 3.3: Interface properties for COH3D8 elements [104]

GIC(N/mm) 0.3
GIIC(N/mm) 0.6
σI,max(MPa) 30
σII,max(MPa) 60
KI(N/mm

3) 106

KII(N/mm
3) 106

Table 3.4. In this context, both authors recommend a total of three elements

within the cohesive length, thus the final length of the element Le with each

method is described as well. It can be noted that by using an element length of

approximately 0.5 there will be sufficient elements within the cohesive region.

Table 3.4: Final cohesive zone length using methodologies proposed by different
authors

Turon Harper&Hallet

Lcz,I(mm) 3.03 2.46
Lcz,II(mm) 1.75 5.31
Le,I(mm) 1.01 0.82
Le,II(mm) 0.58 1.77

A summary of the main characteristics of the DCB and the ENF models

can be observed in Figure 3.4a and 3.4b respectively. In both tests the loading

is displacement controlled. For the DCB, a 5-mm displacement in the normal

direction was applied at the end of the beam (Figure 3.4a). On the other hand,

a 4-mm displacement was applied in the centre of the ENF coupon(Figure 3.4b).

Finally, an initial crack length a0 = 35 mm was used for both models.
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(a) DCB FE model

(b) ENF FE model

Figure 3.4: Final FE models
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3.3.2 Mode I & Mode II delamination models results

3.3.2.1 Mode I delamination: DCB model

This section describes the results of the DCB model described in Section 3.3.

The final delamination is illustrated in Figure 3.5, where a0 is the initial crack

and a1 is the final crack length. It is noticed that the final crack front is not

a simple straight line, which can be an edge effect arising from an anticlastic

bending. This curved delamination front is consistent with what has reported in

the literature [116, 130]. Crisfield and Davies [100] developed similar 3D models

in which they observed a similar crack tunnelling behaviour. Furthermore, they

discussed the development of the softening “process zone” within the cohesive

zone length, which is the red-coloured region in Figure 3.5. Consistent with the

recommendations of Crisfield and Davies, there are at least two elements in the

softening process zone [100], see Figure 3.6.

Figure 3.5: Final crack length in DCB specimen after load application
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Figure 3.6: number of elements in the softening process zone

The theoretical response of the DCB was obtained using equations 3.17

and 3.18 [33] from the Classical Beam Theory (CBT).

δI =
2Pa3

3E11I
(3.17)

GIc =
P 2a2

BE11I
(3.18)

where δI is the vertical separation of the beams, P is the point load applied

to the free end of each beam, a is the initial crack length, E11 is the Young’s

modulus, B is the specimen width and I is the second moment of inertia of

each beam. Figure 3.7 shows a comparison between the theoretical solution and

the response obtained with the current FE model. Good agreement with CBT

is seen in the initial stiffness region. The non-linearity seen very close to the

peak of the FE response is attributable to AbaqusTM tool called the butterworth

filter, which is used to filter noisy data, especially from explicit analyses [110].

Crack propagation within the FE response has some divergence from the CBT

prediction, such as the anomalous rounding of the load displacement plot at

the onset of crack propagation. However, the FE model showed GIc that is in

reasonable agreement with the nominal value (see Table 3.5). The estimation of

GIc was performed using equation 3.18.
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Figure 3.7: Mode I delamination force-displacement curve

Table 3.5: Energy release rate for mode I delamination

Displacement[mm] Load[kN] a[mm] GIc
J
m2 % Error

2.9 54.4 38 308 2.5%
3.0 53.9 39.5 310 3.2%
3.2 52.6 41 310 3.2%
3.5 50.1 42.5 305 1.6%
3.7 48.4 44 303 1.1%

The mass scaling parameter was varied to evaluate its effect on the force-

displacement behaviour. In AbaqusTM the simplest way to scale the mass of the

model is by a user-defined factor. Here, a factor of 50 was defined and compared

to the model with a factor of 1 (i.e. no mass scaling). These values agreed with

those presented by Gonzalez [110]. The results are presented in Figure 3.8.

By introducing the mass scaling factor, computational time can be saved,

which is important, particularly for the larger models which will be required

later in the project. Both the DCB and the ENF models were run on a local

computer with an Intel(R) Xeon(R)CPU E5-1650 processor and 64 GB of RAM.

Four CPUs were used to perform the analysis, and the computer was not used with
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Figure 3.8: Mode I delamination force-displacement curve with different mass
scaling factors

other applications during the running time. The difference in computational time

spent on each analysis is shown in Table 3.6. Results show that by using a mass

scaling factor of 50 and 100, the computational time can be significantly reduced

for DCB test. However, for the 100 mass scaling factor, there is a significant

increase in noise which affects the prediction of the initial elastic response and

the later delamination behaviour.

A similar assessment for mode II is presented in the next section.

Table 3.6: Computational time using different mass scaling factors

Model Start Time End Time Total

Mass scaling factor = 1 09:13:05 15:29:31 06:16:26
Mass scaling factor = 50 17:37:19 18:18:24 00:41:05
Mass scaling factor = 100 18:34:20 19:01:36 00:27:16

Although the mesh size has been calculated using different approaches (see

section 3.2.4), additional simulations with different mesh sizes were performed

and the resultant f-d curves are presented in Figure 3.9. It is observed that
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there is no significant difference in modifying the mesh size from 0.5 to 0.25

mm. Furthermore, both mesh sizes ensure having at least 5 elements within the

cohesive region. On the other hand, using a larger mesh size of 1.0 mm results

in a higher difference in comparison to the experimental curve, specially in the

elastic region. It is observed that a larger element size results in having less finite

elements in the cohesive region, hence modifying the delamination performance

of the plate. Thus, the results suggest that a mesh size of 0.5 mm is adequate for

this analysis and it is still in accordance to what was calculate in previous section

using the cohesive length equations.

Figure 3.9: Mode I delamination force-displacement curve with different mesh
sizes

Finally, to assess the quasi-static behaviour, the model has been compared

to an analogous model developed within an implicit scheme. Figure 3.10 shows

the comparison between the implicit and the explicit results. The CBT result is

shown as well for reference. Similar to the CBT case, the initial elastic response

correlates well in both models, however it would appear that the implicit scheme

shows better agreement during the propagation region. Despite these differences,

the result of the explicit model suggests a quasi-static behaviour. Moreover, to

assess an adequate behaviour of the model, the IE and the KE have been plotted
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(see Figure 3.11) and it was confirmed that the KE ≤ 5% IE relation is attained,

even with a scaling factor of 50, which presumably would represent a worst case

scenario [123].

Figure 3.10: Mode I delamination force-displacement curve under different sim-
ulation schemes
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Figure 3.11: DCB model Internal Energy (IE) and Kinetic Energy (KE) compar-
ison

3.3.2.2 Mode II delamination: ENF model

A process similar to that describe in the previous section has been followed to

test the mode II delamination simulation capability based on a ENF test model.

The final deformation after the load application is presented in Figure 3.12, in

which the “edge effect” observed in mode I delamination can be observed again.

Correspondingly, CBT for mode II analysis was used to compare model

results against theoretical data. As such, δII and GIIc where computed as follows:

δII =
3Pa3 + 2PL3

96E11I
(3.19)

GIIc =
3P 2a2

64BE11I
(3.20)

where P is the applied load, a is the crack length, E is the through thick-

ness stiffness, B is the specimen width and I is the second moment of area. The

comparison of load-displacement behaviour between the CBT and the FE model

for mode II delamination is shown in Figure 3.13. Despite minor differences in

the maximum load calculation, the initial behaviour exhibits good correlation to
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Figure 3.12: Final crack length in ENF specimen after load application

the CBT curve. This curve is consistent with the work reported by Harper and

Hallet [104], although their models were developed using an implicit scheme. Fur-

thermore, the behaviour agrees as well with other ENF models developed with

different schemes and using different type of elements to represent the associated

composites [115, 118, 127]. The energy release rate for mode II computed by the

model at different crack lengths is presented in Table 3.7.

Table 3.7: Energy release rate for mode II delamination

Displacement[mm] Load[kN] a[mm] GIIc
J
m2 % Error

1.99 373 40 577 3.7%
2.11 331 44.5 561 6.5%
2.19 315 47 570 4.9%
2.25 311 48 578 6.5%

Two different techniques were adopted to reduce computational time: mass

scaling and load rate changing. The mass scaling method was investigated using

a similar approach as in the DCB case. Figure 3.14 shows a comparison of the

simulation developed using three different mass scaling factors. The curve indi-
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Figure 3.13: ENF Mode II delamination force-displacement curve

cates that the general behaviour is well predicted using a scaling factor of 1 and

50. However, when using a value of 100 the f-d curve shows noticeable differences

on the result. The predicted elastic response shows more noise than in the two

lowest levels of mass scaling, and the peak force values is being underpredicted.

This results indicates the significant influence that the mass scaling factor can

have over the final results, specially for Mode II delamination. This effect was

expected considering that the mass scaling introduces noise and instability to the

simulation as non-realistic mass is added to the simulation [123]. As performed

in the DCB model, internal and kinetic energies were monitored. In this case,

the energies presented in Figure 3.15 belong to the model with scaling factor of

100. It is can be observed that, although there is some noticeable noise within

the KE plot, the KE ≤ 5% IE is maintained. This is contrasting to what can

be observed from the same model in Figure 3.14 in which the correlation to the

theoretical result is less compared to the other scaling factor models. Therefore

although the KE ≤ 5% IE relation is an accepted parameter in literature, it is

suggested to test other parameters to ensure that the results are reliable.

A further technique to reduce the computational time involves changing

the load rate. This is controlled in AbaqusTM by defining the time length of
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Figure 3.14: Mode II delamination force-displacement curve with different mass
scaling factors

the simulation. The ENF simulation was run at 300 ms initially and then at

30 ms and 500 ms to investigate the effect on the force-displacement behaviour.

Each run time corresponds to a velocity of 13.3 mm/s, 133 mm/s and 8 mm/s

respectively, which are values within the parameters suggested by Mollon [125].

The results are presented in Figure 3.16, from which it can be concluded that

using a 30 ms run time is not sufficient to produce a quasi-static solution. Here,

the event is occurring at a speed at which the model is not able to compute the

delamination and, as a consequence, the damage appears to occur faster than

it should. Furthermore, results indicate that there is no significant effect on

increasing the simulation time from 300 ms to 500 ms as the f-d behaviour shows

negligible difference.

