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The processes governing the failure of filament wound composite structures have been examined. It is shown that the fibres controlling the failure of such a structure, when it is internally pressurised, can be considered to be subjected only to tensile loads. A multi-scale model has been developed which considers the effects on the scale of the elastic fibres and includes the effects of the viscoelastic matrix as well as debonding around fibre failures. The intact fibres neighbouring fibre breaks are subjected to an increase in stress and a higher probability of failure than elsewhere in the composite. During a monotonic failure test the initially random fibre failures are seen to begin to coalesce in a way governed by the stochastic nature of the fibre breaks and this eventually leads to failure. Under prolonged loading the relaxation of the matrix around fibre breaks causes the overloads in the neighbouring fibres to evolve and to induce delayed fibre breaks which can eventually lead to instability in the structure. The model allows these processes to be taken into account while calculating the behaviour of the whole composite structure.

Introduction

High performance carbon fibres were first produced commercially in the second half of the 1960s in the UK [START_REF] Phillips | Carbon fibre reinforced plastics. The first fifteen years[END_REF]. This was the result of work at the Royal Aircraft Establishment, Farnborough. The carbon fibres were made from polyacrylonitrile precursors and over a period of forty years their composites have become established as one of the most important materials used in advanced aerospace structures. The presently emerging generation of civil aircraft is being made with half their weight made up of carbon fibre reinforced epoxy resin. Today, however, the largest markets for these materials are no longer confined to the aerospace industry but wider industrial sectors are finding uses for these remarkable materials. This success has to no small degree been aided by researchers, such as Anthony Kelly and his colleagues, who have allowed an in-depth understanding of the physical mechanisms governing the behaviour of composites [START_REF] Kelly | Strong Solids[END_REF].

One of the major challenges, however, is in the prediction of long-term behaviour and reliability of composite structures. This is particularly important as advanced composites are often used in structures the failure of which would be catastrophic. It is only through extending the legacy that an earlier generation of researchers has left to us that techniques based on a true understanding of damage processes in advanced composites can be developed and reliability in assessing composite structures as well as optimising designs can be achieved. One of the most challenging applications is in pressure vessels for the storage of gas at high pressures. Pressure vessels have been in use since the beginning of the industrial revolution and a large body of empirical knowledge has been accumulated over the years, often at the expense of human lives lost in explosions. Traditionally these pressure vessels have been made of steel and the experience which has been obtained through accidents is now largely understood in terms of metallurgical mechanisms determining crack propagation. The standard procedure for assessing the reliability of a metal pressure vessel is the hydraulic test in which the vessel is subjected to one and a half times the maximum in-service pressure. If it survives, it is deemed suitable for continued use in service. This is instinctively satisfying and is justified, as at the higher pressure, any incipient crack will either propagate, due to the increased stress in the vicinity of the crack or a plastic zone will develop around the crack tip, which, at lower pressures, will impede further crack propagation. However steel is heavy and such pressure vessels are unsuitable for the storage of gases used as a fuel for vehicles. The finite availability of oil is leading to increasing use of natural gas for such applications and this can be seen as a forerunner of the use of hydrogen. The difficulty is that these gases have to be pressurised to very high pressures for although hydrogen has three times the energy content of petrol, for the same mass, it is much lighter and has to be compressed to 70MPa (700 bars) to become an efficient and useable alternative fuel for the future.

