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Buckle Initiation and Propagation in Subsea Pipelines

Abstract

Increasing demand for oil and gas recovery from deeper and more hostile waters 

imposes new demands upon engineers in assessing failure potentials of subsea 

pipelines. The phenomena of collapse, buckle initiation and propagation have

received much attention in the last 2 decades. This thesis presents the results of an

investigation to enhance the understanding of the mechanics of behaviour of buckle 

initiation and propagation. It also briefly addresses other related issues such as 

impact damage of tubulars and pressure collapse of deep-water pipelines. 

Furthermore, a novel pipe wall geometry involving the use of external, integral, 

spirally wound, reinforcing ribs to enhance collapse and buckling capacities is 

described.

The thesis is organised into 8 sections, with Sections 1 and 8 being the Introduction 

and Conclusions respectively, and Sections 2 to 7 address the following issues;

■ Local damage of circular tubulars;

■ Buckle initiation of damaged subsea pipelines;

■ Buckle propagation of subsea pipelines;

■ Improvement of buckle propagation performance through the use of spirally 
wound ribs;

■ Collapse of deep-water pipelines under combined bending and external 
pressure;

■ Limit State Design of deep-water pipelines.

For the investigation of local damage, buckle initiation and propagation, new plastic 

mechanism analysis procedures have been developed. Where appropriate, the effects 

of strain hardening, interaction between membrane and bending plasticity, etc. are 

taken into account in the analysis procedures developed. Theoretical predictions 

compare well with existing test results providing confidence in the methods being 

used for design.
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Buckle initiation during pipelay may be viewed as collapse due to combined 

bending and external pressure loading. A deterministic procedure, based upon finite 

element modelling and full-scale test correlation, for thick walled pipes with 

diameter to thickness ratios less than 20, is described.

As part of the concluding remarks, a discussion of the development in limit state 

design methods for deep-water pipelines is included at the end of this thesis.
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1. INTRODUCTION

Increasing demand for oil and gas recovery from deeper and more hostile waters 

imposes new requirements upon designers in assessing the buckling capacity of 

subsea pipelines. Damage to pipelines both on-shore and off-shore, in-service or 

during laying, has been experienced [1.1,1.2], During the laying process, the pipe is 

normally under its most extreme forms of loading. In the S-lay mode, it is the stinger 

geometry and tensioner capacity combination that controls the laying configuration. 

Excessive curvature in the sagbend region could result in a local dent being 

developed; loss of tension would reduce the buckling resistance and may trigger a 

general beam mode collapse. It is already well known that the presence of even 

small local imperfections, which may be introduced during transportation or 

fabrication, result in considerable diminution of the pressure and curvature required 

to initiate a buckle under high enough external pressure. Operational subsea 

pipelines remain vulnerable to damage as they are often exposed to impacts caused 

by dropped objects, dragged anchors and even seabed movements [1.3, 1.4]. For the 

above reasons, it is extremely important that the integrity of these marine pipelines 

is ensured at all times.

In this thesis, three inter-related aspects of marine pipeline buckling are considered: 

the impact damage process, buckle initiation and propagation of pressure loaded 

pipes. Also considered herein is a new method for deep-water pipeline wall 

thickness design under combined external pressure and bending loading condition. 

Finally, the application of limit state design methods for selected deepwater pipeline 

engineering issues is discussed.

1.1 I m p a c t  D a m a g e

There is growing concern as to the plastic energy absorption capabilities of circular 

tubular members. The ability to predict the level of damage sustained during impact
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allows more efficient use of materials and more realistic predictions of the residual 

strength of members.

Localised distortional damage as a result of impact and/or over-bending of tubulars 

has a marked effect on their strength. Most of the past work has been concentrated 

upon the prediction of the ultimate failure strength of these locally damaged 

members [1.21-1.26]. Simply supported tubes loaded laterally are said to exhibit 

various forms of damage [1.21,1.26]:

• overall bending without denting;

• local denting without bending; and

• combination of both bending and denting.

In the case of tubulars being used as a structural member, under axial compression 

and bending loads, it has been shown [1.21-1.26] that even low levels of damages 

would considerably reduce the load carrying capacity. While these research efforts 

have been aimed at estimating the ultimate strength of damaged tubular structural 

members, information on how the growth of dent magnitude would affect the final 

strength has not been directly addressed. Of current interest is the damage process 

itself together with the behaviour of damage growth under external pressure leading 

to the more serious buckle initiation and propagation.

Tubes loaded by a pair of rigid plates across the diametrical meridians have been 

studied [1.27] in the early 60's. DeRuntz and Hodge [1.27] concluded that for a 

rigid perfectly-plastic material, the influence of geometry changes after initial yield 

resulted in increased load carrying capacity. An extensive experimental programme 

directed towards the understanding of damage growth behaviours of simply 

supported free-ended tubes subjected to a centre point load was conducted at
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UMIST [1.28, 1.29]. Experiments showed that, depending on the geometric 

parametric values of the tube in question, localised damages at positions near the 

supports and the load were accompanied by overall bending of the member. In 

addition to these, reverse ovalisations and rotations of the ends were also found to be 

significant.

Watson et. al. [1.30] reported a study on fi-ee ended tubes loaded diametrically by a 

pair of V-shaped indentors. For short to medium length tubes, experiments revealed 

that initial ovalisation took place at the load position with the two meridians slowly 

moving towards each other as the load increased while the reverse of this occurred at 

locations towards the ends. For longer tubes, this reverse ovality was found to take 

place at positions nearer to the load with the ends retaining their original shape. 

Analytical procedures based on a rigid perfectly-plastic collapse mechanism analysis 

was effected using a trigonometric function to represent the circumferential 

deformation. An exponential function was used to model the axial damage profile at 

positions up to four times the tube diameter either side of the load. As for the 

reverse ovalised sections, analysis similar to that developed by Romano and 

Kempner [1.31] was adopted.

In order to more realistically model the real impact situations, Tam and Croll [1.32] 

considered the case of a single V-shaped indentor loading onto a tube supported 

continuously on the opposite meridian. Analysis based on a rigid perfectly-plastic 

mechanistic approach with the ring distortion represented by a series of circular arcs 

connected by a top flattened region was used. The axial damage profile was taken to 

maintain the same exponential form as that of Watson [1.30] and reverse ovalisation 

was ignored. Closed form solutions were obtained at the cost of neglecting any axial 

stresses associated with membrane stretching. With no detailed experimental 

comparisons given, validity of the analysis could not be established. However, in a 

subsequent publication [1.33], the same authors reconsidered the double indentor
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damage process through an improved mechanism analysis which incorporated a 

more realistic representation of the axial stress state. Upon comparison with test 

results given in Reference [1.30], a close correlation was obtained.

The work presented in this thesis has been previously published in References [1.32] 

and [1.33].

1.2 B u c k l e  In it ia t io n

For a geometrically perfect, thin walled, circular cylinder (with diameter to thickness 

ratio in the region of 500, say) under external pressure loading, failure may be 

accurately predicted by the classical elastic collapse pressure. However, for 

practical pipelines of intermediate to low diameter to wall thickness ratios (in the 

range of 20 to 60, say) in the presence of even some small local geometric 

imperfections, collapse is often governed by the plastic squash pressure, which is 

significantly lower than the elastic collapse pressure.

The initiation of such a collapse, which may originally be local in nature, will 

rapidly transform itself into a more dramatic propagation of the damaged section 

along the pipe length. Indeed, the understanding of the buckle initiation process is, 

perhaps, even more important than that of propagation in the sense that propagation 

will not come about if the local dent does not grow in an unstable manner under 

constant pressure. To quantitatively establish limits for this threshold value at which 

propagation buckling is initiated, the plastic squash collapse pressure for a perfect 

pipe and the propagation pressure may be regarded as the respective upper and lower 

bounds.

Shown in Figure 1-1 is a schematic pressure response curve of a pipe containing a 

local dent type of damage. It may be of interest to note that the damage, once 

initiated, not only propagates at a constant pressure, but also maintains a 

characteristic mode shape [1.5-1.9].
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plastic yielding

toOch,_^n

Volume change

Figure 1-1 : Schematic response of a pressure loaded pipe 
containing local damage

Up to now, design guidance for buckle initiation has been extremely limited. This is 

partly attributed to the fact that predicting the chance of a pipeline being suffered 

from local damage is difficult. Early work on buckle initiation [1.6] suggested that 

initiation pressure could be looked upon as a function of material stress-strain 

behaviour before yield and pipe geometry alone. As a result of an experimental 

programme in which buckles were basically initiated through overbending of model 

pipes under pressure [1.4], a design equation indicating no material yield 

dependence and geometric distortion influence was recommended. For a rather long 

period, in the absence of more explicit guidance, this doubtful equation has formed 

the basis for design and defect repair decisions.

Kyriakides et al. [1.3, 1.34] reported a series of initiation tests on tubes dented with 

point, knife edge and flat plate type indentors. The instability of the dent under 

external pressure was amply demonstrated. It also showed that buckle initiation was 

highly dependent on the extent and form of damage.
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A number of attempts [1.20, 1.32, 1.33] have been made to provide these tests with a 

rational prediction procedure. Tam and Croll [1.32, 1.33] used a simple rigid 

perfectly-plastic mechanism analysis to model the incremental growth of damage 

under pressure, while Wierzbicki and Bhat [1.20] employed the moving hinge 

mechanistic approach to model initiation by assuming that the dent would travel 

without first transforming itself into the preferred propagation mode shape. Both 

analyses have reproduced the trend of test results [1.3], however, without more 

explicit experimental validations, they may be regarded as premature for use as a 

design tool.

The work presented in this thesis on this subject is that published in References

[1.32] and [1.33].

1.3 B u c k l e  P r o p a g a t io n

Subsea pipelines can experience a form of buckle collapse which, once initiated at 

some locality, may spread rapidly throughout the entire length. For such a failure to 

occur, a pipe must initially possess a local geometrical imperfection. When 

subjected to high enough external pressures, this local damage will continue to 

develop in an unstable manner leading to the eventual total flattening of the whole 

pipe. For unconfined pipelines, this unique propagation shape, as shown in Figure 

1.2, is usually referred to as the “dog-bone” mode. For pipes confined in a rigid 

media, a different 'U' mode has been observed [1.3, 1.8]. Of particular interest in 

this thesis is the prediction of these unconfined 'dog-bone' mode propagation 

buckles.

The sudden and independent upsurge of interest in the early 70's [1.5-1.8] resulted in 

a series of test programmes on both full-scale and model pipes to assess the 

propagation buckle capacity [1.5-1.8]. As a consequence, most of the present design 

guidance is based on curve fittings of the parametrically limited test data. This 

evidently has the drawback of not being able to take advantage of any strength
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improvements made available through the use of alternative materials, including the 

use of composites or even different steel grades [1.9].

Figure 1-2 : Collapse mode shape of unconfined buckle 
propagation {ring cross-section from undeformed (top 

right) to propagation front (bottom left) }

It would appear that Battelle Columbus Laboratories [1.5, 1.6] were the first to 

experimentally investigate the behaviour of propagation buckling. Both model steel 

tubes and standard API [1.10] pipes were used and design guidance developed was 

based upon these tests. This has for some time left designers in doubt as to what 

load factor should be applied. While the official DnV’81 [1.11] design guidance 

was suggested to be rather over-conservative, Kyriakides and Babcock [1.8] 

reported another series of test results on aluminium alloy tubes. Although further 

experimental investigations of the minimum propagation pressures [1.12] have 

increased the amount of test data available and enhanced the understanding of the 

phenomenon, it has not provided designers with a more rational solution.

Numerous attempts have been made to provide these tests with more reliable 

theoretical prediction methods. Palmer [1.7] first published a simple rigid perfectly- 

plastic mechanism analysis of a ring deforming under external pressure for the 

approximation of the propagation buckle. This initial conceptual simplification was 

later criticised on account of its apparent neglect of the 2-dimensional nature of the 

propagation front [1.9, 1.15], as well as its inability to incorporate the important 

effects of material strain hardening [1.9, 1.15, 1.17]. Similar solution procedures
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embodying strain hardening effects [1.13], concentrating on the equilibrium of a ring 

collapsing under external pressure, may be described as theoretically unsound 

because of their assumption of constant pressure for the entire deformation process. 

The inherent difficulties in modelling the 2-dimensional wave fi*ont have encouraged 

analysts to return to the ring as an ‘approximation’ of that occurring in the 

propagation mode.

Full non-linear post-buckling analyses, taking into account the effects of material 

strain hardening, of pressure loaded rings were attempted [1.8, 1.16] and gave rise to 

a lower bound estimate of the post-buckling collapse strength. The “strip theory” 

was used to describe the multi-dimensional nature of the propagation front, and the 

lowest post-buckling pressure of a ring was said to be appropriate for the 

representation of the propagation pressure [1.8]. Unfortunately, such a prediction 

failed to reproduce test results to a sufficient degree of accuracy.

Chater and Hutchinson [1.17], by analogy to the inflation of a party balloon, adopted 

the Maxwell line concept and reinterpreted Kyriakides’ [1.8, 1.16] earlier lower 

bound pressure response of a ring through a series of integrations in order to locate 

the average pressure required in buckle propagation. The outcome was a 

conceptually correct modelling of the propagation phenomenon confirmed by a high 

degree of reproduction of test results. Although the prediction method of Chater and 

Hutchinson [1.17] may be accepted as theoretically correct, their analysis has the 

common disadvantage of most finite element type approaches, that is, high 

computational efforts are normally required to achieve the desired accuracy.

At almost the same time as Chater and Hutchinson [1.17], Croll [1.15] recognised 

the misconception of Kyriakides and Babcock's earlier analysis [1.8] and by simple 

physical interpretation of the propagation fi-ont, showed how propagation could be 

modelled by a one-dimensional, quasi-static, ring analysis. As a result, a simple 

plastic mechanistic approach incorporating linear strain hardening material
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idealisation was first reported [1.15] and later extended [1.9, 1.18] to include more 

general material behaviours by the inclusion of the Ramberg-Osgood [1.19] stress- 

strain constitutive relationship. The simplicity of the developed theory has been 

amply demonstrated in Reference [1.9]. While predictions are shown to reproduce 

test results [1.8], they also compare favourably with those of reference [1.17].

Research work by Wierzbicki and Bhat [1.20] was closely related to that described 

in Reference [1.9]. Ring collapse mechanism is described by two moving hinges 

and the analysis has been aimed at describing materials with a bilinear stress-strain 

behaviour. The over-estimation of various hinge moments due to inappropriate 

incorporation of strain hardening effects has led to somewhat higher predictions.

The work reported herein has been published in reference [1.9].

1.4 O r g a n i s a t i o n  o f  T h e s i s

This thesis is organised, with the exception of Section 5, such that individual 

sections are “stand-alone”, in the sense that they all have their own introduction, 

background information with conclusions and references. This section (Section 1) 

provides some general background information to the study.

Sections dealing with the main theme of the thesis, i.e., the three inter-related 

phenomena of impact damage, buckle initiation and propagation, are presented in 

Sections 2 to 4 respectively. Section 5 summarises the findings of an investigation to 

achieve increased buckle initiation and propagation through the use of external spiral 

ring-rib reinforcement. This section makes reference to the analytical methods 

developed in the previous three sections.

Section 6 provides a summary of the current design methods available for external 

pressure collapse, and discusses the difficulties in achieving an economical and 

viable, yet safe, pipeline wall thickness design in very deep water (3,500 metres). It
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also summarises the findings, by means of comparisons, of three different 

approaches to understand the combined bending and pressure collapse of deepwater 

pipelines. The approaches used are full-scale testing, finite element analysis and 

analytical solution using test correlation. It is perhaps worth mentioning that 

combined bending and pressure collapse may also be viewed upon as a means of 

assessing the buckle initiation capacity of a pipeline, particularly applicable to the 

installation phase.

As part of the development of this work, an understanding of the various deepwater 

pipeline design issues was essential. To this end. Section 7 presents a general 

discussion of the various limit state design issues that design engineers are faced 

with today.

The concluding remarks are summarised in Section 8.

1.5 R e f e r e n c e s

[1.1] Brown, R.J., "Pipelines can be Designed to Resist Impact firom Dragged 

Anchors and Fishing Boards", OTC paper 1570,1972, pp.572-580

[1.2] Strating, J., *‘A Survey of Pipelines in the North Sea Incidents during 

Installation, Testing and Operation”, OTC paper 4069,1981, pp.25-32

[1.3] Kyriakides, S., Babcock, C D. and Blyada, D., "Initiation of Propagation 

Buckles from Local Pipeline Damages", J. of Energy Resources Technology, 

Trans. ASME, vol. 106, Mar., 1984, pp.79-86

[1.4] Ellinas, C. P., Raven, P.W.J., Walker, A. C. and Davies, P., “Limit State 

Philosophy in Pipeline Design”, 3rd Int. Symposium on Offshore Mechanics 

and Arctic Engineering. (OMAE), Dallas, Feb., 1984

Section 1 - Introduction Page 20 of 172



Buckle Initiation and Propagation in Subsea Pipelines

[1.5] Mesloh, R.E., et al., "The Propagating Buckle", Behaviour of Offshore 

Structures (BOSS), 1976, pp.787-797

[1.6] Johns, T.G., et al., "Inelastic Buckling of Pipelines under Combined Loads", 

OTC paper 2209, 1975, pp.635-646

[1.7] Palmer, A.C. and Martin, J.H., "Buckle Propagation in Submarine Pipelines", 

Nature 254, Mar., 1975, pp.46-48

[1.8] Kyriakides, S. and Babcock, C. D., "Experimental Determination of the 

Propagation Pressure of Circular Pipes", J. of Press. Vessel Tech., Trans. 

ASME, vol.103, 1981, pp.328-336

[1.9] Tam, C. K. W. and Croll, J. G. A., “An improvement of the propagation 

buckle performance of subsea pipelines”. Thin-Walled Structures, Vol.4, 

1986, pp.423-48.

[1.10] American Petroleum Institute, "Recommended Practice for Design, 

Construction, Operation and Maintenance of Offshore Hydrocarbon 

Pipelines", API RP-1 111, 1st ed., 1976

[1.11] Det Norske Veritas, "Rules for Submarine Pipeline Systems", 1981

[1.12] Steel, W.J.M., "Investigation of Some Aspects of Buckle Propagation in 

Submarine Pipelines", Ph.D. Thesis, University of Strathclyde, U.K., 1981

[1.13] Steel, W.J.M. and Spence, J., "On Propagating Buckles and their Arrest in 

Subsea Pipelines", Process Industries Division, Proc. Inst. Mech. Engrs., 

vol. 197 A, 1983,pp.l39-147

Section 1 - Introduction Page 21 of 172



Buckle Initiation and Propagation in Subsea Pipelines

[1.14] Kyriakides, S. and Babcock, C.D., "Buckle Propagation Phenomena in 

Pipelines", in Collapse - the Buckling of Structures in Theory and Practice', 

ed. Thompson J.M.T. and Hunt G.W., lUTAM symp., 1982, pp.75-91

[1.15] Croll, J.G.A., "Analysis of Buckle Propagation in Submarine Pipelines", 

Journal of Constmctural Steel Research, 5,1985, pp. 103-122

[1.16] Kyriakides, S. and Arikan, E., "Post Buckling Behaviour of Inelastic 

Inextensional Rings under External Pressure", J. Appl. Mech., Trans. ASME, 

vol.50, 1983,pp.537-543

[1.17] Chater, E. and Hutchinson, J.W., "On the Propagation of Bulges and 

Buckles", J. of Appl. Mech., Trans. ASME, vol.51, 1984, pp.269-277

[1.18] Croll, J.G.A., "Buckle Propagation in Marine Pipelines", 4th Int. Symp. on 

Offshore Mechanics and Arctic Engineering (OMAE), Feb., 1985

[1.19] Ramberg, W. and Osgood, W.R., "Description of Stress-Strain Curves by 

Three Parameters", NACA Tech. note no.902,1943

[1.20] Wierzbicki. T. and Bhat. S. U., “On the Initiation and Propagation of 

Buckles in Pipelines”, International Journal of Solids and Structures, Vol.22, 

No.9,1986, pp.985-1005.

[1.21] Taby, J. and Moan, T., "Theoretical and Experimental Study of the 

Behaviour of Damaged Tubular Members in Offshore Structures", 

Norwegian Maritime Research, no.2,1981, pp.26-33

[1.22] Smith, C.S., Kirkwood, W. and Swan, J.W., "Buckling Strength and Post 

Collapse Behaviour of Tubular Bracing Members Including Damage 

Effects", BOSS-79, 1979, pp.303-326

Section 1 - Introduction Page 22 of 172



Buckle Initiation and Propagation in Subsea Pipelines

[1.23] Smith, C.S., Somerville, W.L. and Swan, J.W., "Residual Strength and 

Stiffness of Damaged Steel Bracing Members", OTC paper no.3981, 1981, 

pp.273-282

[1.24] Smith, C.S., "Strength and Stiffiiess of Damaged Tubular Beam Columns", 

in 'Buckling of Shell Structures', I.E. Harding et. al. éd., Granada, 1982, 

pp. 1-24

[1.25] Ueda, Y. and Rashed, S.M.H., "Behaviour of Damaged Tubular Structural 

Members", J. of Energy Res. Tech., Trans. ASME, vol. 107, 1985, pp.342- 

349

[1.26] Ellinas, C.P., "Ultimate Strength if Damaged Tubular Bracing Members", J. 

of Struct. Engng., ASCE, vol. 110, no.2, 1984

[1.27] DeRuntz, J.A. Jr. and Hodge, P.O. Jr., "Crushing of a Tube between Rigid 

Plates", Joum. of Appl. Mech., Trans. ASME, 1963, pp.391-395

[1.28] Thomas, S.G., Reid, S.R. and Johnson, W., "Large Deformation of Thin- 

Walled Circular Tubes under Transverse Loading -  I", Int. J. Mech. Sci., 

vol.18, 1976,pp.325-333

[1.29] Watson, A.R., Reid, S.R. and Johnson, W., "Large Deformation of Thin- 

Walled Circular Tubes under Transverse Loading -HI", Int. J. Mech. Sci., 

vol.18., 1976, pp.501-509

[1.30] Watson, A.R., Reid, S.R., Johnson, W. and Thomas, G., "Large Deformation 

of Thin-Walled Circular Tubes under Transverse Loading - II", Int. J. of 

Mech. Sci., vol.18, 1976, pp.387-*397

[1.31] Romano, F. and Kempner, J., J. of Appl. Mech., vol.29, 1962, pp.669

Section 1 - Introduction Page 23 of 172



Buckle Initiation and Propagation in Subsea Pipelines

[1.32] Tam. C. K. W. and Croll. J. G. A., “Buckle Initiation in Damaged Subsea 

Pipelines”, 4th Annual Pipeline Symposium, ETCE 85, Dallas, Texas, 

Feb.,1985.

