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ABSTRACT 

 

As the offshore oil and gas fields are exploited in deeper water, subsea pipelines are required to operate 

at higher temperatures and pressures. Offshore subsea pipelines that transport oil and gas operating in 

these conditions experience thermal expansion induced by the temperature of the transported fluids 

during normal operation. The expansion may induce overload in the anchoring points, mostly other 

offshore structures that are connected to the pipeline. To mitigate and prevent these incidents, many 

techniques are being researched regarding anchoring systems, induced controlled expansion systems 

or modern pipeline technologies such as pipe-in-pipe and pipeline bundles. 

The objective is to perform a comparative study of different mitigation solutions using finite element 

analysis. The aim is to explore their behaviour in high-temperature and high-pressure environments and 

compare to the simplified design approaches. That comparison shall assist the decision-making process 

towards the most appropriate mitigation solution to apply on preliminary project stages.  

A probabilistic approach is carried out paired with a sensitivity analysis test. The numerous uncertainties 

in the design variables does not allow the accurate response of the pipeline. Therefore, it is necessary 

to quantify the uncertainty and measure the risk of each assumed design parameter of the developed 

pipeline models.  

Finally, an innovative approach considering an “in-line expansion joint” is presented. Such joint brings 

an alternative solution of pipeline lateral buckling phenomenon, and its performance compared with 

other mitigations solutions. 

 

Keywords: Offshore Subsea Pipeline Thermal Expansion, Analytical Solutions, Simplified Methods, 

Finite Element Analysis, Lateral Buckling, Thermal Stress 
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RESUMO 

 

À medida que os campos de petróleo e gás offshore são explorados em águas mais profundas, as 

tubulações submarinas são cada vez mais solicitadas a operar em altas condições de temperatura e 

pressão. As tubulações submarinas offshore que transportam petróleo e gás nestas condições sofrem 

expansão térmica induzida pela temperatura dos fluidos transportados durante o seu normal 

funcionamento. Esta expansão pode induzir sobrecarga nos pontos de ancoragem, principalmente em 

outras estruturas offshore adjacentes conectadas à tubulação. Para mitigar e prevenir esses incidentes, 

muitas técnicas foram desenvolvidas em termos de sistemas de ancoragem, sistemas de expansão 

induzida controlada e novas tecnologias, como o pipe-in-pipe e pipeline bundles. 

O objetivo é realizar um estudo comparativo de diferentes soluções de mitigação usando uma análise 

de elementos finitos. O objectivo é explorar seu comportamento em ambientes de elevada e comparar 

com as abordagens simplificadas. Esta comparação deverá assistir no processo de tomada de decisão 

pela solução de mitigação mais adequada a adotar em fases preliminares do projeto.  

É realizada uma abordagem probabilística a par com uma análise de sensibilidade. A elevada incerteza 

nas inúmeras variáveis de projeto não permitem uma resposta única da tubulação. Portanto, é 

necessário quantificar a incerteza e medir o risco de cada parâmetro assumido dos modelos de 

tubulações desenvolvidos.  

Por fim, uma abordagem inovadora considerando uma “expansão em linha” é apresentada como uma 

alternativa para o fenómeno de encurvadura lateral e o seu desempenho é comparado com outras 

medidas de mitigação existentes. 

 

Palavras-chave: Expansão Térmica de tubulação submarina, Soluções Analíticas, Métodos 

Simplificados, Análise de Elementos Finitos, Encurvadura Lateral, Stress Térmico 
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1. INTRODUCTION 

 

1.1 Contextualization of the Problem 

Since the seventies, pipelines have become one of the primary means for transportation of oil and gas from 

deep and ultra-deep offshore wells worldwide. In service, hydrocarbons must be transported in high 

temperatures and pressures to ease the flow (Liu et al., 2013). In this sense, the pipeline needs to satisfy the 

design loads for these high demand conditions.  

As drilling and production operations expand into deep and ultra-deep offshore environments, seawater 

temperatures decrease towards low levels. On the other hand, pressures reach very high values, which 

combined generate a variety of challenges. The design challenge is to accommodate the pressure gap 

between the external and internal pressure in multiple stages (testing, lay-down, operation, and shutdown) 

and the temperature gradient along pipeline’s wall thickness (DNVGL, 2017c).  

Owners, operators, and contractors want efficient designs at a minimum cost. Thus, the subsea industry is 

responsible for designing safe and reliable solutions. To develop these solutions, it is fundamental to have a 

good knowledge of the physical phenomenon behind and understand the impacts and interactions due to 

unique design choices to better access these challenges (Herlianto, 2011). 

From the 1970’s to 1980’s most pipelines for a design temperature of 80 degrees were just laid on the 

seabed. During that period, the design did not follow any specific code or guidance and no powerful design 

tools exist.   

Historically, subsea pipelines and flowlines greater than 16” diameter and operating at temperatures under 

80 degrees were regularly designed, installed and operated at surface laid pipelines whereas pipelines under 

16” were trenched and buried to afford protection with external conditions. During this period, the industry 

understandings regarding lateral buckling were limited.  

This lack of knowledge led to some historical pipeline failures such as three catastrophic full-bore failure in 

the North Sea, West Africa, and Brazil. In the first two cases, lateral buckling was not addressed in design 

in, the last case, buckling was caused by unexpected very soft clay soil (Bruton and Carr, 2011).  

In some cases, buckling can be judged as acceptable. Otherwise, the referred mitigations are set up to 

control its amplitude and to keep it within acceptable limits. However, from the 1990’s to 2000’s, the demand 

rose for high temperature and high pressure (HT/HP) fields due to the development of deeper reservoirs. A 

pipeline operating on those conditions has a higher probability of buckling, and lateral buckling consequences 

could no longer be ignored.  

The more recent design criteria are aiming for up to 160 degrees at 620 bar pressures (around 632 kilograms 

per square centimetre). This design demanded huge investments in pipeline research and technology, such 

as the development of Pipe-In-Pipe (PIP) (Gitahy et al., 2016), bundles technology (Qadir, 2016) and the use 

of robust finite element analysis tools. A remarkable research in this domain is the SAFEBUCK JIP project 

(Bruton and Carr, 2011), led by several key oil and gas industry stakeholders. 
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On each project, many calculations are processed to assess if the buckling is susceptible to occur in a pipeline. 

In order to build suitable models, some of those calculations need to be performed using Finite Elements with 

proper Finite Element Analysis (FEA) software such as Abaqus or ANSYS. When a line is susceptible to 

buckling, mitigation can be installed on lines, depending on the results of buckling analyses. However, those 

mitigations represent relevant additional costs. It is why it is essential to be sure that those features will operate 

as expected. 

The cost regarding lost production due to a pipeline failure have a significant economic impact so that 

considerable interest is focussed on the stress analysis of pipeline laying and repairing (Hobbs, 1984). 

Therefore, recent pipeline research focuses on pipeline displacements and stresses during routine service 

and ways to mitigate these effects by developing innovative design solutions. 

Associated with this out-of-the plane behaviour is the pipeline walking phenomenon. Known that, in low 

seabed frictional properties, high operating temperatures and pressures pipelines paired with steep 

transients regimes can cause it to “walk”, gradually and continuously along the pipeline (Palmer and King, 

2008). This phenomenon leads to large displacements, which cause it to lose its initial configuration and 

overstress the in-line structures, the termination units or the expansion spools. 

Common deep-water depth problems, more related to flow assurance, are hydrate formation and paraffin 

deposition. In pipelines, hydrates restrict the normal flow or even block it, which directly affects production 

and requires intervention and maintenance. Hydrates are crystalline solids formed from a mix of water and 

chains of soft hydrocarbons like methane, ethane or propane, which are stable under deepwater conditions 

(high pressure and low temperature).  

Another problem is the wax deposition in production and transportation pipelines. Crude oil flows from 

reservoirs at typically 60 ºC, and the ocean temperature is around 5 ºC. Since the solubility of wax decreases 

with oil temperature, if the temperature falls below the Wax Appearance Temperature (WAT), it may 

precipitate and deposit as paraffin along the inner walls of the pipeline. Assuring flow in very constrained 

pipeline’s cross-section or re-start of very viscous fluid after interruption time leads to a high pumping power 

demand to achieve the necessary flow. 

The most common approach to minimise this phenomenon and ease the fluids flow is by controlling the heat 

losses and maintain high pressure and high temperature in the transportation of oil and gas (Liu et al., 2014). 

This temperature control can be achieved by burying pipelines, using isolated flowlines, use of heated 

flowlines or the implementation of high thermal performance materials. During most operations, the 

conditions for hydrate formation do not occur; the problem exists during shutdown or interruption periods 

where the stagnant fluid presents significant heat losses. 