Advanced composites, usually made of high strength carbon fibres in an epoxy matrix, used for pressure vessels provide an obvious solution to the needs for transport and they are being increasingly used for onboard applications for vehicles such as buses, utility vehicles and private cars [START_REF] Bunsell | Composite pressure vessels supply the answer to transport problems[END_REF]. Figure 1 shows carbon fibre composites pressure vessels on the roof of a bus running on natural gas. Composites are ideally suited for this application. This is due to their light weight, high strength and rigidity. They are presently used for storing natural gas at pressures usually up to 20MPa and are actively being investigated for the storage of hydrogen at pressures of 70MPa. However, legislation and common sense require that pressure vessels be tested periodically to ensure their safe continuing use in service. At present, there are no proof testing techniques or in-service reliability assessments techniques which are mentioned in standards that are suitable or based on the failure processes known to control lifetimes of composite structures. The standards which are described are based on the behaviour of metals which fail by processes which do not occur in composites. Composite materials do not fail by simple crack propagation and in these materials, plastic deformation is not a dominant mechanism determining fracture toughness. A hydraulic test on a composite pressure vessel has only one clear outcome, which is that fibres, which ordinarily would not have broken, fail during the test and the vessel is closer to failure than it was before the test, as is illustrated in Figure 2. Visual inspection is not an alternative technique as damage, due to, say an impact, produces delamination on the reverse side of the composite and this is not available for inspection. There are techniques, such as ultrasonic inspection and others, that permit localised damage due to impact to be identified, however, the pressure vessels will be used for decades, possibly twenty or thirty years and the general assumption that carbon fibre reinforced epoxy resin composites do not age, due to the combined effects of pressure and time is easily shown to be a fallacy. This paper will demonstrate how such composites evolve with pressure and time and propose means to determine residual lifetimes.

Filament wound composite pressure vessels, of the type considered in this study, are made of fine carbon fibres, typically T700 fibres or equivalent, made from polyacrylonitrile precursors. The fibres have diameters of 7µm, they are perfectly elastic with a Young's modulus of 235 GPa and in common with all populations of fibres, show considerable scatter in their strengths, giving a Weibull modulus of typically 6. The fibres are placed on geodesic paths around a mandrel, which later serves as a liner to ensure gas tightness. This means that when the vessel is pressurised the fibres are subjected only to tensile forces and at the level of the fibres an analogy can be made with the behaviour of a unidirectional composite loaded in the fibre direction. As with a unidirectional composite, failure of the material means that the fibres have to break. In addition the burst strengths of the vessels are controlled by the winding of a fretting layer of fibres over the cylindrical part of the pressure vessel, at 90° to its major axis. In the case of a carbon fibre composite, the fibres support around 99% of the load. The failure of carbon fibres is therefore clearly the mechanism which determines the failure of the composite pressure vessel. It is not crack propagation, as in a metal pressure vessel, as is assumed in the standards.

The consequences of failure of fibres in a composite material have been examined in a number of studies, beginning with Cox who developed a 2-D analytical analysis of load sharing between elastic fibres embedded in an elastic matrix (4). This study revealed the fundamental mechanism controlling composite behaviour to be load transfer from the matrix, which undergoes shear near the fibre, to which it is well bonded, to the fibre which experiences tensile force loads which increase from its end. By writing equations of equilibrium between the shear forces in the matrix and the tensile forces in the fibre, Cox was able to provide analytical solutions for the stress states in and around short or discontinuous fibres in a composite. Subsequent studies considered the effect of perfectly plastic matrices and were shown to simplify the analysis [START_REF] Kelly | Strong Solids[END_REF]. Other studies considered the effects of fibre failure on the other unbroken fibres in a composite [START_REF] Rosen | Tensile failure of fibrous composites[END_REF][START_REF] Zweben | Tensile failure of fiber composites[END_REF]. It was shown that the effect of a fibre break in a composite was confined to a small volume of material around the break and that only the fibres immediately neighbouring the fibre break experienced any change of stress. With the availability of computers and increasing computational capacity this situation has been the subject of many subsequent two and three dimensional numerical studies, including a few which consider the effects of a viscoelastic matrix [START_REF] Nedele | Three dimensional finite analysis of the stress concentration at a single fibre break[END_REF][START_REF] Landis | Micromechanical simulation of the failure of fiber reinforced composites[END_REF][START_REF] Lifschitz | Time-dependent longitudinal strength of unidirectional fibrous composites[END_REF].

Studies in our group have examined this problem with the aim of improving the models and applying the results to various filament wound structures, including pressure vessels. In order to tackle this problem an immediate practical problem has to be considered. In a unidirectional cfrp specimen with a cross section of 20mm x 1mm there are about 136,000 In any cross section of a CNG tank there are around 1.25 million fibres. It is clear that any attempt to model the behaviour of a complete structure with a discretisation at the level of the individual fibres would encounter unacceptable computational times. Nevertheless the mechanisms which govern failure occur at the scale of the individual fibres. The FE 2 multiscale approach which has been adopted can be seen to share points in common described in references (10 and 11).