[1.33] Tam, C. K. W. and Croll. J. G. A., “Analysis of Buckle Initiation in 

Damaged Subsea Pipelines”, Offshore Mechanics and Arctic Engineering 

Symposium, Tokyo, Jul., 1986. (Also appeared in Journal of Offshore 

Mechanics and Arctic Engineering, Transaction ASME, Vol. 109, Nov., 

1987, pp.266-374)

[1.34] Kyriakides, S. and Babcock, C D., "On the Initiation of a Propagation Buckle 

in Offshore Pipelines", BOSS-82,1982

Section 1 - Introduction Page 24 of 172



Buckle Initiation and Propagation in Subsea Pipelines

2. LOCAL DAMAGE OF CIRCULAR TUBULAR MEMBERS

2.1  In t r o d u c t io n

Damage to marine pipelines has often been experienced during pipelay and it is 

often during this stage of the pipeline’s life that the pipeline is subjected to the most 

extreme forms and combination of loading [2.1,2.2]. In order to enable development 

of the buckle initiation analysis procedure, it is important that we have some 

appreciation of the likely mode shapes that the damage will take for a given class of 

indentor. For this reason, this section is devoted to the reporting of the development 

of a rigid plastic analysis method for the prediction of the load-deformation 

relationship and characteristics of circular pipes subjected to lateral impact type 

loading by a single or a pair of V-shaped indentors.

The result of this work has been published in the Energy-Resource Technology 

Conference and Exhibition in 1985 [2.8] and the 1986 Offshore Mechanics and 

Arctic Engineering conference [2.9] (with an entry in the Transactions of the ASME 

Journal of Offshore Mechanics and Arctic Engineering 1987 [2.9]).

2.2  B a c k g r o u n d

Tube damage due to a pair of wedge-shaped or flat plate type indentors has been 

widely studied [2.3, 2.4]. When this form of lateral load is applied to medium length 

tubes with free ends, a “bow-tie” type damage mode shape. At the load position, 

initial ovalisation occurs with the two meridians slowly moving towards each other 

as the load increases, while the reversal of this ovalisation occurs at the locations 

towards the tube end. For longer tubes, this elliptic reversal has been observed to 

take place nearer to the load position leaving the ends with the original shapes. 

Analysis of this reversing ovality has been developed by Romano and Kempner

[2.3] and later adopted by Watson et al. [2.4]. In their analysis, plastic deformation 

in the ring direction is represented by a single trigonometric function while the axial
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distortion for lengths up to 4 times the tube diameter either side of the load is taken 

to be of the form:

a ,  .............................................................................................................(2.1)

where

Uq is the vertical radial displacement under the load; and, 

b is described as the axial wavelength parameter defining the 

level of localisation, 

r is radius of the pipe.

Based upon the tests performed by Watson [2.4], a typical b value of 0.65 has been 

suggested to be representative of the axial decay of the local indentation. The 

variation in this axial decay is suggested to be dependent upon the pipe dimensions, 

i.e. the r/t ratio. The method of representation for the circumferential distortion is, 

however, somewhat limited as it does not allow extension to cater for other types of 

loading conditions. One such condition being the dropped object type damage, 

which may be modelled by assuming that the pipe is continuously supported along 

one meridian and laterally loaded by an indentor on the opposite meridian. This 

form of damage is considered to be more representative of that experienced by 

subsea pipelines, and will be considered in Section 2.4. To put it in context, the case 

of double V-shaped indentor will be discussed in Section 2.3.

In what follows, rigid-plastic mechanism analyses developed to model the load 

resistance of a tube subjected to indentor damage are presented. Where possible, 

comparison with test results are presented.

2.3 A n a l y s i s  o f  D o u b l e  V - s h a p e d  I n d e n t o r  D a m a g e

For the present analysis, the axial damage profile is taken to be of the form given by 

Equation 2.1, while the ring distortion is considered to consist of two diametrically 

opposite flattened regions of width 2w, connected by circular arcs of radii r ’.
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Although the assumption of an exponent function for the axial decay may not be 

entirely representative for short length tubes, it has been found, in a preliminary test 

programme conducted at University College London, that Equation 2.1 provides a 

good approximation of the axial deformation for long pipes. And it is these long 

length pipes that are of primary interest in this thesis. The assumed geometry is 

summarised in Figure 2-1 below.

Figure 2-1 : Geometry of distortion shape for mechanism 
analysis -  opposite double v-shaped indentor damage

At a current damage level, Uo, an incremental central displacement, 5Uo, requires 

the balance of external work, SfV, by the load, F, and the internal energy dissipation 

SF. This allows the plastic work equation to be written as:

F = 1 SF _ 1 dF

lim  SUo-^0 2  ^ ^ 0

(2 .2)
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2.3.1 Interaction Between Axial Bending and Membrane Stretching

Referring to the longitudinal displacement profile given in Figure 2-1, axial bending 

associated with the deformation will generally be accompanied by extensional and 

in-plane shear effects. Although in an exact analysis, these should be taken into 

account when estimating the respective energy absorption, it is suggested, for the 

thin walled tubes being considered, that in-plane shear effects will be minimal. They 

are therefore ignored in the present analysis. As a first approximation, uniaxial 

plasticity considerations are used in the following. Such an assumption would 

inevitably result in an over-estimation of the strength parameters derived.

In order to establish the appropriate moment and axial extensional load capacities 

for the axial direction, consider that a unit length of tube wall that is bent to a 

curvature, %, and stretched by an amount e. The associated bending and membrane 

strains (ê, é”) of the tube surface can be approximated through simple geometric 

relations

e *  =  y —
^ 2  .........................................................................................................(2.3)

e ” = e

while the position of the “neutral axis”, the axis of zero strain, is given by

£^ > £ ' " > 0 ......................................................(2.4)

where t is the tube wall thickness. Figure 2-2 shows the corresponding strain and 

stress relationship of such a section. Neglecting the effects of material strain 

hardening, the corresponding moment and axial stretching load-bearing capacity can 

be written as

Section 2 -  Local Damage of Circular Tubular Members Page 28 of 172



Buckle Initiation and Propagation in Subsea Pipelines

M . = Mr
^  m 1 '

, £
1 ------ r

\

M ^= 0

(e‘ s e " )

(2 .5 )

(e^rSe” )

where M q = cTq̂  ̂/ 4 is the full plastic moment per unit length of the tube wall under 

pure bending, N q = OQt is the axial load-carrying capacity per unit length under pure 

stretching and Go is the uniaxial yield stress.

It can be seen that there exists a unique relationship between the axial force and 

moment capacity which is characterised by the ratio of the membrane and bending 

strain. That is to say, at a particular deformation level, there is a characteristic set of 

axial moment and stretching loads associated with each material point. In the ring 

direction, the assumption of hoop inextensibility does not permit stretching, and 

hence allows the ring moment capacity to be taken as the fully plastic moment, M q , 

of the tube wall. The foregoing approximations of the load capacities, as will be 

shown later, seem to work well in the present context. It must, however, be pointed 

out that this representation of the strength relations is only a crude approximation 

and that an exact analysis should include the interdependence of the axial bending, 

ring bending and axial stretching effects so as to establish a compatible set of 

strength parameters. Whether the inevitable increase in complexity would produce 

sufficient improvement in the prediction to make it worthwhile remains to be seen.
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Figure 2-2 : Stress-strain relationship of tube wall under 
axial bending and stretching

2.3.2 The Mechanism Analysis

Figure 2-1 shows the geometry assumed for the collapse shape. The assumption of 

hoop inextensibility together with geometric compatibility enable the geometric 

parameters r' and w to be related to the single kinematic degree of freedom, Uo, 

through

-b x irr'=r — U ^ r  — U^e 

w = - U  = -U„e-‘’̂ ''
.(2.6)

The maximum bulging of the side meridians can similarly be written in terms of the 

single variable, Uo, as

—bxIr .(2.7)

As suggested previously, the axial wave form of the damage can be accurately 

characterised by the axial exponential parameter, h. It is for this reason that b is left 

free in the analysis in order that mode variation at different load levels can be 

reasonably captured.
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The plastic energy absorbed by a free-ended tube during a monotonically increased 

load to a certain damage level, Uo, can be divided into three distinctive contributions 

(see Figure 2-1):

• Ring bending energy, Er\ due to the respective increase and decrease in 

circumferential curvatures;

• Pure axial bending energy, Eai, arising from three different sources: the central 

plastic binges, aa between the flattened regions; the side bulging binges, 

ae,...., between the bulged zones; and the slope discontinuities along the 

boundaries, ab,...., between the flattened and the bulged portions;

• Combined axial bending and stretching energy, Eaï, arising from the top 

flattened regions, abb'a',....; and the side bulging zones, aedb;

With the assumption of no strain-hardening effects, the contributions for a tube with 

free ends of length / can be approximated as [2.9]:

E,=

0 0 

+ nM ^{7i-2)bU „-7cM a{n-2)b^   (2.8)

d^u4 f M ^ 2 w ^ d x + 4 ^ N ^ 2 M e " ^ d x

+4j[" Ï + 4 ^  i  N,,nr'e""’dx

Where the superscripts and subscripts,/and 6, are used to indicate the axial moment 

and stretching capacity corresponding to the flattened and bulged regions, 

respectively. Bulging is taken to be the average of the maximum bulging. 

Approximation is in the asymptotic sense and terms containing powers of Uo higher
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than third have been ignored. Axial membrane strain is approximated through the 

relationship

e '" = J l  + f 1 ..................
where f  = w and for the top flattened region and the side bulging zone,

respectively.

The work equation as given by Equation 2.2 now takes the form

=  (2 .10)2[du„ w ,  a t / „ J

It is evident that the combined axial moment and stretching energy term, Ea2, does 

not readily lead to a closed-form solution. Upon suitable non-dimensionalisation, a 

numerical integration routine employing a Gaussian quadrature formulation with 64 

points is used to evaluate the energy absorption over these flattened and bulged 

regions.

2.3.3 Analysis Results and Comparison with Test Data

For an infinitely long tube of r/t=20, solution of Equation 2.10 for various values of 

b is plotted in Figure 2-3.

It can be observed from Figure 2-3 that for minimum incremental resistance as the 

radial damage, (7o, increases, the value of b will decrease. This indicates that at low 

damage levels, the large b values resulting in the lowest load-carrying capacity, will 

correspond with a highly localised form of damage. As deformation increases, the 

axial extent of the damage also increases indicated by the lowering of the axial 

decay parameter, b.
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Figure 2-3 : Load response curve for tubes loaded 
diametrically by a pair of V-shaped indentors, showing the 

variations of the axial wavelength parameter.

Figure 2-4 shows the different load response curves of an infinitely long free-ended 

tube with different radius to thickness ratio, r/t. In interpreting Figure 2-4, it must be 

borne in mind that the nondimensional load includes an additional thickness effect, 

which when taken into account, would give the thicker tubes a considerably higher 

load-bearing capacity than that of the thinner ones.

Watson et al. [2.4] reported a series of tests on tubes of radius, r=l-inch, and 

thickness, t=0.064-inch having various lengths. Their test results, represented by a 

scatter band, are plotted in Figure 2-5 together with the predictions obtained from 

Equation 2.6 for r/t=15.63 and various length ratios. In general, a reasonably good 

agreement between the present theory and the scatter band of test results can be 

observed providing some confidence in the validity of the model .
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Figure 2-4 : Load Response curves for tubes with various 
radius to thickness ratios.
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Figure 2-5 : Comparison with test results.
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For clarity, individual solutions for varying values of b have not been included in 

Figures 2-4 and 2-5. However, although not shown, the axial mode variations are 

included implicitly. It is found that they follow the same trend as that depicted in 

Figure 2-3. For tubes with moderate to long lengths, a b value falling from 3 to 1.5 is 

found to have described most low damage levels in which Uo/r varies between 0 and 

0.25. This critical b value decreases as deformation increases and for damage levels, 

Uo/r, exceeding 0.5, b values of 0.5 to 0.25 are found to be more appropriate. For 

tubes having a shorter length, the dependence upon b remains basically unchanged, 

except that the falling in the critical value of b as deformation increases is more 

rapid, leading to much lower values of b at high damage levels. For a tube length to 

radius ratio of l/r = 8, 6 = 0.1 is found to describe the damage mode when Uo/r is 

around 0.6. As expected, this indicates a damage shape similar to that of a ring.

The importance of this axial decaying parameter, b, may not seem entirely 

significant at first sight. However, as will be shown in later sections, it becomes 

more essential if the buckle initiation pressure, of a pipe previously damaged in this 

way, is to be sensibly estimated. Although only double indentor type damage has 

been considered, the present analysis can be extended to include other forms of 

damage mode shape such as those given in Section 2.4. The axial deformation 

profile is obviously dependent upon the ring distortion assumed. In the case of 

submerged pipelines under impact loading, additional pressure effects would also 

affect the axial damage configurations.

2 .4  A n a l y s is  o f  S in g l e  V -sh a p e d  In d e n t o r  D a m a g e

Although most of the past works on the prediction of damage have concentrated on 

tubes loaded diametrically by a pair of V-shaped indentors [2.4], tubes continuously 

supported along one meridian and loaded on the opposite meridian laterally by a 

single V-shaped or flat plate indentor will better model the practical forms of the 

impact damage that can be expected in pipelines. It is for this reason that this section

Section 2 -  Local Damage of Circular Tubular Members Page 35 of 172



Buckle Initiation and Propagation in Subsea Pipelines

concentrates upon the treatment of this more representative damage configuration. 

On account of the resistance to overall deformation due to support conditions, the 

plastic energy absorbed by the tube for this type of loading tends to create dents in 

which plastic distortions are concentrated in highly localised areas. A rigid perfectly 

plastic material is assumed for the analysis of the localised plastic deformations.

2.4.1 The Damage Mode Shape

This lateral impact type loading together with the assumed deformed shape 

geometry are shown in Figure 2-6. In the axial direction, the radial displacement, [/, 

is given by the same exponential function as that of Equation 2.1, as following:

=  (2.1)

where Uq is the central displacement directly under the indentor. The ring distortion 

is taken to consist of: a top flattened region, aa', of width 2w; quadrants ae and a'e', 

over which the increase in curvature is taken to have a radius of r'; and, quadrants, ef 

and e'f, over which there is a reduction in curvature with corresponding radius given 

by r".

Ring compatibility and the assumption of hoop inextensibility enable the 

deformation mechanism geometry to be related to the single kinematic degree of 

freedom, Uo, through the relations:

w = - U  = -U .e - ^ ''
2 2 "

r '= r - -{ } [  + 2 p ^e -^"  ...............................................................................(2.11)

Similarly, the maximum outward bulging of the meridian can be written as:

y  = ̂ {7C -2p ,e-^"- ......................................................................................(2.12)
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Figure 2-6 : Single V-shaped indentor damage mode shape
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2.4.2 The Mechanism Analysis

The plastic energy absorbed by a tube in sustaining a certain monotonically 

increased loading to a damage level Uo can be divided into two major contributions:

• ring bending energy, Er, due to the respective increase and decrease in curvature 

discussed above;

• axial bending energy, Ea, arises from five different sources: the top inwardly 

flattened region abb'a' ; the central plastic binge, aa', between these flattened 

parts; the outward bulging regions aedb ; the central plastic binge, ae.... ; , 

between the bulging zones; and, the slope discontinuities along the boundaries 

ab between the flattened and the bulging regions.

For simplicity, the membrane effects due to axial stretching, as described in Section 

2.3.1, have not been included in this analysis. Neglecting strain hardening effects, 

the contributions can then be approximated as:

E^= 7cAf(,-^(2+7r)
b

£ „ =   (2. 13)

The total plastic energy may be rewritten in the form:

..........................................................(2.14)E  = M qT- u  ( u ,
r

where Mq = OqÎ  ̂/4  is the full plastic moment per unit length of tube wall, Gq is the 

yield stress, and t the wall thickness. The coefficients aj and a2 are:
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Oi = + {f-2 )n b

.............................................................................................
8

At a current damage level Uq , an incremental central displacement ÔUq , requires 

the balance between the external work done, ôW , by the loading force, F , and the 

incremental internal energy dissipation, ôE, hence allowing the plastic work 

equation to be written as:

F 8 U q = 8 E ....................................................................................................(2.16)

The load required to propagate further damage is:

....................................................................................

As described in the previous section, the radial displacement wave length parameter, 

b, is left free in the analysis to capture the axial mode shape variation.

2.4.3 Analysis Results

It may be observed from Equation 2.17 that, on the basis of the non- 

dimensionalisation used, the load required is independent of the thickness of the 

tube. This is a consequence of neglecting any plastic energy contributions that would 

arise from the inevitable stretching of the inwardly deformed meridians. By taking 

the full plastic moment in the axial direction implies that the axial membrane 

straining will be accompanied by zero axial membrane forces. A more exact analysis 

of the interaction between axial membrane and bending plasticity would lead to a 

decrease in the total axial energy contribution being predicted.

Solutions of Equation 2.12 for various mode shape parameter, b, are plotted in 

Figure 2-7. It is clear from Figure 2-7 that as the level of damage increases, the 

critical value of b decreases. At low levels of deformation, the high b value resulting
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in the lowest load carrying capacity implies a highly localised form of damage. For 

damage levels, Uo/r, up to 0.3, a b value varying from 1.5 to 2 is found to 

characterise the damage mode shape. At higher deformations, b in the range 0.75 to 

1.0 is seen to be more appropriate.

The analysis is in the asymptotic sense and terms containing powers of Uo/r higher 

than third have been neglected. Experiments (at University College, London) have 

shown close correlation for moderate damage level. At higher damage levels, the 

effects of truncating the equations and of ignoring strain hardening effects probably 

account for the underestimation made by Equation 2.17.

40

r /M  35

30

20

0.0 0.1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6

Figure 2-7 : Load response curves of single V-shaped 
indentor damage, showing variations in axial mode shape 

parameter, b, with changes in load level
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3. BUCKLE INITIATION IN DAMAGED SUBSEA PIPELINES

3.1 In t r o d u c t io n

The treatment of indentor type damage in circular tubular members, whether 

pipeline or structural components, presented in the last section has the potential of 

being extended to cater for considerably different loading conditions, such as those 

experienced during buckle initiation and its subsequent propagation. In this section, 

pipes with dent type damage, similar to those discussed in the last section, are used 

as the starting point for the development of an analysis method for the prediction of 

buckle initiation. It will show, through simple extension of the rigid perfectly-plastic 

mechanistic analysis used for the indentor damage analysis, how changes in damage 

configuration can be captured during the development of a buckle fi*om initiation 

through to propagation.

The result of this work has been published in the Energy-Source Technology 

Conference and Exhibition in 1985 [3.10] and the 1986 Offshore Mechanics and 

Arctic Engineering conference [3.11] (with an entry in the Transactions of the 

ASME Journal of Offshore Mechanics and Arctic Engineering 1987 [3.11]).

3 .2  B a c k g r o u n d

High curvatures and possibly axial loading may cause a growth of existing small 

local imperfections introduced when the pipe joints were fabricated. Impact resulting 

from dropped equipment or dragged anchors have at times caused major pipeline 

damage. Both of these example loading conditions can lead to a buckle initiating at 

some locality on the pipeline leading to the more serious buckle propagation 

phenomenon. The various forms that this local damage can take have been discussed 

by Kyriakides and Babcock [3.1]. An assessment of whether such locally damaged 

pipelines are capable of withstanding the ranges of all expected loadings has evident 

operational consequences. Of central concern is the prediction of loads at which a
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locally damaged pipeline will initiate a buckle collapse. If a local buckle were to be 

initiated, it may rapidly develop into the more serious propagating buckle [3.1]. With 

the difficulties and cost of undertaking deepwater repairs, it is as important that 

repairs of local damage should not be undertaken if they are unnecessary, as it is to 

carry them out if more serious buckle propagation is to be avoided.

Design guidance on the relationship of buckle initiation to the levels and forms of 

local damage is limited [3.4]. Consequently, an extensive testing programme has 

been undertaken to empirically establish the nature of the degeneration of buckle 

initiation with increasing levels of a range of local damage forms [3.1]. Although 

these tests have greatly enhanced understanding of the effects of local damage on 

buckle initiation, their inevitably limited parametric framework makes design 

generalisation difficult. There is an evident need for simple theoretical models 

which, while reproducing these tests, would offer the prospect of extending the 

parameter ranges for both pipeline material and geometry, as well as the geometric 

characteristics of local damage. Hoever, just as in attempts [3.5-3.7] to interpret test 

results on buckle propagation [3.2-3.3], the incomplete reporting of material 

properties of tested pipelines makes it impossible to undertake detailed quantitative 

comparisons between any proposed theory and observed buckle initiation pressures. 

Consequently, the present theoretical modelling, although shown to reproduce the 

trends observed in past buckle initiation tests, cannot yet be regarded as completely 

validated. Nevertheless, the simplicity and apparent effectiveness of the method 

described herein have much to recommend it for design purposes.

3 .3  M e c h a n i s m  A n a l y s i s  o f  P r e s s u r e  L o a d e d  D a m a g e d  T u b e s

In the following analysis, a pipe previously damaged by a single V-shaped indentor 

as discussed in Section 2.4 is considered to be subjected to pressure loading. Whilst 

this analysis is based on the knife-edge indentor type imperfection, it can easily be 

extended to include other forms of initial damage.
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Figure 3-1 : Geometry of mechanism for analysis

Adopting the damage mode shape used in Section 2.4 as the basis, and by denoting 

the incremental central displacement as i/o , as shown in Figure 3-1, the 

incremental deformation variation in the axial direction may be represented as

U=Uoe - b x i r .(3.1)

where 6 is the mode shape parameter of the incremental pressure induced 

deformation.

In the circumferential direction, the compatible ring distortion once again involves 

changes in curvatures and deformations which are taken to be similar in form to 

those of the indentor loading case, except that the geometric parameters w, r', r”, and
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y  are considered to have become w+w, r'+r', r"+r" and y  + y  respectively. 