Considering the opposite situation of thermal increase in pipelines during hydrocarbon flow. Pipelines 

containing high-temperature and high-pressure fluid will expand longitudinally and consequently radially 

constrain by Poisson effect. These differences in temperature and pressure originate additional stresses in 

pipelines which causes its expansion. Frictional effects in the seabed-pipeline interface  creates a restriction 

to expansion. Additionally, since the pipeline connects to other subsea equipment such as pipeline end 

terminations, generally designated as Pipeline End Terminations (PLET), are also an restrictior to pipeline 
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end expansion. If expansion is restricted, compressive axial stresses will be placed on the pipeline wall, and 

that should be considered for in the pipeline design calculations.  

When compressive forces overpass the constraint of the foundation soil, it generates vertical or lateral 

buckling in pipelines to release the accumulated internal stress. This behaviour is similar to the elastic Euler 

column buckling due to axial load when it reaches its critical load (Hobbs, 1984). This phenomenon may 

compromise the structural integrity of the pipe. Once the integrity of the pipeline has been compromised, oil 

and gas would leak out, which not only will cause an enormous waste of resources but also consists of a 

significant environmental impact.  

Vertical buckling is known as Upheaval buckling (UHB). It generally occurs in buried pipes in faceoff lateral 

buckling, which occurs mostly in the non-buried ones. Although there are two types of buckling, generally, 

vertical buckling is the primary failure mode for the buried pipelines since lateral resistance is much higher than 

vertical resistance. With the increase in deepwater developments, where pipeline trenching is uncommon, the 

lateral buckling phenomenon is the dominant buckling mode; even low-temperature pipelines such as water 

injection flowlines become susceptible to lateral buckling.  

To control this buckling is often used an initial imperfection, named continuous support mode (CSM) of the 

submarine pipeline, this induces controlled buckling in specific pipeline locations in order to reduce the 

uncertainty of where the phenomenon is more likely to occur. Therefore, this study on buckling due to thermal 

stress is of great practical significance. Some approaches proposed by Lyons with the application of Coulomb 

friction model or Hobbs with the analytical modes of lateral and vertical buckling of ideal submarine pipelines 

are widely used in industry to predict the behaviour in early design stages.  

To extensive explore this phenomenon, detailed FEA should be performed to evaluate the distribution of 

temperature field, stress field and displacement field under massive vertical or lateral buckling caused by 

thermal expansion stress. These buckling studies of subsea pipelines play a critical role in pipeline design and 

installation design constraints in subsea production systems.  

Many researchers have done work in this area since the eighties (Liu et al., 2013). However, only a few studies 

in the literature use finite element method to simulate the lateral buckling due to thermal expansion of subsea 

pipelines. These studies are fundamental due to the highly non-linear response of these structural systems 

subject to large displacements and cyclic loading. In this domain, screening and very conservative approaches 

lead to unfeasible design solutions. 

 

1.2 Objectives and Methodology 

This work aims to understand the pipeline lateral buckling phenomenon, influential factors and to study how 

to access the severity of the lateral buckling problem mainly focusing on the HT/HP pipeline conditions.  

These understandings are only possible by developing realistic models of the pipeline behaviour under these 

conditions. In order to pursue this objective, this work is intended to perform a comparative evaluation of 

different mitigation techniques for lateral buckling phenomenon in subsea pipelines due to thermal expansion 

in extreme HP/HT environments. It compares different mitigation solutions under different pipeline 
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configuration to explore their behaviour using powerful FEA simulations. The outcome of using these FEA is 

then compared with screening methodologies, these last ones, generally more conservative.  

This work takes into consideration a case study scenario in order to perform the proposed comparative 

assessment and to analyse the effect of the main parameters involved with a sensitivity analysis of these 

parameters. The distributions of the temperature field, stress and displacement of the pipeline with large-

deflection incurred by lateral buckling due to thermal stress are analysed. The relationships among the 

temperature difference, initial imperfection amplitude, properties of subsoil and buckling amplitude are also 

discussed.  

The adopted methodology includes an extensive literature review of the concepts to understand this 

phenomenon fully. Then a powerful FEA is performed to fully characterise the system behaviour and evaluate 

the drawbacks of current simplified methodologies.  

In addition to that, based on the parametric sensitivity analysis, possible mitigation techniques of the lateral 

buckling phenomena are discussed and such as their reliability to develop a decision matrix. The practical 

objective is to access proper analysis procedures that can adequately maintain the pipeline integrity 

throughout the design life by developing an comparative study to support the decision-making process 

regarding the most suitable mitigation technique for the lateral buckling phenomenon. 

 

1.3 Structure of the dissertation 

This dissertation is divided into six chapters, being the first and the last ones referring to the introduction and 

the conclusion, respectively. To improve readability, the structure of this work follows a typical case study 

procedure.  

The first chapter introduces the subject, primary objectives, and the adopted methodology. It closes with the 

structure of the research work developed.  

The second chapter presents the literature review, which starts by referring to the thermal expansion 

phenomenon in pipelines, then an overview of the concept of lateral buckling that will be exploited in this 

work. Then, there are presented both the Hobbs Analytical Methods and latest SAFEBUCK JIP contributions. 

Afterwards, global model FEA analysis is presented, being discussed how this analysis benefits current 

pipeline design procedures. Finally, a brief presentation of the subsea equipment used for pipeline buckling 

mitigation is presented.  

The third chapter presents the methodology adopted for this work, it starts with an exploratory study and then 

presents the methodology of a screening approach and the finite element approach including its modelling 

and set up of the system.  

The fourth chapter presents the description of the case study. Finally, the fifth chapter presents the results 

and its discussion and, based on these results, a sensitivity study to access the effects on the associated 

parameters.  
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2. LITERATURE REVIEW 

It is relatively simple to manage the lateral stability of the subsea pipelines if they are under 

comparatively low pressures and temperatures because their responses to the loading. In contrast, an 

HP/HT pipeline system impacts on the pipeline design since due to significant end-expansion and 

potential for high stresses at the zones where it will buckle, which deteriorates the pipeline integrity. 

This chapter provides a brief review of the most relevant literature to provide the theoretical explanation 

of essential subjects related to the lateral buckling phenomenon of subsea pipelines due to thermal 

expansion. It focuses five significant topics: pipeline’s thermal expansion, lateral buckling concept, 

Analytical methods and SAFEBUCK Joint Industry Project, global model FEA analysis and finally subsea 

equipment related to lateral buckling mitigation in pipelines. 

 

2.1 Pipeline Thermal Expansion 

Subsea pipelines, when subject to an increase in temperature or internal pressure, they expand 

longitudinally and radially in simultaneous (Yoon, 2013). This expansion results in a change in stress 

state in the pipeline and the soil-pipeline interface.  

For the pipeline to move axially or radially, it must overcome the friction strain of contact between soil 

and pipeline. Nevertheless, this strain is always much smaller than the tension strain derived from 

temperature and pressure variations (DNVGL, 2017b).  

Two main reasons contributing to the end force and expansion which are inducing pipeline walking and 

lateral/upheaval buckling are the following: 

• Temperature (Thermal Gradient); 

• Pressure (End-cap force and Poisson contraction); 

There is a point at the end of the pipeline where these strains are in equilibrium. The displacement is 

zero, and it is generally referred to as an anchor point. There will be two anchor points along the pipeline, 

and the pipeline is stationary between these two points, these anchor points converge to one point as 

the pipeline length gets shorter. 

At endpoints of the pipeline the displacements are constrained for the safe connections of subsea 

equipment (such as manifolds, PLET’s, PLEM’s, Christmas trees, and so forth), so they are usually 

anchored to the seabed. The longitudinal expansion of pipeline can be computed by the integration of 

axial strain on the pipe, modelling just one anchored point and the other free. The two main design 

factors for pipeline design are so the thermal and pressure behaviour (DNVGL, 2017b).  

The formulation of pipeline expansion phenomenon can be performed independently of codes and 

standards, except for small variation in effective diameter for internal and external pressure. However, 

some codes may require changes in a formulation that should be addressed by an engineer or specialist.  
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2.1.1 Thermal Effects 

Since the pipeline is manufactured and installed at atmospheric temperatures but operates at extreme 

higher (and lower as explained further) temperatures and, since endpoints are generally fixed, it 

generates axial compression forces in the pipe. In this context, compressive forces are considered with 

a positive sign and tensional forces with a negative sign (DNVGL, 2017b). This behaviour can be defined 

by a compression force F(x) given by the following equation: 

𝐹𝐹𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒(𝑥𝑥) = −α ∗ 𝐸𝐸 ∗ 𝐴𝐴𝑠𝑠𝑡𝑡 ∗ ∆𝑇𝑇(𝑥𝑥) Eq.  2-1 

Where: 

ΔT – thermal differential 

α - Coefficient of thermal expansion 

Ast – The cross-sectional area 

E - Young’s modulus 

In HT/HP environments pipeline tend to expand freely, in the simplest pipeline configuration, the only 

opposing force is the pipe-soil frictions represented in following Figure 2-1. 