Failure process on the microscopic scale

Studies of the effect of the stochastic nature of fibre failures in composites have underlined the controlling nature of this type of damage [START_REF] Argon | Fracture: strength and toughness mechanisms[END_REF][START_REF] Curtin | Stochastic damage evolution and failure in fiber-reinforced composites[END_REF][START_REF] Phoenix | Statistical strength theory for fibrous composite materials[END_REF].

The micromechanics study considers a three-dimensional analysis of a representative volume element (RVE) comprising all the processes to be considered. These are fibre strength and its stochastic nature, fibre tensile elastic modulus and the properties of the matrix. Several levels of refinement are considered so that at the simplest level both fibres and matrix are considered to be elastic. Interfacial debonding between the broken fibre and the matrix is considered at a higher level of refinement. Finally, at the highest level of sophistication, the matrix is considered to be viscoelastic, so that its properties are time dependent, as are the effects of load transfer between neighbouring fibres, which are due to shear of the matrix.

In this study both the fibres and the matrix are considered to be homogeneous continua. The orthorhombic spatial frame used at the microscopic level is R loc = (O, y , x , z ) for which (x, y, z) describe the coordinates of a point M. The vector z is aligned parallel to the fibres. Earlier studies have allowed the Representative Volume Element (RVE) to be defined for the undamaged composite [START_REF] Blassiau | Micromechanisms of load transfer in a unidirectional carbon-epoxy composite due to fibre failures, Part 1: Micromechanisms and 3D analysis of load transfer, the elastic case[END_REF][START_REF] Blassiau | Micromechanisms of load transfer in a unidirectional carbon-epoxy composite due to fibre failures, Part 2: Influence of viscoelastic and plastic matrices on the mechanism of load transfer[END_REF][START_REF] Blassiau | Micromechanisms of load transfer in a unidirectional carbon-epoxy composite due to fibre failures, Part 3[END_REF][START_REF] Baxevanakis | Comportement statistique à rupture des composites stratifiés[END_REF]. The original 2D model showed that a constant average unidirectional composite failure stress could be calculated using a RVE consisting of six parallel fibres of 8mm length [START_REF] Baxevanakis | Comportement statistique à rupture des composites stratifiés[END_REF]. This model has been extended to the 3D case by first considering RVEs consisting of six by six square arrays of fibres with lengths of 8mm. This has been refined for geometrical considerations to arrays consisting of 32 fibres. The degrees of damage were modelled at six levels of failure in the RVE, written as E-N, in which N represents the state of damage in the group of thirty two fibres. The values of N represent the fraction of single broken fibres to unbroken fibres and were N=32, 16, 8, 4 and 2, so that, for example, when N equals 8, one in eight fibres is considered broken. The associated periodic cell was given the abbreviation C-N. The failed state E-0 is represented by C-0. The state which represents isolated fibre breaks, so that no interaction occurs between breaks, is described by the damage state E-32 and gives unvarying failure stress for the composite. This is the justification for choosing the RVE consisting of 32 unbroken fibres as representing three-dimensional state of the undamaged composite structure.

It follows that the composite is considered to be periodic with a hexagonal fibre arrangement in the ( y , x ) plane, the periodic cell, which is representative of the RVE and called CS32, consisting of cells of 32 fibres. Its geometry is considered to be a parallelepiped with the ---z axis parallel to the fibres and the section is a square with sides of length c (Fig. 3). From reference 15, the length in the z direction was taken to be between the planes z = 0 and z = L = 8mm. The reference origin O is the geometrical centre of the section in the plane z = 0. At this scale, at point M, the stress tensor is described as σ and the strain as ε. The fibre is always considered to be linearly elastic, homogeneous and isotropic. In contrast, two types of behaviour have been considered for the matrix. The most reductive behaviour considered the matrix to be linearly elastic, homogeneous and isotropic. A more realistic model considers the matrix to be linearly viscoelastic with behaviour described by the following equation:

ε ε ε ε γ γ γ γ + + + + ε ε ε ε = = = = γσ γσ γσ γσ + + + + σ σ σ σ ∞ ∞ ∞ ∞ C C . 0 .
in which γ is the fourth order relaxation tensor; C 0 is the initial rigidity tensor and C ∞ the final rigidity tensor after an infinite time. As the matrix is istoropic, each of the tensors is isotropic. In this way the notion of time can be included in the model of the behaviour of the composite and permits delayed composite failure to be studied.