Following a similar procedure as that in the DCB model, the ENF explicit

model was compared to the analogous implicit version. Figure 3.17 shows the

comparison of both schemes to the CBT theoretical solution. No significant

difference is observed between each model in relation to the theoretical response of

the specimen. Thus, it can be concluded that the parameters selected to perform

this simulation using an explicit scheme provide a sufficient approximation to the
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Figure 3.15: ENF model Internal Energy (IE) and Kinetic Energy (KE) compar-
ison

quasi-static response.
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Figure 3.16: Mode II delamination force-displacement curve at different load rates

Figure 3.17: Mode II delamination force-displacement curve under different sim-
ulation schemes
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3.4 Summary and conclusions

This chapter presented the general methods to be used for experiments and simu-

lations throughout the project. Firstly, a quick summary of previous experiments

performed on Type III cylinders has been provided. One of the main observations

was the damage propagation and development of residual metal deformation re-

sulting from a quasi-static indentation point load. Thus, the parameters used to

develop the experiments on these cylinders constitute the boundary conditions

to be used on the FE model. Moreover, to introduce some of the experimental

activities to be developed in this project, a brief description on DIC was also

presented. This imaging technique will be used in this project to perform strain

measurements on the ring specimens described in further chapters.

Regarding the modelling, the use of cohesive elements was presented and

the main parameters to define the were described in this chapter. The main

characteristic to consider when modelling interfaces using cohesive elements are

the damage initiation and damage evolution, which are defined based on the

interface strength and interface fracture toughness within a traction-separation

law. Furthermore, the definition of the cohesive zone length was described and

different approaches to define it where compared to select the option that best

fits the characteristics of the current project.

Finally, standard DCB and ENF tests where developed to investigate the

parameters needed to perform a quasi-static simulation using an explicit solver.

Force-displacement curves on comparing FE results to CBT results were pre-

sented. Moreover, the explicit glsfe results were compared to results obtained

with an implicit solver. Results indicated that a mass scaling factor of 50 along

with a simulation time of 300 ms on Abaqus/Explicit have minor differences to a

simulation performed with an implicit solver (Abaqus/Standard). Finally, the ex-

plicit simulation was also validated by analysing the energies developed through-

out the simulation. IE and KE were plotted and the results showed that both

models comply with the relation KE ≤ 5% IE, which indicates a stable explicit

simulation. Hence, it was concluded that, with the parameters selected, is pos-

sible to use cohesive elements with an explicit solver to simulate a quasi-static

mechanistic event.
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Model-experiment comparison

for transverse loading of

metal-composite ring specimen

4.1 Introduction

In this chapter, a numerical model of a hybrid metal-composite ring is developed

and presented. The aim of this model is to estimate CFRP and metal-composite

interface properties to predict delamination and the residual indentation in the

metal layer. Previous modelling investigations on hybrid pressure vessels use

an ideal metal-composite bond or take reference properties from experimental

tests that have been perform on plates [78, 89]. However, given the geometry

and the residual stresses contained on a Type III cylinder, these properties have

not been assumed. This FE model contains cohesive elements that are used to

estimate interface fracture toughness and strength of the metal-composite bond.

Estimated properties will be then referenced to develop a full Type III cylinder

FE model described in further chapters.
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4.2 Methodology

4.2.1 Ring specimen FE model

Aluminium Al-6061 was used to model the metal section of the ring and the

relevant properties can be found in Table 4.1. A ply-level modelling approach was

selected to model the composite wrap, having a total of six plies with hoop and

helical layers modelled individually. Details regarding fibre orientations on the

model are discussed in further sections. Material properties were calculated based

on Toray T700s fibres and EPO912 resin using a rules of mixtures [3]. Carbon

fibre wrap ply properties can be found on Table 4.2. For this model, delamination

within the CFRP and the metal-composite interfaces are the damage mechanisms

investigated, that is, no fibre or matrix fracture are considered.

Table 4.1: Material properties of the 6061-T6 Aluminium

Young’s modulus Ultimate tensile stress Yield stress Poisson’s
(E) (σuts) (σy) (ν)

69 GPa 310 MPa 276 MPa 0.3

Table 4.2: Material properties of the T700s plies

E11 E22 = E33 G12 ν12
139 GPa 6.63 GPa 3.78 GPa 0.28

The FE model was developed in the commercial software AbaqusCAETM .

Based on the known structure of the physical specimen, the ring is divided into

seven different layers, one corresponds to the metal ring of the structure and the

other six corresponding to the CFRP layers. The latter contains hoop (0◦) and

helical (71◦) layers, with a layup of [0◦/ ± 71◦]3 (Figure 4.1). Each layer consist

of solid (C3D8R) elements with one element through the thickness, except for

the metal ring which has three elements through its thickness. The indenter and

the support used to enforce the delamination were modelled using rigid (R3D4)

elements. The aluminium was modelled as an elastic-perfectly plastic material,
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with the properties given in Table 4.1. The composite was modelled as being

elastic, other than allowing for the possibility of delamination, as described below.

To model the metal-composite interface as well as delamination occurring

within the CFRP layers, cohesive elements were used. These finite elements

are typically used in delamination problems and they are defined by a traction

separation law [102]. In between each section of the ring model, 0.01 mm thick

cohesive elements (COH3D8) are used, except for the section between the ±19◦

helical layers which are joined together using a tied contact for simplicity, as

these are observed not to delaminate. A total of six cohesive element interfaces

are embedded in this model and one contains unique properties for the metal-

composite interface 4.1. The rest of the interfaces contain the same properties to

predict the delamination within the CFRP layers. Contact was defined in-between

layers to ensure no material penetration occur in case of cohesive element deletion

(delamination). Geometric and meshing details of the FE ring model are shown

in Figure 4.1.

Cohesive element properties were defined through parametric investiga-

tion of the parameters that define the traction-separation, i.e. interface strength

(τ 0) and interface toughness (Gc) in modes I and II. These parameters define the

traction separation law which determines the cohesive layer behaviour and ulti-

mate interface delamination. Considering that the metal-composite interface is

of high interest due to its possible effect on the residual dent development, three

values where proposed for each cohesive element parameter i.e. three traction-

separation laws for each mode. For the composite interface properties, only one

interface strength value and two interface toughness were proposed (i.e. two dif-

ferent traction-separation laws). The values proposed here are based on typical

values found on literature for metal-composite and CFRP interfaces in plates [57,

103]. The purpose is to identify the values that produces a result that reason-

ably approximate the overall structure’s behaviour compared to the experimental

data.

To overcome convergence difficulties it was decided to use the Abaqus/Explicit

solver [110]. The solution is divided into two different steps: loading and unload-

ing. The former refers to the compression of the ring specimen, and the latter

refers to load release. Load is applied through 20-mm controlled displacement of
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Figure 4.1: FE ring model description

Table 4.3: Interface properties for cohesive elements

τ 011 τ 022 = τ 033 GIc GIIc = GIIIc

(MPa) (MPa) (J/m2) (J/m2)

Metal-composite interface properties
10, 20, 30 20, 40, 60, 150, 750, 1500 300, 1500, 3000

Composite interface properties
15 30 375, 750 750, 1500

the upper rigid support. Load rate application is 0.04 m/s and a mass scaling

factor of 1e3 is used [110]. There are two mesh refinement levels on the structure,

upper and lower (Figure 4.1). The upper half of the ring has a mesh size of 10

mm and it was modelled to add an elastic stiffness response, thus, no cohesive

elements were included in this region of the model and the plies are joined using a

tied contact. The lower half of the ring has a mesh size of 0.6 mm, which ensures

at least five elements are used to model the cohesive region [115].

4.2.2 Ring specimen indentation test

An analogous experimental test to the FE model was performed. Ring specimens

were manufactured by cutting a 9-litre COPV into 50 mm length slices. Total

ring diameter was 159 mm, with a 2.2 mm liner thickness and 4.6 mm CFRP
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thickness (hoop and helical ±71◦ layers). The specimens were loaded in compres-

sion using an electro-mechanical testing machine, a v-shaped loading support

and a longitudinal bar (r = 8mm) that induced indentation across the specimen

length, this way the delamination should remain approximately constant through

the length of the specimen, i.e. become an essentially 2D problem (Figure 4.2).

Loading rate is 2 mm/min. The loading procedure is similar to the quasi-static

indentation test presented in [2] and analogous to the FE model, i.e., load is

applied using a loading and an unloading step.

DIC was used to measure strains that can be compared to the FE model.

Furthermore, this tool was also used to indicate the onset of damage that may

not be apparent by direct imaging. Two LaVision E-lite cameras in stereo config-

uration were used to record images [131], and each camera was equipped with a

105 mm lens. The region on which the cameras are focused, also known as Field

of View (FoV), was defined based on the area where the maximum delamination

and metal residual indentation are expected (Figure 4.2). The speckle pattern

was defined with a white matte paint as a background. Then, black was applied

using a spray at a 1 m distance from the specimen. As suggested in literature

[131], each speckle covered 3-5 pixels. The final speckle pattern is showed in

Figure 4.2.

Figure 4.2: Ring specimen test setup
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4.3 Results

4.3.1 Experimental results

Data collected from the experiment includes force-displacement (F-d) curves, de-

lamination images and strain fields. Figure 4.3 shows the F-d curves response

of the ring specimen which exhibits several load drops during loading (points A,

B, C). Similarly, Figure 4.3 shows the nominal strain (ε∗xy) fields obtained from

DIC used to track delamination (Figure 4.3a, 4.3b and 4.3c). A yellow dotted

line was added as a reference to differentiate between the aluminium and the

CFRP materials. When comparing the strain values to the F-d curve, it was con-

firmed that the load drops correspond to significant delamination events within

the ring. Points A and B, for instance, relate to delamination within the CFRP

layers, whilst point C corresponds to metal-composite delamination. The curve

indicates that after metal-composite delamination there is a marked loss in over-

all stiffness, c.f. the onset of composite delamination. Point D is the maximum

displacement application at the end of the compression step, at which εxx strains

were measured on the aluminium ring using DIC (Figure 4.3d). This data can be

directly compared to that obtained from the FE model. Point E shows the end

of the load release step and the residual indentation on the aluminium ring. At

this point it was difficult to obtain an acceptable strain measurement due to the

level of damage induced in the ring, particularly in the composite layer (Figure

4.3e).
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Figure 4.3: Experimental F-d curve; a) First major CFRP delamination; b) Sec-
ond major CFRP delamination; c) Metal-composite interface delamination; d)
Maximum compressive load application; e) Residual indentation (load removal)