 
Figure 2-1 - Pipe-soil friction mechanism (Charnaux et al., 2015) 

The most critical impact of thermal expansion are the temperature changes due to transient periods. 

Cyclic loading may lead to element fatigue. Cyclic loads can be wave and current during installation, 

operational start-up and shutdowns; wave, current or VIV in service or slugging at spools and crossings. 

Fatigue is most important in welded connections, although weld is designed to have higher resistance 

then pipeline, it is the most sensitive element in the system in terms of fatigue.  

Fatigue is divided into two parts; first is the initiation period and then the crack growth period. Initiation 

period is mostly characterised by a material surface phenomenon, and the weld is free from significant 

defects. By another hand, during crack growth period is expected to see visible cracks and significant 

growth.   

Engineering Critical Assessment (ECA) is a well-known technique to access risk quantification. In the 

case of pipeline design, it aims to predict, using probabilistic methods, the envelope of acceptable loads. 

ECA primary tools can be CrackWise (TWI, 2017) for application of BS7910 (Standards, 2013) and 

DNVGL-ST-F101 (DNVGL, 2017c) or Abaqus (Simulia, 2017) as an FEA tool. 

2.1.2 Pressure Effects 

2.1.2.1 End Cap Force 

The differential pressure due to pressure drop along the pipe and elevation changes generates an axial 

load which contributes to the longitudinal expansion of the pipeline, which generates a radial 

compression. The pressure end cap force is given by the following expression:  
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𝐹𝐹𝑝𝑝𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠(𝑥𝑥) = −∆𝑃𝑃 ∗ 𝐴𝐴𝑖𝑖𝑖𝑖𝑡𝑡 Eq.  2-2 

where: 

∆𝑃𝑃 - Pressure differential, ie. Pid(x) - Pext(x) 

Pld - Local design pressure given by pd + γcont⋅g⋅h 

Pd - Design pressure 

γcont - Contents density 

h - Vertical fluid column for reference pressure  

Pext - External pressure 

Aint - Internal cross-sectional area of pipe 

2.1.2.2 Poisson Contraction 

Due to the internal fluid pressures, hoop stress is induced in the pipe. Opposite to the end cap force, 

this radial tension generates an axial compression in the pipeline by Poisson effect (DNVGL, 2017b). 

This force is given by the following expression: 

𝐹𝐹𝑝𝑝𝑝𝑝𝑖𝑖𝑠𝑠𝑠𝑠(𝑥𝑥) =
𝜈𝜈 ∗ ∆𝑃𝑃(𝑥𝑥) ∗ 𝐴𝐴 ∗ 𝑂𝑂𝑂𝑂

2 ∗ 𝑡𝑡
 Eq.  2-3 

where:

𝜈𝜈 - Poisson’s ratio of steel 

∆𝑃𝑃 - Pressure differential, ie. Pld(x) - Pext(x)  

A - Cross-sectional area of steel 

OD - Outside diameter of steel pipeline 

t - Nominal pipe wall thickness 

2.1.3 Effective axial force 

The concept of the effective axial force can be used to understand the pipeline expansion phenomenon. 

It is composed of the actual axial force in the pipe wall and the pressure induced axial force, so it is 

defined in following an equation 2-4. 

Combining the contribution of each effect in the pipeline is possible to reach the value of the anchor 

force that needs to be assured to maintain the pipeline immobile (DNVGL, 2017b). The following formula 

gives the applied driving force that causes the pipe expansion along the pipeline route: 

𝐹𝐹𝑎𝑎𝑎𝑎(𝑥𝑥) = 𝐹𝐹𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒(𝑥𝑥) + 𝐹𝐹𝑝𝑝𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠(𝑥𝑥) + 𝐹𝐹𝑝𝑝𝑝𝑝𝑖𝑖𝑠𝑠𝑠𝑠(𝑥𝑥) − 𝑆𝑆𝐿𝐿 Eq.  2-4 

where:

𝐹𝐹𝑎𝑎𝑎𝑎(𝑥𝑥) - Anchor force 

𝐹𝐹𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒(𝑥𝑥) - Thermal force 

𝐹𝐹𝑝𝑝𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠(𝑥𝑥) - Pressure end cap force 

𝐹𝐹𝑝𝑝𝑝𝑝𝑖𝑖𝑠𝑠𝑠𝑠(𝑥𝑥) - Poisson effect force 

𝑆𝑆𝐿𝐿 – Force produced by the residual lay tension 

By considering a typical S-lay installation, the effective axial force in the pipeline after installation can 

be estimated, and the concept of residual lay tension can be used to define the effective axial force after 

installation as given by the previous equation.  
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2.2 Lateral and Upheaval Buckling 

2.2.1 Buckling phenomenon 

Theoretically, a perfectly straight pipeline without any out-of-straightness or lateral imperfection will not 

buckle. A subsea pipeline laying on the seabed will have imperfections (Reda and Forbes, 2012). These 

imperfections are commonly due to an uneven seabed or due installation vessel motions during the laying 

phase (Jukes et al., 2008). Buckling is not a failure mode itself, but larger routing curvatures may induce 

significate bending moments that compromise the pipeline wall integrity (Karampour et al., 2013).  

A pipeline buckles when the effective axial force overpasses the critical load value, at this stage, it 

experiences large out of a plane deformation to a new equilibrium state. Therefore, for offshore non-buried 

pipelines, laying on the seabed, they will buckle horizontally rather than vertically due to high pressure and 

high-temperature conditions for a given initial imperfection (Palmer and King, 2008). This is known as 

lateral buckling, and it is mostly governed by the soil friction, pipeline weight in water and the initial curvature 

(Reda and Forbes, 2012). Lateral buckling is a natural phenomenon that will affect a surface-laid pipeline.  

A pipeline laid on the seabed and operated at such conditions will tend to expand, but if the frictional 

resistance of the seabed restrains the expansion, then an axial compression will build up in the pipeline. If 

the compressive effectual axial force is large enough then the pipeline will undergo lateral buckling at buckle 

sites that occupy a pipeline length of about 200m and which may be spaced between 1km and 4km apart, 

depending on pipeline characteristics. The objective of studying lateral buckling phenomenon is to access 

the Virtual Anchor Spacing (VAS). The presence of the virtual anchor points divides the overall line into a 

series of short flowlines, which are fully constrained at their ends. The response of the flowlines between 

virtual anchors is analogous to the response between real anchors.  

For all pipelines, long and short, the loading caused by pipe feeding into the buckle is characterised by the VAS; 

the VAS defines the length of pipe feeding-in to the buckle. The level of feed-in (flowlines axial expansion) 

defines the extent of the growth of the buckles. The Virtual Anchor Spacing (VAS) is a crucial parameter in the 

lateral buckling design process. If the buckle spacing is close (small VAS) there is less axial feed-in to the 

buckle, which reduces lateral deflection and load in the buckle. The aim of the design method is for many 

buckles to form at regular intervals along the flowlines. However, if there is too much mitigation, the design of 

the pipeline will be less reliable. It is necessary to find a compromise between the numbers of mitigations and 

the spacing between each other. This compromise produces a solution in which the strain is shared between 

several sites, leading to manageable strains within each buckle. Therefore, one of the principal aim of buckling 

design is to determine the VAS for the line, which will provide the best spacing between mitigation systems that 

will be installed.  It is usually recommended at least 2 km VAS length in the early design stage (Berhe, 2014). 

In the seventies, many HP/HT hydrocarbon reserves were discovered, but they were not economically 

viable due to onerous pipeline technical requirements. Between the eighties and nineties, operators 

become more engaged in these challenges, and the reserves that were considered high risks began to be 

developed. The first major HP/HT field being developed was Shell ETAP project where the output had a 

pressure of 103MPa and temperature around 165ºC. At that time, no codes or standards by which detailed 

pipeline assessment in terms of buckling could progress. Now, it is a barely a decade since codified 



A Comparative Study of Subsea Pipelines Lateral Buckling  
due to Thermal Expansion in HT/HP Environments

 
9 

 

guidelines were first proposed for the analysis, design, fabrication and installation of surface-laid HP/HT 

pipelines. Previously, analysis of the thermomechanical behaviour of subsea pipelines was driven by good 

engineering practice based on historical precedent, sound judgment and the application of some available 

analysis techniques, including early assessments of post-buckle behaviour using general purpose 

nonlinear finite element codes such as Abaqus. Lateral buckling is now a huge concern in HP/HT 

environments. Pipeline expansion in these conditions usually exceeds the pipe-soil friction or the 

combination of adhesion and friction (Hededal and Strandgaard, 2008), and compression builds up along 

its length. The following equation gives friction in pipeline-seabed contact: 

𝐹𝐹 = (𝑊𝑊𝑎𝑎𝑖𝑖𝑒𝑒 − 𝐵𝐵) ∗ 𝜇𝜇 ∗ 𝐿𝐿𝑝𝑝𝑖𝑖𝑝𝑝𝑒𝑒 Eq.  2-5 

Where,

𝑊𝑊𝑎𝑎𝑖𝑖𝑒𝑒 is the pipeline weight in air; 

𝐵𝐵 is the buoyancy force; 

𝜇𝜇 is the pipe-soil friction coefficient; 

𝐿𝐿𝑝𝑝𝑖𝑖𝑝𝑝𝑒𝑒 is the total pipe length. 