These changes are related to the radial displacement, Ù , through the following:

w =
2 2

r' =
4

r" =
4

y  = 4

(3.2)

Although it has been shown previously that the axial wave length parameter, b, of a 

laterally loaded tube decreases with increase in central distortion, there is certainly 

no a priori reason why the pressure induced incremental displacement should have 

the same axial profile as that of the damaged tube. For this reason, both mode shape 

parameters, b and b , are left free in the analysis to ensure a better description of the 

resultant geometry. In estimating the plastic energy absorption, approximation is 

kept in the asymptotic sense that terms containing powers of C/o and Ù o higher 

than that of third are neglected.

Contributions to plastic energy dissipation, neglecting axial membrane stretching 

and strain hardening effects, are similar to those presented in Section 2.4.2. The ring 

and axial bending energies can be shown to be [3.10]:

It/n 1

E r  ---

i  ** b+b

V '■ y 2b-+ b

+ ■

(3.3a)
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Ea —TUÂqUo'*

{7t-2)b+ 4 -
t t - 2 1 -

b + b

3(æ - 2 ) '
8

.(3.3b)

The total energy can then be expressed as:

( \ 1
- -
ÜI r + «2 r

< < .

(3.4)

where

[(«+ + 2X -  (?r -  2)*
1

26+ 6

+ 4 [ ( ^  + 6X^ + 2 X - ( ; r - 2 X f ^ t  - L _
^2K \  ^ 36 +  6

+4;r— 6 + ;r( ;r-2 )6
r

n{n-2)U ^ r

V b + b

=  4 ; r 6 + ^ ^ ^ 6
8

Associated with this incremental deformation, there exists a volume change which 

can he expressed as:

V = 70" '

( \ 2'

. 6 , ^  + 6; ^0
r r

I  )

(3.5)

where
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6 ,= i^ ( ; r  + 2)-(2;r^+8)}
b + b

* 2 = ^ K ''+ 2 )-(2 » r^ + 8 )} -
b

The work equation in relation to an incremental change in deformation Ü o , from a 

damaged and pressured deformed level, Üo , due to pressure, p, in this case 

becomes:

P =

d £

ÔÈ dÜo Mn

- g - C/o 
r

SF dF jtr^ 

dÜo b̂  + 26; Uo
(3.6)

where Mo is the fully plastic moment given by

M q =cTo/V4

Equation 3.6 can be further reduced to the following non-dimensional form:

Gq An{r!t).2 /  \
b ,+ 2 b ^ ^  

r
\

(3.7)

/

From the above equations, it can be seen that when suitably non-dimensionalised, the 

pressure required to induce further damage to a tube from a given initial 

imperfection is a function of the normalised amplitude of the initial imperfection, 

UqI t ; the wave length parameter, b , of the initial imperfection; the radius to 

thickness ratio, r/t (although the net effect may be eliminated when the non- 

dimensionalisation of Equation 3.7 is employed); the incremental displacement ratio, 

Üoir \ and, the incremental displacement mode shape parameter, b . In solving
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Equation 3.7, therefore, not only is the tube geometry required but also the central 

initial imperfection magnitude, and its decay parameter, b . Although this may 

seem fairly inconvenient at first sight, the difficulty solves itself by the fact that each 

initial damage amplitude inflicted by lateral damage of the type considered has a 

preferred mode shape.

For a tube of r/t=20, Uo/r=0.1 and b=1.0, solutions of Equation 3.7 for various 

b values are presented in Figure 3-2.

b = 0 2 5

=0.20 
5=0.15 
b =0.10 

=0.05
5=001 r / t  =20, lL/r=0.1, b = 1.0

b=1.50

0.2 03 0.4 0.5
INCREMENTAL DEFORMATION, l^ /r

Figure 3-2 : Pressure response curves for a typical pipe with 
different incremental deformation mode shape parameters.

A series of decreasing curves each carrying a different b value are observed. The 

interpretation of these curves must be that the decrease in pressure merely signifies
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instability of the tube, that is, the tendency to buckle further, rather than representing 

the true pressure required to propagate damages because, as deformation increases, 

the mode shape of the tube may change and eventually transforms itself into the 

most favourable propagating mode. Nevertheless, from the viewpoint of obtaining 

the initiation of further buckles from its initially imperfect state, the point on the 

limit Ü 0 approaching zero is of direct significance.

3 .4  B u c k l e  I n it ia t io n  o f  P r e s s u r e  L o a d e d  D a m a g e d  T u b e s

The buckle initiation pressure can be defined as the pressure at which the damaged 

tube may first sustain an incremental plastic growth. Each subsequent infinitesimal 

incremental deformation will, as shown in Figure 3-2, involve a gradually extending 

deformation mode shape, given by a reduced value of b . This will occur at an ever 

decreasing level of pressure.

Eventually, as 6—> 0, the deformation will be transformed into a mode favourable to 

propagation over the whole length of the pipe. The pressure corresponding to this 

buckle propagation, approached more directly in previous publications [3.5-3.10] 

would in the present context be represented by the lower asymptote of the unloading 

curve shown in Figure 3-2. This means that the initiation pressure obtained in the 

present analysis will be an upper bound of the propagation pressure.

For a tube containing an initial imperfection of the form given in the previous 

sections, the buckle initiation pressure is then the lowest solution to Equation 3.7 as 

the incremental deformation, Üo tends to zero. This can be written as:

ÔE
dE,

dUo
dV,

dÜo

............................................................................. (3.8)

c7o=o

Using the parameters given in Equations 3.2 to 3.5, the initiation pressure may be 

expressed in the non-dimensional form:
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a\
Gq Anb^irUy

.(3.9)

where Pj is the non-dimensioned initiation pressure, /?,, and the coefficients a\ and 

hi remain the same as in Equations 3.4 & 3.5.

Solving Equation 3.9 becomes a relatively simple matter as only the tube geometry 

together with the initial form of damage profile are needed in order to obtain a 

solution. Initiation pressures obtained from Equation 3.9 for various initial 

imperfection magnitudes, for r/t=20 and b=1.0 are plotted in Figure 3-3. Each curve 

represents a different form of deformation mode shape under pressure. It is obvious 

that the envelope of these curves represents the minimum pressure required to 

initiate damage.

0.05

0.04

0.03

o
<  0.02

0.01

0.0

Equation 3.9 for Various b values

—  — MINIMUM INITIATION PRESSURE

r / t  =20, b=1.0

0.1 0.2 0.3 0.4 0.5
IN IT IA L  IMPERFECTION, Uq/ f

0.6

Figure 3-3 : Initiation pressure curves for a tube with initial 
imperfection inflicted by a single V-shaped indentor
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An important feature about the trend of these curves is that there exists a unique 

deformation mode shape parameter, b, for a given level and form of initial 

imperfection. Depicted in Figure 3-4 is a series of such envelopes corresponding to 

different values of b for tubes of r/t=20. It should, however, be borne in mind that, 

when reading these curves, there is a unique mode associated with a specified level 

of damage. This will, as shown in Figure 2-7, be characterised by a value of h falling 

from around 2 at very small levels of damage to values nearer 1 when, damage 

becomes excessive.

<✓>
g

o
î<

0.05
Shown in dotted is the minimum 
initiation pressure (qualitatively 
extrapolated) for a given unique 
combination of damage level, Uq, 
and mode shape parameter, b, 
as shown in Figure 2-7.004

0.03

0.02

0.01

r/t=20
ao

INITIAL IMPERFECTION, Up/r

Figure 3-4 : Minimum initiation pressure envelopes for a 
tube with initial damage inflicted by a single V-shaped 

indentor to various degrees
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3.5  C o m p a r is o n  w it h  T e st  R e s u l t s

The limited amount of data published on the subject makes detailed comparison 

almost impossible. However, tests by Kyriakides & Babcock [3.1] enable some 

assessment of the reliability of theoretical predictions. Unfortunately, with the lack 

of knowledge on material properties of their tests and other uncertainties, the 

question of bow to compare these results with the present theory arises. Assuming 

the materials reported in the tests to have a nominal yield stress ranging from 250 

N/mm^ to 550 N/mm^, since more specific data is not given, allows a comparison 

aimed at reproducing trends rather than details to be presented in Figure 3-5.

0 .0 4

TEST RESULTS 
PIPE NO. 2 
INDENTOR K1
Ref [3.1]

oT 0.03
lUa:3totolU

THEORETICAL

r / t  = 18.09
z

0.01
1
z
z;

0.0
0.2 0.4 0.6 0.8 1.0

INITIAL IMPERFECTION ®m In /^MAX

F igure 3-5 : C om p arison  o f  th eoretica l p red iction s w ith  
buckle in itia tion  test resu lts [3.1]

Interpretation of the geometry of the initial imperfection used in the theory has been 

made to enable comparison. The equivalent minimum and maximum diameter as 

defined by Kyriakides & Babcock [3.1] is given in the present context by
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D ,^ = ^ r - U
=1r + 2y = lr + ^ { K - 2 p

Scatter bands of tests results can be seen to be within the zone between b=0.5 and 

b=0.05 for Dmir/Dmax>0.9. The reason for the theoretical predictions being 

somewhat higher than the tests at low level of damage could be a result of collapse 

being triggered by a ring failure. This is not directly covered by the present 

mechanism analysis. At extremely high level of damage, the mean of the tests falls 

somewhat below the curve corresponding to b=0.5. As a result, the critical b values 

for high level of damages appear to overestimate the test results. This over

estimation of the pressure at relatively higher imperfections may be due to the fact 

that the shape has deviated from the assumed mechanism because of the shorter 

width of the indentor used. This may explain why the theoretical model fails to 

provide a more accurate approximation for the initiation pressure at high initial 

damage levels. In fact, the contribution of strain hardening effects, which may 

become critical at large levels, if taken into account in the analysis, would increase 

the prediction even further for high imperfection levels.

3.6 B u c k l e  I n i t i a t i o n  A n a l y s i s  o f  P ip e s  w i t h  D o u b le  V -s h a p e d  
I n d e n t o r  D a m a g e

In this section, an attempt is made to predict post-buckling response and buckle 

initiation behaviour for a tube containing an initial imperfection inflicted by a pair of 

wedge-shaped indentors, A rigid, perfectly-plastic mechanism analysis embodying 

the assumption of no strain hardening continues to be employed. This analysis also 

incorporates the effects of axial membrane stretching, similar to that discussed in 

Section 2.3.2.

As with the single indentor damage case (Sections 3.3 to 3.5), the form of collapse 

geometry is taken to be similar to that assumed for the initial imperfection, with the 

exception that a different form of incremental plastic deformation is considered to
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take place by using a different axial decay parameter. This is illustrated in Figure 3-6 

where the incremental central radial displacement is denoted by i/o and the axial 

deflection is expressed by the same exponential function as Equation 3.1. In the 

axial direction, collapse is accompanied by curvature changes and extensions, hence 

account must be taken of the interaction between axial moment and membrane 

forces. In the circumferential direction, the ring geometric parameters are taken to be 

of the same form as the lateral impact loading case, described in Section 2.3, with 

the exception that w, r' and y are now replaced by w-\-w, r'+ r' and y + y ,  

respectively. Ring inextensibility and compatibility allow the various parameters to 

be defined. In estimating the plastic energy absorption of incremental deformation, 

approximation is once again in the asymptotic sense, so that terms containing 

powers of Uo and Û o higher than third are ignored.

U = Û e-bx/r U =

r'+r'i w+w

%-i- 7 /I
'— I

section X

Figure 3-6 : Incremental damage mode shape

To reflect reality, only pipelines of effectively infinite length are considered in the 

following analysis. The respective incremental ring bending and hinge type bending 

energies, Èr and Ea\, can be approximated in the same manner as that described in 

Section 3.3, as following:
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b '' b+b

fUr 1 (U, V

b-\r 2b 6 + 3 6

E a l r r
\  J
/

+ 2 k

v2 / r r 
\  J

+27tMo [/(, b

\
Uo b lUo  + ——

’’ b+b 2 '•

.(3 .1 0 )

Similarly, the combined axial bending and stretching energy, > can be written as:

W  - W Û  "f
E a 2 - ^ ^ ^ / L

1/ 2 / '

w+w  p  dx

+2Af,i{“ trfr'+ r'
9x’

dx+2N
mb

dx

,(3 .1 1 )

The total incremental plastic energy absorption is then written as

Associated with the incremental deformation, there exists a volume change which 

can be asymptotically expressed in the form

V =  TUT'
U ,U ,  4  I 1

r r 6 + 6 6
(3.12)

The work equation for an incremental central displacement, 6 i/o , from a damaged 

and pressure-loaded deformation level, Uq+Üo, due to pressure, p, in this case 

becomes

pôV = ÔÈ

P =
dÈ/dÜo

dV/dÜ.

(3 .13 )
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The complexity of Equation 3.11 does not easily permit Equation 3.13 to be 

represented as a closed-form expression. Upon suitable non-dimensionalisation, 

evaluation of Equation 3.13 requires knowledge of both the initial imperfection 

level, Uq/v, and its associated deformation mode shape, b, together with the tube 

geometry. It is for this reason that the previous analysis of indentor damage is 

necessary if a correct analysis of buckle initiation can be summarised in terms of just 

the amplitude of the initial imperfection. The previous analysis of damage presented 

in Section 2 has established that for a given class of damage, there is a unique 

relationship between the level of damage, Uo/r, and the preferred mode shape, b.

Solution of Equation 3.13 is effected using a procedure similar to that described for 

the single indentor damage case, as described in Section 2.3. Plotted in Figure 3-7 

are the solutions to Equation 3.13 for a tube of r/t=20 containing initial damage of 

amplitude, Uo/r =0.1 and mode shape parameter, b=1.0. Each individual curve is the 

solution for a fixed b value; the decreasing pressure capacity reflects the instability 

of deformations once a buckle has been initiated. Also included in Figure 3-7 is the 

pressure envelope which traces out the preferred unloading path. This includes the 

changes in the incremental axial decaying parameter, b .

3.6.1 Determination of Buckle Initiation of Pressure Loaded Damaged Tubes

Using the concept presented in Equation 3.8 of Section 3.4, for an infinitely long 

pipe of r/t=20, solutions for various initial damage levels, Uo/r, all having a damage 

axial wavelength parameter b=0.5, but varying incremental axial mode shape 

parameter, b, are shown in Figure 3-8.
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Figure 3-7 : Post-buckling behaviour of pressure loaded 
tubes with initial damage inflicted by a pair of V-shaped 

indentors loaded diametrically
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Figure 3-8 : Initiation pressure curves of pressure loaded 
tubes with initial damage characterised by a mode shape 

parameter of h=O.S

A unique envelope can be seen to have enclosed the minimum initiation pressure so 

that each initial imperfection level has a critical initiation mode shape characterised 

by the h on the envelope. For a tube damaged in an initial axial mode, b=0.5, the 

corresponding imperfection levels, Uo/r, would from an extension of Figure 2-3 in 

Section 2.3.2 be found to be around 0.5-0.6. Consequently, to allow for the various 

initial imperfection levels, a number of such design graphs are needed. Included in 

Figure 3-9, therefore, are the minimum initiation pressure envelopes for various
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initial axial wavelength decaying parameters, h. Also included in figure 3-9 is the 

qualitatively extrapolated minimum initiation pressure envelop for pipes with given 

level and form of damage as described in Section 2.3.
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Shown in dotted is the minimum 
initiation pressure (qualitatively 
extrapolated) for a given unique 
combination of damage level, U q , 
and mode shape parameter, b, 
as shown in Figure 2-3.
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Figure 3-9 : Minimum initiation pressure envelopes for 
various initial damage forms

For convenience, only tubes containing moderate to high levels of initial damage are 

considered so that Figure 3-9 includes a limited range of initiation curves. Use of 

Figure 3-9 requires information on not only the tube geometry, but the level and 

form of the local dent. Although this may seem inconvenient, the inherent
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characteristic mode variation in the denting process described in Section 2.3 makes 

approximation of the initiation pressure considerably simpler.

3.6.2 Comparison With Test Results

Tests for buckle initiation pressure of steel tubes containing damage previously 

inflicted by point, knife edge and flat plate type indentors loaded on one side, have 

been reported [3.1] to be strongly dependent on the level of initial damage 

imperfection. These tests confirm that when subjected to external pressure, the 

growth of localised dent distortions is highly unstable leading eventually to a 

propagating buckle. Unfortunately, the incomplete nature of available information 

on material properties of test specimens and the differences in the denting process 

compared with the present theoretical development make quantitative comparison 

impossible. However, in order to facilitate a qualitative assessment of the validity of 

the present theory, a rough comparison, aiming to reproduce the overall trends, is 

attempted.

It was found that experimental results could be conveniently correlated by non- 

dimensionalising with respect to the test specimens' propagation pressures [3.1]. 

With no detailed material properties given, the same cannot be achieved by the 

present theory because propagation is suggested to be highly influenced by the 

strain-hardening properties of the pipe material [3.6-3.8]. Consequently, a yield 

stress of 250 N/mm^ is assumed and only pipes no.2 initially dented by the point and 

knife-edge indentors are included. Initial imperfections are characterised by the ratio 

between the minimum and maximum diameter of the most damaged section.
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Figure 3-10 : Comparison between theoretical prediction 
and test results

Figure 3-10 represents a replot of Figure 3-9 in which the necessary transformation 

of parameters are included together with the selected test results. It can be seen that 

most test results lie between the predictions with initial damage axial mode, b, 

between 0.5 and 0.05. Bearing in mind the difference in the denting process, pro

ducing a completely different initial imperfection shape, this correlation may be 

regarded as reasonable. At extremely low initial damage levels, the present theory is 

found to have provided a considerable overestimation of experimental initiation 

pressures. At these low damage levels, the collapse will increasingly depend upon 

the interaction between elastic buckling effects and material plasticity. An extension 

of the present modelling is necessary to account for this small imperfection collapse

Section 3 -  Buckle initiation in Damaged Subsea Pipelines Page 62 of 172



Buckle Initiation and Propagation in Subsea Pipelines

behaviour. Nevertheless, for moderate to large levels of damage imperfection, the 

general trend of the tests is qualitatively reproduced. This suggests that, the present 

theory, if extended and verified by future tests, could provide a useful basis for 

design and repair decisions.

3 .7  D is c u s s io n s  &  C o n c l u s io n s

Buckle initiation pressures obtained on the basis of a simple, rigid perfectly-plastic 

mechanism analysis, have been approximated for pipes containing an initial 

imperfection inflicted by a single or double V-shaped indentor. Predicted initiation 

pressures are found to depend upon the amplitude and form of initial damage in the 

pipe. Characterisation of initial imperfection geometry requires, for the V-shaped 

indentor, two parameters: the central radial displacement, Uo, and the axial wave 

length decaying factor, b.

It has been shown that, for the case of a tube load laterally by a single knife-edge, 

localised deformation is characterised by a unique form of mode. The critical 

buckling initiation mode under pressure loading will, in general, be different fi*om 

the damage mode. However, for a given level and form of damage, there will be a 

unique mode shape associating with the buckling initiation of this imperfect tube. 

The present theory is shown to agree well with past test results with the exception of 

pipes having extremely low initial imperfection. In this case, the developed theory 

tends to overestimate the initiation pressure.

There is an important limitation to the analysis presented. By assuming a rigid- 

perfectly plastic mechanism, with a number of discrete plastic hinges describing the 

deformation, the analysis does not permit the inclusion of strain hardening effects 

which become more significant at high damage levels. Even so, the analysis method 

presented, when validated by test programmes, could provide a convenient and 

reliable basis for design.
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4. BUCKLE PROPAGATION OF SUBSEA PIPELINES

4.1 In t r o d u c t io n

Subsea pipelines can experience a form of buckle collapse which, once initiated at 

some locality, may spread rapidly throughout the entire length. The inconvenience 

caused, as well as the environmental and economical consequences of such 

propagated buckles, is clearly considerable. As a result, the characteristic buckle 

propagation pressure provides a vital criterion for the design of deep-water subsea 

pipelines. Until very recently, however, this phenomenon has been only partially 

understood. Design guidance to a very large extent has relied on empirically based 

curve fitting of a limited range of test results. As a consequence, it may not have 

been possible to take advantage of any strength enhancements gained through the 

use of alternative materials, including the use of composites or even different steel 

grades, as well as the possibility of wall geometries other than the plain walled pipes 

used in past test programmes. It would seem an impractical prospect to contemplate 

a new series of tests for each new variation of the many design parameters. 

Evidently there is considerable need for a suitably simple theoretical model of 

buckle propagation upon which design extrapolations can be reliably based.

As a potential contender for such a design analysis role, a procedure based upon a 

simple mechanism approach is summarised below. This represents an extension of 

the original analytical work of Palmer and Martin [4.1] to include the important 

effects arising from material strain hardening with more general forms of material 

plasticity. Also included in this section are comparisons with recent independent 

numerical solutions of buckle propagation [4.2].

The result of this work has been published in the Journal of Thin Walled Structures 

1986 [4.15].
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4 .2  B a c k g r o u n d

The catalyst for the sudden and independent upsurge of interest in buckle 

propagation that arose in the early 1970’s [4.1-4.3] has never been made entirely 

clear. Its result was an extensive series of test programmes on both full-scale and 

model pipelines [4.3, 4.4, 4.8, 4.11], from which the present empirically based 

design curves have been largely derived.

Numerous attempts have been made to provide these tests with a reliable theoretical 

basis. The initial conceptual simplifications of the Palmer ring mechanism analysis 

were later rejected on account of its apparent neglect of the 2-dimensional nature of 

the advancing propagation buckle front as well as its inability to incorporate the 

crucial effects arising from strain hardening. Nevertheless, the difficulties associated 

with the modelling of the 2-dimensional wavefront encouraged analysts to return to 

the behaviour of the ring as an approximation of that occurring in the propagation 

mode. Full non-linear elastic-plastic pressure buckling response of rings was 

analysed and found to give rise to a characteristic lower bound post-buckled 

strength. This lower bound collapse pressure had evident associations with the 

characteristic propagation pressure. Extensive numerical studies of the lower bound 

collapse pressure were consequently used to infer the numerically [4.3, 4.6] 

empirical parametric dependence of the propagation pressure. This has also been 

used in design codes, such as BS-8010 [4.5].