4.3.2 Model calibration and validation

4.3.2.1 Force-displacement behaviour

F-d curves similar to those obtained from the experimental tests were obtained

from the FE model for comparison. The virtual curves exhibit oscillations as a

result of the dynamic solution used for the analysis. Figure 4.4 shows a compari-

son between the experimental curve and a result from the FE model. Four main

characteristics are observed in the virtual result: an initial elastic response, a first

and a second noticeable load drops (points X and Y) and an unloading response

(point Z). The initial response exhibits good correlation with the experimental

curve. From the model delamination results (Figure 4.4a), it was noticed that the

first load drop (point X) is related to delamination occurring within the CFRP

plies. After this damage, the reaction force remains stable until a second load

drop occurs (point Y) which is a consequence of metal-composite delamination

and yield of the metal layer (Figure 4.4b). Similar to the experimental curve, the

FE model behaviour shows that after metal-composite delamination the ring’s

stiffness can no longer be recovered, although this damage mode occurs almost

at the end of the compression step in the simulation. Finally, after load release,

the FE curve exhibits a similar final response to that shown in the experiment

(point Z) related to the development of the residual indentation (Figure 4.4c).
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Figure 4.4: Force-displacement curve comparison FE vs. Experiment; a) Com-
posite delamination; b) Metal-composite delamination; c) Residual indentation

As noted previously, nine different simulations were performed using com-

binations of parameter values shown in Table 4.3. In this work only the influence

of the metal-composite interface fracture toughness variation is presented as it is a

combination of interface strength and interface separation [102]. Figure 4.5 shows

F-d response of the ring specimen under various interface fracture toughness val-

ues as well as εxx measurements performed on single nodes corresponding to the

inner and outer face of the aluminium layer of the metal ring. It can be observed

that, within a range of 750 J/m2 - 1500 J/m2 for Gic and 1500 J/m2 - 3000 J/m2

for Giic the model is relatively insensitive in terms of the resulting structural re-

sponse. However, when comparing the εxx results, we find greatest consistency

with experimental data using Gic = 1500J/m2 and Giic = Giic = 3000J/m2.

4.3.2.2 Strain measurement results

As indicated in [2] the residual dent formed on a COPV has a strong correla-

tion to the fatigue life of the component and, thus, it can be an indicator of

the structure’s post impact performance. Therefore, strain measurements were

particularly carried out on the aluminium layer to investigate the residual dent

development after loading. Figure 4.6 shows a comparison of the strain fields on

the aluminium liner at the maximum point of compression (end of load step).

Two different nodal measurements were compared at the maximum point of de-

flection on the lateral face of the ring. It can be observed that the tensile strain

correlates well to the DIC measurement. However the compressive strain mea-
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Figure 4.5: Ring specimen structural compression response under various metal-
composite interface toughness values

surement indicates a large difference between the two results. It is likely that the

level of delamination occurring beneath the metal is affecting the DIC measure-

ments, hence giving a biased measure. Figure 4.7 shows the experimental and

virtual residual indentation observed on the metal layer, which it is possible to

observe a good correlation in terms of both shape of the metal indent, and the

damage occurring in the composite.

Figure 4.6: εxx strain measurements on aluminium ring; a)DIC; b)FE ring model
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Figure 4.7: Residual metal indentation of ring specimen; a)DIC; b)FE ring model

Following strain investigation on the metal ring, point, line and area mea-

surements were made on the face of the FE and the experimental ring specimens

for comparison. Additionally, these measurements were made at different applied

displacements, i.e. measurements were performed at 2, 5, 7, 10, 15, and 20 mm

during the loading phase (see Figure 4.8).

In order to investigate details regarding the dent formation, similar strain

measurements were performed at different load application levels during the ex-

periment and the simulation. The points at which the measurements were per-

formed are shown in Figure 4.8. The first comparison was performed on specific

nodal locations.

To perform point measurements using DIC, a specific coordinate was se-

lected in the tensile strain region located two sub-regions lengths from the edge

to avoid edge effect (Figure 4.9a). The images used throughout the loading and

unloading steps of the experiment to perform the measurements can be found

in Appendix A. The analogous node was selected in the FE model to compare

strain measurements through the load application(Figure 4.9b). The point/node

comparison though different loads during the experiment/simulation is shown in

Figure 4.10. It can be observed that there is a good agreement between the two

curves, although the FE curve is predicting a slightly higher strain value towards

the end. Additionally, strain measurements were performed over a line of points

that is placed along the thickness of the metal ring (Figure 4.11). Similar to the

point measurements, DIC results were compared to an analogous line of nodes in
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Figure 4.8: Reference points for point, line and area strain measurements com-
parison: DIC vs FE ring model

the FE model through the same applied displacement points. Figure 4.12 shows

the FE vs DIC measurement comparison at different displacement application

levels of the support on the ring. It can be observed that as the support displace-

ment increases (i.e. increased ring compression) the agreement between the two

measurements improves, especially at the end of the loading step (maximum ring

compression). The measurement at 15 mm displacement shows the least agree-

ment between DIC and FE attributable to large oscillations during the simulation

as a result of metal-composite delamination.

Figure 4.9: FE vs DIC ring measurement points
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Figure 4.10: Point/node measurement comparison plot

Figure 4.11: Line measurement on metal ring
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Figure 4.12: Line measurements performed at different load application on the
ring specimen

Finally, area strain measurements were performed. To achieve this, strain

values were taken from two different sized areas of the DIC (Figure 4.13) FoV.

Area A is 5.22 mm x 1.53 mm and area B is 15.2 mm x 1.53 mm. The tensile

strain values were averaged and registered every load increment during the loading

step. A similar procedure was performed using the FE model. Figure 4.14 shows

the resulting plots after comparing the FE and DIC averaged strains during the

loading step. It can be observed a good level of agreement is achieved between

both sets of results.

Figure 4.13: Areas for strain average measurement on metal ring
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Figure 4.14: Strain average measurement comparison: DIC vs FEA

4.4 Discussion

Damage propagation during compression of a hybrid composite ring has been in-

vestigated and modelled. Previous approaches on damage investigation of COPV

have focused on the use of CT scans and contributed to the assessment of post

impact damage. The information collected and presented in Figure 4.3 shows the

sequence in which damage occurs. The damage sequence starts with major two

delaminations within the CFRP layers which produce a load drop in both cases.

However after each load drop the structure still shows some stiffness recovery.

The third main damage event is the metal-composite interface delamination after

which the overall stiffness remains relatively low (Figure 4.4c). Additionally, it

was observed that the highest metal deformation occurs after the metal-composite

delamination. This suggests that the toughness of this interface may indeed be

important in controlling the development of the residual dent on the metal ring.

The described damage sequence occurs mainly during the increase in applied dis-

placement, although some additional delamination was observed during the un-

loading phase. This suggests that the delamination mechanism is mainly driven

by mode II delamination rather than mode I, which was previously suggested in

[2].
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The sequence obtained from the experimental test was used to validate

the FE results. Despite simplifications made (e.g. no fibre or intralaminar) and

type of solution (explicit solver) the overall predictions exhibit an acceptable be-

haviour. When both experimental and virtual F-d curves are compared there

is a good degree of overall similarity, with some differences, that might be ad-

dressed by subsequent more refined models. The first load drop from the virtual

F-d curve corresponds to damage occurring in the composite material, although

it occurs during at a point of rapid progression. Following this mechanism, the

major damage observed in the FE curve is due to the metal-composite delam-

ination and associated yielding of the metal layer. Finally, the point at which

the curves return to zero is similar to that in the experimental curve. The dam-

age propagation sequence shown by the FE model is similar to that observed in

the experimental test, however, differences are noticeable due to the high level

of oscillations in the model and the rapid delamination simulated. Despite the

differences and, giving the level of damaged occurred on the ring specimen, the

model exhibits a good level of structural behaviour (shown in the F-d comparison)

and the residual indentation (Figure 4.7).

The FE ring model is also used to estimate the properties of the metal-

composite interface of the structure. The model was calibrated using a range of

interface fracture values. The results shown in Figure 4.5 suggest that, regarding

the overall structural behaviour described by the F-d curves, the model is rela-

tively insensitive to the precise toughness value within a reasonable broad range.

Given that the metal dent characteristics are known to be a strong indicator of

remaining fatigue life, and hence damage tolerance, particular care should be

taken if this is key parameter of interest.

4.5 Summary and conclusions

In this chapter a FE model of a hybrid metal-composite structure was presented

and validated through experimental work. Metal-composite interface properties

were estimated by comparing force-displacement structural behaviour and strain

measurements obtained from experiments and FE modelling. The FE ring model

predicts structural behaviour with a good level of agreement to the experimental

83



Chapter 4. Model-experiment comparison for transverse loading of
metal-composite ring specimen

observations. Residual indentation prediction was validated through mechanical

visualisation, chronological comparison and strain measurements.

Strain measurements exhibited strong agreement between the experimen-

tal and FE results. Validation activities are presented in relation to strain mea-

surements on the ring specimen using DIC, which are compared to those obtained

from the FE model. Only tensile strains are compared directly to the FE model

as experimental compressive strain measurements were affected by delamination

within the carbon fibre layers. Single point/node comparison exhibited a good

correlation of strain measures through increasing load application. The result is

consistent throughout the increment in applied displacement. Strain measure-

ments over a line along the metal thickness during the loading phase show that,

as the applied displacement increases and reaches 20 mm the agreement between

DIC and FE measurements increases as well. In addition, different areas were

taken to average strain measurements and compare to FE. Results exhibit no-

ticeable differences which are presumed to be due to the lack of a matrix failure

mode within the FE model. However, despite these differences, results show good

overall agreement. The key overall conclusion of this chapter is that the use of

embedded cohesive zone elements, together with appropriate constitutive laws

for the materials, represents an effective approach for modelling the global and

local structural response of metal-composite hybrid structures. This has partic-

ular significance for the prediction of damage tolerance and damage resistance of

such structures. Furthermore, results suggest that the detailed model-experiment

comparison, include global and local measurements of deformation and damage

is the key to ensuring effective model validation and calibration.
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Full Type III cylinder cohesive

element implementation

5.1 Introduction

Chapter 4 introduced a methodology to develop and validate a FE model of a

hybrid metal-composite ring specimen subjected to a 2D line indentation. Qual-

itative comparison between model and experimental behaviour suggested good

agreement, as the model described analogous damage mechanisms to those ob-

served in the experiment. Quantitative validation using force-displacement curves

and strain measurements at different ring locations was also presented. Results

from such validation activities indicated that the model replicates the structural

behaviour and residual strains of the deformed liner with good fidelity. Cohesive

elements were selected to model the metal-composite and CFRP delamination

mechanisms as cohesive zone layers. This model was used to calibrate such co-

hesive layers by identifying the traction-separation law parameters which best

describe the structural behaviour of the ring exhibited experimentally.