Subsea oil pipelines longer than about 6 km are prone to lateral buckling especially if the temperature of 

the transported product is high at the inlet and is maintained high over the pipeline’s entire length by 

thermal insulation to prevent wax or hydrate formation. Designers of subsea pipelines have, therefore, 

developed an armoury of mitigation measures with which they may either promote the formation of side 

buckles at pre-determined locations or nullify the harsh effects of the lateral buckling by minimising the 

stresses and strains that occur at the buckle site.  

A cooling spool may be introduced at the inlet location to reduce the temperature of the product entering 

the pipeline and a pressure protection system may be used to reduce the operating pressure thus limiting 

the effective axial driving force. Mid-line expansion spools may be used to prevent the build-up of the 

effective axial driving force.  

The thermal and pressure induced effects are relieved by expansion at the pipeline end locations. The 

objective is to provide enough expansion spools to reduce the effective axial force build-up to a value 

below which buckling no longer presents a problem. This use of expansion spools was the solution 

adopted for the Shell ETAP project.  

One relevant and more recent research project in this domain is the SAFEBUCK JIP, focussed on lateral 

buckling and pipeline walking phenomenon due to compressive forces created by internal pressure and 

temperature (Bruton and Carr, 2011). JIP stands for Joint Industry Project since this project gathered many 

important oil and gas companies, subsea operators, research centres and faculties. The key areas of 

research in this project are the development of engineering models for pipe-soil interaction, fatigue and 

local buckling.  

Previous to SAFEBUCK, another well-known joint industry project was HOTPIPE initiated by Statoil (Vitali 

et al., 1999) which form the basis of the recent DNV’s practices materialised in the most recent DNVGL-

RP-F110 (DNVGL, 2017b). Other research works, from Rathbone (Rathbone et al.), analysed a series of 

finite element models to derive an empirical relation of the laying curve radius effect in the critical buckling 

force. 
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2.2.2 Consequences of lateral buckling 

When pipeline buckle exceeds a certain displacement and losses the capacity to accommodate any further 

expansion, it starts acting as a flexible point. These large deformations severally affect its integrity. The most 

known failure modes are ovalisation, rupture and fatigue (Wang et al., 2015). Ovalisation occurs when the 

cross-section of a pipe undergoes in an oval shape under the imposed deformation. Excessive ovalisation 

could prevent the passage of pigging devices required in the monitoring of the pipeline and consequently 

lead to an operational failure of the pipeline. Also, excessive ovalisation could drastically affect the flow 

capacity of the pipeline thereby influencing its functionality. Rupture takes place when a pipe’s cross-section 

exhibits an outward bulging. If the cross-section becomes too inflated at an outward bulge buckle, high-tensile 

hoop stresses take place in the pipe wall and consequently, rupture may occur as shown in Figure 2-2. 

 
Figure 2-2 - Pipeline's ovalisation (left) and consequent rupture (right), Source: Subsea7 

Fatigue is an important phenomenon, mostly to pipeline’s welding connections. Cyclic loading due to shut-

in/ shutdown as well as the daily fluctuations in pressure and temperature may result in fatigue of the pipeline 

girth weld at the buckle crest. A lateral buckle tends to move back towards its original configuration under 

repeated thermal cycles; thereby, causing larger axial stresses than in a non-buckled pipeline. The pipeline 

designer has to account for the low cycle fatigue of girth welds under the influence of hoop and axial stresses. 

Another concern in large global buckling deformation is the damage of concrete weight coating or thermal 

insulation layer which result in indirect damage to the pipeline (Liu et al., 2015). If the seabed is more uneven, 

the initial movement may be in the vertical plane (upheaval buckling), but this is likely to develop into a lateral 

displacement. Only if a pipeline is trenched or buried will a significant buckle remain in the vertical plane. 

2.2.3 Mitigation techniques 

To physically prevent any lateral buckling one solution is to have the pipeline buried. This solution is more 

basic as the pipe is buried, and the trench filled with materials heavy enough to prevent upheaval. This 

solution can be quite expensive and is mainly used in the North Sea as the rocks used to fill the trench are 

readily available. Off Africa coasts, on clay soil, the pipe will rather be coated with concrete or given extra 

thickness to increase its mass and thus the soil friction. Although, there are ways to control the buckling 

amplitude to keep it within acceptable bounds. One of them regards to attempt to engineer the locations 

where a pipeline will buckle. One method to initiate buckle is a snake configuration that can be created 

during the pipeline lay process, and which is illustrated in Figure 2-3. Using this method counteracts are 

pre-installed on the seabed and the pipeline is “snaked” between them. The pipeline configuration has a 

predefined wavelength and amplitudes and the curvature around each counteract is made to be sufficiently 
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high so that lateral buckling will occur. The actual configuration depends on pipe properties, barge tension 

and so forth. The objective is to initiate lateral breakout at selected locations so that the feed-in is limited 

to a predefined length. Snake-lay has been used for many years by designers and installation contractors 

and is generally reliable, it induces horizontal imperfection to the pipeline (Herlianto, 2011). Lateral buckles 

initiate, not only at counteracts but also on the straight lengths as the vessel’s natural deviations from its 

route and seabed undulations interact to trigger additional buckles. This technique was used in the 

Penguins project (Matheson et al., 2004) and the Echo Yodel project (Energy, 2000). 

 
Figure 2-3 - Pipeline "snake" configuration, Source: Subsea7 

Snake lay tends not to be used in deep water because of the necessity to pre-install counteracts, the quite 

wide lay corridor required for the pipeline and difficulties associated with accurately manipulating the pipeline 

around the counteracts as water depth increases.  

For shallow water, a well-known technique to prevent buckling and expansion is the rock dumping as shown 

in Figure 2-4. Rock dumping may be prohibitively expensive or not practicable for deepwater pipelines, 

however, and there is even some evidence that spot-dumping a pipeline can lead to unwanted upheaval 

buckles if, for example, the spot dumps lie on either side of a crest in the seabed. One approach to this 

reduces the cost of rock dumping is to identify the critical overbends and place rocks on them. For correct 

identification of overbends, good profile information is essential, ROV survey with precision bathymetry is a 

suitable source of information to access the characteristics of the seabed (Palmer and King, 2008).  

Uneven seabed and movements of pipelay vessels result in initial random distributions of imperfections in 

nominally straight pipelines which may be sufficient to induce the formation of multiple buckles. If this situation 

occurs, lateral buckling is unlikely to present a problem for moderate operating pressures and temperatures.  

Lateral buckling should not be considered acceptable due to the high risks involved and little historical 

evidence in HP/HT environments. However, it is possible, and sometimes a better option to allow it to happen 

in a controlled way, by introducing engineered triggers at desired locations to induce the lateral buckling 

phenomena, such as sleepers (Wang et al., 2009) (Figure 2-5) or buoyancy units (Figure 2-6) (Wang and 

Tang, 2017). Lateral and upheaval buckling have been studied by previous researchers in a theoretical 

framework through assuming the pipeline as a beam resting on a rigid seabed (Hobbs, 1984; Ju and 

Kyriakides, 1988; Karampour et al., 2013; Liu et al., 2014; Liu et al., 2015; Taylor and Tran, 1996) and on a 

soft seabed (Shi and Wang, 2015, Zeng and Duan, 2014, Wang et al., 2011). 



A Comparative Study of Subsea Pipelines Lateral Buckling  
due to Thermal Expansion in HT/HP Environments 
 

 

 
12 
 

The friction coefficient between the pipeline or its coating and the sleeper is generally equals to 0.1. The 

advantages of buoyancy units are that no pre-installed structures are required, as for sleepers. The buoyancy 

units can be attached to the pipeline as it is laid and elevate it only a minimal distance off the seabed and 

only over short lengths, so no significant spans occur and fatigue due to vortex shedding is not problematic. 

  
Figure 2-4 - Rock dumping (Fleet, 2017) Figure 2-5 - Dual sleepers, (Charnaux et al., 2015) 

Other factors to consider are the cost of buoyancy units and reduced laying speed as they are attached 

to the pipeline. The sleepers are generally steel tubes with small mudmats on either end to prevent 

gross settlement. The analysis of the estimated lateral displacement, including an allowance for lay 

tolerance, determines the sleeper’s length. As the buckle direction has some uncertainty associated, 

the sleepers need to account for buckling in either lateral direction and can end up being longer, 

potentially up to 30m. Such lengths can have a knock-on effect regarding onshore handling operations 

and elaborate deck plans, increased vessel time and offshore operations.  