Earlier studies have shown that this approach accurately describes what happens in the vicinity of a fibre break [START_REF] Blassiau | Micromechanisms of load transfer in a unidirectional carbon-epoxy composite due to fibre failures, Part 1: Micromechanisms and 3D analysis of load transfer, the elastic case[END_REF][START_REF] Blassiau | Micromechanisms of load transfer in a unidirectional carbon-epoxy composite due to fibre failures, Part 2: Influence of viscoelastic and plastic matrices on the mechanism of load transfer[END_REF][START_REF] Blassiau | Micromechanisms of load transfer in a unidirectional carbon-epoxy composite due to fibre failures, Part 3[END_REF] and can account for:

• the random nature of fibre breaks and the points of failure along the fibre length; • the number of breaks in a RVE at five levels of damage going from the undamaged to the failed state. These states are : C32, C16, C8, C4, C2 (Fig. 2) and contain respectively 1, 2, 4, 8, 16 broken fibres amongst the 32 present in the CS32 cell; • the load transfer to and along the intact fibres due to the fibre failures.

Debonding is modelled by the undoing of the finite element boundary nodes of the matrix and the broken fibre. Outside this zone the fibre-matrix bond is considered to be perfect. The debonded length is considered to be twice the distance from the broken end of the fibre to the point where the fibre and matrix are again adhered. In this way the model accounts for :

• the effects of interfacial debonding around the fibre break on load transfer to intact fibres. Ten debonding lengths have been considered from 3.5 to 35µm in steps of 3.5µm; From the above considerations the model considers • the effects of the viscoelastic nature of the matrix, which is considered to be linear, on load transfer to neighbouring intact fibres. In addition the present study also takes into account the fibre volume fraction.

The goal of these calculations is to simulate the failure of fibres and to observe the evolution of the axial stress in neighbouring intact fibres as a function of the damage state, time, distance from the plane in which the break lies and as a function of any debonding of the fibre-matrix interface. In order to do this we define a coefficient of load transfer, k r . This is obtained as the mean of two axial stresses, in the fibre considered, calculated between two consecutive normal sections of the fibre in the FE mesh compared to the same quantity in the undamaged state.

The coefficient of load transfer along the lengths of the fibres is given by: (
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In which C is the cell representing the state of damage considered d is the debonded length t is the time after fibre failure V f is the fibre volume fraction z is the coordinate along the fibre from the plane of failure (z=0) Z i+1 and Z i are the abscissa of the plane sections between which k r is calculated
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S F indicates the cross section of the fibre considered x, y are the coordinates of the plane section of the cell σ zz is the axial stress in the fibre considered It has been verified that the discretisation employed is that which results in convergence. The mesh is so fine that the stresses are nearly constant in each element.

Whether or not there is debonding at the fibre/matrix interface or if the matrix is viscoelastic, or not, the definition for k r remains valid. However, in order to separate the different effects we can write
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where r K is the load transfer exclusively due to a fibre break; if this effect is neglected.

A data base at the microscopic scale

Comparisons have been made with the self consistent model in which one broken fibre is considered embedded in a homogeneous medium having the macroscopic properties of the intact composite [START_REF] Nedele | Three dimensional finite analysis of the stress concentration at a single fibre break[END_REF]. The results obtained by the present model, for the case in which interfacial bonding is maintained after failure, are in good agreement with such self consistent models. However, such models inevitably underestimate the stresses on intact fibres near the plane of failure as the homogeneous equivalent material is more rigid than the matrix material [START_REF] Blassiau | Damage accumulation processes and life prediction in unidirectional composites[END_REF]. This leads to difficulties in understanding the subsequent behaviour of these fibres in a model that takes the effects of time into account. These difficulties are removed in the present analysis which, in the case of a viscoelastic matrix and with data on the stochastic nature of fibre strength, allows the effects of matrix relaxation around fibre breaks to be evaluated. The result is seen as an increase in time, over increasing lengths, of the stresses on intact fibres neighbouring a fibre break. This is the cause of delayed fibre breaks and the evolving accumulation of damage in the composite.