This chapter presents a methodology to use the cohesive parameters se-

lected from the ring model investigation and implement them into a full Type III

cylinder model. Four different cylinder models were considered to implement the

cohesive element methodology and compared to experimental force-displacement

curves. The objective of this model is to investigate the development of the

residual indentation on the aluminium liner observed after a quasi-static loading
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reported in [2]. Results are discussed in relation to geometric boundary condi-

tions, mesh size, simulation parameters and assumptions.

5.2 Geometry and boundary conditions

Type III cylinders modelled in this chapter are similar in geometry and construc-

tion to those as presented in [2]. Specimen dimensions and number of cohesive

layers used for each FE model are described in Table 5.1. Each of these cylinders

was manufactured by Luxfer specifically for research purposes only, i.e. they

were not intended for commercial use. Boundary conditions on the FE model are

analogous to those described in Section 2.5.

Table 5.1: Type III cylinder models dimensions

Name Length Outside Liner CFRP Cohesive
[mm] diameter thickness thickness layers

[mm] [mm] [mm]

Model A 295 85 1.8 2.0 3
Model B 443 114 2.3 2.8 4
Model C 525 159 2.2 4.6 6
Model D 556 173 3.1 4.2 4

The information reported in [2] regarding the indentation damage devel-

oped on cylinder Model C, was used as the basis for the first Type III full cylin-

der model and to investigate the validity of the numerical assumptions. Material

properties for the metal and the composite rings are the same as those used

for the ring model described in Section 4.2.1, i.e. Aluminium 6061 and T700s

respectively. Several assumptions were taken to select the appropriate bound-

ary conditions and reduce computational simulation time. Some authors have

reported the complexity of dome region modelling and the effect that the fibre

alignment in this region has on the impact response directly to the dome [88, 90].

However, this project investigates the damage response of the barrel section of

the cylinder and, hence, it was assumed that the indentation is sufficiently far

from the dome region so that it does not have a significant effect on the residual

86



Chapter 5. Full Type III cylinder cohesive element implementation

deformation prediction. Consequently, the dome region was not modelled in de-

tail as reported, reducing the number of elements and interactions included in the

simulation. Nonetheless, it was observed that removing a significant part of the

geometry had an effect on the initial elastic response of the overall structure be-

haviour. Simulations were conducted to investigate such effects and a steel plate

with equivalent stiffness properties was included in the model instead to match

the initial structural stiffness. Effects of the end plate simplification instead of

using a detailed model for the end dome are discussed in the results section.

Only 1/4 of the cylinder geometry was used along with symmetric bound-

ary conditions to reduce computational time. The indenter is a 8 mm radius

hemisphere, which is modelled as a rigid body due to the low level of deformation

observed during the experiments in this component. The support is the same as

used for the ring specimen described in Section 4.2.2, however, to be consistent

with the rest of the boundary conditions, for this model only 1/4 of the support’s

geometry is modelled. In contrast to the ring model, the support is static and

the enforced displacement was directly applied to the hemispherical indenter. As

for the ring model, the simulation is performed through loading and unloading

steps. The total displacement used on each step for Model C is 8.5 mm to be

consistent with the analogous experiment. Figure 5.1 shows a summary of the

full cylinder FE model.

Regarding meshing parameters, the model was divided in two main re-

gions, one which intends to be used as a geometrical boundary condition without

any delamination and another which is expected to show delamination based on

experimental observations. The former contains an average element size of 6 mm

and the latter has a 0.6 mm element size. The finer mesh size was selected in

such way so as to ensure that there are enough cohesive elements in the cohesive

zone region, based on the process described in Section 3.2.4. The length of the

finer section of the ring was initially selected as 30 mm, which is ≈ 20% of the

geometry’s total length. The effect of the length of the cohesive region within

this model is discussed in further sections. The model contains 133165 elements

with 247944 nodes. It was run using the University of Southampton’s Iridis su-

per computer using 4 nodes in parallel with 8 CPU each. With this computing

configuration total running time for this model was ≈27 hours.
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Figure 5.1: Full cylinder FE model geometry, mesh and boundary conditions

5.3 Results and discussion

5.3.1 End plate validation

A separate study was performed to assess the validity of the end plate assump-

tion. To achieve this, modified versions of Model A and Model C cylinders were

developed. The purpose of this activity was to investigate the initial stiffness re-

duction of the full cylinder model as a result of the dome region removal. For this

reason, the modified versions of the full cylinder models contains only one layer

of cohesive elements in the metal-composite interface, i.e. no delamination effect

was included in the perfectly elastic composite layers. The extent of delamination

or the amount of damage was not assessed nor the residual indentation. For these

simulations, only F-d curves were compared as initial stiffness is investigated here

in relation to the simplification of the dome geometry. The steel plate added at

the end of the cylinder has already been described in Section 5.2 and shown in

Figure 5.1.

Figure 5.2 shows the experimental F-d curves of Model A and Model C

cylinders compared to their modified FE version. For each cylinder model, two

FE versions were developed, one with and one without the end plate. In both

cases, it is very clear that there is a better initial stiffness correlation with the

added end plate. Model A shows a good agreement between the experimental

and the virtual results for the loading step of the analysis. However, the added

plate makes the initial stiffness and the final reaction force predictions closer to

the experimental result. Similarly, Model C shows a better agreement to the
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experimental curve using the steel plate. In both cases, the steel plate has the

same 2 mm thickness, so no modifications were made to have a better fit between

different cylinder models, suggesting that the end plate assumption is valid for

both cases.

An additional observation during this step of the investigation is the effect

of the lack of composite damage included in this simulation. Giving the low level

of composite damage observed on Model A, the loading curve does not exhibits

a significant difference to the experimental behaviour. However, this is not the

case for the unloading step, in which the FE model prediction shows a quasi-

linear recovery, which is not consistent with the very non-linear experimentally

observed response, and the much larger residual displacement at zero load. Cor-

respondingly, Model C shows differences which presumably are due to the lack

of composite damage modelling. However, in this case the difference is exhibited

in both loading and unloading steps. On the F-d curve, the FE model does not

indicates the development of the liner yielding. Instead of this behaviour, the FE

model results indicate a constant increase of loading (i.e. no load drop) during the

loading step and a quasi-linear recovery of the structure, which may result in a

higher error in the residual dent prediction. This quasi-elastic response of the FE

cylinder structure suggests that the composite damage has a significant effect on

the structural behaviour and the development of the residual indentation on the

liner. Therefore adding some level of composite damage (such as delamination)

to the model is key for a better residual dent prediction, particularly for cases

such as Model C where the composite layers are twice as thick as the aluminium

layer.
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(a)

(b)

Figure 5.2: Force-displacement curves comparison of a Type III cylinder barrel
with a 2-mm thick steel end plate vs cylinder with no end plate; a) Model A, b)
Model C
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5.3.2 Full cylinder model vs. experimental comparison

Compared to Section 5.3.1 the results presented in this section contain the full

development of the Type III cylinder, i.e. the model includes the six layers of co-

hesive elements on both metal-composite and CFRP interfaces to predict delam-

ination. Figure 5.3 shows the comparison of the experimental Model C cylinder

behaviour and the FE result. It is observed that the FE model correlates well

to the experimental curve as it predicts the main features of the F-d behaviour.

The initial elastic response is well correlated although there are some differences

that can be attributed to noise, as no delamination was observed at the indenter’s

displacement of 1 mm. The first slope change, related to the metal yielding, is

also well predicted by the FE model. This behaviour was not exhibited by the

model described in Section 5.3.1, which confirms the hypothesis that the compos-

ite delamination has a significant effect on the overall structural behaviour and

the metal deformation. Moreover, the curve shows a good correlation with the

predicted peak force having a 6.2% difference to the experimental value. Similar

to the elastic response, noise is noticeable in this region of the curve, however

this can be attributed to the delamination occurring at different interfaces of

the model. Thus, for this particular section of the curve, the model is not only

predicting the structural behaviour but the damage occurring in the composite,

which was also reported in the experimental results. The unloading behaviour is

also well captured by the FE model. It can be observed that both curves show a

similar response. This result also confirms the significant difference exhibited by

adding composite damage modelling, in contrast to the results shown in Section

5.3.1 in which the unloading behaviour was closer to a linear response.

Using this model it is also possible to observe permanent deformation

progression in the metal liner as well as damage propagation in the different in-

terfaces. Figure 5.4 shows the development of the residual dent in the aluminium

liner compared to specific points of the F-d curve. Point A shows the onset of

metal yielding with a 3.1% plastic deformation of the liner. Point B shows an

intermediate point between the initial loading and maximum indentation. It is

possible to observe that the plastic deformation of the liner has increased up to

7.8% along with some delamination. The plastic strain exhibited at point C is

similar to that shown at the end of the load application (point D) which is 13.2%
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Figure 5.3: Model C force-displacement curve, experimental vs FE model results

and 13.1% respectively. This results suggests that for Model C construction,

once the maximum load has been applied, the deformation of the metal liner

has reached its maximum extent. This could be considered for robust design

purposes focusing on reducing the maximum displacement allowed by the liner

under maximum load application.

Along with dent development, damage propagation in the individual in-

terfaces can be explored using the FE model. Figure 5.5 shows different levels of

damage observed in the delamination region where the cohesive elements were de-

fined. Similar to the indentation analysis, each level of delamination is related to

a specific section of the F-d curve. Each image shows the outermost layer and the

innermost layer, where the former is the top cohesive interface layer of the CFRP

material and the latter is the metal-composite cohesive interface. Point A shows

no delamination during the onset of aluminium yielding, thus, being in the elastic

response region suggests no significant damage to the structure. The intermedi-

ate Point B shows some level of delamination in the top and the metal-composite

interface. From the bottom view, it is observed different levels of delamination

at different layers, where the metal-composite cohesive layer delamination is the

highest. In contrast to the plastic strain development in the liner, Points C and
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D on Figure 5.5 exhibit a significant difference in the results. Delamination lev-

els between those points are different despite having a similar deformation in the

liner. The main difference between these two points is the region that has been

damaged. Point C corresponds to the maximum compression being applied to

the structure, as such, it is suggested that the observed damage here was devel-

oped under mode II delamination. Moreover, Point D damage corresponds to

complete load removal on the cylinder and residual dent being fully developed.