The conceptual inadequacy of the association between minimum post-buckling and 

minimum propagation pressure has been independently noted [4.2, 4.12, 4.13] and 

recent analyses have correctly concentrated upon the average post-buckling pressure 

as a measure of buckle propagation [4.2, 4.3]. As a result, there is now a growing 

unanimity between theoretical predictions and, where empirical data allow, test 

results.
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One of the major problems that has prevented a more detailed correlation of recent 

theoretical modellings with test results has been the lack of complete data upon the 

material plasticity characteristics. Of almost equal importance in governing 

propagation buckle behaviour are the small strain plasticity characteristics, often 

expressed through an effective yield stress, and the large strain characteristics, 

usually represented in terms of some suitable strain-hardening model. In test 

programmes, it has not always been possible to determine these properties with any 

certainty. Indeed, it is far from a trivial matter to actually devise a test procedure 

which allows their measurement. The easiest and most commonly adopted process is 

to carry out tension tests on coupons cut along the axial direction of the pipe. 

However, this introduces considerable doubt in respect of the likely difference in 

work hardening between the axial and the hoop directions introduced during the 

forming of the pipe wall. The alternative of using coupons cut in the hoop direction 

itself raises difficulties as to how tests can be undertaken on undisturbed specimens. 

As a consequence of plastic anisotropy, considerable uncertainties remain as to what 

are the appropriate plasticity models with which to compare theoretical studies. 

Even so, limited comparisons of buckle propagation from full non-linear post- 

buckling analysis and tests in which material properties are relatively well 

established suggest that recent theoretical approaches may be regarded as reliable 

[4.2, 4.7]. Other theoretical models [4.8, 4.9] have not been exposed to the same 

degree of validation.

For design specifications, an underlying problem of reported numerical solutions is 

that parametric dependence tends to remain implicit. Although numerical 

experiments may be used to obtain empirical design relations, it would be helpful if 

simpler closed-form solutions could he achieved. An alternative to full post-buckling 

analysis is afforded by the use of collapse mechanism analysis. It is this mechanistic 

approach that is described in this section.
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4 .3  T h e  P o s t - b u c k l i n g  R e s p o n s e  o f  a  C i r c u l a r  R i n g  u n d e r  E x t e r n a l  

P r e s s u r e

Under certain conditions, circular rings collapsing under external pressure may be 

considered to have an axially invariant deformation in which only changes in 

circumferential curvatures, %o, are of significance. This allows a simple 1- 

dimensional analysis to be adopted. For the present simplified approach, if a 

deformation shape at a certain damage level, u, can be established, the internal 

plastic energy absorption per unit length for an incremental deformation, ôu, may be 

written as

f2n
5E = l  M,SXerd0

where Me is the plastic hoop moment capacity per unit length, 6 is the 

circumferential position on the circular ring of radius r, and % is the change in 

curvature due to increase in deformation Su. Associated with this incremental 

deformation, there exists a volume change, which in conjunction with the 

external pressure, p, provides the external work required. This then allows the 

incremental work equation to be expressed as

pôV = ôE
_ d E  _ dE/du ..........................................................     (4.1)

’̂ ~ d V ~ 0 V / d u

where w is a measure of the level of distortion.

4.3.1 The Collapse Mechanism

For a ring collapsing under external pressure, it has been observed experimentally 

that collapse is initially accompanied by ring ovalisation with subsequent 

deformations bringing about inward curvature changes on diametrically opposite 

meridians and bulging on the orthogonal meridians. This eventually leads to a 

contact between the two inwardly deforming meridians. Until contact occurs, such a
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collapse sequence is highly unstable in the sense that as deformation levels increase 

the external pressure will sharply decrease. This phenomenon has a very special 

significance as far as buckle propagation in marine pipelines is concerned. In order 

to capture the various mode shapes at different deformation levels, two interrelated 

collapse mechanisms are considered in the present analysis. At low deformation 

levels, ring geometry as shown in Figure 4-1(a) is assumed to contain deformed 

circular arcs of length sj and S2, with radii rj and respectively, connected by rigid 

circular portions of radius r. At higher deformation levels, the inwardly deforming 

meridians undergo a change in sign of curvature as shown in Figure 4 -1(b). For the 

purpose of characterising each deformation level, the central displacement, u, is 

employed.

(b)(a)

Figure 4-1 : Mechanism for analysis, (a) Positive curvatures 
for low deformation levels, (b) Negative curvatures for high 

deformation levels.

Ring compatibility under the assumption of hoop inextensibility then allows the 

various geometric parameters to be written as
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Equations 4.2 remain valid for both the positive and negative curvature mechanisms 

shown in Figure with the top and bottom curvatures changing from positive to 

negative as 0; passes through ti/2. By treating the arc lengths Ji = r i( ;r /2 -0 )  and 

^2 = ^202 as kinematic degrees of freedom, the corresponding geometry of the 

deformed ring can be calculated from Equations 4.2. For a specified total 

displacement, m, the analysis investigates the total energies involved with the 

different fixed arc lengths, sj and S2 , to determine the combination of sj and S2 

associated with the minimum pressure required to produce incremental plastic 

deformation. In deriving Equations 4.2, the second-order effects of wall thickness 

have been neglected; it has been suggested that, for ring geometries having radius to 

thickness ratios larger than 10, such effects will be insignificant.

For the present modally constrained modelling of the deformation shape, the 

pressure evaluated at each deformation level, based on a collapse state defined by 

fixing the respective arc lengths, will at each level of deformation provide an upper 

bound approximation of the pressure required to continue the buckling.
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4.3.2 Material Strain Hardening Relations

Real material behaviour can be approximated by means of a variety of idealised 

strain hardening models. Just two will be considered although the approach 

described could be applied to any other strain hardening models.

4.3.2.1 Linear strain hardening material

This has often been employed in the past. It assumes a bilinear stress-strain 

behaviour in which the constitutive equations may be given by

<j = Ee for £<e^
, \ ^ ....................................................(4.3)

a  = Eey+EXe-e^)  for e>e^

where E  is the modulus of elasticity, Et is the post-yield tangent modulus, 

a  = EIE^ and Gy, 6y are the stress and strain, respectively, at yield. The fully plastic 

moment curvature relationship can then be written as

M  = M^{\ + PX)  ...................................................................................(4.4)

where =Gyt^ !A is the full plastic moment per unit length for non-strain- 

hardened material, t is the wall thickness, P =E,t!2>Gy is the constant representing 

the additional moment capacity due to strain hardening, and % is the change in 

curvature.

4.3.2.2 Ramherp-Os^ood strain hardening material

Illustrated in Figure 4-2 is a stress-strain relationship of a typical pipeline material 

fitted with a linear strain hardening post-yield tangent. It can be seen that a major 

problem in applying the linear strain hardening relation is the choice of an 

appropriate strain hardening coefficient a. Knowledge of the maximum strain level 

is required for a representative fit to be specified.
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Figure 4-2 : Typical stress-train curve fitted with a linear 
strain hardening relationship, showing the difficulties of 
choosing a suitable coefficient to describe the post-yield

behaviour

A more refined description of the stress-strain behaviour can be expressed by a 

constitutive relation of the type

.(4.5)

with the respective elastic and plastic strains represented as

G

.(4.6)

where Gq is the proof stress associated with a proof strain level of . This relation 

was first introduced by Ramberg and Osgood [4.10] and, as a consequence, the 

constant coefficient n is usually referred to as the Ramberg-Osgood exponent. This
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evidently has the advantage of being able to cater for a wide range of elastic-plastic 

behaviour.

Neglecting elastic strain contributions, the fully plastic moment curvature 

relationship for a Ramberg-Osgood strain hardening model is given by

M - M p
Mn

......................................................................(4.7)
(2+i)e, M n

where /4  is the equivalent plastic moment for non-strain-hardened
material.

4.3.3 Pressure Collapse of Circular Rings with Linear Strain Hardening 
Material

Employing the fully plastic moment-curvature relationship given in Equation 4.4 

and the collapse mechanism geometries of Figure 4-1, it is a straightforward matter 

to show that the pressure required to sustain subsequent collapse at a given 

deformation level, m, given by Equation 4.1, can be written as [4.14]:

1̂  =  ̂ ...................................................................................................................... (4.8)
Ox

where

^  (l + PXl )+ '*2̂2 ̂ ( l  + PXl )]
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The pressure response obtained from Equation 4.8 is dependent upon the arc lengths 

Si and S2 which in turn determine the preferred incremental collapse shapes at 

various total deformation levels. In order to obtain the lowest upper bound estimate. 

Equation 4.8 needs to be minimised with respect to variations in arc lengths sj and

2̂.

Typical results for selected strain-hardening ratios, a=E/E( are shown in Figure 4-3. 

It may be observed that not only is the unstable collapse behaviour reproduced but 

also the pressure response from Equation 4.8 compares well with results obtained 

through a more elaborate analysis procedure employed in Ref.[4.14]. In so far as the 

collapse sequence is concerned, deformation geometries are found to conform to 

experimental observations. The analysis reproduces the gradual transformation from 

ring ovalisation to the reversed curvature ’dog bone’ shape which eventually leads to 

the contact of opposite meridians.
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Figure 4-3 : Post-buckling collapse response of a pressure 
loaded circular ring with linear strain-hardening material 
idealisation. Results are compared with those of Ref.[4.14]

4.3.4 Pressure Collapse of Circular Rings with Ramberg-Osgood Material

It is widely appreciated that for many steels a representation of post-yield behaviour 

cannot be chosen on the basis of a single post-yield tangent stiffness unless the 

maximum strain level attained during deformation is known. For this reason, there 

is a need for more refined descriptions of the non-linear post-yield stress-strain 

characteristics.

Using the material constitutive relationship given in Equations 4.5 to 4.7, the 

collapse mechanism of Figure 4-1 and the energy balance relationship given in 

Equation 4.1, the work equation can easily be shown to give [4.14]:

P =_^2 ( 4 .9 )

where
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2 I (2+l/nX l+l/n)e„‘'" I"':'
1+1/n 1+1/n

du

and bi is given in Equation 4.8.

The lowest response is again obtained through minimising Equation 4.9 with respect 

to the arc lengths sj and S2 . In order to facilitate a comparison between the proposed 

simplified approach and those of a more precise numerical analysis, Equation 4.9 

has been modified to accommodate the somewhat different non-dimensionalisation 

used in Ref. [4.2]; typical results are plotted in Figure 4-4. By means of this non- 

dimensionalisation, the pressure response obtained firom the mechanism analysis is 

independent of the radius to thickness ratio of the tube being considered. It may be 

observed that, apart from the discrepancies occurring in the extremely low 

deformation levels, the solutions provide good approximation for the plastic collapse 

sequence. Deformation shape variations are also found to be consistent with those 

observed in the linear strain hardening material model.

4 .4  Q u a s i-S t a t ic  A n a l y s is  o f  B u c k l e  P r o p a g a t io n

A pipe which has previously developed a propagating buckle is considered to 

comprise three distinct regions: the fully developed collapsed zone of length /, and 

the unbuckled zone separated by the transition region, as shown in Figure 4-5(a). 

The minimum pressure at which this fully collapsed length / will be slowly extended 

to 1 + ÔI is described as the propagation pressure. At pressures higher than the 

minimum propagation pressure, the buckle fi’ont will merely travel at higher speeds. 

Additional work done due to this over-pressure is counterbalanced by strain rate 

effects in the pipe wall and by the turbulent response of the surrounding fluid. It is 

for this reason that a quasi-static analysis which ignores strain rate effects is 

considered to be appropriate for our present task of estimating the minimum 

propagation pressure.
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Mechanism analysis

-------------- r/t=47.4, Figure 7, Reference [4.2]

------------ r/t=14.3, Figure 7, Reference [4.2]

= 0.0042 , n = 30

*Y = yield stress used in alternative 
Ramberg-Osgood stress-strain 
relation 11],

ELASTIC 
COLLAPSE 
( r / t  : 67 6)

e  = ^ 4 0 .0 0 5 - ^ ) 1 ^ ) "
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Non-dimensional ised deformation level,‘UX.

T ir‘

Figure 4-4 : Pressure response of circular rings with 
Ramberg-Osgood material characterisation. Results are 

presented in the form of a volume change plot for 
comparison with Ref. [4.2]
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Figure 4-5 : Conceptual basis for buckle propagation 
analysis: (a) previously buckled pipeline at unloaded state; 

(b) during buckle propagation.

For the fully collapsed length / to be extended by Ô I, the transition regions will 

retain their forms but will be simply shifted to their new positions as shown in 

Figure 4-5(b). There is no change in the internal plastic energy associated with either 

the transition zone or the already fully collapsed length. Hence, the total increase in 

internal plastic energy, ôE , of the pipe wall will consist of just that associated with 

the newly collapsed length 6 1. Concomitantly, the total external work done, ô W , 

by the external pressure p,  will consist of only that associated with the change in 

fluid volume, <5 V , arising from the extended fully collapsed ring of length 8 1. The 

above arguments show how the formulation for propagation may be reduced without 

approximation to that of a ring. For a given assumed shape for the collapse 

mechanism, the propagation pressure p  would then be given by

8E

lim  S  / - > 0

dE
dV

.(4.10)
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4.4.1 Ring Collapse Mechanism

A simple ring collapse mechanism, used by Palmer and Martin [4.1] consists of just 

four rigid undeformed circular arcs connected by discrete plastic hinges, as shown in 

Figure 4-6(a). Although the analysis of Palmer provides a good approximation for 

pipes having elastic perfectly plastic material idealisation, it has the serious 

drawback of not allowing for the inclusion of strain-hardening effects which become 

increasingly important when deformation becomes excessive. An alternative ring 

collapse mechanism aimed at describing both elastic-plastic and strain-hardened 

material properties is summarised in Figure 4-6(b). It consists of a series of piece- 

wise continuous circular arcs. Geometric compatibility together with the assumption 

of hoop inextensibility allow the various geometric parameters to be written as

r'e'+re + r"0"=^)D-  (4.11)

^  + r '( l—cos0')+ 2?"sinf^\in^0'—y =  r"sin0'

Treating both the mode angles (0',0") as kinematic degrees of freedom, the 

corresponding values of r' and r" can be determined from Equations 4.11. Evidently, 

for most practical pipeline geometries, the thickness term can be neglected. A more 

precise ring mechanism can be achieved by introducing higher numbers of kinematic 

degrees of freedom to allow for more continuous variations of curvature changes. 

However, it is doubtful whether the considerably increased complexity would be 

compensated for by significant improvements in prediction.
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Toi

plastic

I

(b) I

Figure 4-6 : Collapse mechanism for the analysis of 
unconfined buckle propagation -  (a) rigid perfectly plastic 

model, (b) strain hardening model

It may also be observed that, in the analysis to be developed, it is the arc lengths 

associated with the final collapse state defined by fixed {0\6") that are held 

constant throughout the plastic deformation. This means that total energies absorbed 

will be higher than if the arc lengths are allowed to vary non-monotonically 

throughout the post-buckling deformations. Prediction based upon these modally 

constrained deformations will consequently provide upper bounds to the exact 

propagation pressure. Nevertheless, later comparisons with less constrained 

solutions [4.2] will show that the present 2-degree-of-freedom modelling provides a 

compact representation of propagation pressure over a wide range of strain 

hardening properties.
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4.4.2 Propagation Pressure Analysis

4.4.2.1 Linear strain hardening material

For the fiilly collapsed length to be extended by a distance 5 / , the increase in total 

plastic energy absorption, 8E , based on the moment curvature relation described in 

Equation 4.4 and the collapse mechanism of Figure 4-6(b), is dominated by the 

changes in respective curvatures and can be written as

8E = A81M.
r'e

) lJ (4.12)

The volume change corresponding to this increased collapse length can be 

approximated as

8V = A8l
4 2
\r^6 { r - r " f  sm6"sm9 

2 sm (;r-0 -0 ")
V^tane'

.(4.13)

Upon suitable non-dimensionalisation, the balance of internal energy and external 

work requires that

P
a.

(4.14)

where

= 0 ' 1 + +  0"

cin =—<6'1 r' r-  + -  + 2 4-0" 
r r' I r  r

a. = 8V
r^8l
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and the composite propagation parameter p is

(4.15)

The composite parameter p^ can be observed to have included material properties 

and pipe geometry. Associated with each value, there exists a unique mode 

)which provides the lowest estimate of the propagation pressure. It is found 

that the minimum propagation pressure is fairly insensitive to changes in {0\0") 

around the propagation mode This suggests that even with higher

numbers of degrees of freedom in the mechanism, the improvement in estimated 

propagation pressure is likely to be of little practical importance. Plotted in Figure 4- 

7 is the minimum propagation pressure estimated by Equation 4.15 as a function of 

p ^ , for r/t=10. For r/t<10, there are additional thickness effects arising from the 

thickness terms in Equations 4.11 and 4.14.

Ou
;2.o

Equation 4.15

— — — No Strain Hardening, Reference [4.1]

0.001 001 005 2 0  3 0  5.C
P r o p a g a t i o n  p a r a m e t e r ,

Figure 4-7 : Minimum propagation pressure for linear 
strain hardening material idealisation as a function of the 

composite propagation parameter pp
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Also included in Figure 4-7 is the solution of Palmer’s analysis. It can be seen that 

as —> 0, that is the material approaches near perfectly plastic material, the two

approximations come close to each other, confirming the similarity of the two 

theoretical modellings. As expected, solutions given by Equation 4.15 are, on 

account of the increasing importance of strain hardening effects at higher p^ values, 

above the predicted minimum propagation pressure given by Palmer and Martin and 

Martin [4.1].

4.4.2.2 Ramhero  ̂and Osgood Strain Hardenin2  Material

Using the mechanism of Figure 4-5 (b) and the moment curvature relation given by 

Equation 4.7, the internal energy dissipation during the collapse of a length 8 1 can 

be approximated as

8E = 51M,
(2+iXl+i)e,

I /M
r'e

r r J
1 1 (4.16)

while the change in fluid volume continues to be given by Equation 4.13. When 

suitably non-dimensionalised, the propagation pressure can be expressed as

.2+-L

a.
.(4.17)

where

<3, =

U+2-
—-1

and is given by Equation 4.14.

For each choice of Ramberg-Osgood exponent n there is again a unique mode 

that provides the lowest estimate of the propagation pressure. As for the 

linear strain hardening analysis, propagation pressures are relatively insensitive to
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changes in ,0 ) around the propagation mode. Illustrated in Figure 4-8 is the 

variation of the minimum propagation pressure with respect to the Ramberg-Osgood 

exponent for (Tq/ £  = 0.002and r/t=10. As «->oo, the material characteristic 

approaches that of perfect plasticity, and the minimum propagation pressure given 

by Equation 4.17 is 0.754; this agrees with that obtained from the linear strain 

hardening modelling with 0 and is only 4% lower than that estimated by the 

discrete hinge mechanism of Palmer [4.1].

2.0 r

Equation 4.17

-  No Strain Hardening, Reference [4.1]

i  1.0

Ramberg’Osgood exponent, n

Figure 4-8 : Variation of minimum propagation pressure 
with respect to the Ramberg-Osgood exponent.
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For both the linear and Ramberg-Osgood strain hardening modellings, non-

dimensionalisations are by the radius to thickness ratio. Apart from this and the 

implicit inclusion of the thickness effect in the definition of the propagation 

parameter , the r/t effect in the formulation is found to have made no appreciable 

difference to the predictions unless the pipe being considered has a very thick wall. 

However, even with r/f=5, the reduction in calculated minimum pressure in neither 

case exceeds 2%.

4 .5  C o m p a r is o n  w it h  T e s t  R e s u l t s

Using the concept of Maxwell line, which in essence is closely related to the 

approach adopted above, Chater and Hutchinson [4.2] have reported an analysis of 

quasi-static, steady state propagation pressure. Material properties were

characterised by the Ramberg-Osgood stress-strain relation, and the deformation 

theory of plasticity was employed. Their prediction, based upon a full analysis of the 

ring post-buckling, also calls for work balancing and is conceptually similar to the 

mechanistic approach developed above. Because of Chater and Hutchinson’s [4.2] 

quite distinctive approach to the analysis, it is instructive to compare their results 

with the present predictions.

Plotted in Figure 4-9 are the parametric studies reported in Figures 9 and 10 of 

Ref. [4.2]. With suitable adjustments on non-dimensionalisations. solutions obtained 

from Equation 4-17 for similar parametric values are for comparison superimposed 

on Figures 4-9(a) and (b). It may be observed that the two theories produce almost

identical predictions for buckle propagation over a wide range of pipeline

geometries. This encourages a further comparison between the two independent 

theoretical approximations and test results. For this purpose, results listed in Table 1 

of Chater and Hutchinson are replotted in Figure 4-10.

Making allowance for the somewhat different means of representing the proof 

strains, minimum propagation pressures for the same material properties and
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geometric parameters obtained from Equation 4.17 are also included in Figure 4-10. 

Again, excellent agreement is observed, with the exception of very small radius to 

thickness ratios. But even at small, radius to thickness ratios, the maximum 

difference between the two theories does not exceed 4%. The test results presented 

in Figure 4-10 were obtained by Kyriakides' [4.11] and later re-interpreted by Chater 

and Hutchinson [4.2]. Among the lowest r/t ratios, the theoretical predictions are 

found to have underestimated two tests by approximately 25%. One possible 

explanation of these discrepancies could be the higher anisotropic work hardening 

associated with the forming of thick pipe walls. Since strain hardening properties 

were determined experimentally through the use of axial coupons, the theoretical 

models may have underestimated the hoop plastic resistance.

One interesting aspect that Figure 4-10 shows is that the agreement between the 

theories and test results improves with increasing values of r/t. For r/t>25, the 

experimental values are reproduced by two independent solutions to an average of 

5% and at most 10%.