 
Figure 2-6 - Buoyancy units, (Charnaux et al., 2015) 

Sleepers should not be very high because the purpose of the sleeper is only to provide an adequate 

vertical trigger and to relieve friction on what will become the pipeline’s buckle crown; an optimum height 

for the bottom of pipe above seabed is approximately 0.3-0.5 m. It should also be noted that although 

the trigger is vertical, it is a lateral (horizontal) buckle that will form by preference, as this is the lowest 

energy buckle. Another mitigation technique to accommodate pipeline expansion is to use expansion 

spools, which, due to its geometry, allow a certain level of deformation, reducing the stress in anchoring 

points. Although, its installation is time-consuming and creates weak points in the line that could lead to 

the local collapse of the structure. All these solutions can be used together on a line. It is especially 

relevant to combine sleepers and buoyancy tanks as to increase even more the method reliability.  
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2.3 Hobbs’ Analytical Method 

Analytical solutions incorporate simplifying assumptions, and consequently, there are certain limitations 

(Sriskandarajah et al.); 

• They consider perfect straight pipelines, ignoring the natural uneven of the seabed; 

• They assume a single buckle form. In reality, multiple buckles occur along the pipeline’s length; 

• They are based on the linear properties of materials and do not consider the temperature 

dependent characteristics of the materials. 

Taking advantage of FEA can overcome the above limitations. Non-linear material modelling, together 

with geometric non-linearity, initial imperfections, and realistic seabed friction and temperature profiles 

along the pipeline can all be readily incorporated into an FEA. Alan conducted one of the first 

experimental and analytical studies on buckling due to compressional forces in (Allan, 1968) and 

decades later the works from Kerr (Kerr, 1978) and Needleman (Tvergaard and Needleman, 1981) 

applied to the railway tracks foundations. The remarkable experimental work of Roger Hobbs (Hobbs, 

1984) is widely known in the pipeline industry for his effort to study the problem of lateral buckling in 

subsea pipelines. He demonstrated, in small-scale experiments, that an offshore pipeline can buckle 

into different buckling modes as represented in Figure 2-7. These modes can be symmetrical (modes 1 

and 3) or axisymmetric (modes 2 and 4). His results show that for non-buried pipelines, lateral buckling 

mechanisms occur at the lower axial load that vertical mode and a horizontal mode is therefore dominant 

unless lateral restraint is provided by trenching. 

 
Figure 2-7 - Lateral buckling mode shapes (Hobbs, 1984) 

He explains how mode 1 buckling evolves to a mode 3 buckling and so on up to higher buckling modes. 

This phenomenon is a result of a complex interaction between soil resistance and the non-linear change 

in the effective normal force. Although, Hobbs criterion for maximum pipeline force is defined as: 

 

𝑆𝑆𝑒𝑒𝑎𝑎𝑎𝑎.𝐻𝐻𝑝𝑝𝐻𝐻𝐻𝐻𝑠𝑠 = 52.61 ∗
𝐸𝐸𝐸𝐸
𝐿𝐿𝑐𝑐𝑒𝑒2

 Eq. 2-6 

Where 𝐿𝐿𝑐𝑐𝑒𝑒 is given by the following: 

𝐿𝐿𝑐𝑐𝑒𝑒 = �
2.769 ∗ 105 ∗ (𝐸𝐸𝐸𝐸)3

(µ𝐿𝐿.𝑒𝑒𝑖𝑖𝑖𝑖 ∗ 𝑊𝑊)2 ∗ 𝐸𝐸𝐴𝐴
�

1
8
 Eq. 2-7 
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With µ𝐿𝐿.𝑒𝑒𝑖𝑖𝑖𝑖 corresponding to the minimum lateral friction coefficient. For curvilinear pipelines section, 

the following Out of Straightness (OOS) criteria applies: 

𝑆𝑆𝑒𝑒𝑎𝑎𝑎𝑎.𝑂𝑂𝑂𝑂𝑂𝑂 = µ𝐿𝐿.𝑒𝑒𝑖𝑖𝑖𝑖 ∗ 𝑊𝑊 ∗ 𝑅𝑅 Eq. 2-8 

With 𝑅𝑅 corresponding to the pipeline’s radius of curvature. As stated previous, a subsea pipeline, when 

subjected to compressional forces may buckle into different configurations. Each buckling mode 

requires a different minimum axial force. The analytical method of Hobbs (Hobbs, 1984) traces the 

equilibrium path in terms of buckle length and fully restrained axial force. The relationship between 

effective axial force and buckle length is given by: 

𝑃𝑃𝑝𝑝 = 𝑃𝑃 + 𝑘𝑘3 ∗ µ𝑎𝑎 ∗ 𝑊𝑊 ∗ 𝐿𝐿 ∗ ���1 + 𝑘𝑘2
𝐸𝐸 ∗ 𝐴𝐴 ∗ µ𝑙𝑙2 ∗ 𝑊𝑊 ∗ 𝐿𝐿5

µ𝑎𝑎 ∗ (𝐸𝐸 ∗ 𝐸𝐸)2
� − 1� Eq. 2-9 

Where: 

𝑃𝑃𝑝𝑝 is the post buckle axial force; 

µ𝑎𝑎 is the coefficient of axial friction; 

µ𝑙𝑙 is the coefficient of lateral friction; 

𝐴𝐴 is the pipeline’s steel cross section; 

𝑊𝑊 is the submerged weight of the pipeline; 

𝐿𝐿 is the pipeline’s buckling length; 

𝐸𝐸 is the elastic modulus; 

𝐸𝐸 is the second moment of area; 

𝑃𝑃 is the effective compressive axial force (𝑃𝑃 =

𝑘𝑘1 ∗
𝐸𝐸∗𝐼𝐼
𝐿𝐿2

). 

The maximum buckling amplitude and bending moment are given in equation 2-10 and 2-11, respectively: 

𝑦𝑦 = 𝑘𝑘4 ∗
µ𝑙𝑙 ∗ 𝑊𝑊
𝐸𝐸 ∗ 𝐸𝐸

∗ 𝐿𝐿4 Eq. 2-10 

𝑀𝑀 = 𝑘𝑘5 ∗ µ𝑙𝑙 ∗ 𝑊𝑊 ∗ 𝐿𝐿2 Eq. 2-11 

The presented coefficients ki is given by Hobbs for each buckling mode as presented in Table 2-1. 
Table 2-1 - Constants for lateral buckling modes 

Buckling mode k1 k2 k3 k4 k5 
1 80.76 6.391 x 10-5 0.500 2.407 x 10-3 0.06938 
2 4π2 1.743 x 10-4 1.000 5.532 x 10-3 0.1088 
3 34.06 1.668 x 10-4 1.294 1.032 x 10-2 0.1434 
4 28.20 2.144 x 10-4 1.608 1.047 x 10-2 0.1483 

5(∞) 4π2 4.705 x 10-5 4.705 x 10-5 4.4495 x 10-3 0.05066 

Some experiments followed the work from Hobbs, the most remarkable are the works from Ju and 

Kyriakides (Ju and Kyriakides, 1988), Taylor and Tran (Taylor and Tran, 1996) and from Miles and 

Calladine (Miles and Calladine, 1999). Hassan, in his work (Karampour et al., 2013), proposes an 

analytical solution for the axial compression P in the buckle pipeline’s region. It considers a small elastic 

sinusoidal imperfection yo given by: 

𝑦𝑦𝑝𝑝 = 𝑌𝑌𝑝𝑝 ∗ 𝑠𝑠𝑠𝑠𝑠𝑠 �
𝜋𝜋𝑥𝑥
𝜆𝜆
� Eq. 2-12 

Moreover, the given governing constitutive relation in equation 2-13 and the following analytical solution 

in equation 2-14: 

𝐸𝐸𝐸𝐸(𝑦𝑦′′′′ − 𝑦𝑦0′′′′) + 𝑃𝑃 ∗ 𝑦𝑦′′ + 𝑄𝑄 = 0 Eq. 2-13 

𝑃𝑃 = �
𝜆𝜆2

𝜋𝜋2
� �
𝑄𝑄
𝑌𝑌
� + �

𝜋𝜋2

𝜆𝜆2
� ∗ 𝐸𝐸𝐸𝐸 ∗ �1 −

𝑌𝑌𝑝𝑝
𝑌𝑌
� Eq. 2-14 
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2.4 SAFEBUCK JIP 

2.4.1 Methodology 

SAFEBUCK is a Joint Industry Project which combines multiple stakeholders from the oil and gas 

industry, from operators, investigation centres and services companies to develop proper methodologies 

to access the lateral buckling and pipeline walking phenomenon. Lateral buckling can be seen as a safe 

and reliable method to reduce the effects of thermal expansion of subsea pipelines (ATKINS, 2014). 