At this regions of the curve, it can be observed that cohesive elements on the

centre, (i.e elements directly under the indenter) have been also removed, which

suggests that delamination occurred in mode I. Results reported in [2] suggested

that metal-composite decohesion would occur during the unloading stage of the

experiment under mode I as a consequence of the elastic recovery of the composite

whilst the liner has been permanently deformed. Results shown by the FE model

suggest that this is true for some regions of the indentation area, however there

is also extensive damage occurring in mode II delamination during the loading

stage. This delamination behaviour is consistent with the results exhibited by

the ring model.
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Figure 5.4: Residual dent development on the metal liner of Model C Type III
cylinder

Figure 5.5: Damage propagation of metal-composite and CFRP layers of Model
C Type III cylinder
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Following quantitative validation of the full cylinder model, measurement

of residual indentation was performed. Figure 5.6a shows the residual indentation

depth predicted by the FE model, which is 5.09 mm. The value reported in [2]

is ≈ 4.3 mm, which would make the FE estimate have an error of 15.5%. This

value is acceptable considering the level of damage occurring in this simulation

and the assumptions taken to reduce computational time. A more direct qual-

itative comparison between the CT scan and the FE resulting residual dents is

shown in Figures 5.6b and 5.6c. This comparison suggests good correlation of

the model with the residual indentation, but also some features such as the dent

and delamination of the CFRP layers.

Figure 5.6: Residual dent in Model C cylinder after load removal; a)FE dent
depth result, b) CT scan indentation [2], c) FE indentation

Damage area measurements were also reported in [2]. The value for a

Model C cylinder is 2500 mm2 at a ≈ 20 kN peak force. Although this is ap-

proximate, this measurement offers an idea of the delamination extension, which

can be then compared to the FE model predictions. For a clearer reference to

the reader, each layer on the model has been named as describe in Figure 5.7.

Figure 5.7a shows a view of the model’s solid element layers in which each mate-

rial is indicated. Figure 5.7b shows the cohesive element layers which are within,

layer L1 corresponds to the metal-composite interface layer, and layers L2-L5

correspond to the composite interface layers. Figure 5.8 shows that delamination

occurred on every interface layer of Model C, although the extent of delamination

is different for each layer. Based on the limit set by each layer, delamination is

shown at different levels by observing the projected area associated with layers

from the outside and the inside of the cylinder (5.8a & 5.8b). For instance, it
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is observed that L5 shows a delamination extent (Figure 5.8a) which is different

than that observed in layers L2 to L4. In contrast, Figure 5.8b shows that the

metal-composite interface developed the largest delamination. These differences

in the delamination between each layer are the result of the different fibre di-

rection of the plies, and is consistent with delamination observed in composite

plates [132]. In both cases, an estimation of the projected area was performed

to compare versus the experimental values. The projected area considered has

an elliptic geometry and each area considered is described in Figure 5.8. For

the outermost layer, the calculated area is 1508 mm2 and for the innermost area

(metal-composite interface) the estimated value is 2073 mm2.

Figure 5.7: Cohesive element interface layers within the Type III cylinder model

Figure 5.8: Model C delamination after quasi-static loading; a) Outermost CFRP
layer, b) Metal-composite interface
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5.3.3 Cohesive implementation on several Type III ge-

ometries

The current model aims to be used for design exploration purposes and, as such,

the model must be proven to be reliable under boundary condition changes, i.e.

different geometry, materials or constructions can be explored with the model

using the same cohesive parameters for the metal-composite interface. To test

the reliability of the model to geometric changes, more simulations were per-

formed using the Type III cylinder models described in Section 5.2. A python

script was created to automate the pre-processing activities related to model gen-

eration such as creating the geometry, materials and boundary conditions1. For

instance the script is able to create an almost full Type III cylinder FE geometry

automatically, and only geometric parameters are needed to be specified. Co-

hesive elements still need to be created manually as they depend on the mesh

and automated numeration created by the software. Despite this process being

performed manually, full model generation was reduced from 1 full working day

to ≈ 20 minutes, depending on the experience of the operator. In this section, the

script is used to validate the cohesive model under different geometric conditions,

however it is also used for parametric investigation activities in Chapter 6. For

Model A, Model B and Model D cylinders no liner dent depth was reported in

[2], thus FE results are compared only to experimental F-d curves. Figure 5.9

shows the FE to experimental comparison for these cylinder types. All cylinders

have the same end plate thickness (2 mm). Regarding the cohesive element region

(finer mesh area), each cylinder has also 20% of the total length populated with

cohesive elements, except for Model D which had to be extended to 30%. Details

about the effect of the extent of the cohesive elements are discussed in further

sections. These models were run similarly to Model C, on Iridis supercomputer

using 32 CPUs. Details of number of elements and simulation time are described

on Table 5.2.

Model A shows a similar behaviour to the one exhibited by Model C with

acceptable correlation between the FE and experimental F-d curve. The total

error regarding the peak force is 7%. In contrast, models B and D show an over

1Full script can be access upon request via University of Southampton repository
https://doi.org/10.5258/SOTON/D1635
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Table 5.2: Type III cylinder models running time @32 CPUs

Model Nodes Elements Solution time

Model A 78803 42214 20 hrs
Model B 139165 78130 23 hrs
Model D 435695 239843 +35 hrs

prediction of peak force towards the end of the loading stage. The error is 20%

and 28% respectively. As suggested in Section 5.3.1, as the thickness of the CFRP

layers increases the effect of the damage on these is higher, that is why Model A

showed a good correlation to the experimental values on the loading part of the

curve without having composite delamination included in the model. The results

presented in this section show a similar behaviour with respect to the number

of cohesive layers contained in the cylinders. For instance, the overestimation

of stiffness exhibited on the F-d curves from Model B and D corresponds to the

reduced number of cohesive layers (4) modelled compared to Model A (6). The

lack of delamination in the composite implies less energy dissipation through

composite damage, hence, resulting in a stiffer structure. This effect could be

reduced if more cohesive layers or matrix/fibre damage were included in future

models.
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(a)

(b)

(c)

Figure 5.9: Comparison of experimental and FE force-displacement curves of
different Type III cylinders
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5.3.4 Extent of cohesive element layers

Simulation results showed that there is an effect of adding or removing cohesive

element layers to the model for CFRP delamination. For instance, having a low

number of composite layers results in an over-prediction of the peak load as there

is less energy release through damage and the structure appears to be stiffer. A

similar effect occurs in the model when the predicted delamination area is larger

than the area of cohesive elements defined in the model. Based on the indenter

radius and the delamination observations on [2] it was decided that the extension

length of the cohesive elements (refined region) have an equivalent of 20% of the

total length of the geometry. This initial assumption worked well for the Models

A, B and C, in which it was observed that the delamination is not limited by

the area of the cohesive elements but by the delamination extent itself (Figure

5.8). In contrast, Model D exhibited a different behaviour under this assumption.

Figure 5.10 shows that the number of cohesive elements remaining intact at the

end of the simulation is low and these are mainly concentrated at the edges, which

suggests that this is more an edge effect rather than the interface not undergoing

delamination. A more thorough study was performed to investigate an adequate

procedure to determine the required initial area of cohesive elements in the model.

Two additional Model D versions were created with extended cohesive

areas to observe the effect of delamination and F-d curves. The new cohesive

regions are 25% (Area A) and 30% (Area B) of the total cylinder length (Figure

5.11), additional to the original model which is 20% of the original length. Each

model with a different cohesive element area produced a new level of delamination.

Results shown in Figure 5.12 suggest that a larger area of cohesive elements

allows a better prediction of delamination without limiting damage. Delamination

shown on Figure 5.12b suggests that the cohesive element area should probably

also be extended in the hoop direction as delamination appears to be limited,

which can increase the apparent stiffness of the structure. In addition to the

delamination observations of these models, F-d curves were compared to the

experimental results to analyse the effect of each cohesive extent region. Figure

5.13 shows the F-d curves of Model D using different length of cohesive regions.

This results indicate that a larger cohesive area results in a better correlation to

the experimental curve. The over prediction of the model with the larger cohesive
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element area may be a consequence of the limited area on the hoop direction

mentioned earlier. Given the increased number of degrees of freedom of the model

with the larger cohesive element area, simulation was terminated before the end of

load removal due to restrictions on computational time available. Results shown

in this section must be considered for optimisation and robust design purposes,

specially when modelling large cylinders such as the Model D. However, it is also

suggested that further model optimisation is performed so bigger cylinders can

be simulated, e.g. the use of shell elements or modified boundary conditions that

allow the reduction of degrees of freedom with the minimum loss of accuracy.

Figure 5.10: Model D delamination after quasi-static loading; a) Outermost
CFRP layer, b) Metal-composite interface

Figure 5.11: Cohesive element areas used for Model D Type III cylinder
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Figure 5.12: Model D delamination results using different size cohesive element
areas, a) Area length 25% of cylinder length; b)Area length 30% of cylinder length
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Figure 5.13: Model D F-d curves using different size cohesive element areas

5.4 Conclusions

A methodology to implement cohesive elements into a full Type III cylinder has

been described in this chapter. Moreover, this numerical model has been applied

to a range of cylinder designs with different geometries and good correlation

between simulation and experimental results has been demonstrated. As part of

the modelling strategy the end domes of the cylinder were not explicitly modeled,

but replaced by flat, homogeneous steel end plates with equivalent structural stiff-

ness. It was shown that interface properties estimated through cohesive elements

in Chapter 4 provide a good model-to-experiment correlation when implementing

them in a full Type III cylinder. Validation of this was provided through compar-

ison of the F-d curves, residual dent depth and delamination area measurements.

All the cylinder models described and investigated in this chapter showed good

correlations when compared to experimental F-d curves. In each case, prediction

of the initial elastic response, material yielding (first slope change), similar peak

force and non-elastic unloading response were shown. Additionally, in the case

of Model C, results showed good correlation values for the residual dent mea-

surement and the projected delamination area, which was also confirmed with
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qualitative comparison between FE results and a CT scan image. Therefore, it

was concluded that it is possible to use the same interface properties in various

cylinder designs without any additional calibration to that described in Chap-

ter 4. Overall, it was concluded that the methodology presented in this chapter

can be used to develop FE models to explore design opportunities for Type III

cylinders as the interface parameters used have been tested under different design

conditions and the validity of results has been demonstrated.
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Chapter 6

Parametric investigation of a

Type III cylinder using a finite

element approach

6.1 Introduction

In previous chapters, a full Type III cylinder FE model was developed and val-

idated. The key feature of the model is the cohesive element methodology used

to explore the influence of the toughness values of the metal-composite interface

within the hybrid pressure vessels investigated in this project. In this chapter,

the model is used to perform parametric investigations for Type III cylinder de-

sign optimisation. Finite element modelling is widely used for informing design

decisions in many industries (e.g. automotive, aerospace, ship) as part of the en-

gineering process to investigate possible designs with a reduced number of built

prototypes, hence, reducing costs [133–135].