If only one cell is considered and a total debonded length of 70 µm taken, as the effect of the fibre break become insignificant beyond this length: the calculation time to obtain geometrical convergence for a periodic homogenisation requires approximately a discretisation for 250,000 nodes and two hours of calculation time for an all elastic model. If this approach is applied to a macroscopic structure, for which the number of Gauss points is in the thousands, the calculation time would be unacceptably long. A less time consuming approach is therefore necessary.

The load transfer function has been smoothed and only the load transfer in the fibre nearest to the fibre break calculated. In order to separate the effects of interfacial debonding and those due to the viscoelastic shear of the matrix, we put the multiscale FE 2 model. Using the overall stress applied on the macroscopic scale, the duration of the load and the state of damage, this data base allows, by linearity, to know the stress state in the components at the microscopic scale. The tensile stress in the fibres can therefore be computed, without resolving the problem at the microscopic scale by the finite element method and the evolution of the damage, consisting of increasing numbers of fibre breaks in the RVE can be evaluated. It is assumed that the failure of a fibre induces a debond length of 35µm which has been shown to result in the greatest stress concentration in neighbouring intact fibres.

In order to compare the relative influences of different physical phenomena, for different fibre volume fractions, six levels of refinement in the model must be considered : the first taking into account only fibre breaks; the second adds the effect of load transfer, through the matrix on intact fibres neighbouring the fibre break; the third includes the effects of fibre/matrix debonding from the point of failure and then the previous three degrees of sophistication are again considered but the viscoelastic nature of the matrix is included.

The use of parallel computation to describe the macroscopic scale

The carbon fibres used in the specimens and in the pressure vessels had radii of 3.5µm so that the dimensions of the CS32 cell, representing a volume fraction 64%, were 0.044mm x 0.044mm x 8mm. The volume of the CS32 cell was V 64% =0.0155mm 3 .

Calculations carried out for a laboratory plate specimen have shown that the mesh necessary for convergence can be carried out with finite elements (of the c3d8 type) containing 4 RVEs.

It can be seen that if the cylindrical part of the pressure vessel is 500mm in length, has an internal radius of 100mm and a composite and wall thickness of 10mm, assuming a fibre volume fraction of 64%, the finite element mesh would consist approximately of 70 million elements each consisting of four RVEs and as many nodes. This would result in approximately 500 million Gauss points and 200 million of degrees of freedom. A pure FE 2 calculation would involve 500 million x 2 = 600 million hours of calculation time. The use of parallel computing can be seen to be indispensible.

So as to reduce the calculation time at the macroscopic scale certain assumptions have been made so as to further simplify the problem when considering the long-term macroscopic behaviour of a unidirectional composite. These hypotheses are based on experimental results and do not affect the quality of the final result.

At the macroscopic scale, the composite can be seen as an equivalent homogeneous material, which can be described within orthorhombic coordinates, b loc = ( ( ( ( ) ) ) )
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. The x1 r vector is aligned parallel to the fibre direction. At this scale at the point M, the stress tensor is and Σ and the strain tensor is Ε.

The first hypothesis is that the fibre failures are the only mechanism determining the failure of the structure. That is to say that the principal mechanism controlling the failure of a unidirectional composite is fibre failures and that non linear behaviour, seen when such composites are loaded off axis, such as intralaminar cracking and viscoelastic behaviour, are not considered. Secondly it is assumed that, unlike the microscopic behaviour, the viscoelastic effects of the matrix, on the macroscopic scale, are negligible, as is seen experimentally. The The variation of the elastic modulus of the equivalent homogeneous material as a function of the density of fibre breaks could be solved as a problem of periodic homogenisation. However, an approximation, based on the law of mixtures, which gives an upper bound, gives an acceptable result. Finally at the macroscopic scale and in the b loc base the behaviour of the unidirectional composite the behaviour of the unidirectional composites is given by
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with a(M) = (M) a 0 , where (M) a 0 describes the rigidity tensor of the undamaged material at the point M, except
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in which N R , N T (32 in our case) are respectively the number of broken fibres and the total number of fibres in the RVE.