SAFEBUCK approach is oriented to the strain limit criteria instead of a stress limit criterion since it is 

more suitable for the phenomena in the study. Although in theory, a single global finite element analysis 

could verify any given criteria, in practice there is considerable uncertainty in the involved parameters 

regarding pipe-soil interaction and out-of-straightness. This guideline is suitable for both single wall and 

pipe-in-pipe systems, and it gathers the following range of pipelines characteristics: 

• D/t ratio between 10 and 50; 

• Design temperatures up to 180ºC; 

• Initially ovality less than 3% as defined in DNVGL-ST-F101. 

This range widely covers most of the up to date industry projects. At a fundamental level, SAFEBUCK 

design approach considers steps independently: Buckle Formation Assessment and Post-Buckle 

Response Integrity assessment. In first steps, it is probabilistically evaluated the susceptibility to 

buckling of the pipeline considering the variability of the friction coefficients. In the second steps, it is 

used an Upper Bound lateral coefficient restraint in a deterministic evaluation of the post-buckling loads. 

A significant limitation is that these conventional methods are that the two design steps are considered 

independent, and this conservative approach may lead to non-viable solutions by the economic point of 

view (Roberts and Taavale). Figure 2-8 presents the overall SAFEBUCK JIP scope of work. 

 
Figure 2-8 - Scope of work for the SAFEBUCK JIP (Bruton et al., 2006) 

2.4.2 Controlled Buckling Assessment 

When lateral buckling is possible to be tolerable, it is necessary to define the maximum value of VAS. 

SAFEBUCK approaches the VAS determination by the definition of a characteristic VAS which is given 

by the following equation: 
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𝑋𝑋𝑐𝑐ℎ𝑎𝑎𝑒𝑒 = min(𝑋𝑋𝑂𝑂,𝑋𝑋𝐷𝐷𝐷𝐷,𝑋𝑋𝐿𝐿) Eq. 2-15 

Where, 

𝑋𝑋𝐿𝐿 is the Characteristic VAS limited by pipeline length; 

𝑋𝑋𝐷𝐷𝐷𝐷 is the Characteristic VAS limited by the driving force envelope; 

𝑋𝑋𝑂𝑂 is the Characteristic VAS limited by sharing. 

The term of VAP is defined that the point where the expansion force (restraining force) is equivalent to 

the soil frictional force, so the pipeline becomes fully restrained at this point. For a short pipeline, the 

overall length may be insufficient to reach full restraint, and the VAP is generally situated in the middle 

of it where the effective axial force gets the maximum value. 

 

2.4.3.1 Characteristic VAS limited by pipeline length 

Characteristic VAS limited by pipeline length is equal to half the pipeline’s length if it is free ended and 

equal to entire pipeline length if it is the fixed end.  

 

2.4.3.2 Characteristic VAS limited by the driving force envelope 

The Characteristic VAS limited by the driving force could be achieved by: 

𝑋𝑋𝐷𝐷𝐷𝐷 = 2.588 ∗ 𝐿𝐿𝐵𝐵𝐻𝐻 + 2 ∗ �
𝑁𝑁𝑝𝑝 − 𝑁𝑁𝐵𝐵𝐻𝐻

𝑓𝑓𝐿𝐿𝐵𝐵
� Eq. 2-16 

Where the length of the buckle centre lobe 𝐿𝐿𝐵𝐵𝐻𝐻 is obtained by solving the following equation 

𝑁𝑁𝑝𝑝 = 34.06 ∗
𝐸𝐸𝐸𝐸
𝐿𝐿𝐵𝐵𝐻𝐻2

+ 1.294 ∗ 𝐿𝐿𝐵𝐵𝐻𝐻 ∗ ��1 + 1.668 ∗ 10−4 ∗
𝐸𝐸𝐴𝐴 ∗ 𝐻𝐻𝑈𝑈𝐵𝐵,𝑅𝑅𝐸𝐸𝑂𝑂

2 ∗ 𝐿𝐿𝐵𝐵𝐻𝐻5

𝑓𝑓𝐿𝐿𝐵𝐵 ∗ (𝐸𝐸𝐸𝐸)2
− 1� Eq. 2-17 

Moreover, the force in the buckle is given by the following 

𝑁𝑁𝐵𝐵𝐻𝐻 = 34.06 ∗
𝐸𝐸𝐸𝐸
𝐿𝐿𝐵𝐵𝐻𝐻2

 Eq. 2-18 

Which is by Hobbs isolated buckling mode three solution. 

 

2.4.3.3 Characteristic VAS limited by sharing 

The Characteristic VAS limited by sharing be achieved by: 

𝑋𝑋𝑂𝑂 = 2.588 ∗ 𝐿𝐿𝐵𝐵𝐻𝐻 + �
𝑁𝑁𝐶𝐶𝑅𝑅 − 𝑁𝑁𝐵𝐵𝐻𝐻

𝑓𝑓𝐿𝐿𝐵𝐵
� Eq. 2-19 

Where the length of the buckle centre lobe 𝐿𝐿𝐵𝐵𝐻𝐻 is obtained by solving the following equation 

𝑁𝑁𝑝𝑝 = 34.06 ∗
𝐸𝐸𝐸𝐸
𝐿𝐿𝐵𝐵𝐻𝐻2

+ 1.294 ∗ 𝐿𝐿𝐵𝐵𝐻𝐻 ∗ ��1 + 1.668 ∗ 10−4 ∗
𝐸𝐸𝐴𝐴 ∗ 𝐻𝐻𝑈𝑈𝐵𝐵,𝑅𝑅𝐸𝐸𝑂𝑂

2 ∗ 𝐿𝐿𝐵𝐵𝐻𝐻5

𝑓𝑓𝐵𝐵𝐻𝐻 ∗ (𝐸𝐸𝐸𝐸)2
− 1� Eq. 2-20 

Moreover, the force in the buckle is given by the following 

𝑁𝑁𝐶𝐶𝑅𝑅 = max�4.6 ∗ �
𝐸𝐸𝐸𝐸 ∗ 𝐻𝐻𝑈𝑈𝐵𝐵

𝑂𝑂
, 7.1 ∗ �

𝐸𝐸𝐸𝐸 ∗ 𝐻𝐻𝐵𝐵𝐸𝐸
𝑂𝑂

� Eq. 2-21 
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2.5 Numerical Methods 

The main advantages of using an analytical predictive model is that simple relationship to correlate pipe 

response to main parameters are available. On the other hand, should strain-based design be applied, 

non-linear methods are needed (Spinazzè et al., 1999). These simple relationships may be helpful to: 

• analyse the susceptibility to lateral buckling of a given pipe configuration; 

• performing sensitivity analyses, in order to assess a functional relationship between pipe 

response and involved parameters; 

• design mitigation measures, when the scope is to keep the maximum bending moment below 

to first yielding so that material behaviour can be considered as linear; 

• analyse potential localisation between adjacent imperfection, when the S-lay method is adopted 

to reduce the pipeline deformation. 

Although the Hobbs formulation completely describes the buckling of a single pipeline, it is difficult to 

accurately analyse the deformation state of the pipeline in the post-buckling stage. If used for high-

temperature solution analysis scheme design, the maximum limitation of Hobbs formula is unable to 

consider the pipeline original non-perfect shape.  

The initial structure has significant influence on the buckling shape and post-buckling process which 

may even decide if a high-temperature solution can be implemented smoothly (Ni and Jia, 2014). Lateral 

buckling of subsea pipelines represents a stability problem that is amenable to solution by numerical 

methods, such as FEA. Two different approaches have been adopted in the application of FEA to lateral 

buckling of subsea pipelines: non-linear static and implicit dynamic analysis (Sriskandarajah et al.).  

Models should approximate the reality as possible. Uneven seabed introduces imperfections in laying 

pipelines; these imperfections could be modelled as initial displacements or applied forces along 

pipelines. 

Two modelling approaches could be considered relating to numerical models: local models and global 

models. Local models are simplified models used to consider local effects such as the local collapse of 

pipelines. Global models, by another hand, consider the entire pipeline’s length.  

Realistic boundary conditions may be simulated by including the end expansion spool pieces and 

seabed friction within the model. The pipe/seabed friction is handled either via a rigid surface model 

using Coulomb friction or by non-linear spring elements. The effective axial force develops due to the 

application of temperature and pressure applied to the pipeline elements. These last referred methods 

have many advantages although they require many more computational resources. 

Several approaches may be taken towards the analysis, which includes static, dynamic, implicit and 

explicit schemes. Explicit dynamic time stepping schemes are intended for high-velocity impact 

problems and are not suitable for lateral buckling analysis. Therefore, static and implicit dynamic solution 

schemes could be examined. 
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Static Analysis use an incremental/iterative Newton-Raphson solution scheme. The load is applied in 

increments, as the response is history dependent. However, lateral buckling represents a problem with 

an unstable response. Typically, there is a tendency for a pipeline to snap from the pre-buckled 

configuration to a stable post-buckled configuration. In a non-linear solution using the Newton-Raphson 

method, this represents the passing of a limit point under load control. In this case, advancing the 

solution by incrementing the load would fail to obtain a solution.  