Parametric investigation presented in this chapter is divided into four sec-

tions to test a range of design possibilities and their effect on cylinder behaviour

and residual dent development. First, different constituent materials were selected

and added to the FE model as an alternative to the current Al-6061 for the liner

and the T700s for the composite wrap. Furthermore, the metal-composite inter-

face estimated in Chapter 4 was modified in the full cylinder model in order to

determine the effect of this interface on the residual dent development. Two more
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models with modified liner and wrap thickness were proposed and are presented

in this chapter. A theoretical burst pressure of each proposal was calculated to

provide a better context for the design requirements of a cylinder. Finally, quasi-

static loading simulations of Type III cylinders under internal pressures are also

presented. FE models of COPV combining quasi-static or LVI loads have been

reported to predict burst strength after impact or to investigate damage prop-

agation in the composite layers due to burst pressure loads [136–138]. Results

presented in this project focus on the residual dent development as a key indicator

for post-damage fatigue performance, including internal pressure and post-impact

re-pressurisation, which, to the author’s knowledge, has not been widely reported.

Overall, results are discussed in relation to how these parametric variations affect

the F-d curves and the residual dent depth.

6.2 Methodology

Liner and wrap materials, layer thicknesses ratio and metal-composite interface

properties are design parameters to be modified using the FE model. These pa-

rameters were selected based on the current model capabilities and the industrial

interest to understand the liner’s behaviour subject to potential design variations.

In each case, results are analysed comparing F-d curves, delamination extent and

residual dent depth. In addition, the effect of internal pressure on residual dent

depth development is investigated.

6.2.1 Material modification investigation

6.2.1.1 Cylinder liner material

Materials proposed for this investigation are Al7075 and Ti6Al4V, both offer-

ing higher strength compared to the current Al-6061. Material properties are

described in Table 6.1. Titanium alloys are unlikely to be seriously considered

for these cylinders, but is included as a means of illustrating the capability to

explore potential design considerations. Similarly, a comparison of the materials’

stress-strain curves is shown in Figure 6.1. Material modification was performed

directly into the model, it was not necessary to build a new model as the new
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material can be specified directly in the model code, while preserving the original.

Table 6.1: Material properties for different liner materials [139]

Material E Yield UTS el Kic

[GPa] [MPa] [MPa] [%] [MPa-m1/2]
Al-6061 T6 69 272 310 17 29
Al-7075 T6 71 495 572 11 29

Ti6Al4V Grade 5 114 920 950 14 74.6

Figure 6.1: Liner material options stress-strain curves [139]

6.2.1.2 Cylinder wrap material

Following investigation of representative material parameters, materials were se-

lected to investigate the influence of a stiffer fibre on the wrap of the cylinder.

Consequently, a Toray T1000 and high modulus fibre M60J materials were pro-

posed for the FE model. Ply level properties were calculated based on the rule of

mixtures used by Scott [3]. Calculations were performed assuming a fibre volume

fraction of 60% [140–142]. Properties of each material are described in Table 6.2.

Similar to Section 6.2.1.1, the material was specified directly into the model’s

code, i.e. Abaqus’ GUI was not used.
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Table 6.2: Material properties for different cylinder wrap materials

Property T700 T1000 M60J
E11 [GPa] 139 177 360
E22 [GPa] 6.63 10.1 10.4
G12 [GPa] 3.78 3.78 3.78

ν12 0.26 0.26 0.26

6.2.2 Metal-composite interface parametric investigation

Chapter 4 presented a calibration of the metal-composite interface within a hy-

brid metal-composite ring structure, representative of that found on Type III

cylinders. As such, a range of values were suggested according to the results ex-

hibited in the chapter. In this section, further values are proposed to simulate a

higher and a lower interface toughness within a Type III cylinder, to analyse the

contribution such change would make to the residual dent development. Design

advantages are discussed in relation to F-d curves, indentation dent depth and

delamination. The proposed interface parameters are described in Table 6.3. The

objective is to investigate damage development due to an interface which is half

as tough and another which is twice as tough as the baseline case used in Chapter

5.

Table 6.3: Metal-composite interface properties for virtual parametric investiga-
tion of a Type III cylinder

Interface Gic[J/m
2] Giic = Giiic[J/m

2]
Baseline 1500 3000

Twice baseline 3000 6000
Half baseline 750 1500

6.2.3 Materials thickness ratio investigation

In this section, two FE models with similar total thickness but different liner and

CFRP thickness ratios are proposed for comparison to the baseline specimen de-
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sign. Additionally, cylinder weight and theoretical burst pressure of each proposal

is calculated because these parameters are highly important to the cylinder’s de-

sign requirements. The FE models presented in this section have similar geomet-

ric characteristics to the model presented in Chapter 5, thus, only the cylinder’s

barrel geometry is considered to calculate both burst pressure and weight.

Type III cylinder material thickness ratios used for these models are shown

in Table 6.4. First, the current specimen’s design is specified for reference. Then

two different models are shown, the former shows a thin liner with a thick CFRP

wrap, and the latter model is a thick liner with a thin layer of CFRP material.

Model A configuration is expected to be more dent tolerant due to the thin liner

being more compliant, whereas model B configuration is presumed to be more

dent resistant due to the thick liner.

Table 6.4: Proposed FE model for thickness parametric investigation on Type III
cylinders

Model Metal CFRP Weight (Barrel) Theoretical
Thickness Thickness [kg] Burst Pressure

[mm] [mm] [MPa]

Baseline 2.2 4.6 1.22 314
Model A 1.0 5.25 1.06 353
Model B 5.24 1.51 1.47 117

Burst pressure and cylinder weight were calculated considering only the

cylinder’s barrel. Calculations were performed using thin shell theory considering

the sum of the pressure carried by each material as described in equation 6.1 [143].

Pb = Pl + Pc (6.1)

where Pl is the pressure carried by the liner and Pc is the pressure carried

by the composite wrap, given by:

Pl = σl
2tl
Rl

(6.2)

109



Chapter 6. Parametric investigation of a Type III cylinder using a finite
element approach

Pc = σc
2tc
Rc

(6.3)

where σl and σc are the ultimate tensile stresses of each material, Rl and

Rc are the internal radius of each cylinder section and t is the thickness.

6.2.4 Effects of internal pressure on dent depth develop-

ment

The effect of quasi-static indentation on pressurised cylinders is investigated in

this section. The significance of this study is that cylinder drop or impact tests

are usually specified, for safety reasons, to be carried out on un-pressurised cylin-

ders. The question arises as to what extent this is representative of the service

environment and whether it is a conservative requirement for damage resistance

and damage tolerance considerations. Thus, the aim is to measure the effect of

internal pressure on the development of the residual dent on the liner. Two mod-

els were developed throughout this section: pre-indentation and post-indentation

pressurisation models. Pre-indentation pressurisation models refer to investigat-

ing liner deformation whilst internal pressure has been applied to the cylinder,

which will be referred to as a pressurisation-loading-unloading cycle. Pressures

applied before quasi-static indentation were 10, 15, 20, 30 and 45 MPa. The last

two pressure values correspond to Model A’s approximate design pressure and

burst pressure respectively.

In contrast, post-indentation models refer to the internal pressure ap-

plied after the quasi-static indentation has been performed. Two different post-

indentation cycles were created: loading-unloading-pressurisation and a similar

cycle which includes pressure release at the end. The former gradually applies

6 MPa pressure steps up to 30 MPa, and the objective is to determine whether,

and at what pressure, the dent may be “pushed back” to its original shape and

“closes” the gap between the two materials. The latter applies 30 MPa pres-

sure and then releases it to observe the residual indentation after the cylinder is

emptied. Each post-indentation pressure cycle is described in Figure 6.2.
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(a) (b)

Figure 6.2: Post-indentation pressure cycles for Type III cylinder FE models; a)
Pressurisation; b) Pressurisation and pressure release

6.3 Results and discussion

6.3.1 Materials investigation for liner and composite wrap

Figure 6.3 shows the F-d curve comparison between different liner materials along

with the predicted residual dent depth. Results suggest that the model with Al-

7075 liner shows least sensitivity to this material change, where it can be observed

that the initial elastic response, the slope change and the peak force prediction

are similar compared to the Al-6061 model. Regarding the dent depth estimation,

the Al-7075 model showed a reduction of ≈ 13% in comparison to the Al-6061

model. In contrast, the Ti6Al4V model shows a more significant change when

compared to the Al-6061 model. Simulation results suggest that with Ti6Al4V

the overall stiffness of the cylinder increases, which may contribute to an increase

of the damage resistance properties of the structure. Moreover, the residual dent

prediction indicates a reduction of ≈ 30%. Based on the observations reported

in [2] this reduction could contribute to a better post-impact performance of the

cylinder. Although this information should be confirmed via experimental testing,

the results give some information that could be used to make decisions in early

product design stages. It is important to note that titanium is probably not a

practical material, due to cost considerations and its lower formability compared
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to aluminium alloys, but the comparison is nonetheless instructive.

Figure 6.4 shows the FE residual indentation result of the Type III cylinder

with different liner materials (see Table 6.5). Delamination areas are presented in

the same form as in Chapter 5, in which it is possible to observe the outermost and

the innermost (metal-composite interface) cohesive layers. In agreement with the

F-d and residual dent results, delamination on the outermost CFRP layer areas

between Al-6061 and Al-7071 models exhibit no significant difference. This is

not the case when comparing the baseline model in Figure 6.4a to the Ti6Al4V

model in Figure 6.4c, where there are significant differences in the outermost

and the innermost cohesive layers. In regard to the former, there is a noticeable

reduction of the delamination extent in the CFRP material, however, it appears

that the metal-composite interface in Figure 6.4c has delaminated more than in

the equivalent model shown in Figure 6.4a. This indicates that, although there is

a reduction in the residual depth dent, the extent of the damage is larger, which

may be a consequence of the titanium’s higher yield stress. Although there is

no evidence that relates delamination areas to the cylinder’s damage tolerance,

special care should be taken when exploring different materials as results suggest

an improvement in residual dent depth but more extensive delamination, that

could also adversely affect the cylinder’s performance.

Figure 6.3: Virtual comparison of F-d curves of a Type III cylinder with different
liner materials
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(a)

(b)

(c)

Figure 6.4: FE residual indentation and delamination in a Type III cylinder with
two different liner materials; a) Al-6061 b) Al-7075, c)Ti6Al4V

The cylinder sensitivity to changing the wrap material is presented in

Figure 6.5 showing the F-d curves comparison for different fibre materials. These

curves are similar to the previous material comparison shown in Figure 6.3. A

noticeable difference is seen in the initial response shown by the M60J, which is

stiffer than the rest of the materials. However, with respect to residual dent depth,

the FE results show that there is little improvement achieved by changing the fibre

material. This material change can enhance the damage resistant properties of
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Table 6.5: Delamination area comparison of a Type III cylinder with different
liner materials

Material
CFRP Metal-composite

a b Area [mm2] a b Area [mm2]
Al-6061 26.1 18.4 1508.7 29.6 22.3 2073.7
Al-7075 26.7 18.4 1543.4 31.1 25.7 2510.9
Ti6Al4V 28.3 15.4 1369.2 32.1 24.8 2500.9

the structure but will not have an important effect on the damage tolerance as the

dent depth is not reduced. However, in a qualitative comparison of the residual

dent and delamination, these results show that the M60J fibre wrap induces more

extensive delamination, especially in the metal-composite interface (Figure 6.6).