4 .6  C o n c l u s i o n s

Simple close form relationships for pipeline buckle propagation have been 

developed on the basis of a plastic mechanism analysis. Special effort has been 

devoted to more general forms of material strain hardening idealisations. For 

pipelines with linear strain hardening material characteristics, it is found that the 

minimum buckle propagation pressure can be related to a single “propagation 

parameter” which incorporates material behaviour and pipe geometry. Similarly, for 

pipelines of materials described by the Ramberg-Osgood stress-strain constitutive 

relations, normalised propagation pressures have been shown to be expressible in 

terms of just the Ramberg-Osgood exponent. Predictions are shown to compare 

favourably with a recently reported, more elaborate, quasi-static steady state buckle 

propagation prediction based on the Maxwell line concept. The two independent
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theories are shown to have reproduced tests where material properties have been 

reliably determined.
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Figure 4-9 : Variation of propagation pressure with various 
pipe geometries and material characteristics, to compare 

with Chater and Hutchinson - (a) constant proof strain; (b) 
constant Ramberg-Osgood exponent.
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Figure 4-10 : Comparison of theoretical prediction 
(Equation 4.17), experimental results by Kyriakides [4.11], 
and theoretical results obtained by Chater and Hutchinson
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5. IMPROVEMENT OF BUCKLE INITIATION AND PROPAGATION 
PRESSURE PERFORMANCE

5.1 I n t r o d u c t i o n

In very deep water explorations, the risk from buckle propagation increases 

significantly. Although the use of buckle arrestors [5.1-5.3] reduces the danger of 

the buckle being extended over the entire length, it still has the disadvantage of 

requiring a potentially collapsed length to be replaced at great economic 

consequences and operational inconvenience. In cylindrical shell structures, the 

buckling strength is considerably enhanced by moving material from the wall to 

form rib ring stiffeners [5.4-5.5.]. A new form of pipeline geometry, as shown in 

Figure 5-1, orthotropically reinforced by means of ribs spirally formed on the 

outside of the pipe, has the advantage of offering significant material savings as well 

as providing an increase in the bonding between the pipe's outer surface and any 

corrosion protection coating.

For pipelines coated with concrete or corrosion protective bitumen, the ring ribs 

should present no danger to the tensioners already in use for most conventional 

laybarges. Tensioners may even be modified to take advantage of the additional grip 

provided by the spiral ribs. The additional ring stiffiiess provides other advantages 

during laying, including a reduced tendency for ovalisation and consequently 

increased resistance to the triggering of local buckling in the sagbend region, a 

potential increase in the resistance to impact damage and so forth. However, perhaps 

the most important benefit that this alternative pipeline geometry should be capable 

of offering is an enhancement of the buckle initiation and propagation resistance.

In this section, the impact resistance, buckle initiation and propagation performance 

of a pipe with spirally wound ring ribs are assessed using the mechanistic analysis 

approach described in Sections 2 to 4 as the basis. The result of this work has been 

published in the 1986 Offshore Mechanics and Arctic Engineering conference [5.6]
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(with an entry in the Transactions of the ASME Journal of Offshore Mechanics and 

Arctic Engineering 1987 [5.6] ) and the Journal of Thin Walled Structure in 1986

[5.7].

h

_ j i  n  n _

t  = thickness of plain tube having equal wall area

Figure 5-1 : Geometry of spiral rib-reinforced pipes

5.2 A n A l t e r n a t iv e  p ipe l in e  G e o m e t r y

The choice of the pipe’s various geometric parameters can obviously be entirely 

arbitrary. However, in order to rationalise the design of such a pipeline, a certain 

proportion y/ of material is considered to he removed from the pipe wall to form the 

reinforcing ribs. To avoid unnecessary damage to the ribs and the skin, choices of 

both the pitch length to skin thickness ratio and the rib depth to rib width

ratio <j>2=clr/tr, may be important; they are accordingly used to define the ring 

stiffened pipe geometry. The various geometric relations are summarised in Figure 

5-1.

For particular values of parameters y/, (pi and (p2, the dimensions of such a pipe can 

then be defined as:
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(5.1)

where ds, h, dr, U are skin thickness, pitch length, rib depth, and rib width, 

respectively, and \ff=drt/lrt is the proportion of material being removed from the 

original plain tube of wall thickness t. By keeping the total material volumes 

constant, all the parametric studies reported maintain equal material cost. Total 

economy is, of course, also dependent upon fabrication feasibility and costs.

5.3 R ib b ed  Tu bes  L o aded  by  a  Pa ir  o f  V -Sh a ped  In d e n t o r s .

A ring rib-reinforced pipe has the effect of increasing the resistance in the 

circumferential direction while reducing the load-bearing capacity in the axial 

direction. In the ring direction, depending on the geometry of the ribs, the full plastic 

moment capacity, M ’on may be approximated as

. (d ,

d , - ^ Y

(5.2)

f«t
j } ~ ' J

'^ - d .

where Mo=ai//4 is the full plastic moment per unit length of an equivalent plain 

tube with wall thickness t, and Ç is the neutral axis position of the spirally ribbed 

tube given by
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tA + d J r

t^d^+2t^d, - d j ^
(5.3)

Ignoring the contribution of the rib reinforcement in the axial direction, the full 

plastic moment per unit length of pipe under pure bending, M ’oa, and the full plastic 

axial stretching load capacity per unit length under pure tension/compression, N ’oa 

can be written as

M' =
v'  y .(5.4)

where No=(7ot and Mo=(Jot /̂4 are the hill plasticity membrane and bending capacities 

of the equivalent section of thickness defined in relation to Equation 5.1.

Accepting the validity of the theory developed in Sections 2.3, the same technique 

may be used to assess the damage resistance of the spirally reinforced tube. Using 

the collapse mechanism given by Figure 2-1 in Section 2 together with the modified 

strength parameters derived in the foregoing, minimum solutions of Equation 2.10 in 

Section 2 for an infinitely long spirally ribbed pipe of an equivalent r/t=20, lr/ds=5 

and dr/tr-2, having various rib material proportions, iji, are plotted in Figure 5-2. For 

comparison this figure also shows the load response of an equivalent plain tube. It 

can be seen that the damage resistance is generally fairly insensitive to variations in 

ijr. Although the optimum choice lies at around y/^0.3, where there is a general 

increase in load, it can be seen that at extremely low deformation levels, the theory 

predicts a slight decrease in the load-carrying capacity.
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v|/ =  0 .3  
v|/ = 0.1 
Y = 0.0

u _

Q

v|/ = 0 .1

Y = 0.3
M^=dptr/ tp^ variable

0.4
CENTRAL DEFORMATION, ’ I j^ /r

Figure 5-2 : Load response diagram for spirally reinforced 
tubes with various rib material proportions for comparison

For clarity, the various changes in mode have not been included in Figure 5.2. As 

would be expected, there is a general increase in the value of axial decaying 

parameter, b, as \\f is increased, indicating the more localised nature of the damage. 

The degree of damage localisation evidently relies heavily on the rigidity of the pipe 

in the axial direction. With the present lowering of the axial strength, it is perhaps 

not surprising that damage resistance is decreased at low levels of deformation.

5.4 B u c k l e  I n it ia t io n  o f  D a m a g e d  R ib b e d  T u b e s .

The initiation pressure of a spirally ribbed tube containing an initial imperfection 

inflicted by a pair of diametrically opposed V-shaped indentors may be formulated 

by using the collapse mechanism given by Figure 3-6 in Section 3, and then 

replacing the appropriate material parameters of Equation 3.13 by those defined in 

Equations 5.2 to 5.4. For an infinitely long spirally reinforced tube of equivalent
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r/t=20 and an initial damage having axial mode b=1.0, minimum initiation pressures 

for various rib material proportion, (/, and IM = 5  and d/tr=2 are plotted in Figure 5- 

3 together for comparison with the minimum solution of Equation 3.13 for an 

equivalent thickness unreinforced pipe.
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Figure 5-3 : Minimum initiation pressure curves for 
damaged spirally ribbed tubes with various rib material

proportions

It may be observed that the optimum increase in the minimum initiation pressure 

occurs at y/=0.5. As i/a exceeds 0.7, the decrease in initiation pressure reflects the 

fact that the increase in hoop moment capacity is no longer able to compensate the
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losses due to the severe reduction in axial moment and stretching capacities. When 

the tube geometry is designed sensibly, a general increase across the whole spectrum 

of initial imperfection is obtained. As will be shown in the next section, the 

improvements in the propagation pressure of spirally reinforced pipelines give rise 

to even more significant increases in strength; enhancements in excess of 100% are 

found to be possible.

5.5 B u c k l e  P r o p a g a t io n  P e r f o r m a n c e

As an illustration of the propagation performance resulting from the use of ribs, 

consider a pipeline with material properties characterised by a Ramberg-Osgood 

stress-strain relationship as defined by Equation 4.6 in Section 4.3.2. Neglecting 

elastic strains, the hoop moment curvature relationship of the pipe can be taken as

M '.=
1 4 )

e»’'" f2 . i i + tX d ,+ d ,- 4 r '"
"j

.(5.5)

where ^ is the neutral axis position and is given by the intrinsic relationships

= 0;

= 0 ;

.....+ f

« .....

k  - Ç f '"  

- { d . - i T ' "  
i i - d T ' "  
- { d , + d , - 4 r "

,(5.6)

Making use of the mechanism analysis procedure detailed in Section 4, the 

propagation pressure of the spirally ribbed pipe can be readily derived as
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where is the propagation pressure of an equivalent-weight plain tube of wall 

thickness /, as given in Equation 4.17 in Section 4.4.2.2 , and Ç is the neutral axis of 

bending as derived in Equation 5.6.

A buckle propagation enhancement factor defined as r\ = P'plPp can, from 

Equation 5.7, be seen to be a function of the ribbed tube geometry and the Ramberg- 

Osgood exponent. Figures 5-4 and 5-5 show the variation in T| based on various 

choices of the pipe geometric parameters. Immediately noticeable from Figure 5-4 is 

that, for a given geometry, the increase in propagation pressure is very significant 

for materials having high strain hardening properties, i.e. low n values. As n 

becomes larger than about 20, i.e. materials that exhibit little or no strain hardening 

characteristics, the enhancement becomes fairly constant although, in this particular 

example, it is still appreciable at around 1.9. It may be observed from Figure 5-5 

that, with the present parametric representations, there exists a choice of \|/ which 

provides the optimum improvement. Depending on what disposition of material is 

chosen, it is apparent that there is considerable scope for enhancement of buckle 

propagation pressure; this would be even further increased by raising the d/tr ratio. 

Even for the relatively squat ribs considered in Figures 5-5, an enhancement of 1.5 

to 2.5 would seem a practical proposition.
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One interesting aspect shown by this preliminary study is that despite the 

considerable changes in pipe wall geometry and propagation pressure, the final 

collapse mode shape is unaffected. It would appear that the use of spirally formed 

ring ribs, when carefully designed, has the potential of offering a considerable 

enhancement of propagation resistance compared with that of an equivalent plain 

pipe having the same material volume. Depending on the feasibility and costs of 

fabrication, the present proposal could have much to offer for deep water production 

systems, although, of course, the validity of such a design analysis has yet to be 

confirmed by extensive test programmes.

5.6 S u m m a r y  a n d  C o n c l u sio n s

An alternative spirally reinforced pipeline geometry is consider herein. Analysis 

methods developed for impact damage, buckle initiation and propagation have been 

extended to cater for the revised pipe wall geometry.

Although the use of spirally reinforced pipelines appear to have the minor drawback 

of decreasing the damage resistance at very low imperfection level, it has 

considerable beneficial effects so far as the initiation and propagation of pressure 

buckling is considered. Depending on the feasibility and costs of fabrication, and 

when confirmed by future test programs, the present simple yet effective alternative 

pipeline design could have much to recommend it, especially in the case of 

extremely deep water production systems.
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6. COLLAPSE OF DEEPWATER PIPELINES UNDER COMBINED 
BENDING AND EXTERNAL PRESSURE

6.1 I n t r o d u c t i o n

Although the treatment of buckle initiation in a pipeline containing local damage, as 

discussed in Section 3, provides improved understanding of the mechanics of 

behaviour, it is inconvenient to apply in design. This is largely due to the highly 

variable damage mode forms, and difficulties in detecting any small imperfections 

that may exist in a pipeline prior to installation. Buckle initiation has, for some time, 

been dealt with in design as a hydrostatic collapse problem for pipelines under 

combined bending and external pressure loading conditions.

In this section, the development of an approach to capture the pipe collapse 

behaviour under bending and external pressure loading is described. The close 

relationship between this and that described in Section 3 may render this approach a 

convenient alternative to the prediction of buckle initiation of pipelines during 

installation. Under this load combination, any ovalisation induced in the sag bend 

region during pipelay can lead to the incipient collapse of the pipe cross-section 

resulting in the more dramatic effect of buckle propagation. The importance of this 

also warrants the use of this loading condition as a design criterion for pipeline wall 

thickness determination/selection.

Discovery of extensive natural gas reserves in central Oman in the late 1980’s and 

early 1990’s has provided the opportunity for development of several potentially 

attractive gas-based energy ventures. In June 1993, a study was initiated to establish 

the feasibility of installing a subsea pipeline to connect the gas reserves in Oman to 

markets in India. The preliminary route of over 1,100km would provide a direct link 

between Oman and India across the Arabian Sea with water depths up to 3,500m.
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The subsea pipeline will experience extremely high net external pressures during 

installation, if installed empty, and when depressurised during operation. 

Geometrical variations and residual stresses resulting from fabrication, bending 

loads and distortions during installation all affect the external pressure collapse 

resistance which must therefore be established with a high degree of confidence in 

order to ensure the safety of the pipeline system. As a result, a full scale test 

programme was initiated in March 1994 to supplement theoretical and empirical 

studies of pipeline collapse behaviour.

In this section, a historical review of the various analysis procedures developed is 

presented in the context of pipeline wall thickness determination for the Oman India 

Pipeline project. Results provided in this section were presented in the 1996 

Offshore Pipeline Technology Conference [6.13].

6.2 C o l l a pse  T est  Pr o g r a m m es

The test programme consisted of four parts using API-5L-X65 pipes of 20-inch 

nominal outside diameter with 1.125-inch wall thickness and API-5L-X60 26-inch 

pipes with 1.625-inch wall thickness. The test samples were supplied by a number of 

pipe mills and were fabricated using the UOE process with cold expansion. Pipes 

were subjected to various combinations of external pressure and axial bending for 

the investigation of collapse characteristics. Some samples were heat treated for 

stress relief in order to negate reduction in collapse resistance due to work 

hardening. Also included in the programme was a series of tests to validate a basic 

buckle arrestor design.

Details of the programme are as following:

Part 1 - pure collapse testing (without bending) of 20-inch OD x 1.125- 

inch WT X-65 pipes, each of approximately 4.5m in length.
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Part 2 - collapse testing using straight and pre-bent pipes of 26-inch OD x 

1.625-inch WT X-60 pipes, each of approximately 8.8m in length 

together with some pure bending failure tests.

Part 3 - interactive bending and external pressure collapse testing of 26- 

inch OD X 1.625-inch WT X-60 pipes, each of approximately 8.8m 

in length.

Part 4 - buckle arrestor assemblies under hydrostatic pressure loading of 

26-inch OD x 1.625-inch WT X-60 pipes, each of approximately 

8.8m in length. Test specimens consisted of pipe sections welded 

to each end of the buckle arrestor. Length of buckle arrestors 

tested were 0.5m, 0.8m, 1.0m and 1.5m.

Part 1 of the test programme was conducted at the Southwest Research Institute 

(SwRI) at the Deep Submergence Laboratory of the Naval Surface Warfare Centre 

(NSWC), Carderock Division, in Maryland, USA. Parts 2, 3 and 4 of the test 

programme were conducted at the Centre of Frontier Engineering Research (CFBR) 

in Edmonton, Canada [6.1].

The test programme has provided valuable information for assessing the collapse 

behaviour of the pipeline sizes under consideration. Full details of the tests 

performed may be found in References [6.1], and [6.2].

6.3 E x is t in g  C o l l a p s e  P r e d ic t io n  M o d e l s

Deep water pipelines can exhibit one of several forms of failure under the influence 

of external pressure with or without other types of loading, such as, axial bending 

and impact. Pipeline hydrostatic collapse in the elastic or plastic mode can occur 

with external pressure acting alone. Local pipewall failure in the form of a local 

buckle can be introduced by excessive bending and denting. Depending on the level

Section 6 -  Collapse of Deepwater Pipelines under Combined Bending and External Pressure Page 105 of 172



Buckle Initiation and Propagation in Subsea Pipelines

of external pressure, this initially localised buckle may propagate leading to 

complete flattening of the pipe section. The treatment of buckle initiation and 

propagation through the use of plastic mechanism analyses is described in Sections 3 

and 4 respectively.

Whilst the design criterion for shallow water pipeline wall thickness is almost 

always governed by internal pressure retention requirements, hydrostatic collapse 

due to external pressure often becomes the governing criterion for deep water 

pipelines. As water depth increases, pipeline wall thickness will increase in order to 

provide the necessary resistance to local buckling and hydrostatic collapse. 

Theoretical predictions to-date are mostly based upon thin shell theory although 

there are several empirical design formulations also in existence. Some of the design 

equations available are discussed in the following sections.

6.3.1 Timoshenko 16.3-6.4]

The Timoshenko equation is based upon elastic pipe wall instability due to external 

pressure. For most pipeline design purposes, the modified version of the equation 

including the effects of axial forces and ovalisation is used. The equation may be 

written as following :

(P -/> ,)(/> -P ,) = 3A yPi> , .........................................................................(6.1)

where Pc = elastic collapse pressure

Py = yield pressure = 2TD/r

P = external pressure

A = ovality = ( D ^ + r > ^ )

E = Young’s Modulus
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Y = yield stress

V  = Poisson’s ratio

D = pipeline outside diameter

t = pipeline wall thickness

6.3.2 DeWinter [6.5, 6.6 & 6.8]

The prediction of external pressure collapse is based upon the formation of plastic 

hinges in the circumferential direction [6.6] and is similar to that of the Shell model 

(see section 6.3.7) but does not account for bending. The equation may be written as 

following :

( f  - Py )  = P P A { ^ ] ..................................................................(6-2)

6.3.3 DnV-81 [6.7]

This code has been in use for over 14 years in the design of submarine oil and gas 

pipelines and the prediction of hydrostatic collapse has been found to provide a 

conservative estimate. The DnV collapse equation may be written as following:

y _

. ̂  xcr )  ^ y c r
= 1.........................................  (6.3)

where Gx = longitudinal stress

Cxcr = critical longitudinal stress under direct axial force and bending 

load

Gy = hoop stress

Gycr = critical hoop stress under external pressure alone

11 .  1 ^ 3 0 0  C7„a  = collapse parameter = 1 +
D it

Section 6 -  Collapse of Deepwater Pipelines under Combined Bending and External Pressure Page 107 of 172



Buckle Initiation and Propagation in Subsea Pipelines

6.3.4 Clinedinst [6.8]

The Clinedinst collapse equation is an empirical formula for prediction of 

hydrostatic collapse of high strength well castings. The formula is based on a 

regression analysis of more than 700 pieces of test data and may be written as 

following:

Ps = Minimum of D
(0.1 + 200A)'0.0535

K^t
D

7 - '

(6.4)

Where K\ and K2 are empirical coefficients

6.3.5 APIRP2A/2T[6.9]

This semi-empirical formula for the design of ring-stiffened and unstifffened 

circular cylinders for use in offshore structures may be written as:

Or = a , = 0 ,8 s (y J if -^ < 0 .5 5  
Y

0.18(7,4-0.457 if 0.55 < -^< 1 .60

Y if 1.60 < -^ < 6 .2  
Y

(6.5)

where Oe = equivalent stress 

Or = radial stress
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6.3.6 API 5C3 [6.8]

This empirical formula is based upon 2,700 pure external pressure collapse tests of 

seamless well casings and may be written as following:

P= 2 y |—-111— ) if D/t<b6

3 (7 - )

if by < D/t < bg

K2 — — 1J if D/t > bg .................................... (6.6)

where 6, = auxiliary formulae defined in API 5C3, (i=l to 8)

K2 = empirical constant

6.3.7 Shell [6.8-6.10]

The Shell equation is based upon tests performed with pipes of diameter to thickness 

ratios between 10 and 50 and may be written as following:

gg = I ^  + ̂ ............................................................................................. (6.7)
ĈB ĈEX

where gg = out of roundness function 

Eg = bending strain

£ c b  = critical bending strain for pure bending of perfect pipe

Pep = effective external pressure

PcejT  critical pressure of a perfectly round pipe
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6.3.8 Application of Existing Prediction Methods

The majority of the above equations (sections 6.3.1 to 6.3.7) provide collapse 

predictions for external pressure acting in addition to either pipeline ovalisation or 

axial bending. Only the Shell model provides the fiill combination of loading 

conditions that is considered relevant to the Oman India Pipeline. However, it is 

considered that this design equation does not adequately cover the relatively thick 

wall pipes required for such deep water applications.

A comparison of the critical water depths versus diameter to thickness ratios for 

each of the collapse equations is shown in Figure 6-1 It may be observed that whilst 

close agreement exists for high D/t ratios (thinner pipes), discrepancies increase for 

decreasing diameter to thickness ratios (thicker pipes). Comparison of available 

experimental results with predictions of API RP 2A/2T and DnV-81 equations 

further revealed that these predictions were very conservative. The Shell equation 

provided better agreement.

5000

R a n g e  o f O m an  India 
P ip e lin e  W all T h ick n e ss T im oshenko

 DeW inter
4000 x\

- - DnV

C iined inst

&  3000 -
API RP 2A/2T

Shell

5  2000

1000  -

3020 25 35 40 45 5010 15

Pipeline D iam eter to  T h ickness  Ratio, D/t

Figure 6-1 : Comparison of Existing Collapse Prediction
Methods
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Notwithstanding the above, it was felt necessary to further investigate the 

applicability of the Shell equation and other methods of predicting pipeline collapse 

for the particular characteristics of pipes formed by the UOE process which induces 

large amounts of strain in the pipe giving rise to residual stresses and the Bausinger 

effect. These effects were expected to lead to a reduction in the collapse resistance 

of the pipe. Full scale testing was therefore essential to quantify these effects.

Note : The UOE process refers to the procedure o f pipe fabrication in that a plate is 

first bent to the U-shape, then pressed to the 0-shape prior to axial seam welding. It 

is then expanded using mechanical expanders to the desired geometry.

6.4 N ew  C o llapse  Pr ed ic tio n  M o dels

For the prediction of pipeline collapse, attempts were made to develop a reliable 

theoretical and/or numerical model such that comparisons with tests results could be 

made and parametric analysis performed to investigate the sensitivity of design 

parameters, thereby providing confidence in the choice of design factors. In what 

follows, brief descriptions of the various development works performed between 

1994 and 1995 are presented.

6.4.1 Numerical Model [6.1]

As part of the collapse test programme, an attempt was made to further improve the 

application of an existing numerical model for the prediction of pipeline collapse 

behaviour. The model is a proprietary computer program that can be used to 

calculate the response and to assess the stability of a long, relatively thick walled 

pipe under combined pressure, tension and bending loads. The computer program is 

applicable to pipes with loading histories which result in plastic deformation and is 

able to model effects of cold working due to the UOE fabrication process. Applied 

loads and deformation are assumed to remain uniform along the length of the pipe at 

all times. The nonlinear kinematics used are suitable for modelling the ovalisation
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induced to the pipe cross-section under bending conditions. Initial ovality and 

bending type circumferential residual stresses can also be included in the analysis. 