Dynamic Analysis, on another hand, is non-linear dynamic analysis using implicit time integration may 

be used to calculate the transient response of a pipeline subjected to temperature and pressure loading. 

Implicit, direct time integration methods are based on satisfying the equilibrium equations at discrete 

time intervals. 

Finite element method provides a convenient way to calculate the lateral buckling of pipelines. The finite 

element model of a subsea pipeline is described in detail based on three main aspects: 

• First, element types are selected. The beam element is suitable for simulating pipeline 

structures because the subsea pipeline is an ultra-slender structure, which means that the 

length of one direction (pipeline axial direction) is larger than the length of two other directions 

(pipeline cross-section); 

• Second, the end constraints of the pipeline are determined. Both ends of the pipeline are pinned 

because the pipeline is long enough to avoid the effect of constraints. The seabed is assumed 

to be rigid so that the vertical degree of freedom of the pipeline is constrained. 

• Third, the material constitutive law is determined. The snaked-lay pipeline usually buckles at a 

relatively low temperature which means the stress level in the pipeline is lower than the yield stress.  

The purpose of the FE analysis is to determine the post-buckle stress and strain at the crown of the buckle. 

The assessment is performed using non-linear finite element models. 3D FE models offer less conservative 

results than 2D models and allow to offer more competitive pipeline solutions (NystrØm et al., 1997). 

VAS models consist of a pipeline, modelled with PIPE31 elements, laid on a flat seabed modelled as a 

rigid analytical surface. The pipeline ends are fully restrained, and imperfection is introduced from which 

the buckle initiates. The tolerable VAS length is found by increasing the overall model length until the 

stress and strain at the buckle crown are on the allowable limit. The pipeline can be left uncontrolled only 

if the tolerable VAS length exceeds the likely buckle spacing predicted by a global model or manual 

calculations. Finding tolerable VAS values may be a long-winded and repetitive process, depending on 

the pipeline length and characteristics of the system (wall thickness changes, P&T variation etc.)  

Long pipelines can have tolerable VAS values that vary along the route. Work is done in the detailed 

design stage to minimise the number of engineered initiator interventions. This type of optimisation can 

increase the scope of work significantly during pipeline design (Charnaux et al., 2015).  
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2.6 Subsea Equipment 

Pipeline system choice relies on the following two aspects: configuration and material. Regarding 

configuration, it could be a single pipe, a single pipe with heavy insulation, a pipe-in-pipe system or 

pipeline bundles. In terms of materials it could be carbon steel, CRA lined pipe, and CRA clad pipe or 

polymer-lined pipe.  

The equipment choices always need to take into consideration the environmental conditions such as 

external design temperature and pressure, soil composition, irregularity of the seabed as a pair with 

operation design conditions internal design temperature and pressure profiles. Besides pipeline system 

itself, there is a considerable number of subsea equipment used to enhance pipeline’s structural 

performance or aid the installation and anchoring in seabed during its installation or operation along its 

project life-cycle in order to mitigate instability phenomena. 

2.6.1 Buckle Arrestors 

Buckle arrestors are accessories that intend to limit propagation length of pipeline buckling, creating 

rigid points along pipeline length. They can be slip on arrestors, which are not suited for reel lay method, 

or external clamp-on arrestors as shown in Figure 2-9. 

 

Figure 2-9 - Propagating buckling (left) and buckle arrestor in the pipeline (right), Source: Subsea7 

Another type of buckle arrestor is spiral wound-on arrestors and integral collar which are suitable for 

reel lay and highly efficient. Although they limit buckle propagation, they need to couple to the on-laying 

pipeline, so they require frequent stops during reel lay, which raises the operation costs of the pipeline 

deployment. Pipeline design engineers need to take into consideration this trade-off when buckling 

phenomenon is expected to occur. 

2.6.2 Fixed Structures for pipeline anchoring 

In order to create anchoring points on subsea pipelines, as well as to other subsea equipment and 

production vessels such as an FPSO it is necessary to deploy fixed structures to the seabed. These 

structures limit the pipeline’s displacements to accommodate or at least control tensions from thermal 

expansion. Suction Piles, as shown in Figure 2-10, are one type of these structures, they are used in 

uniform soil and have good positional tolerance. These structures are deployed in the seabed and then 

spiked into it using suction pumps. Once buried in the seabed, other subsea equipment could be 

deployed into it or could be anchored to it using chains. 
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Figure 2-10 - Suction pile, (Charnaux et al., 2015) 

Besides suction piles, other structures such as driven piles penetrate soil strata and also have good 

positional tolerance and high capacity (<50Te) but are costly in deep water. Figure 2-11 presents this 

type of piles.  

Other structures, like drag embedment anchor, have the very high capacity (<100Te) but poor positional 

tolerance and are recommended only for shallow water (<500m). Once deployed, they are connected 

by chains to the desired points of other subsea equipment. Figure 2-12 presents this type of anchors. 

  
Figure 2-11 - Driven pile, Source: Subsea7 Figure 2-12 – Drag embedment anchor, Source: 

Subsea7 

Another option is the use of gravity bases. A gravity base offers good positional tolerance, yet low 

capacity and low efficiency due to its small weight and non-spiked deployment. Figure 2-13 shows an 

example of these gravity bases. 

Although there is not their primary purpose, jacked-up structures can also serve as a pipeline anchoring 

system due to its stability in the seabed. Other subsea equipment gathers ILT and PLET that could also 

serve as anchoring points for pipeline routing due to their stability and fixation to the seabed. Figure 

2-14 presents these two models respectively. 
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Figure 2-13 - Gravity base, (Charnaux et al., 2015) Figure 2-14 - ILT and PLET systems, Source: Subsea7 

This equipment, depending on the surrounding design forces, could act as anchor points due to their 

own skirts anchoring systems or when deployed in the top of suction piles or directly connected to one 

using chains.  

Finally, other small-scale equipment could be used for pipeline stabilisation on the uneven seabed. 

Grout bags and mechanical support systems are used to overpass large spans while the mattress could 

be used to create an anchor point. These smaller structures are shown in Figure 2-15. 

   
a) b) c) 

Figure 2-15 – a) Grout Bag, b) mechanical support system, and c) mattresses, Source: Subsea7 

2.6.3 Pipeline Protection Equipment 

Besides displacement limitation equipment, other types of indirect systems need to be part of or coupled 

to pipeline systems in order to give the mechanical, anti-corrosion and thermal protection needed for its 

life-cycle. 

2.6.3.1 Mechanical Protection 

Mechanical protection is needed to prevent damages in the pipeline due to dropped objects. Some 

techniques include the use of rock dumping or mattress as previously shown. Other heavier protection 

systems, such as protective covers could be used when properly justified, an example of this structure 

is shown in following Figure 2-16. When needed, this glass reinforced polymeric (GRP) structures could 

be assisted with concrete ballasting modules. They are designed according to the necessary standards 

for subsea equipment. 
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Figure 2-16 - Fibreglass protection cover, Source: CSUB 

2.6.3.2 Anti-corrosion 

Anti-corrosion protection is a popular demand in the subsea environment due to its very harsh conditions 

that materials are subject to. Corrosion in pipelines happens both internally and externally.Internal 

corrosion is caused by the fluid transported while external corrosion is due to the pipeline being in 

contact with seawater. External protection could be achieved by anti-corrosion coating or cathodic 

protection while internal protection is only possible in fabrication using one of the following measures: 

• C-Mn Steel with corrosion allowance together with a corrosion inhibitor 

• Use of CRA, Corrosion Resistant Alloy (for very corrosive service) 

• Use of internal coating/liner (Clad or Plastic liner) 

Cathodic protection can be achieved by a sacrificial anode or an imposed current. In the first situation, 

the pipe surface is the cathode of the electrochemical cell and attached is a sacrificial metal to serves 

as an anode. However, for long pipelines, passive protection may not be sufficient, and an external DC 

power source provides sufficient current. Active cathodic protection using imposed current should be 

avoided at all cost since it requires consistent inspections to the location to measure the electrochemical 

potential and requires more maintenance than the use of sacrificial anodes.  

By distributing sacrificial anodes to ensure full protection and minimise interaction it is possible to 

minimise the cathodic protection cost in the project. Attenuation calculations give maximise anode 

spacing and, potentially, eliminate pipeline anodes. Figure 2-17 presents different types of cathodic 

protection anodes. 

   

Figure 2-17 - Different types of cathodic protection systems, Source: Subsea7 

Corrosion is an essential subject since is directly related to the pipeline resistance. Thinning of pipeline 

wall affects strength and fatigue limit states which can compromise the pipe stability.  
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3. METHODOLOGY 

This chapter presents the methodology used in this dissertation work to analyse a subsea pipeline when subject 

to lateral buckling phenomenon, mainly due to thermal expansion. It consists of several sections, including an 

initial exploratory study.  