Although a higher structural stiffness is achieved overall, this could lead to a

reduction in damage resistance as the extent of composite delamination is larger

(see Table 6.6). Similar behaviour to that shown by the liner material change

is exhibited by this result. When comparing Figure 6.6b and 6.6c (T1000 and

M60J respectively) it is possible to observe that the outermost layer suffered more

extensive delamination, however it is also noticeable that some of the intermediate

layers did not delaminate completely from the centre. To sum up, the results

showed in this section suggest that no significant dent depth reduction is achieved

when modifying the elastic properties of the composite wrap material of the

Type III cylinder, however it can have a considerable effect on the extent of

delamination damage. It is important to note that the delamination toughness

of the composite was not varied as part of this investigation, and was kept at the

baseline values.
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Figure 6.5: Virtual comparison of F-d curves of Type III cylinder with different
composite wrap materials

(a)

(b)

(c)

Figure 6.6: FE residual indentation and delamination in a Type III cylinder with
two different composite fibre materials; a) T700s, b) T1000, c) M60J
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Table 6.6: Delamination area comparison of a Type III cylinder with different
composite wrap materials

Material
CFRP Metal-composite

a b Area [mm2] a b Area [mm2]
T700 26.1 18.4 1508.7 29.6 22.3 2073.7
T1000 27.7 18.4 1601.2 30.1 28.3 2676.1
M60J 27.7 28.2 2454.1 31.1 28.2 2755.2

Overall, results show that material modification in the liner or in the

composite wrap does not result in an enhancement for the cylinder design under

the loading conditions described. However, it can be noted that the loading

applied is displacement controlled. This would represent a worst case condition

as the displacement will be directly transferred to the liner. In the case of a LVI

event, the loading would be force or energy controlled and the resultant depth dent

would vary with different material configurations. Thus, simulating an impact

event in which boundary conditions include the dynamics of the geometry is

recommended.

6.3.2 Metal-composite interface parametric investigation

results

Figure 6.7 shows the F-d curves model with different metal-composite interface

properties. Similar to previous results, indentation depth predictions are also

shown. From the F-d curve and indentation depth prediction, there is no signifi-

cant improvement achieved due to modifying these parameters. However, inden-

tation contour and delamination results suggest more apparent differences (see

Figure 6.8). The model with a higher interface toughness (Figure 6.8b) shows a

reduced delamination extent which is similar in all the cylinder’s layers, including

the metal-composite interface. In contrast, the lower interface toughness model

(Figure 6.8c) shows a smaller delamination in the outer CFRP layers but a larger

delamination area in the metal-composite interface. Hence, increasing the inter-

face toughness to have some reduction in delamination at the indentation area

does not result in a reduced dent depth. This is confirmed when comparing the
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delamination area of the metal-composite interface for different models as shown

in Table 6.7. Considering the reduction in the delamination area, it is suggested

that the damage tolerance properties of the cylinder would not be highly im-

proved as a consequence of this change, nonetheless, other cylinder properties are

enhanced, such as damage resistance and residual burst pressure [137].

Figure 6.7: FE force-displacement behaviour of a Type III cylinder with different
metal-composite interface properties
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(a)

(b)

(c)

Figure 6.8: FE residual dent and delamination contours of a Type III cylin-
der with different metal-composite interface properties; a) Baseline interface; b)
Higher interface toughness c) Lower interface toughness

Table 6.7: Delamination area comparison of a Type III cylinder with different
interface toughness parameters

Model
Metal-composite interface

a b Area [mm2]
Baseline 29.6 22.3 2073.7

Higher interface toughness 24.9 14.1 1102.9
Lower interface toughness 32.1 29.4 2964.8
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6.3.3 Material thickness ratio investigation results

Figure 6.9 shows the F-d comparison of the two different design proposals: one

with thick liner/thin composite wrap and one with a thick liner/thin composite

wrap. The former was denoted as dent tolerant and the latter as dent resis-

tant. Based on the results, it is not obvious that there is a damage tolerance

design advantage from modifying the baseline specimen design as it can only

be observed that there is an increase of stiffness in the thick-liner cylinder which

would increase damage resistance, however the dent depth measurement shows no

significant differences between each design. Having a thick-liner cylinder would

generate higher surface strains and, hence, lower expected fatigue life. However,

the thick liner also might increase fatigue life as it may not have large deflec-

tion under pressurisation. Thus, stress distribution on the indentation region

and residual plastic strains are also analysed for these designs to investigate the

liner’s behaviour in each case.

Figure 6.10 shows the residual plastic strain in the aluminium liner for both

designs (thin and thick liner). The results indicate a more localised indentation

and that higher levels of plastic strain are found in the thicker liner whereas the

thin liner model shows a larger deformation area. Moreover, Figure 6.11 shows

hoop and longitudinal strains in the liner as well as the damage incurred in the

composite layers of each design. It is also possible to observe a more localised

indentation in the thicker liner with higher composite damage. Conversely, the

thin liner shows a lower level of plastic strain around the indentation but the

extent of delamination is larger. Giving that the thin liner shows lower levels

of residual plastic strain after one pressure cycle, it is thought that this design

proposal could be more suitable for damage tolerance purposes. Figure 6.12

shows the Von Misses, hoop and longitudinal stress distributions on the liner.

These stress distribution will be modified during a fatigue life cycle, thus, it is

not possible to assess post-impact fatigue life based on them. However, the stress

distribution may have an effect on the damage resistance of the structure and

this result offers the possibility to evaluate, at basic level, this information.

It is clear that the design of an actual commercial cylinder responds to

a collection of performance and manufacturing considerations. As such, simula-

tions performed here do not aim to propose a novel design for Type III cylinders
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but to show the analysis capabilities that can be achieved using the FE model

developed in previous chapters. For instance, it is clear that the thick cylin-

der proposal would not represent an efficient design for total weight and burst

pressure, as shown in Section 6.2.3. However, with this model it was possible

to observe the extent of damage resulting from having different materials and

different thicknesses ratios. Results in this section show different possibilities to

analyse the indentation development on a Type III cylinder, such as strain and

stress distributions, which are not possible to observe from an experimental test.

Hence, the model could be used to explore a wide range of ideas as part of the

engineering design process.

Figure 6.9: FE force-displacement behaviour of a Type III cylinder with different
thickness ratio of materials
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(a)

(b)

Figure 6.10: FE residual strain distribution on different-thickness liner of Type
III cylinder; a) thin liner, b) thick liner
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(a)

(b)

Figure 6.11: FE residual plastic strain distribution on different-thickness liner of
Type III cylinder; a) hoop strains, b) longitudinal strains
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(a)

(b)

Figure 6.12: FE residual Von Mises stress distribution on different-thickness liner
of Type III cylinder; a) thin liner, b) thick liner
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6.3.4 Effects of internal pressure on dent depth develop-

ment results

6.3.4.1 Pre-indentation pressurisation

Figure 6.13 shows the comparison of F-d curves of a Type III cylinder indented

under different internal pressurisation levels. The figure indicates that at higher

levels of pressurisation the overall stiffness of the structure and the peak force

increases. Furthermore, it is also observed that higher levels of internal pressuri-

sation contribute to a reduced indentation residual depth. This result suggests

that an empty cylinder is more prone to larger deformation of the metal liner

than a cylinder at service pressure.

Figure 6.13: FE force-displacement behaviour of a Type III cylinder under quasi-
static indentation with different internal pressure values

The effect of the internal pressure on delamination propagation at the

metal-composite interface was also investigated. Figure 6.14 shows a top view

of the cohesive element region used to simulate the metal-composite interface of

the cylinder under different internal pressure values. According to this result,

it is noticeable that the area of delamination is reduced with increased internal

pressure. The most significant difference in delamination area is observed at 30

MPa, which is approximately the service pressure of a cylinder similar to Model

A. Thus, results suggest that a Type III cylinder subjected to LVI might be

significantly less damaged at service pressure compared to an empty cylinder.

This result should be interpreted cautiously, as there is also the possibility that

other failure mechanisms might become active, including fibre failure.
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Figure 6.14: FE metal-composite delamination of a Type III cylinder under quasi-
static indentation at different internal pressure values
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6.3.4.2 Post-indentation pressurisation cycles

As described in Section 6.2.4 post-indentation pressurisation simulations were

performed to investigate the effect of metal deformation after indentation under

internal pressure load. No F-d curves figures are presented in this section as the

pressure is applied after indentation. Previous experimental testing and CT ex-

amination presented in [2] showed that post-impact pressurisation in the cylinder

induced a reduction of the residual dent depth. Two different post-indentation

pressurisation cycles were created. The first cycle aimed to identify the pressure

at which the dent deforms plastically back towards the CFRP and closes the gap

between both materials. Figure 6.15 shows the deformation progress of the dent

during internal pressure application. The maximum displacement is reported at

the inner surface of the liner. From 0 to 6 MPa there is a reduction of the dent

depth of ≈ 32% which is a considerable reduction given the low pressure, however

at this pressure there is still a noticeable separation between the materials. At

12 MPa the dent depth reduces by up to ≈ 60% and the dent is still noticeable.

From 18 to 24 MPa the maximum dent depth reduction increases to ≈ 78%. Fi-

nally, at 30 MPa the dent depth is 0.77 mm which makes the dent more difficult

to notice, although it is observed that it is not fully closed.

In the second pressure cycle, the aim was to observe the residual dent be-

haviour after pressure release. Figure 6.16 shows the residual dent and the plastic

strain distribution in the liner in three different stages: after quasi-static load-

ing, after pressure application (30 MPa) and after pressure release. This result

also shows that at 30 MPa the gap between the two materials is not completely

closed as the liner recovers its original shape only partially. However, after pres-

sure release it is observed that there is some metal springback and the residual

dent depth is 2.54 mm, which is ≈ 50% less than predicted residual dent before

pressurisation. This behaviour is consistent with that reported in [2] in which

CT imaging was used to measure the dent depth before and after pressurisation.

Furthermore, Figure 6.16 shows the strain fields at the dent development. Con-

sidering that Type III cylinders perform under a low cycle fatigue regime, strain

values at the dent are of particular interest as they are the driving mechanism

for fatigue behaviour in that regime. As such, the difference in plastic strain,

between the state of maximum pressurisation (6.16b) and the state of pressure
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release (6.16a), could be used for further fatigue life analysis.