Material properties are based upon the Ramberg-Osgood type stress-strain 

relationship with anisotropic yielding of materials taken into consideration.

6.4.2 Modified Shell Formula

Using the results of the various full scale tests, empirical modifications to the Shell 

equation were made such that accuracy of predictions could be improved for the 

relatively thick walled pipes. The modifications included a 3-step approach as 

follows:

•  a x i a l  b e n d i n g  e f f e c t s  - the Shell equation was adjusted to accurately 

predict the collapse pressures recorded during the 26-inch pipe active 

bending tests;

•  h i g h  l e v e l s  o f  o v a l i t y  - the Shell equation was adjusted to cater for pipe 

ovalities higher than those found in test pipes, using predictions obtained 

from the Numerical Model as summarised in Section 6.4.1;

•  s e n s i t i v i t y  t o  m a n u f a c t u r i n g  p r o c e s s  - the Shell equation was modified 

with a curve fitting parameter which included longitudinal compressive 

strength of the linepipe.

6.4.2.1 Axial Bending Effects

Initial application of the Shell equation using the measured average circumferential 

compressive and circumferential tensile yield values produced prediction errors of 

up to 14%, as shown in Figure 6-2. Furthermore, predictions were offset by 

approximately 0.2% strain with a slightly skewed slope. To account for this shift and 

skew, the following modification to the bending component of the equation was 

effected:
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1.15 e ,+ 0.002 (6 .8)

where £bm =  m o d i f i e d  b e n d i n g  S tra in  

£b =  m e a s u r e d  b e n d i n g  s t r a in

6.4.2,2 Hi2 h Levels o f Ovalisation

In order to cater for the level of ovalisation expected of the linepipe manufacturing 

process, a modification of the ovality parameter was made using sensitivity analysis 

results obtained from the numerical model described in Section 6.4.1 above. This 

was necessary since all the test specimens only had ovality levels of 0.13 to 0.19%, 

possibly lower than those anticipated for bulk production pipes. As a result of this 

study, a modification factor was defined for the pressure term of the Shell equation, 

as follows:

1+ (100A-0.15) X  0.235 

where A = ovality = { D ^ ~ D ^ ) I ( D ^ + D ^ ^ )

Dmax= maximum outside diameter 

Dmin = minimum outside diameter
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Figure 6-2 : Comparison of Shell Equation Predictions with
Test Results
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6.4.2.3 Sensitivity to Manufacturing Process

Whilst the above modifications led to better correlation between predicted collapse 

pressures with the 26-inch active bending pipe test results, discrepancies still existed 

for the 20-inch and 26-inch pure collapse tests. The accuracy of prediction seemed 

to vary depending upon the source of the test pieces. This indicated that a variable 

affecting the accuracy of prediction seemed to be linked to the manufacturing 

process. After analysing the test data, it was found that the best empirical fit was 

obtained when a factor derived from the longitudinal compressive strength was 

included in the formulation, as following:

= average longitudinal compressive strength 
average circumferential tensile strength

Whilst the parameter Ncs has no real physical meaning, it does serve to provide a 

parametric adjustment such that predictions provide good correlation with the test 

results.

6.4.2.4 The Modified Shell Equation

In its final form, the modified Shell collapse equation may then be written as 

following :

0.9

1.15e.+0.002''
gg   ----------

'cb
C EX

/
l + (l00A-0.15)x0.235

.(6.9)

Figure 6-3 shows a comparison of predictions made using this modified Shell 

equation with the test results.
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Figure 6-3 : Comparison of Modified Shell Equation 
Predictions with Test Results

Whilst the modified Shell equation provided a better correlation of the test data, its 

ability to reproduce test results was still disappointing. The equation utilises 

parameters that are not normally recorded in pipe mills and contains a peculiar 

mathematical expression that does not produce degenerate solutions for pure 

external pressure collapse predictions. Furthermore, it does not fully capture the 

highly non-linear material stress-strain characteristics in the post-yield region. For 

the above reasons, further numerical and analytical studies were performed with the 

aim of overcoming some of these shortfalls.

6.4.2.5 Finite Element Modellin2

A 3-dimensional finite element elastic-plastic solid model was established, using a 

general purpose finite element computer program “ANSYS”, to analyse the collapse 

behaviour of the pipeline [6.11]. Non-linear large displacement elastic-plastic solid 

elements with kinematic strain hardening material properties were used. The non

linear solution procedure follows the well established method of load incrementation 

and equilibrium iterations. Newly available numerical solution techniques were 

applied to control convergence in the vicinity of buckle formation.

Section 6 -  Collapse of Deepwater Pipelines under Combined Bending and External Pressure Page 115 of 172



Buckle Initiation and Propagation in Subsea Pipelines

70

3 60

6050 55 6540 45 70
Predicted Collapse Pressure (MPa)
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Figure 6-5 : Finite Element Model Predictions versus Test 
Results (combined bending and external pressure tests)
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The difference between measured and predicted pure hydrostatic collapse pressure, 

shown in Figure 6-4, is found to be on average within 5% (8% maximum). In view 

of the diversity of manufacturing processes, difference in steel grade and test 

conditions, the analysis is considered to provide reliable predictions for the pipeline 

collapse. Results for combined bending and pressure loading comparisons are shown 

in Figure 6-5. The narrow scatter further proves that the model is capable of 

predicting collapse under complex loading conditions. More details of the finite 

element modelling may be found in Reference [6.11].

6.4.3 Deterministic Method based upon test correlation

From the study of the Shell formulation, it became apparent that collapse 

characteristics were governed not only by the loading sequence and geometric 

distortion, but also the degree of material anisotropy and its highly non-linear 

compressive stress-strain relationship. For this reason and as a means of improving 

the accuracy of pipeline wall thickness design, a more reliable deterministic model 

was required. For this, a combined bending and pressure collapse model 

incorporating pipe geometric and material anisotropy was developed during 1995 by 

the project team.

Prediction is essentially based upon a relatively simple linear pressure-bending 

interaction relationship, as follows:

^ + —  = 1    (6.10)
Gc P .

By taking into consideration material plasticity using the Ramberg-Osgood stress- 

strain model, pipe ovality using an equivalent pipe diameter, and well established 

critical strain value under pure bending loads and critical pressure for hydrostatic 

collapse, the constitutive relationship may be summarised as the following 

equations:
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4 —1\.D -t_

\3

1 - v  1  D - t
/  J

E ,g
=  0

P = lG -
D - t

De,=  —
/

e„ =15'Él

,(6. 11)

where t = wall thickness

D = equivalent pipe outside diameter, obtained by solving the 
following non-linear equation from the pipe geometry analysis

ID  -  [D, + 2DVÂ] + 2 J[0.5(Z)„ + 2DVa)]' -  (dV a)' =0

Do = pipe diameter at A=0

A = pipe ovality

a  = hoop stress

V = Poisson’s ratio

Eh -  Elastic Modulus in the hoop direction

Zrh = reference strain in the Ramberg-Osgood formula for
compressive stress-strain curve in the hoop direction

Grh = reference stress in the Ramberg-Osgood formula for
compressive stress-strain curve in the hoop direction

rih = strain hardening exponent in the Ramberg-Osgood formula for
compressive stress-strain curve in the hoop direction

Ee = Elastic Modulus in the axial direction

<5ra = reference stress in the Ramberg-Osgood formula for
compressive stress-strain curve in the axial direction

Zra = reference strain in the Ramberg-Osgood formula for
compressive stress-strain curve in the axial direction
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n„ =

I  =

I n  =

strain hardening exponent in the Ramberg-Osgood formula for 
compressive stress-strain curve in the axial direction

moment of inertia

i 4k

3 + —

3 + -

Ro = pipe outside radius

Ri = pipe inside radius

T(m) = Gamma function

M  = bending moment

P = external pressure

Pc = critical pressure

66 = bending strain

6c = critical bending strain

Solving Equation 6.10 and 6.11 now requires the following input information:

• pipe outside diameter

• pipe wall thickness

• pipe ovality

• compressive stress-strain curve in the hoop direction

• compressive stress-strain curve in the axial direction

A comparison of the collapse pressure predictions for pipes tested under combined 

bending and pressure loading is shown in Figure 6-6. Prediction accuracy is similar 

to results obtained by the finite element modelling summarised in section 6.4.2.5.
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Figure 6-6 : Deterministic Model Predictions versus Test 
Results (combined bending and external pressure tests)

6.5 P r o b a b il ist ic  A p p r o a c h  f o r  P ip e l in e  W a l l  T h ic k n e ss  D esig n

Using the information obtained from the test programmes and the various theoretical 

and empirical studies, a probabilistic approach was adopted for pipeline wall 

thickness design. As a starting point for the probability analysis, an analytical 

method for the prediction of pipeline collapse was required. The accuracy of the 

final results is also largely dependent upon the accuracy of the prediction equation 

used. Details of how the probabilistic approach used for the design of the project 

pipeline wall thickness is outwith the scope of this thesis, however, a brief 

description of the method is provided herein for reference.

Based upon given probability distribution functions for the various input variables, 

the probability of a single pipe joint collapse during installation can be evaluated 

using an iterative calculation scheme. For each section of the route, the probability 

of failure of a single pipe joint during installation may be established by performing 

a number of computer simulations to encompass the various wall thickness and 

bending strain combinations being considered. For a given design bending strain, 

calculations can be performed to determine the critical water depths for each target 

wall thickness, hence allowing the probability distribution function of the critical
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water depth to be established. This will then allow the probability of failure to be 

calculated for a known water depth. If desirable, this can be repeated for a range of 

design bending strains for the same section of the route.

Sectionalisation of the pipeline route is normally based upon change of wall 

thickness design or loading parameters, such as water depth or design bending 

strain. For a given sectionalisation scheme of the route, the overall probability of a 

pipe joint failure is then given by the sum of the individual probabilities of failure of 

the pipeline route sections.

6 .6  C o n c l u s io n s  a n d  R e c o m m e n d a t io n s

Based on the previously mentioned experimental and theoretical investigations, the 

following two major points are considered as the final requirements to achieve a 

reliable wall thickness design:

• reduce variability and improve the material properties of the pipeline;

• enhance pipeline reliability analysis

In order to address the first point, an experimental investigation was performed in 

1995 to evaluate the effect of thermal ageing on heavy wall UOE linepipe collapse 

resistance and material properties. As a result, thermal ageing was found to enhance 

the pipe collapse resistance and reduce the variability in stress-strain response 

resulting from differing levels of expansion. Details of this work may be found in 

Reference [6.12].

With the improvements in deterministic modelling of pipe collapse, and the 

improvement of material properties provided by thermal ageing, a very accurate 

linepipe structural reliability analysis can be achieved. The First Order Reliability 

Method (FORM) has been selected to form the basis of such an analysis. This
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method is considered to have advantages over the Monte Carlo technique in the 

small probability regions which are of interest for design.

Using the approach described in this section, buckle initiation in very deep-water 

pipelay is implicitly incorporated for pipes having the usual forms of fabrication 

imperfections.

6.7 A c k n o w l e d g e m e n t  a n d  A u t h o r ’s  P a r t ic ip a t io n  in  t h e  W o r k

The work presented in this section was performed as part of the Oman-India project 

engineering work between 1993 and 1995. As part of the team, the author was 

responsible for the review of past analytical methods, the part development of the 

deterministic analysis and its comparison with test results. Team members involved 

in this work were acknowledged in Reference [6.13].
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7. DEEPWATER PIPELINE DESIGN

7.1 I n t r o d u c t i o n

Buckle initiation and propagation, the main theme of this thesis, have been discussed 

in the previous sections. Although these phenomena have significant impact on the 

structural integrity of the pipe wall, they are only part of the numerous design 

considerations in a deep-water development project. In this section, the various 

issues relating to deepwater pipeline design are presented in the context of limit state 

design methods developed in the last decade.

The evolution of pipeline design, from the use of empirical methods and simple 

linear analyses to more complex methods involving high power computational 

procedures for non-linear analyses, has led to much improved understanding of the 

mechanics of behaviour. Design approaches using stress based acceptance criteria 

with no real rationale and explicit margin of safety are now considered out of date. 

With the introduction of a limit state design based code in Europe in 1997 and the 

imminent issue of an international standard for pipeline design, also based on 

reliability and limit state methods, pipeline design for deepwater can now be 

performed using a coherent approach with measurable system reliability levels. 

However, there is an urgent need to establish the compatibility of these design 

methods with the practicality of materials procurement and installation. 

Furthermore, it is necessary to ascertain if the design code, whilst based upon limit 

state design methodologies, is adequate for deep to very deep-water applications. 

For the purpose of this section, water depths from a few hundred metres to 1,500m 

are considered as deep, and very deep-water refers to water depths from 1,500m 

upwards.

This section describes some of the key issues relating to the limit state design of 

deep-water pipelines, placing particular emphasis to structural strength evaluation
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and the various acceptance limits. Some basic failure modes in the context of design 

formulations and their parametric dependence are discussed. A brief review of the 

hazards relevant to the installation and operational conditions is presented together 

with a discussion of the safety limits currently in use for designing against external 

pressure induced failure. The section also discusses the practicality and limitation of 

hydrotesting of deep-water pipelines which in most cases will have been designed or 

optimised based upon external pressure collapse requirements.

7.2 B a c k g r o u n d

Subsea pipeline installation has been achieved in ever-increasing water depths since 

the expansion of the offshore industry in the early 70’s. Recent and future 

developments in the Americas, Africa, Europe, the Middle East and the Far East 

have considered water depths up to 3,500m. The development of pipeline projects in 

increasing water depths over the last two decades is shown in Figure 7-1. A measure 

of this technological advance may be based upon a function of water depth and 

pipeline diameter as discussed in Ref.[7.1] and shown in Figure 7-2. In deep to very 

deep-water, the adequacy of existing design methods and applicability of installation 

techniques are questionable. There is a growing need for a better understanding of 

the mechanics of behaviour such that all possible failure modes can be designed for.

Over the last two decades, the same basic technology has been employed for the 

installation of the majority of pipelines. With the exception of minor modifications 

to installation vessels, there has been relatively little change in the equipment and 

installation techniques. The 22-inch trunklines across the Strait of Gibraltar in water 

depth up to 400m were installed in 1995 by Saipem’s Castoro Sei [7.2, 7.3]. This 

particular lay barge was built in the late seventies and installed the first of a number 

of the Transmed pipelines in the 1980’s in water depths up to 610m [7.4]. More 

recently, in 1996, Allseas’ Lorelay, successfully installed several smaller diameter 

pipelines (up to 16-inch) in the Gulf of Mexico in water depths up to 1,600m.
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Figure 7-2 : A Measure of Deep-water Pipelay Capability

In so far as pipelay using the conventional S-lay configuration is concerned, the only 

significant modifications have been increased lay tension capacity and extended 

stinger length. By increasing the length of the stinger, the pipeline departure angle is
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increased and lay stresses are reduced. Whilst general pipelay configurations and 

techniques have not changed significantly, it is worth noting that installation support 

activities, such as surveys, data acquisition, seabed and pipeline intervention 

methodologies have improved significantly to cope with these ever increasing water 

depths.

In the early seventies, pipeline designs were largely based upon empirical methods 

and simple linear analyses. Stress based design checks provided much of the basis 

for design and there were various test programmes conducted for specialist 

problems, such as collapse due to combined bending and external pressure [7.5, 7.6], 

buckle propagation [7.7, 7.8], etc. The lack of rationale for design has resulted in the 

majority of the pipelines being designed using approaches with unknown levels of 

safety. This had called for the need of a more structured approach to pipeline design. 

As a result, DnV’76 [7.9] provided a basic reference for the design and construction 

of submarine pipelines. Also noteworthy is the fact that computers started to provide 

relatively efficient solution procedures for more complex analyses, such as non

linear pipelaying and process flow simulation.

Extensive research and development efforts in the seventies led to the development 

of several design codes, notably DnV’81, IP-6 and BS-8010 [7.10 to 7.12]. These 

codes often made use of simple theoretical analysis or empirical relationships 

together with global safety factors for the determination of limiting stress conditions. 

The association of these factors with safety were not necessarily based on rational 

means and do not therefore directly infer quantitative margins of safety. In fact, most 

of these factors were decided upon using qualitative judgement, depending on the 

“level of ignorance”. Ignorance may be related to material characteristics, structural 

modelling formulation, failure consequences and even the level of loading.

In the early nineties, basic techniques were still very much based upon those 

developed over 20 years ago, although varying degrees of refinement had been
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implemented for different aspects of the design. As part of an overall effort to 

improve the cost effectiveness of subsea pipelines, there was a positive drive 

towards using limit state design philosophies and reliability based methods [7.13- 

7.15, 7.36]. To this end, various joint industry research and development 

programmes were established with the aim to develop more rational, safety levels 

and related, realistic design procedures. Some of these procedures were applied in a 

recently installed pipeline in the North Sea [7.32]. At around the same time, with the 

appearance of the Oman India Pipeline prospect and its associated feasibility studies 

[7.16-7.18], significant progress on the use of reliability based design methods was 

made. The studies have also resulted in better understanding of pipeline material 

characteristics and structural performance in deep-waters. The first Limit State 

Design based code of practice [7.15] was published in Europe in 1997. With this 

introduction, it is expected that there will be a significant impact on the way designs 

are performed in the European pipeline industry. Similarly, with field developments 

in the Gulf of Mexico and offshore Brazil, etc. venturing into ever increasing water 

depths, the application of limit state design will almost certainly become more 

popular, if not a necessity.

7 .3  S o m e  D e s ig n  A spe c t s  o f  D e e p -w a t e r  P ip e l in e s

Without oversimplification of the process, it is considered that deep-water pipeline 

mechanical design tends to depend crucially upon the correct selection (or 

optimisation) of linepipe configuration. Considerations such as pipelay 

requirements, on-bottom stability, as-built stress and strain states, free-spanning 

characteristics and seabed intervention requirements are all interrelated and 

dependent on pipe geometry. Whilst thicker wall pipe tends to provide higher 

general structural robustness, it may lead to other problems such as excessive seabed 

intervention requirements.
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In what follows, the various hazards relating to deep and very deep-water pipelines 

during the design, installation, testing and operational phases are discussed in the 

context of the Limit State Design approach.

7.3.1 Mechanical Design Considerations

The starting point in pipeline mechanical design is the determination of wall 

thickness, for which the following criteria should be considered:

• internal pressure retention;

• hydrostatic collapse;

• buckle propagation;

• buckle initiation; and

• local buckling.

Following this, the permanent works design must ensure that the various loading 

conditions for the pipeline during the operational phases will not cause failure. 

These checks include on-bottom stability, external corrosion protection, 

freespanning characteristics, extreme and/or accidental loading conditions, such as 

dropped object impacts, trawl gear pull-over, etc.

For most deep-water pipelines, internal pressure retention is rarely the governing 

criterion. This is particularly true for very deep-waters, as the external hydrostatic 

pressure that the pipeline experiences when installed empty, or if depressurised 

during operation, will lead to far greater structural integrity requirements. The 

internal pressure retention design criterion is in itself a safeguard against bursting, 

which is an ultimate limit state. In this sense, there is strictly no requirement for the 

design to be based on yield. However, for practical reasons including those of
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material procurement requirements, the imposition of a yielding limit state may be 

viewed as acceptable.

The phenomena of elastic/plastic collapse, buckle initiation and propagation, local 

buckling due to external pressure and combinations of external pressure, axial loads 

and bending can lead to unacceptable levels of damage with far reaching 

consequences. For this reason, deep-water pipeline wall thickness design requires a 

clear understanding of the mechanics of behaviour as well as the use of accurate 

prediction methods for these events. Figure 7-3 provides a schematic representation 

of the relationship between hydrostatic collapse, buckle initiation and propagation. 

The treatment of these interrelated phenomena has been discussed in Sections 6,3 

and 4 respectively.

Elastic/plastic collapse (flattening)

Collapse with ovalisation (local buckling, then propagation)
- i.e. buckle initiation at low initial imperfection level or 

bending induced ovalisation

—  Buckle initiation at medium imperfection level 

—  Buckle initiation at high imperfection level

_ _  _  Buckle initiation a t very high imperfection level

-V-— ___________Buckle propagation

Buckle initiation at 
a  pressure very 
close to propagation

lmpe[fection levelŝ  Measure of Imperfection I Deformation e.g. volume change

Figure 7-3 : Interrelationship Between Hydrostatic 
Collapse, Buckle Initiation and Propagation

Numerous papers [7.5-7.8, 7.16-7.26, 7.35-7.37] aimed at providing more accurate 

prediction methods, have been published in the past two decades on the subject of
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pipeline collapse and buckle propagation. Whilst there is general agreement on the 

behaviour of relatively thin walled pipes, which is applicable to moderately deep- 

water conditions, there is significant discrepancies for thicker walled pipes that are 

necessary for installation in deep to very deep-water. This growing body of 

information has been recently supplemented by results obtained from full scale tests 

[7.16, 7.26] and new prediction methods [7.17, 7.18] developed in the study for the 

Oman India Pipeline across the Arabian Sea, in water depths up to 3,500 m. 

Comparisons of the various design methods for pressure collapse and buckle 

propagation based on selected work in the last two decades are shown in Figure 7-4 

and 7-5 respectively.
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Figure 7-4 : Comparison of Collapse Predictions [7.17]

Designing against collapse, buckle initiation, buckle propagation and local buckling 

using the design methods outlined above will ensure that the pipeline cross-sectional 

area will not distort and therefore not hinder fluid transportation or pigging 

operations. As such, these criteria may be viewed as the various serviceability limits.
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In the case of a wet buckle, however, the failure will lead to pipe wall rupture, loss 

of containment and ingression of seawater, and hence may be viewed as an ultimate 

limit state failure.
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Figure 7-5 : Comparison of Buckle Propagation 
Predictions

Depending upon seabed environmental conditions, concrete coating may be required 

to ensure pipeline on-bottom stability. Clearly, the concrete thickness may be 

minimised or eliminated by simply selecting thicker walled pipes. This approach, 

however, has potential material and construction cost implications, and is unlikely to 

yield the optimum solution with regard to pipeline spanning and layability. In 

undulating seabed conditions, this increased stiffness associated with the thicker 

wall is likely to result in longer freespans with greater clearances and a 

consequential increase in remedial works required. Conversely, selection of a lesser 

wall thickness may result in overstressing of the pipeline during installation or in its 

as-laid configuration, potentially increasing the level of remedial works required 

prior to operation.
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Design methods for pipeline on-bottom stability bave not changed significantly over 

the last decade. The conventional approach [7.10], based upon rigid body static 

equilibrium formulation, in use for over 20 years is suggested to be conservative. 

