Mechanical Damage Fracture Mechanics Model

Proposal/Discussion

Background

It is currently inevitable that defects will continue to occur in high pressure-pipelines. Causes of defects include external impact, internal & external environmental conditions and construction processes.

The size and nature of defects are the primary factors that determine the safe operating loads of the pipeline and therefore an understanding of relationships between these quantities is of considerable importance.

In the UK, and indeed many other countries, external corrosion is a common cause of defects. Consequently, extensive effort has been focused on theoretical and experimental work programs in order to determine the failure pressure associated with a range of defect shapes and combinations of defects. Indeed a joint industry project undertaken primarily by British Gas involved around 100 burst tests and a similar number of three-dimensional finite element studies to determine these relationships. The results of this work have now been incorporated into ASME 31.4 RSTRENG for assessing the significance of reported defects.

More recently the results are being used in conjunction with probabilistic studies to determine the future likelihood of failures, taking account of likely growth rates Amongst, other applications this type of analysis is used to determine online inspection frequencies.

Similar studies are undertaken to address issues associated with construction defects. In this case the primary concern is fatigue.  This is an issue that many industries face and consequently extensive experimental and theoretical fracture mechanics investigations have been undertaken to derive relationships between defect size and failure stresses taking account of geometry and material properties.  Such relationships are described in detail in procedures such as R6, BS 7910 and SINTAP.

Whilst the above are important considerations for the pipeline industry it remains that damage due to external impact is the strongest threat to integrity. This has been recognised for many years and a fracture mechanics based model was developed by British Gas over twenty years ago to determine the relationship between failure pressure and defect size. An extensive experimental test programme involving in excess of 130 pipe and ring tests was undertaken and a semi-empirical relationship between failure pressure and defect size was constructed. This relationship is used as a basis for assessing the significance of reported defects and more recently as a basis for determining the likelihood of occurrence of a future failure. 

The understanding of fracture mechanics has increased immensely over the past 25 years. However, whilst some limited effort, based on this understanding, has gone towards the improvement of the external interference model this does not compare with the effort that has been focussed on corrosion and fatigue. Moreover, where improvements have been introduced a divergence in the structure of the models is emerging. Notably, models used by HSE and Transco have significant mechanistic differences.

Consequently, the existing models are notably far less advanced than the models used to address both construction and corrosion defects. This is an issue of obvious concern since external interference is the most onerous threat and pipelines are beginning to be operated at higher stress levels than previously.

The objective this proposal is to develop an improved model taking account of state-of –the –art developments in fracture mechanics and to attain a more uniform approach within the industry.

Existing Transco Model

The objective of the model is to determine the conditions under which a gouged dent in the pipeline wall will fail. The model thus depends on the sizes of the dent and the gouge, and also on the geometrical and physical properties of the pipeline and, of course, on the pressure.

Accordingly, the original model (1981) was basically developed along the lines of the R6-Revison 2 fracture mechanics (defect assessment) procedure.

The theoretical development of the model was supported by in excess of 130 physical tests. However, in many cases actual physical properties of the test specimens (pipe sections or rings) were unknown. It was thus necessary to assume nominal values (e.g. SMYS for yield strength).

Advancements

Over the last 25 years fracture mechanics has developed immensely and this has resulted in far greater understanding of the behaviour of defects in structures. Recent amendments of the Transco model have taken account of some of these developments. For instance the more appropriate R6-Rev 3 Failure Assessment Diagram (FAD) has been used and a term that takes account of the plastic stress field around the root of the gouge has been included. 

More recent work has focussed on the derivation of relationships between the external force and the pipeline parameters in order to achieve a gouge of given depth. Whilst this is an important consideration it is not the key consideration. The key issue is the fracture mechanics model that predicts the failure condition.

In addition to the dimensions of the dent and gouge other important factors include

· the modelling of the damaging process and how crack initiation sites would develop

· the magnitude and nature of residual stresses due to the damaging process

· the nature of the stress field around the root of the gouge

· the extent of cracking at the root of the gouge

· the effect of material surrounding the root of the gouge (constraint effects)

· the validity of a generalised Failure Assessment Diagram (FAD) for addressing this particular type of defect/geometry combination. (J-elastic / J-plastic)

· failure behaviour (e.g. presence of plastic tearing?)

Advancements in fracture mechanics since the construction of the original model allow all of the above and other issues to be taken into account.

Proposal

All of the above and other factors will have an effect on the failure behaviour and ideally should be taken into account. The revised model that emerges from the analysis would require some validation through physical tests. A major task is clearly beginning to emerge from these considerations. Within current time and resourcing constraints such a task would not be practicable.

However, if appropriate use is made of the previous test results and effort is appropriately focussed on the key factors then a practical way forward is possible with a very limited requirement for further testing.

The two major areas of concern with the existing model are considered to be 

· The omission of the residual stresses

· The FAD.

It is therefore proposed that theoretical studies are undertaken to address these issues making use of existing physical test data, supported with a small number of additional physical tests.

The other factors could be addressed in future studies.

Residual Stresses

The current fracture mechanics model has two components, a fracture term (Kr) and a plastic collapse term (Lr). Whilst secondary residual stresses cannot affect the plastic collapse mechanism they have a significant effect on the fracture mechanism. It is therefore proposed to determine the nature of the residual stress field using a combination of analytical and numerical (3D-FEA) techniques. The (3D-FEA) will be used to determine accurate representations of the stress fields for a small number of geometries and the analytical studies (likely to be two dimensional) will be used to determine how the results may be extrapolated/ interpolated to determine the stress fields in other geometries.

Once established, the residual (secondary) stresses will be incorporated into the (R6) fracture mechanics models in the appropriate manner.

Geometry & Material Specific Failure Assessment Diagram (FAD)

The generalised failure assessments diagrams described in R6 and BS 7910 are general purpose configurations that may broadly be considered to be geometry and material independent. This has to be case to accommodate their application to a broad spectrum of defect assessment cases. However, there is necessarily a level of approximation associated with their use. The defects under consideration for the present purpose are quite specific, i.e. dent gouge combinations in a cylindrical tube subject to an internal pressure. It is therefore quite practicable to determine a geometry and material specific FAD. This can be determined by undertaken elastic and plastic J-integral analyses using 3D FEA in a manner described in R6-Rev 4 and BS 7910.

The ‘defect’ will be modelled as a small crack in the root of the gouge within the dent.

Comparison with experimental data
Comparison with the existing test where appropriate will allow an improvement in the modelling capabilities to be demonstrated. However, it is important to note that limited benefit can be derived from this exercise since in many cases there is no record of the actual material properties of the test pieces, only the grade is known.

For this reason the study would benefit from a small number of physical tests in which all the required parameter values have been determined.