Figure 6.15: Dent deformation prediction under internal pressurisation
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(a)

(b)

(c)

Figure 6.16: FE residual dent depth and plastic strain distribution at different
loading stages; a) after quasi-static load removal, b) after 300 bar internal pressure
application, c) after pressure internal removal
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6.4 Summary and conclusions

This chapter presented a 3D FE model which was used for parametric investiga-

tion. Different design modifications were made to the cylinder to observe the effect

of each of them on the residual dent depth after quasi-static loading. The model

was proved to have advantages for design enhancement investigation comparing

to pure experimental investigation. For instance, the effect of changing liner and

composite wrap materials was investigated. Results showed that, there are sig-

nificant differences in the peak force result when performing material changes,

however this is not the case for residual dent depth. Thus, despite the overall

structural stiffness increment, the residual dent depth remains similar. Further-

more, delamination results suggest that there is no significant change achieved

when using different materials on each part of the cylinder. Overall, it was con-

cluded that modifying materials are unlikely to result in a significantly better

damage tolerance behaviour for the cylinder, although, it may increase or reduce

other characteristics such as damage resistance. However, it was noticed that this

behaviour is only applicable for displacement controlled conditions and that more

significant differences may be observed when the loading is force or energy con-

trolled instead. Similarly, regarding the metal-composite interface change, it was

concluded that no significant change in the F-d response and residual dent depth

can be achieved through interface property modification. However delamination

areas are significantly reduced when the interface properties increased. Therefore,

it is suggested that increasing the metal-composite interface properties could lead

to an increase in damage resistance of the cylinder.

Regarding the proposed theoretical thin liner (dent tolerant) vs thick liner

(dent resistant) cylinder models conclusions have been also achieved. Firstly,

a thicker metal liner does not necessarily imply enhanced behaviour as the dent

depth has been shown to be similar to the baseline and thin liner cylinder models.

However, stress and strain distribution at the vicinity of the indentation exhibited

obvious differences between both models. With this result, it was shown that the

model capabilities to analyse the dent not only through its depth, but also by

interpreting the stress and strain contours, which offers important information

for design decision making. For instance, a higher, more concentrated residual
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stress distribution around the indentation could lead to a more significant cyclic

plastic strain and, as a result, fatigue cracking.

Finally, the model was used to investigate dent behaviour under internal

pressure loading before and after quasi-static indentation. Results showed that

performing quasi-static indentation whilst adding internal pressure to the cylin-

der leads to dent depth and delamination reduction. Hence, it is suggested that

a Type III cylinder subjected to a LVI with internal pressure might suffer consid-

erably less damage than an unpressurised cylinder. Similarly, re-pressurisation

after quasi-static indentation results suggested that at ≈12 MPa the aluminium

starts exhibiting a significant reduction of the dent depth.

Overall, this chapter demonstrated through a series of design modification

activities, that the use of the FE model developed as the major contribution to

this thesis project provides an interactive tool for cylinder design as many different

results can be obtained from one single simulation that can be compared to sev-

eral simulation values. The results from this model could readily be incorporated

in overall design optimisation work, in combination with assessments of manu-

facturing, cost, burst pressure and required life. One possible difficulty presented

by this model is the computational time required to solve each model iteration,

which is ≈27 hrs using 32 CPU. Therefore, degree of freedom reduction in the

model is suggested, e.g. using continuum shell elements, shell elements or geom-

etry reduction (1/8th of the cylinder). Moreover, the design options proposed in

this chapter have been explored without considering manufacturing costs, which

in practice should be considered as part of the product design cycle. Addition-

ally, it is also recommended to perform simulations according to the requirements

described in Chapter 2, i.e. cylinder dropping, considering an explicit dynamic

impact model.
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Conclusions and future work

7.1 General conclusions

A unique full 3D FE model of a Type III cylinder has been developed, vali-

dated and presented in this thesis. The aim of this model was to predict the

residual indentation developed in the liner after quasi-static load application, as

this had previously been shown to correlate strongly with the post impact fa-

tigue. Furthermore, this model was used to investigate this damage mechanism

under different loading conditions (e.g. the effect of internal pressure), which has

not been developed hitherto. It was demonstrated that the model exhibits good

agreement to experimental results and it maintains reliability under geometric,

material and boundary condition modifications, which makes it applicable for

optimisation purposes. The findings obtained as a result of the development of

this model are presented in this section.

� Model validation was performed using a calibration methodology based on

experimental-model comparison of a 2D line indentation of a hybrid metal-

composite structure known as a ring specimen. The specimen was intended

as an intermediate building block to allow improved understanding and

design of Type III cylinders. Forced-displacement curves showed good pre-

diction of the initial elastic response of the structure compared to the exper-

imental response. Furthermore, based on local strain measurmeents, it was

shown that the model can predict the residual indentation on the ring spec-
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imen with a difference of 6%. Therefore, based on force-displacement and

local strain distribution comparison, it was demonstrated that the method-

ology to develop the ring specimen FE model was acceptable.

� Cohesive elements embedded in the ring model were used to investigate

the parameters governing the metal-composite interface within a Type III

cylinder, between the aluminium liner and the CFRP wrap. Using the

traction-separation law that determines the cohesive element behaviour, an

estimation of the interface parameters was developed through parametric

calibration. Model-experimental comparison suggested that the estimated

values for the metal-composite interface are in good agreement with exper-

imental results.

� It was demonstrated that the interface parameters estimated through the

ring specimen activities were transferable to full Type III cylinder model

without any further calibration required.

� It was reported that modelling delamination on the CFRP layers of the

cylinder has a significant effect on the residual indentation results, specially

for cylinders in which of the wrap is thicker than the liner.

� It was shown that the methodology to develop the full Type III FE cylinder

model was applicable for more than one pressure vessel geometry as shown

by the models A, B, C and D, introduced on Chapter 5. For each model

the difference between the predicted and experimental peak force was 7%,

20%, 6.2% and 28%, which are acceptable considering the level of damage

occurring in the model.

� It was shown that the residual indentation results from the FE model are

in good agreement to what is reported in [2], having a difference of 15.2%

between the predicted and experimental residual depth. With this model,

it was also possible to observe the extent of delamination within the metal-

composite layers and its relation to the residual dent development.

� It was shown that optimisation can be performed using the full FE Type

III cylinder model. This conclusion was obtained by developing parametric
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investigation activities using the model. Results indicated that, for the

quasi-static load boundary condition, modifying liner materials from an Al-

6061 to Al-7075 or TiAl6V4 has no significant effect on the residual dent

result. Similarly, modifying the wrap material does not contribute to a

significant reduction of the residual dent, however it does reduces the level

of delamination on the metal-composite interface.

� Modifying liner and composite wrap thickness ratio showed the model ca-

pabilities to investigate the stress and strain distribution in the vicinity of

the indentation. It was concluded that a thicker liner does not reduces the

depth of the residual dent, but induces a higher concentration of stresses

at the dent, which can lead to other damage mechanisms such as fatigue

cracking.

� Using the full cylinder model, the residual dent and delamination extent

were investigated under internal pressure loads. Results indicated that in-

creasing the level of internal pressure during the indentation contributes

to a reduction of the liner dent. Similarly, post-loading pressurisation sim-

ulations showed the pressure at which the residual dent starts to reduce

and close the gap between the liner and the composite wrap. Results also

showed that there is an increment of the residual stresses in the indentation

region.

Overall the research conducted in this project and presented in this thesis

has achieved the primary goals stated at the outset. A capable modelling for

the quasi-static transverse indentation response of type III gas cylinders has been

developed and validated.

7.2 Future work

Given the successful development of the modelling capability described in this

thesis, there are clear future directions that could be productively explored. Thus,

further activities are recommended using the full cylinder model, focusing on

product optimisation and considering different factors such as post-impact fatigue
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behaviour, burst pressure and weight reduction. Moreover, as mentioned in the

expected outcomes of this research, an EngD project requires an industrial benefit

additional to the academic contribution. Thus, some of the recommendations

given in this section focus on the implementation of the cylinder model within an

industrial product design process.

� Develop further modelling activities to use the FE model to perform impact

analyses. This would include drop weight impact on cylinders as well as

whole cylinder drop tests. It has been reported that the use of cohesive ele-

ments under impact simulations requires a rate-dependant behaviour [144–

146]. Thus, further research and validation may be required to implement

such effects in the current full cylinder model to use an impact load instead

of a quasi-static load.

� Reduce full cylinder model computational time. Optimisation activities of-

ten require a single model to perform several iterations to find the optimum

design (based on specified requirements e.g. minimum weight). Hence, it

is recommended to explore further reduction of the model’s degrees of free-

dom. For instance, the use of shell elements to reduce computational time

could be a potential solution to obtain good and faster results that allows

more efficient optimisation simulations.

� Extend design possibilities to be simulated using the full cylinder model

for optimisation purposes. Chapter 6 presented different modifications to

the current pressure vessel design to demonstrate optimisation capabilities.

Nonetheless, it is suggested to extend the modelling with more design pos-

sibilities, for instance larger cylinders are of considerable interest, different

combinations of fibres and/or different cylinder structures that delay the

composite damage propagation in order to reduce the liner residual dent

(e.g. composite sandwich-like structures or internal honeycomb structures

[147]).

� Extend the methodology used to develop the current model to other cylin-

der types, such as Type IV cylinders. Type IV cylinders are also being

investigated for use in similar applications as Type III, hence using FE
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modelling to investigate the interface existing between the polymer liner

and the composite wrap could be beneficial for such designs.
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The following images were used to perform point measurements through the load-

ing and unloading steps of the ring specimen compression test. Additionally, the

images show damage development during the experiment. Images were processed

using Matlab.
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[57] J. C. Ŕıos, E. Chomik, J. J. Balderrama, F. Cambiasso, and E. Asta,

“Determination of Fracture Toughness J on Fiber-metal Laminate Type

CARALL with Sheets of Aluminium 6061,” Procedia Materials Science,

vol. 9, pp. 530–537, 2015, issn: 22118128. doi: 10.1016/j.mspro.2015.

05.026. [Online]. Available: http://dx.doi.org/10.1016/j.mspro.

2015.05.026.

[58] P. Soltani, M. Keikhosravy, R. H. Oskouei, and C. Soutis, “Studying the

tensile behaviour of GLARE laminates: A finite element modelling ap-

proach,” Applied Composite Materials, vol. 18, no. 4, pp. 271–282, 2011,

issn: 0929189X. doi: 10.1007/s10443-010-9155-x.
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