As a result of the second assumption it can be seen that it is only the increase in load in the intact fibres neighbouring a fibre break at the microscopic level which is important in determining behaviour.

Also the second hypothesis justifies only the increase in loading parallel to the fibre axis being considered and not in other directions.

Multiscale calculation

The input data for this calculation are:

at the macroscopic scale: the characteristics of the undamaged composite and the law describing the fall in longitudinal rigidity of the equivalent homogonous material; -at the microscopic scale, for each Gauss point: the random choice of 5 failure stresses according to the Weibull statistics, shown experimentally to describe the stochastic failure strengths of the fibres; the data base allowing the axial stresses supported by the fibres in the RVE to be known and the evolution of the damage from the undamaged state in CS32 to complete failure represented in C2.

The multiscale simplified FE 2 calculation is iterative and calculates the state of damage (number of fibres broken), at iterative step n, having determined the state of damage at step n-1 in the following manner:

a time increment is considered together with or without a change to the macroscopic stress depending on whether an increase in load is made or whether the test is at constant load; -the finite element calculation at the macroscopic scale determines the macroscopic stress on the composite in the direction of the fibres; -at each Gauss point for the microscopic scale:

• a localisation step -Knowing the macroscopic stress and the damage state of the material, the data base for load transfer is applied so as to calculate the axial stress in the fibres contained in the RVEs. This stress allows the number of broken fibres in the • a homogenisation step -so as to calculate the macroscopic behaviour of the homogenised equivalent material, taking into account the new state of damage; -the next incremental step in the iteration process as a function of time can be calculated.

Model applied to unidirectional plates

The approach described above to model damage accumulation has been used to predict the failure of unidirectional plate specimens loaded in the fibre direction. It has been shown that the model accurately predicts tensile failure to within ±2% and that by increasing the complexity of the model to include fibre-matrix debonding the scatter of composite properties can be simulated [START_REF] Blassiau | Micromechanisms of load transfer in a unidirectional carbon-epoxy composite due to fibre failures, Part 3[END_REF]. The same reference explores the effects of the viscoelastic properties of the matrix on the long term behaviour of the composite under a steady load. It is shown that the model is capable of predicting the scatter of rates of fibre failures when compared to experimental curves obtained by acoustic emission. The present study has taken into account the variation of Weibull modulus which occurs when selecting just thirty two fibres from a very large fibre population. It has been shown that, even though the large population will have a determinant value of Weibull modulus, the random choice of thirty two fibres will lead to a wide distribution of the value [START_REF] Berger | Statistical analysis of the failure stresses of ceramic fibres: Dependence of the Weibull parameters on the gauge length, diameter variation and fluctuation of defect density[END_REF]. The results of including this effect can be seen in Figure 4 (21). These results confirm that damage increases with time and that the spread of the increase of damage, when different specimens are subjected to the same applied load, is increased over and above that obtained due to the scatter in fibre strengths because of the effects of considering a limited number of fibres in the RVE. When these results are compared to experimentally obtained curves, as shown in Figure 5 there is very good agreement. Although, at the microscopic scale and near fibre breaks the compliance of the material is altered there is no discernable effect on macroscopic strain as the breaks are isolated in the body of the composite. This means that although breaks can be detected by acoustic emission there is no measureable increase in macroscopic strain. 

Application to the behaviour of a composite pressure vessel

The above model can be applied to filament wound structures, such as tubes; however our immediate interest is in understanding the behaviour of composite pressure vessels. So as to extend the above approach to a pressure vessel, the structure has been modelled using finite elements, as shown in Figure 6. Calculating the stress fields in the pressure vessel and applying the above multi-scale model allows damage accumulation to be calculated as a function of time and pressure.

Figure 7 shows a simulation of a monotonic burst test on a pressure vessel with a fibre volume fraction of 64%.The dotted line shows the initial linear curve of pressure related to radial expansion of the vessel. The open circles represent points calculated by the model of pressure versus radial expansion showing the deviation from linearity corresponding to the beginning of mechanical instability. The filled circles represent the average number of fibre breaks in the RVEs, taken over the entire pressure vessel. Very few fibres are broken in plies which are not at 90° with respect to the long axis of the vessel and even in the fretting layer, the low number emphasises that failure is due to localised coalescence of breaks. The point at which the curve begins to deviate significantly from linearity is taken to show when fibre breaks begin to interact and coalesce, resulting in a physical instability of the pressure vessel, as has been shown experimentally by high resolution tomography [START_REF] Scott | Advanced micromechanical analysis of highly loaded hybrid composite structures[END_REF].