Recently developed approaches [7.27-7.31], based upon storm build-up and dynamic 

analyses, are unlikely to be effective in deep and very deep water conditions. Other 

problems relating to pipeline stability may arise from seabed mobility, such as 

turbidity flow, mudslide events, seismic activities, etc. In general, design guidance 

in these areas is limited.

The majority of mechanical design aspects for deep-water pipelines are similar to 

those employed for shallow waters. Refinements may be required, however, for 

deep-water applications. For example, special consideration must be given to 

concrete and corrosion coating slippage during installation, durability of external 

coating systems, thick walled pipe welding, material selection, etc.

7.3.2 Failure Mode Considerations

In so far as pipeline mechanical failure is concerned, there exists a vast number of 

failure modes, however, the most significant failure mechanism for deep-water 

pipelines would arguably be caused by combinations of bending and pressure. For 

illustration purposes, some of the significant failure modes for deep-water pipeline 

design throughout the lifetime of a pipeline are listed in the following.

7.3.2.1 Installatinn

• External pressure induced collapse when the pipeline is installed empty on 

the seabed;

• Bending induced local buckling when the pipeline is under controlled 

bending conditions during pipelay, such as the overbend region of the S-lay 

configuration;
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• Bending induced local buckling when the pipeline is under un-controlled 

bending conditions during pipelay, such as the pipe section just beyond the 

stinger tip when the laybarge moves backwards (Sections 3, 4 and 6 provides 

some discussions on the prediction of buckle initiation and propagation);

• Combined bending and external pressure induced buckle initiation and 

buckle propagation in the pipe section at or near the seabed either during 

pipelay, whether in the S- or J-lay configuration, or as a result of as laid 

freespans over seabed undulations;

• Vortex shedding vibrational stress induced fatigue due to freespans left at the 

seabed after installation.

73.2.2 Testing

• Internal overpressure induced bursting;

• Bending induced local buckling at freespan locations;

7.3.2.3 Operation

• Internal overpressure induced bursting;

• Bending induced local buckling at freespan locations and/or other forms of 

pipeline lateral deflection;

• Dropped object induced local pipewall distortion (denting) leading to loss of 

stiffriess and combined bending beam mode failure;

• Vortex shedding vibrational stress induced fatigue due to freespans;

• Cyclic hoop stress induced fatigue leading to bursting;
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• Extreme lateral loads due to seabed instability and/or seismic events leading 

to excessive lateral deflection, hence bending induced beam mode or local 

pipe wall buckling,

7.3.3 Variability of Loading in Deep to Very Deep-water During Pipelay

Load variability is one of the factors that affects the use of high design factors, both 

in conventional stress based design approach and in limit state design methods. In 

shallow water, particularly during pipelay, it is generally tme that load variations 

due to vessel movement, water level uncertainty, wave and current induced forces 

on the pipeline section spanning between the stinger and the seabed can have a 

significant effect on the stress and strain characteristics. This is because the pipe 

section in suspension behaves much in line with that of a beam, in that any changes 

in loading will induce additional bending, mostly in the sag bend region. In deep to 

very deep-waters, however, the pipe span behaves similarly to that of a catenary in 

that axial forces dominate and bending effects are secondary. Variations in loading 

therefore do not necessarily alter the span deflection shape significantly, and as a 

result, the sag bend stress/strain state of the pipeline will not be as sensitive.

As water depth increases, J-lay becomes more attractive, perhaps due to its ability to 

lay pipes in much deeper water for the same level of tension in the S-lay 

configuration. The added advantage of J-lay is the low bottom tension, hence 

reducing the risk of freespanning. It is however worth noting that the level of 

bending and local pipe wall force in the sag bend region is higher than those in the 

S-lay configuration. The net effect of this is that combined axial compression, 

bending and pressure induced local buckling may become a critical design criterion. 

In the limit that the effective bottom tension during pipelay is zero, it can be shown 

that the pipe wall compressive force is a function of external pressure and pipeline 

external diameter, as follows :
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=   (7 .1 )

where

N  = pipe wall axial compressive force 

pw = seawater density

g = gravitational acceleration

h = water depth

D = pipeline outside diameter

This issue has to be dealt with in detail during the installation analysis.

7.4  R e v ie w  o f  H a z a r d s  R e l e v a n t  t o  I n s t a l l a t i o n  a n d  O p e r a t in g  
C o n d it io n s

The basis of a limit state approach to design is the identification of the limit states of 

behaviour of the pipelines, i.e. those conditions which, if exceeded, would cause the 

pipeline to fail or to develop deformations to the extent it would no longer be fit for 

purpose. These limit states are related to specific forms of loading that the pipeline 

may experience during the installation process and during operation. Thus, the 

loading constitutes a hazard to the pipeline, the consequences of which are then 

evaluated in the limit state approach. The combination of the hazards and the 

consequences constitute the risk to the pipeline at the various stages in its life, i.e. 

installation, testing and operation.

The variability of the various forms of loading is treated independently from the 

variability of material properties and the uncertainty in the response of the pipeline 

to the loading. The variability is assessed and specific design factors are calculated 

to ensure that the risk is at an acceptable level commensurate with the economic 

requirements of the project. Values for the design factors associated with loading,

Section 7 -  Deepwater Pipeline Design Page 136 of 172



Buckle Initiation and Propagation in Subsea Pipelines

material and structural response have been derived as part of the SUPERB project

[7.14] and during the preparation of the DnV’96 Rules [7.15]. Naturally, since the 

Rules are intended to provide guidance across a wide range of types, sizes and 

locations of pipelines, the design factors represent mean values that ensure 

acceptable levels of reliability for these diverse conditions. The Rules are the only 

coherent guidance in limit state form that is currently available, but deep-water 

pipelines are at the extreme end of the range of conditions considered in the Rules 

and the hazards that are present in these deep-waters may not be as severe as those 

considered in the preparation of the design factors. It is interesting, therefore, to 

consider how the hazards, i.e. the loading to the pipeline, will be altered by a move 

into very deep-waters. The following sub-sections consider, in a general manner, the 

corresponding change in design factors for the response of the pipeline to loading 

caused by installation and operation in very deep-waters. The loading applied to a 

pipeline derives from:-

• Net internal pressure

• Net external pressure

• Deformations during the installation process

• Accidental impact loads

• Deformations in free spans

• Loss of pipeline stability due to current loading

• Deformations due to seabed movement

A brief discussion of various loading conditions is presented here in the context of 

whether the loading hazards generally increase as water depth increases.
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The following sub-sections present a brief review of the hazards that impinge on 

very deep-water pipelines and the likely changes in the variability of these hazards 

compared to pipelines in moderately deep-waters. As a general conclusion, hazards 

do not seem to increase for installation and operations with the exception of free 

spans where lack of detail of the seabed topography can increase the uncertainty of 

the loading on a pipe in a span. Given the cost of span rectification operations and 

repair of a buckled pipe at a span, it may be concluded that this hazard should be 

given special attention at the initial stages of pipeline feasibility studies and that the 

careful routing of the pipeline is effectively the single most important measure to 

reduce the major hazard to a deep-water pipeline.

7.4.1 Net Internal Pressure

Generally the variability of internal pressure results from the variability of the 

control systems associated with the process equipment. This requirement is not 

different for pipelines in moderate depths compared to very deep-waters; the major 

difference comes from the effects of the external pressure to reduce significantly the 

level of net internal pressure to the extent that it is unlikely that the wall thickness 

for very deep-water pipelines would be designed on the basis of pressure retention.

7.4.2 Net External Pressure

The variability in external pressure can be taken to be zero for very deep-water 

pipeline design. This is basically not very different to the design recommendations 

for moderate depths, except that the effects of surface waves, tides and other 

atmospheric fluctuations can be ignored as the depth of the pipeline becomes very 

large.

7.4.3 Deformations during Installation

Bending deformations in a pipeline during installation reach maximum values on the 

stinger for S-lay configuration and in the sag-bend in S-lay and J-lay configurations.
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The variation of the movements on the stinger depend on variations in the pipe 

flexural stiffiiess, say due to wall thickness change and/or misalignment at a field 

joint, variations in the material properties, and, particularly, movements of the 

vessel. The limit state guidance in DnV’96 [7.15] applies two sets of design factor to 

the calculated moments on the stinger, i.e.

Yf=1.2 or 7 f=  1.1 and Ye= 1-3

where Tf is the factor associated with functional loads

Ye is the factor associated with environmental loads.

Generally, the variability of the functional loads on the stinger is not likely to 

increase as the pipeline depth increases but the variability of the environmental loads 

may decrease because of the stabilising effects of the very large length of suspended 

pipe hanging off the ends of the lay-vessel. Thus, there could be a case for reviewing 

this level of the design factor Ye for the analysis on the stinger. More important, 

however, is the condition at the sag-bend. Generally, the improvements in the lay 

stress analysis, with more accurate non-linear finite element programs, enables the 

moments in the sag to be calculated with a high degree of accuracy, including the 

effects of strain concentrations due to field joints and connections with buckle 

arrestors. The long length of the suspended section of pipe, in J-lay and S-lay, for 

very deep-water pipelines will damp the effects of vessel motion on the surface, as 

discussed in Section 3.3. Therefore, the design factor, Ye> that accounts for the 

variation in the moment due to environmental effects may very well be reduced for 

very deep-water pipelines. Since the combination of external pressure and bending 

at the sag bend is a primary combination for the design of the pipe wall thickness, 

there is an incentive to review the appropriate level for the environmental design 

factor.
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7.4.4 Accidental Impact Loads

The probability of a pipeline being impacted by a dropped object, fishing gear or 

anchor diminishes as the depth of the pipeline increases. Thus, sections of a pipeline 

in very deep-water can be considered to be free from the hazards of accidental 

impact. A mechanism analysis for the prediction of impact damage is presented in 

Section 2 of this thesis.

7.4.5 Deformations in Free Spans

The hazard posed to a pipeline by a free span is due to the bending and pressure 

loading in the spanning pipe as it deforms. Provided the geometry of the span is well 

defined, the hazard to a pipeline of a span in deep-water is no greater than in shallow 

water; indeed the hazard of trawl gear interaction is eliminated. However, as the 

water depth increases, the cost of obtaining a high accuracy in the seabed survey 

increases compared to more moderate depths. This increases the hazard to the 

pipeline since it may not be possible to obtain accurate predictions of the functional 

loading on the pipe in the span. This, in turn, will lead to an increase in the design 

factor for the loading and a consequent increase in the pipe wall thickness to 

maintain an acceptable level of reliability. It may be that in very deep-waters the 

level of reliability applied to the derivation of the design factors should be increased 

since the cost and time involved in correcting free spans and repairing a section of 

pipe that has buckled at a span will be very much greater than for moderately deep- 

water. Thus, taking into consideration the remarks made above regarding other 

hazards to the pipeline, the major hazard and the requirement for pipe design is 

probably driven by the requirements of maintaining integrity of the pipeline in 

spanning conditions. The hazard can be reduced by having highly accurate 

information from the initial route survey and by taking very great care in planning 

the route. It is evident that time spent at this stage and the recognised by the

Section 7 -  Deepwater Pipeline Design Page 140 of 172



Buckle Initiation and Propagation in Subsea Pipelines

Operator of the value of fiinding the work, will significantly reduce the major hazard 

to pipelines in very deep-water and result in overall cost saving.

7.4.6 Loss of Pipeline Stability

The hazard to a pipeline from the force imposed by current loading, whether static or 

dynamic, can be included in the design process using well proven methods provided 

the velocity and variability of the current is known with an acceptable degree of 

accuracy. The stability factors included in most codes and guidance documents with 

regard to pipeline stability and vortex induced vibrations have been developed from 

experience and the successful application of the analysis methods in a few areas in 

the world. Pipelines being designed for very deep-water, however, will probably be 

installed in areas where very little information is known about the long- and short

term variations in current velocity. The hazard posed to a pipeline will be increased 

if the predictions for the current velocities along the route are based on inadequate 

information. Therefore, similar to the conditions for accurate route survey, it is 

advisable that an Operator should initiate hydrographic studies and current 

measurement as soon as possible following an expression of interest to install a 

pipeline in a previously uncharted deep-water area of ocean.

7.4.7 Deformations due to Seabed Movement

The movement may be initiated by a seismic or climatic event that will cause fault 

movements, mud slides, seabed slumps or turbidity currents. The loading from these 

events is no more severe for pipelines installed in deep-waters than it is for more 

moderate depths. Indeed the consequences to the pipeline may be less since, as will 

be seen in the next section, deep-water pipelines will have quite small D/t ratios that 

give them a considerable capacity to resist buckling and a greater robustness against 

accidental loading.
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7 .5  R e v ie w  o f  Sa f e t y  L im it s  f o r  B e n d in g  a n d  P r e s s u r e  B u c k l in g

The primary hazards to pipelines operating in very deep-waters are seen from the 

previous section to derive from the combined effects of pressure and bending, both 

in free spans and during installation. There has been a considerable body of research 

[7.16-7.21] developed during the past twenty years on the response of pipe to 

pressure and bending loading. This work at the beginning was concerned with 

testing and correlation with proposed simplified design formulations. More recently, 

the work has included comparison of the test results with non-linear finite element 

modelling that includes large deflections and material non-linear stress-strain 

properties. This section reviews briefly the implications of this research work for the 

design of deep-water pipelines and an initial assessment of the design factors that are 

relevant to the evaluation of the wall thickness for very deep-water pipelines 

subjected to external pressure.

It is now clear that the buckling of pipelines subjected to external pressure can be 

accurately predicted using non-linear finite element modelling [7.18, 7.43]. These 

references show that if the appropriate material properties are incorporated in the 

finite element modelling, together with the initial geometry of the pipe, a good 

correlation is obtained between the buckling load predicted by the numerical model 

and the corresponding test results. The tests on a range of D/t ratios also show that 

there is reasonable agreement between a number of simplified design formulations 

and the test results. The work in SUPERB and the preparation of the DnV’96 Rules 

has considered the comparison between test results for pipes subjected to pressure 

and bending for a range of D/t ratios and concluded that the de Winter formulation 

provided a good basis for the prediction of the collapse pressure. This was 

confirmed [7.16, 7.17] by tests on thick-walled pipes intended for installation in very 

deep-waters. It was shown that the de Winter formulation [7.19] required some 

minor modifications, but essentially described well the failure pressure observed in 

the tests. The formulation is:-
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(n  -  f j k  '  - n  P, Pp L  j ........................................................(7.2)

where Pc is the collapse pressure

Pel is the elastic buckling pressure 

Pp is the plastic buckling pressure 

fo is the ovality of the pipe 

D is the pipe diameter 

t is the pipe wall thickness

with

..4M
l - V

P=2-SMYS-— ; 
” D

/ o  - D

and SMYS is the ^ecified Mnimum Yield ^ e ss .

The elastic buckling pressure represents the pressure at which a perfectly round pipe 

will experience collapse due to external pressure while the material remains elastic; 

this relates to thin-walled pipe. Thick-walled pipes will collapse at a pressure closer 

to that corresponding to yield of the material in the hoop direction. The term on the 

right-hand side of the equation represents the interaction between the elastic and 

plastic buckling and the out-of-roundness of the pipe. Naturally, the buckling 

pressure will vary from test to test depending on variations in the material properties
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and the initial shape of the pipe. It is generally accepted that the elastic buckling of 

cylindrical shells is more sensitive to variations in geometry, especially initial 

imperfections such as ovalisation and local distortion, than is the case for inelastic 

buckling.

The method of manufacture of the pipe can affect, considerably, the material 

properties, such as in UOE pipe compared to seamless pipe [7.43], but the level of 

effect can vary with the diameter to thickness ratio. These can be considered in the 

finite element non-linear modelling and the test results are predicted with 

considerable accuracy [7.17]. However, in design, it is necessary to account for the 

unknown variability of material and pipe yet to be manufactured. During the 

preparation of DnV’96 [7.15], these variabilities were described in statistical form 

and a design factor was developed that would provide a specified level of reliability 

of the pipe for the limit state of pressure failure. The value prescribed in the Rules is 

Yr = 1.32 or L37 depending on the quality of the material. This value has been 

obtained by considering the correlation of the de Winter formulation with test results 

across a range of D/t ratios. Pipelines designed for operation in very deep-water are 

at the extreme range of the available tests and we can inquire what should he a 

reasonable value for the design factor. Since adequate statistical information at the 

low D/t values to perform a meaningful structural reliability analysis is not available 

at this stage, the method used here is simplified and the results are preliminary.

The approach followed is applied to an example of a 20-inch diameter pipe for 

which the buckling pressure for a range of nominal thickness using the de Winter 

formulation is calculated. The corresponding pressure is calculated using the 

maximum likely variation in the governing parameters, i.e. thickness, diameter, 

SMYS and ovality.
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The following are the variations:

Parameter t D SMYS fo
Variation 4-0 -0 488.2 0.5%

-1mm +0.5% 444.0 1.0%

Several cases have been considered in the D/t range of 15 to 45, representing 

pipeline design for very deep-water to shallow water. Taking the reduction in the 

collapse pressure for the extreme variation of the above parameters, the ratio of the 

nominal collapse pressure to the minimum collapse is shown schematically in Figure 

7-6. Also super-imposed in the figure is the design factor recommended in DnV’96

[7.15].

Thus we can see that the variability in pressure collapse loading reduces for the 

thicker walled pipe used in deep-water installations. The averaged value of design 

factors presented in the DnV’96 which is relevant to a wide range of D/t ratios is 

conservative for the thick walled pipe. This implies a greater level of reliability than 

is apparent from the design guidance.

The example presented above is simplistic and it would be more realistic to have a 

statistically valid set of data relating the variation in material properties and pipe 

initial shape to the collapse pressures. However, it is unlikely that we will ever have 

an adequate statistical database and resort is usually made to the statistics of sparse 

data. An alternative approach could be followed using validated numerical 

modelling. Sufficient test results are now available from tests [7.16, 7.17] to validate 

non-linear finite element models and these can very easily be run across a range of 

pipe thickness, etc to obtain corresponding collapse pressures. Thus a reasonable 

value for a design factor can be obtained that can be used in a specific design of a 

deep-water pipeline.
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Figure 7-6 : Variation of Safety Margin with respect to 
Water Depth

It is concluded from this simplified review of design factors, used in the limit state 

design of deep-water pipelines, that a rational approach should be based on a 

specific risk and reliability based assessment of the pipeline, allied to detailed 

validated numerical simulation of the various limit states of behaviour of the 

pipeline.

7.6 P r o b l e m s  w i t h  E x is t in g  C o d e  R e q u ir e m e n t s  f o r  H y d r o t e s t in g

All documents giving guidance on pipeline design specify that a pressure test should 

be carried out after completion of construction. The loading conditions for offshore 

pipelines differ markedly from on-shore counterparts in that for the former the 

external hydrostatic pressure is taken into account for the calculation of the pipe wall 

thickness, i.e., the design conditions relates to the net pressure applied to the pipe 

wall. However, the external pressure effect is eliminated during the hydro-test 

because there is water both inside and outside the pipe. This effect can result in a 

significant difference between operational and pressure test conditions, especially if 

the pipeline is designed for transporting gas.

Section 7 -  Deepwater Pipeline Design Page 146 of 172



Buckle Initiation and Propagation in Subsea Pipelines

This section presents a brief review of the pressure test specifications in relevant 

Codes and Rules. The objective is to determine for deep-water pipelines if the test 

specifications can fulfil the intentions of the pressure test. There are minor 

differences between codes with regard to which diameter is used in the calculation 

of hoop stress; for the sake of simplicity in the presentation these differences are 

ignored in this evaluation. A further simplification in the analysis is that the pressure 

head of the process fluid in the pipeline is ignored, this is a fairly small effect, 

particularly for a gas pipeline, and does not alter any of the major conclusions.

The objective of the pressure test is taken to be

To ensure that the pipeline has the strength to avoid the burst limit state 
i f  the operating pressure were to exceed the design pressure by a 
specified margin.

Note that this does not imply that the net pressure experienced by the pipe wall 

increases by the specified margin, simply that the internal pressure exceeds the 

design value of the internal pressure by that margin. The implication of the objective 

stated above is that the proof test should be applied along the pipeline in such a 

manner that the burst limit state is uniformly tested at all points in the pipeline 

system. This may require that the hoop stress during hydro-test has a common value 

at all sections of the pipeline.

It is also assumed that

• The procedure during hydro-test should be such that it does not endanger the 

pipeline’s fitness for purpose for subsequent operational conditions;

• The design o f the pipeline should be required to meet specified operational 

conditions but not be designed to satisfy the hydro-test conditions.
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The above implies therefore that the hydro-test is essentially a proof test of a 

pipeline that has been designed to meet operational conditions adequately.

7.6.1 Code requirements

This section summarises the design guidance and corresponding hydrotest 

conditions for a range of Codes and Rules [7.10, 7.11, 7.12 7.15, 7.32, 7.33, 7.34]. 

There are variations between the various guidance documents with regard to the 

relevant values of thickness and diameter to be used in the calculations. This 

presentation simplifies the situation by ignoring these differences, without any 

significant loss of accuracy.

The design formulation used universally for the calculation of the pipe wall 

thickness to counter the limit state of bursting is

O-J = with a , <r\, SM YS .....................................(7.3)
I t  2t

where

Gh is the hoop stress

Pd is the design pressure (ignoring the pressure head of the contents)

Pe is the external hydrostatic pressure 

p„ is the net pressure 

t is the nominal wall thickness 

D is the pipe nominal diameter

T]s is the material usage factor (or pressure retention design factor)
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SMYS is the specified minimum yield stress

Table 1 summarises the specifications in various Codes and Rules with regard to 

hydrotest pressures and wall thickness design calculations.