Figure 8 shows a simulation of the accumulation of average number of fibre breaks in each RVE taken over the whole pressure vessel when it is held at 50MPa, The pressure vessel is designed to have a burst pressure of approximately 80 MPa,. The rate of damage can be seen to fall with time. Again, the average numbers are low as ultimate failure is due to clustering of fibre breaks rather than the overall failure rate reaching a critical level. The number of fibres in the fretting plies at 90° to the major axis of the pressure vessel is approximately 100x10 6 . Fibres in off-axis plies do not significantly contribute to numbers of fibre failures or ultimate burst strength. The result reflects the experimental curves obtained experimentally on pressure vessels and published elsewhere [START_REF] Blassiau | Micromechanisms of load transfer in a unidirectional carbon-epoxy composite due to fibre failures, Part 2: Influence of viscoelastic and plastic matrices on the mechanism of load transfer[END_REF]. As with the plate specimens, isolated breaks do not produce a measureable overall change in dimensions of the pressure vessel. A physical instability arises when the local density of fibre breaks, at some point or points in the structure, reaches a critical threshold and the regions of damage begin to interfere. This is shown in Figure 9. The point of physical instability is shown by the point of inflexion in the curve of damage accumulation for the simulated pressure vessel subjected to 70 MPa (700 bars). Although this point does not represent the burst of the pressure vessel it does represent a limit for its reliable use.

The inflection point, representing the limit of reliability, occurs after increasingly long periods of loading as the applied pressure is reduced and so are not shown for lower pressures. 

Proof testing of composite pressure vessels

The above analysis, together with the experimental results can be used to assess the state of damage of a pressure vessel even if it has not been previously monitored, providing that its loading history is known. Acoustic emission has been used by other authors to detect damage in carbon fibre composite pressure vessels [START_REF] Downs | Acoustic emission from depressurization to detect/evaluate significance of impact damage to graphite/epoxy pressure vessels[END_REF] however usually to detect accidental damage rather than to predict future behaviour. Figures 8 and9 reveal the state of damage as a function of time for a pressure vessel held at a steady load. If the loading pattern to which the pressure vessel has been subjected and over what period of time, is known, the results of this and previous studies have shown that the acoustic emission produced by the failure of the carbon fibres will follow a similar curve. The manner in which random fibre breaks have been induced in service is not of concern as it is the fibre break density which governs the acoustic activity when the pressure vessel is subjected to a constant pressure test. A master curve can therefore be drawn, using the above model, for an ideal pressure vessel which accumulates damage in this way and arrives at its inflexion point, or state of instability, exactly at the end of the period required; say twenty years. Any pressure vessel subjected to a similar load history will lie on such a curve and the question which needs to be answered is, will its curve reach the point of instability before or after that of the master curve. The proof test consists of subjecting the pressure vessel to a constant pressure equal to the maximum in-service pressure and monitoring the acoustic emission rate over a given period, of say twenty four hours. If the inflection point of the pressure vessel is greater than the required service life then the curve on which the pressure vessel lies will be under that of the master curve. A comparison of the numbers of emissions over the same period, of say twenty four hours will give a smaller number of emissions for the pressure vessel under test than that predicted by the master curve.

In this case the vessel can remain in service. If not it should be removed. This comparison of curves is shown schematically in Figure 10 (3). The proposed test does not require knowledge of the above model, which however will allow the master curve to be determined for a given series of pressure vessels. The model can also be extended to predict the critical damage level corresponding to the point of inflexion. 

Conclusion

The accumulation of fibre breaks in unidirectional composites has been accurately modelled.

A simplified multiscale finite element approach has been employed in which the RVE takes into account the stochastic characteristics of fibre breaks, the variation of Weibull moduli due to finite numbers of fibres being considered, the load transfer through the matrix and its viscoelastic behaviour, as well as interfacial debonding. It has been shown that this model accurately describes the experimental results obtained in monotonic tensile tests and also in steady load tests. The model allows the scatter to be expected in experimental tests to be determined.

The use of parallel computation has allowed a multiscale model to be developed that allows the behaviour of filament wound structures and in the present study the whole of the pressure vessels to be described. The analogy between the behaviour of unidirectional composites and that of the reinforcements in the pressure vessels has been justified by a comparison between experimental and theoretical results. It has been shown that when the damage density is such that random fibre breaks are no longer isolated in the matrix but that an interaction begins to occur between damaged regions, the rate of damage begins to accelerate. This represents a point of physical instability which determines the limit of the safe use of a pressure vessel.

The proof testing technique which is proposed is based on an understanding of the real failure processes controlling the stability of the pressure vessel, rather than relying on intuition or models based on the behaviour of metals. The technique is simple to implement and therefore of low cost. It should allow this technology to progress at a faster rate than hitherto by optimising composite pressure design and allowing a reliable evaluation of residual lifetimes to be made. 
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 1 Figure 1: Natural gas cylinders made from carbon fibre reinforced epoxy resin on the roof of a bus.
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 32 Figure 2: A hydraulic test would greatly increase the number of broken fibres in the pressure vessel.
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 53 Figure 3: Model of the failure process on the scale of the carbon fibres.
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 9 to develop by comparison with the failure stresses selected from the Weibull analysis;

Figure 4 :

 4 Figure 4: Simulated fibre failures in unidirectional composites loaded to 80% of failure load showing scatter due to the stochastic nature of fibre strengths and also variations in Weibull moduli between the A and B curves.

Figure 5 :

 5 Figure 5: Comparison of simulated and experimental results of constant load tests, at 80% failure stress, with unidirectional specimens loaded in the fibre direction.

10 Figure 6 :

 106 Figure 6: A finite element representation of a composite pressure vessel

Figure 7 :

 7 Figure 7: Simulated burst tests a carbon fibre epoxy resin composite pressure vessel, with a fibre volume fraction of 64%. The open dotted line shows the initial linear curve of pressure related to radial expansion of the vessel. The open circles represent points calculated by the model of pressure versus radial expansion showing the deviation from linearity corresponding to the beginning of mechanical instability. The filled circles represent the average number of fibre breaks in the RVEs, taken over the entire pressure vessel. The low number emphasises that failure is due to localised coalescence of breaks.

Figure 8

 8 Figure 8 Simulated fibre failures in a pressure vessel, designed to fail at 80MPa, pressurised to 50MPa and then maintained at that constant pressure showing the average number of fibre breaks in the RVEs as a function of time. The rate of damage can be seen to reduce with time. The number of fibres in the 90° plies, which control the burst pressure, is approximately one hundred million. Off-axis plies do not contribute significantly to the number of fibre failures or burst pressure.

Figure 8

 8 Figure8shows that the damage accumulated in the composite pressure vessel increases with time, however, this damage consists of regions of fibre breaks isolated by the effect of load

Figure 9 :

 9 Figure 9: Fibre breaks occurring in a pressure vessel during pressurisation and then during the maintenance of the pressure constant. The curve for a pressure of 50 MPa (500 bars) shown in the previous figure is reduced because of the reduction in scale. The point of inflection seen on the curve for 70 MPa (700 bars) reveals the point at which regions of damage begin to interact and the pressure vessel is no longer reliable (21).
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 10 Figure 10: The comparison of the acoustic activity, representing fibre failures, between a pressure vessel in service and the master curve of an ideal vessel which takes exactly the service life required to reach its point of instability.
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 1 Figure 1: Natural gas cylinders made from carbon fibre reinforced epoxy resin on the roof of a bus.
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 23 Figure 2: A hydraulic test would greatly increase the number of broken fibres in the pressure vessel.
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 45 Figure 4: Simulated fibre failures in unidirectional composites loaded to 80% of failure load showing scatter due to the stochastic nature of fibre strengths and also variations in Weibull moduli between the A and B curves.
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 678910 Figure 6: A finite element representation of a composite pressure vessel

  

  

  

  

  The test would involve simply monitoring damage by technique for a predetermined time and a comparison with the results predicted for the master curve. This could be automated to make the test simpler.
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