Table 1 : Summary of Design Code Requirement for Hydrotesting

Design Code Pressure Retention 
Design Factors

Hydrotest Requirements

BS8010 T|s = 0.72 Lower of following :

• 150% of internal design pressure

• the pressure that will result in 90% of SMYS

ASME Tjs = 0.72 At least 1.25 x MAOP

ISO Tjs = 0.77

= 0.83 for gas

.... pressure at any point in the system of at least:

• 1.25 X (MAOP -  external hydrostatic pressure)

DnV ‘96 Tjs = 0.77 

or 0.80

• Local test pressure at least one point ^ local 
incidental pressure x 1.09

• Local test pressure at any point > local 
incidental pressure x 1.05

(local incidental pressure = 1.1 x MAOP)

DnV ‘81 Tjs = 0.72 Pressure > 1.25 x design pressure 

Normally, aĥ O.9 SMYS

Note 1 : “Hs = hoop design factors for SMYS (Specified Minimum Yield Stress) 
MAOP = Maximum Aiiowable Operating Pressure

7.6.1.1 BSHOW. DnV 'HI. ASMEB3L8

For the codes BS8010, DnV’81 and ASME B31.8, the following calculations may 

be used to illustrate the inadequacy of code requirement for hydrotesting a deep- 

water pipeline.
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7.6.1.1.1 General Considerations

During the operational phase, the wall thickness requirement for pressure retention 

may be calculated as follows;

t=   (7.4)
2r\,SMYS

At sea level, or at the top of the riser, the following parameters apply:

h = 0, therefore pe = 0, p„o =pd

similarly, the following will be applicable at depth, h,

Pe = pw’ g h therefore p„h =pd-pw g h

7.6.1.1.2 Hydrotesting Conditions

During the hydrotest condition the pipeline is water filled, therefore the net pressure 

at any point along the pipe is equal to the pressure at some reference point in the 

pipe, which may be at the surface of the water in the pipeline or at the bottom of the 

riser.

At the reference point at sea level or top of riser, with thickness = to, hydrotesting to 

90% of SMYS will give test pressure pt to be:

A 1. 25, . ........................................................................ (7.5)

Thus to test the pipe at the reference point according to BS8010 implies that at all 

points along its length the pipeline has a net pressure equal to pt.

Assuming that at some water depth, h, the thickness of the pipe, th, will be 

dimensioned according to

P.,D  ( p , - p . ,g h p
ty, = ------------  =    (7.6)
* In^SMTS 2r\,SMYS
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That is th < to and hence with a net pressure during test of pt=1.5pd the hoop stress 

will exceed 0.9SMYS.

To estimate the water depth at which the SMYS will be exceeded according to 

BS8010 requirements, we can rearrange Equation s (1 to 3) to give the hoop stress, 

Qt, under hydrotest conditions as being equal to SMYS, hence giving

g. ^  PjP_ _ p,n,SM YS  
2t, P ,-py,gh

_ \2Spjr),SMYS  .......................................................................

Pj -P^gh

I.e.

^^x10~^ where Pd is in N/m^ and h in metres................................ (7.8)

or

h= p j wherepd is in barg and h in m.

7.6.1.1.3 Worked Example

For a given X65 Gas Pipeline of 750mm outside diameter, in 200m water depth and 

operating at 200 barg. The minimum wall thickness for pressure retention and 

external pressure collapse will be 21 and 13.2mm respectively. Thus at this depth, 

for the given diameter and material, the pipe wall thickness is governed by pressure 

retention.

In order to ensure that the hoop stress requirements of the Codes are met during 

hydrotesting, the pipe wall thickness has to be increased by 10%. That is, the 

pipeline is being designed as if it is transporting water and not gas. Note also that 

this result is independent of material and pipe dimensions.
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The conclusion from this example is that the hydro-test according to these Codes 

will result in over-stressing of the pipe wall at any depth greater than 200m. 

Alternatively, the pipe wall has to be designed for hydrotest conditions, which is an 

unreasonable requirement.

7.6.1.2 The Draft ISO Pineline Code

For offshore pipelines, the draft ISO Code states that “The pipeline systems shall he

strength-tested, , for a minimum of one hour with a pressure at any point in

the system of at least - 1.25 x (MAOP minus the external hydrostatic pressure). For 

this, there may be two alternative interpretations of the requirements of hydrotest, 

viz.

“ pressure at any point..... ” means e v e r y  p o i n t ,  or means j u s t  o n e  p o i n t .

Taking the first interpretation that requires the pressure at all points along the 

pipeline during hydrotest to be :

= \.25(p j-p^gh) ........................................................................................(7.9)

If water is used as the test medium, it is not possible to satisfy this requirement 

unless the pipeline is tested in isolated sections, which is impractical.

Taking account of the higher usage factor, Tis = 0.77, compared to BS8010, etc. 

Equation 7.8 can be recast as

h  =  0 .4  P d

So that for a gas pipeline designed for 200barg operating pressure, the pipe at a 

depth of 80m below the reference pressure level will be stressed to SMYS or higher 

during hydrotest.
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Taking the second interpretation that requires the pressure at only one point along 

the pipeline during hydrotest to be

P, =l-25(;?rf -p „g A )....................................................................................(7.10)

Since the most highly stressed section along the pipeline is at the deepest point, the 

net pressure on the pipeline at sea level is

P, = l-25(Prf-p„gA ^)

where hmax is the deepest part, relative to the pressure reference level, of the pipe 

designed for pressure retention. The corresponding ratio of hoop stress to the SMYS 

at the sea level section of the pipeline is

g,i J>.96(pj-p„gh^)
SMYS p j

Example: pd = 200barg h = 400m

_ 5 L _  == 0.96^1- —
SMYS L 20 _

= 0.77

In other words, the pipe at the sea surface has not been proof tested to a pressure 

greater than the design pressure.

Note that for some categories of gases, such as single phase natural gas, ISO permits 

the use of a usage factor of T|s=0.83. This exacerbates the situation shown above for 

T|s=0.77 and results in virtually impossible conditions for hydro-testing pipelines in 

deep-water.

7.6.1.3 DnV’96Limit State Design Rules

The Rules specify that two conditions should be satisfied; these are that the test 

pressure should be at least 1.05 times the local incidental pressure everywhere along 

the pipeline and that the test pressure at least one point in the pipeline should be at
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least 1.09 times the local incidental pressure. The local incidental pressure is 

normally taken here to be 1.1 times the design pressure but the Rules specify that the 

minimum value for this parameter is 1.05.

Thus

P t  > 1.05 X 1.1 P d  > 1.16P d ;  everywhere along the pipeline

P t  > 1.09 X 1.1 P d  ^  1.20 P d ;  at least one point on the pipeline.

The latter requirement is equivalent to requiring that the maximum hoop stress in the 

pipe designed to 0.8 SMYS during operation is equal to 0.96 SMYS during the 

hydrotest condition. This equals the stress applied during the mill pressure test, as 

required by the code.

The lesser test pressure should be applied at the reference point, where for 

simplicity, the hydrostatic head above the sea surface is taken as zero. The net 

pressure is constant along the line when water is used as the test medium, but of 

course the wall thickness has been designed according to the requirements of net 

pressure, that is, the design pressure less the hydrostatic head pressure. Considering 

the hoop stress, Ght, during hydrotest at some depth, h,

1.16/7. £) 1.16/7 .xl.6iS'Mr5'
2t, ~ 2 (p ,-p ^ g h )

0.928 p j SMYS 

Pé-Py.gf'

The depth at which the hoop stress during hydro-test becomes a specified fraction of 

the SMYS is given by

( I . ^ M H x0.92S)pj

h=-
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Taking the second of the requirements in the Rules, that is equivalent to the 

maximum allowable hoop stress to be 0.96 SMYS, the depth is

h -  jg iji and h in metres.
P ^g

or

h=033pj  where is in barg and h in metres.

Thus for a design pressure of 200barg the pressure test will cause an excessive hoop 

stress to be applied to the pipe wall at depths greater than about 70m.

7.6.2 Inadequacy of Code Provisions

The analysis presented above has shown that at even quite reasonable depths the 

stresses resulting from hydrotest may be greater than is intended in the various 

Codes. The alternative is that part of the pipeline is not subjected to proof testing 

and any value of the hydrotest is undermined. The analysis has been simplified, for 

the sake of presentation by ignoring the pressure head of the gas, or oil, contents of 

the pipeline as part of the local design pressure. This pressure head of course affects 

the thickness of the pipe wall calculated according to the relevant Code.

It can be concluded from the simplified calculations presented in this study that:

• A pipeline designed to transport gas cannot be satisfactorily tested uniformly 

using water as the pressurising medium;

• The present format for the hydro-test procedures are appropriate to pipelines 

installed in areas of fairly flat seabed and for which the reference pressure point 

is taken to be the bottom of the riser;
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• The test specifications in most of the Codes imply that the resistance of the pipe 

to the burst limit state is not uniformly tested along the pipeline;

• The test requirements in some Codes imply that for gas pipelines in deep-water 

(> 200 - 300m) with varying seabed profiles, the pipe may be over-stressed 

during hydrotest.

7.6.3 Hydrotesting or Not Hydrotesting

Based upon the discussions in the previous sections, it may be concluded that none 

of the Codes at present has adequate provision for hydrotesting very deep-water 

pipelines. Recent studies have also raised the question with respect to the real merit 

of hydrotesting. Given the duration of the strength and leak test, it is doubtful if any 

minor flaws will manifest to the extent possible for a failure to occur during the test. 

Clearly, if meaningful hydrotesting is required, further work is needed to confirm 

the effect of hydro-test procedures on the fitness-for-purpose of pipelines to meet 

their operational requirements without reduction in the safety levels implied by the 

design requirements in the Codes.

For deep to very deep-water gas pipelines, dewatering and drying requirements pose 

further complications to hydrotesting. Methods of proving the pipeline without 

hydrotesting could include the following :

• Testing of pipe joint at the mill to prove the pipe seam;

• Improved methods of NDT during pipelay to ensure girth weld integrity;

• Hydrotesting of fittings onshore and devise spot test of tie-ins.

The DnV’96 design code already has provision for linepipe testing at the mill to 

96% of SMYS as a means of quality control. It is therefore unlikely that hydrotesting
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would add any more value to proving the pipeline’s axial seam integrity. In so far as 

the girth welds are concerned, hydrotesting will not necessary show up flaws that 

radiography or ultrasonic does not detect. From this point of view, the value of 

hydrotesting is once again questionable.

The conventional approach to inspection of girth welds is to use radiography 

supported by manual ultrasonics. Radiography has the advantage of producing a 

permanent image of defects present, permitting fast and accurate interpretation 

against acceptance criteria. However, it has long been recognised that the detection 

of linear defects may be problematic, especially if the defect is not favourably 

aligned with the radiation. In the case of girth welds, usually made with automatic 

MIG processes, the most common weld defect is lack of fusion, particularly the lack 

of side wall fusion.

Generally, the weld preparations used in offshore welding use small bevel angles, 

typically 3 to 5 degrees. As such, any lack of sidewall fusion defects will be 

orientated almost parallel to the X-ray beam, the most favourable orientation for 

detection by radiography. As a precaution, however, to ensure that the radiographic 

procedure adopted is capable of detecting such defects, it is normal to additionally 

carry-out manual ultrasonic testing on a specified number of joints to confirm the 

results of the radiographic examination. In addition, manual ultrasonic examination 

is carried-out on any joint where there is any doubt on the interpretation of 

radiographs.

The above approach has been adopted for many years with satisfactory results in the 

North Sea, however, for additional “peace of mind”, the use of radiography and 

automatic ultrasonic inspection could be used together in place of hydrotesting. 

Automatic ultrasonic techniques have been under development for some time and, 

with care in interpretation, can provide more confidence in girth weld integrity.
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7.7  D is c u s s io n s  a n d  C o n c l u sio n s

This section presented a general overview of the development of design 

methodologies applicable for deep to very deep-water pipelines. Despite early 

design methods being based upon simple, linear analysis procedures and somewhat 

arbitrary safety level, there now exists a large body of relevant research results into 

material strength and structural behaviour of pipelines, thereby allowing the use of 

limit state design approaches. These methods are generally applicable to pipelines in 

moderate water depths, however, they may become more conservative as water 

depth increases, say to beyond 1,000 to 1,500 metres. This is because of the fact that 

most loadings during installation and operation will become more “deterministic” or 

less variable.

Based on the discussion above, the following observations may be made :

• There exists a large body of relevant research into material strength, pipeline 

response and design formulation to allow the application of limit state design to 

be performed in moderate water depths;

• The level of design factors for deep-water pipelines should be reviewed -  load 

factors for installations can be lowered than for deep-water pipelines over the 

stinger and in the sag bend;

• Bending and pressure failure may be governing design criterion in very deep- 

water pipeline installation. The level of pipe wall compressive force during 

installation may impose a limit to water depth that J-lay can be used;

• The strength design factor for pressure buckling and for combined pressure and 

bending can also be lower since the pipe will not experience local buckling until 

very high levels of moment and pressure, i.e., the influence of the uncertainties 

associated with elastic buckling are removed;
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• The loading at spans, and the cost of span intervention may be the driving force 

for pipeline design. This aspect should be considered in more detail for very 

deep-water pipelines since the costs of repair are much greater and the 

difficulties of inspection and span intervention are also very much greater than 

for moderate depths;

• Existing Limit State Design methodologies rely on statistics that are only 

applicable to moderate water depths, perhaps up to 1,500m. Beyond that, there 

exists little or no materials and construction information. As such, risk and 

reliability based methods utilising small sample statistics and tests would appear 

to be more appropriate;

• Existing codes do not make suitable provisions for hydrotesting and as such a 

clearer understanding of the objectives of hydrotesting is required.

Although not explicitly addressed in this section, it is considered that project 

realisation plans for very deep-water pipelines (1,500m and beyond say) will require 

full installation capabilities to be verified. Existing subsea remote repair systems for 

this very deep-water are not yet proven and will require further development. 

Operational considerations, such as hydrate prevention and mitigation, will need to 

be addressed. The estimated timefi-ame for the realisation of a large diameter, very 

deep-water pipeline project from engineering design, construction method 

development and trials, to testing, precommissioning and repair equipment 

development is considered to be at least 4 to 5 years.

7 .8  A c k n o w l e d g e m e n t  a n d  A u t h o r ’s  P a r t i c i p a t i o n  i n  t h e  W o r k

The work presented in this section is the result of the joint effort between the author 

and Professor Alastair C. Walker, Emeritus Professor of Mechanical Engineering at 

Surrey University and the then Director of Oil and Gas Division at Mott McDonalds. 

This work was presented in the 1998 Deepwater Pipeline Technology conference in
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New Orleans, U.S.A. and subsequently published in the Journal of Pipes and

Pipelines International [7.46]. The author has no less than 60% of the direct effort
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8. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

8 .1  S u m m a r y  a n d  C o n c l u s i o n s

By means of simple plastic mechanistic analyses, this thesis has shown that the

mechanics of behaviour in the following 3 aspects of a subsea pipeline can be

captured with a fairly high level of accuracy:

• local impact damage;

• buckle initiation;

• buckle propagation.

In the case of local impact damage, two specific loading conditions have been 

considered: diametrically opposing V-shaped loading normal to the pipe axis and a 

similar single indentor loading of a pipe supported on the opposite meridian. 

Analyses of the impact damage process based on a rigid perfectly-plastic 

mechanistic approach have been described. The resulting deformation mode shapes 

are found to compare well with those observed in tests and the mechanism analysis 

developed for these can be easily extended to accommodate other types of indentors.

Although the prediction of impact damage is not directly required in the process of 

pipeline designs, the ability to estimate the amount of energy that a tubular member 

would absorb during collision is evidently beneficial to the engineer. The analytical 

techniques developed also offer an insight into the forms of local damage that 

pipelines would suffer. This has direct relevance to the prediction of buckle 

initiation which has been shown to be highly dependent on the level and form of 

local distortional damages.

Buckle initiation pressures obtained on the basis of a simple, rigid-perfectly plastic 

mechanism analysis, have been studied for pipes containing an initial imperfection
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inflicted by a single or double V-shaped indentor. Predicted initiation pressures are 

found to depend upon the amplitude and form of initial damage in the pipe. It has 

been shown that, for the case of a tube loaded laterally by a single knife-edge, 

localised deformation is characterised by a unique form of mode. The critical 

buckling initiation mode under pressure loading will, in general, be different from 

the damage mode. However, for a given level and form of damage, there will be a 

unique mode shape associated with the buckling initiation of this imperfect tube. 

The present theory is shown to agree well with past test results with the exception of 

pipes having extremely low initial imperfections. In this case, the developed theory 

tends to overestimate the initiation pressure.

There is an important limitation to the analysis presented. By assuming a rigid- 

perfectly plastic mechanism, with a number of discrete plastic hinges describing the 

deformation, does not permit the inclusion of strain hardening effects which 

inevitably become more significant at high damage levels. Even so, the analysis 

presented, when more quantitatively compared with the results of test programmes, 

could provide a convenient and reliable basis for design.

Simple closed form relationships for pipeline buckle propagation have been 

developed on the basis of a plastic mechanism analysis. Special effort has been 

devoted to more general forms of material strain hardening idealisations. For 

pipelines with linear strain hardening material characteristics, it is found that the 

minimum buckle propagation pressure can be related to a single “propagation 

parameter” which incorporates material behaviour and pipe geometry. Similarly, for 

pipelines having material characteristics described by the Ramberg-Osgood stress- 

strain constitutive relations, normalised propagation pressures have been shown to 

be expressible in terms of just the Ramherg-Osgood exponent. Predictions are 

shown to compare favourably with a more elaborate, quasi-static steady state buckle 

propagation prediction based on the Maxwell line concept. The two independent
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theories are shown to have reproduced tests where material properties have been 

reliably determined.

The present theoretical analyses, if further validated through carefully planned test 

programmes, may provide the empirical design guidance, based on curve fittings of 

limited test data, with a more rational and parametrically complete prediction for 

buckle initiation and propagation. This simple mechanistic approach also offers a 

relatively economical alternative to the full non-linear post-buckling analysis.

As part of an on-going study for the improvements of pipeline buckle capacities, a 

spiral rib reinforced pipe geometry has been described. It has been found that, when 

suitably designed, these stiffened pipelines could offer much higher buckle initiation 

and propagation resistance while maintaining susceptibility to damage at more or 

less the same level as ordinary plain pipes. For suitably designed pipes, buckle 

propagation enhancement factors as high as 1.5 to 2.5 are shown to be possible and 

despite the various changes in pipe geometry and buckling resistance, these spirally 

ribbed pipelines are Tcund to propagate damage with similar mode shapes to those of 

plain pipes.

Very deep-water pipeline collapse under external pressure and bending loads is also 

discussed. The loading condition is reminiscent to that experienced in the sag bend 

during pipeline installation. Presented herein are existing analytical prediction 

methods, finite element modelling, full scale testing and a new analytical prediction 

method based upon test correlation. The new analytical model is shown to compare 

well with full scale test results and non-linear finite element analysis. It also 

provides a convenient means of pipeline wall thickness design through the use of 

probabilistic approaches.

As part of the rounding-off of this work, selected deep water pipeline engineering 

issues are discussed in the context of limit state design methods. Particular emphases
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are placed upon mechanical design and failure mode considerations in the context of 

varying safety margins for increasing water depths. Hazards during the installation 

and operational phases are described. It also highlights the inadequacy of current 

code provision for hydrostatic testing of deep water pipelines.

This particular review generally concludes that very deep-water large diameter 

pipelines will require full installation capabilities to be verified. The estimated 

timeframe for the realisation of a large diameter, very deep-water pipeline project 

from engineering design, construction method development and trials, to testing, 

precommissioning and repair equipment development is considered to be at least 4 

to 5 years.

8 .2  R e c o m m e n d a t i o n  f o r  F u t u r e  R e s e a r c h

Earlier design guidance on buckle propagation (such as that provided in DnV 1976 

and 1981) has been based upon Palmer’s rigid ring analysis with some modification, 

perhaps as a result of test correlation. In recent years, design formulation has moved 

towards the use of interpreted test results. These codes include BS-8010, DnV’96 

and the newly released API-1 111 Revision 3.

Prediction of buckle initiation and propagation is still largely based upon static tests 

in that the dynamic effects due to any excessive external pressure are neglected. This 

over-pressure is suggested to have a direct contribution to the ability of a 

propagation buckle passing through a buckle arrestor. There is a lack of design 

guidance on how to arrest the axial extent of this propagation buckling. And it is the 

arrest of this dynamic buckle propagation that is of direct relevance to design, due to 

the far reaching economical and technical consequence of such a failure, particular 

in very deep water conditions (exceeding 3,000 metres say). Furthermore, the 

mechanics of “wet” buckling (“stationary” or propagating buckling leading to 

pipeline rupture) is, as yet, not well understood, let alone design provisions. These
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are just two of the many other logical extensions of the current study that may lead 

to greater understanding of the subject of buckle propagation.

Buckle initiation is an even more complex subject as it is not only dependent upon 

pipeline mechanical properties, but also the level of imperfection and loading 

conditions. Conventional design (in relatively shallow water, at least) rarely takes 

buckle initiation due to initial damage into consideration, as the permutation of 

damage level and forms would be so diverse that it renders the design process 

almost impossible. Notwithstanding this, buckle initiation due to excessive bending 

in the sag bend is usually considered, albeit, using a somewhat inadequate design 

formula based upon some model test results in the mid-seventies. These tests were 

conducted under somewhat arbitrary combination of bending and external pressure 

loading conditions and correlation was not based upon any rational design 

considerations.

As pipelines are installed in increasing water depths, buckle initiation due to the 

effects of local dent type damage continues to be neglected. This is perhaps due 

partly to the analysis complexity involved and partly to the low level of damage 

experienced in the thick walled pipes used for deepwater applications. Although the 

mechanism analysis presented in this thesis has the advantage of being able to be 

extended to cater for many more practical forms of indentor type localised damage, 

it may not perhaps be viewed upon as the most valuable design tool for the reasons 

given above. However, buckle initiation due to combined bending and external 

pressure loading, much like the condition at the sag bend location, remains a real 

and important issue for design engineers. This is often treated as a hydrostatic 

collapse problem, however, the mechanics of behaviour is no difference from that of 

buckle initiation. The treatment of this may be through understanding of the 

combined effect of bending induced ovalisation (the Brazier effects) and external 

pressure. A mechanistic treatment of this may be possible through the incorporation
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of curvature-ovalisation effects and pressure in the plastic mechanism formulation -  

a possible future extension of the current work.
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END OF THESIS
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