An initial lateral buckling assessment was performed by DNVGL-ST-F101, DNVGL-RP-F110, DNVGL-RP-

F111 and SAFEBUCK guideline using the screening approach methodology based on analytical calculations. 

The presented FEA methodology gives a detailed description regarding the creation of a suitable FEA model, 

selection of pipeline cross section and seabed model, and the preparation of the environmental conditions for 

the model. 

 

3.1 Exploratory Study 

This chapter resumes the exploratory study conducted to support the development of the FEA model. 

The study includes the analysis of the software available on the market to evaluate the most suitable 

solution considering a variety of parameters. This work explores a systematic integration of FEA 

parameters and parametric modelling to provide a consistent workflow that makes the pipeline buckling 

study more accessible to pipeline design engineers. 

3.1.1 Software Evaluation 

This assessment needs to take into account several factors such as the interoperability of each software, 

their learning curve and potentialities to fit the needs for the development of the finite element model, 

regarding customisation but also to meet the proposed objective within the time constraints. Table 3-1 

summarises this study to choose the most suitable software for this work. 

Table 3-1 - Current commercial software comparison 
Software Interoperability Ease of 

Learning 
Computational Requirements 

(Minimum) Web Site 

St
ru

ct
ur

al
 

A
na

ly
si

s 
So

ftw
ar

e SAP2000 3 3 4Gb RAM; i-series processor; DirectX 9 
Video Card; 6Gb Free Space http://www.csiportugal.com 

Robot 
Structural 
Analysis 

3 3 8Gb RAM; DirectX 9 Video Card; 5Gb 
Free Space http://www.autodesk.pt 

Fi
ni

te
 E

le
m

en
t 

A
na

ly
si

s 
So

ftw
ar

e 

Autodesk 
Nastran 4 4 2Gb RAM; DirectX 9 Video Card; 3Gb 

Free Space http://www.autodesk.pt 

Ansys 4 3 16Gb RAM; i-series processor; DirectX 
9 Video Card; 5Gb Free Space http://www.ansys.com 

Abaqus 5 4 512mb RAM; DirectX 9 Video Card; 
570mb Free Space https://www.3-Ds.com 

O
ffs

ho
re

 
st

an
da

rd
 

so
ftw

ar
e Orcaflex 4 4 4Gb RAM; DirectX 9 Video Card; 

Multicore Processor https://www.orcina.com 

Offpipe 3 3 No requirements info provided http://www.offpipe.com 

Scale 1 - 5 Based on the User’s Experience  

For this specific work, in order to develop the desired model while maintaining a sustainable workflow and 

steady connection with all the software involved and, based on the required minimum specifications as 

presented. Considering that the recommended specifications are practically two or up to three times the 

minimum requirements, it was used a workstation with the specifications listed in following Table 3-2. 
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Table 3-2 - Specifications of workstation 
Component Characteristics 
Processor Intel® Core™ i7 6700HQ 

Operating System Windows 10 Home 
Memory 16Gb DDR4 2133 MHz 
Screen 15.6" 16:9 IPS UHD (3840 x 2160) 

Graphics Card NVIDIA® GeForce® GTX 960M 4GB GDDR5 
Storage 512Gb SSD via PCIe 

Presented specifications of this workstation should fulfil all the requirements for most software and, thus, 

not compromise future work regarding computational time. Computational time is a significant concern 

since FEA are known to be time-consuming. On the other hand, this model needs to perform several 

finite element analyses of the structure for each load scenario. It will correspond to dozens or even 

hundreds of simulations which can easily correspond to hours and even days of computation if the 

workstation does not meet the recommended specifications for this work. 

3.1.2 Interoperability Analysis 

Current approaches do not consider only one software to perform all the analysis and the code checking. 

Usually, in a screening phase, there are utilised standard spreadsheets due to ease of manipulation. To 

perform a detailed-level analysis, there are used powerful FEA software. In the end, for code checking, 

again, it is used spreadsheets or customised programmed modules to retrieve the results from FEA output 

and compare them with design standards. Table 3-3 shows a traditional chart used for pipeline analysis. 

Table 3-3 - Current software utilised for pipeline design 
Toolbox Screening Global Analysis Code Check 

Licensed Tools 

DNV-OS-F101    

Abaqus -   

Crackwise -   

Spreadsheets 
Excel  -  

MathCad  -  

Usually, contractors carry out screening assessments to assess the buckling tendency of pipelines using 

in-house and standardised MathCad spreadsheets. Once a tendency to buckle has been identified, the 

detailed post-buckle behaviour is analysed formally using the Abaqus general purpose nonlinear finite 

element program and its associated graphical post-processor. Although Abaqus is not a standard finite 

element code developed for the offshore industry its powerful capabilities make it a very versatile tool for 

this purpose.  

Some dedicated codes, like ORCAFLEX or OFFPIPE, for example, are more widely used to carry out 

standard installation calculations. However, the problem with these codes is that it may be troublesome for 

the user to perform calculations which are different from what has been pre-defined in the software.  

The counterpart of this is that developing a reliable and efficient finite element model using Abaqus may be 

quite time-consuming and the development of model generation routines is a major concern.  
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3.2 Screening Approach 

Screening approaches are used to determine if the buckling phenomenon is likely to occur and are 

based on analytical solutions of these problems. If screening concludes that buckling may occur, an 

assessment phase will determine whether it is acceptable or not and each type of mitigation techniques 

could be used to reduce de buckling length to improve the critical buckling load.  

These screening approaches, although they are widely used and give fast results, they are very 

conservative and may lead to unpracticable solutions in economic point of view or even in the 

operational point of view. For these particular cases, enhanced finite element analysis should be 

performed to prove the validity of these less conservative models and properly design the field layout 

solution.  

This section details the screening approach to access the pipeline’s buckling susceptibility. This 

approach is performed by the most recent SAFEBUCK JIP III (ATKINS, 2014). The developed 

spreadsheet includes the calculation of end cap expansion, Hobbs’ lateral buckling criterion and latest 

SAFEBUCK JIP considerations.  

Detailed calculation of this screening approach could be found in Appendix 1 using the same input data 

as presented further in the case study. 

3.2.1 Lateral Buckling Susceptibility 

The pipeline is susceptible to buckling if 𝑁𝑁𝑒𝑒𝑎𝑎𝑎𝑎 > 𝑁𝑁𝑐𝑐𝑒𝑒𝑖𝑖𝑡𝑡 where 𝑁𝑁𝑐𝑐𝑒𝑒𝑖𝑖𝑡𝑡 represents the critical compressive 

force of the pipeline and 𝑁𝑁𝑒𝑒𝑎𝑎𝑎𝑎 is given by: 

𝑁𝑁𝑒𝑒𝑎𝑎𝑎𝑎 = min(𝑁𝑁𝑝𝑝,𝑁𝑁𝑓𝑓,𝑒𝑒𝑎𝑎𝑎𝑎) Eq.  3-1 

Where 𝑁𝑁𝑝𝑝 represents the fully constrained effective force, which governs in long pipelines and 𝑁𝑁𝑓𝑓,𝑒𝑒𝑎𝑎𝑎𝑎 

represents the maximum available frictional force which governs in short pipelines. These forces are 

given for the following equations: 

𝑁𝑁𝑝𝑝 = (𝑝𝑝𝑖𝑖 − 𝑝𝑝𝐿𝐿) ∗ 𝐴𝐴𝑖𝑖 ∗ (1 − 2 ∗ 𝑣𝑣) + 𝐸𝐸 ∗ 𝐴𝐴𝑠𝑠 ∗ 𝛼𝛼 ∗ (𝜃𝜃−𝜃𝜃𝐿𝐿 ) + 𝑁𝑁𝐿𝐿 Eq.  3-2 

𝑁𝑁𝑓𝑓,𝑒𝑒𝑎𝑎𝑎𝑎 = 𝑁𝑁𝑒𝑒𝑖𝑖𝑒𝑒 + 𝑓𝑓𝑈𝑈𝐵𝐵 ∗
𝐿𝐿
2
 Eq.  3-3 

The critical buckling force is based in Hobbs’s Formulation and given by: 

𝑁𝑁𝑐𝑐𝑒𝑒𝑖𝑖𝑡𝑡 = min(0.65 ∗ 𝑁𝑁∞,𝑁𝑁𝑐𝑐𝑒𝑒𝐵𝐵) Eq.  3-4 

Where 𝑁𝑁𝑐𝑐𝑒𝑒𝐵𝐵 is the minimum force under which a buckle in a radius route bend may occur, given by: 

𝑁𝑁𝑐𝑐𝑒𝑒𝐵𝐵 = 𝐻𝐻𝐿𝐿𝐵𝐵 ∗ 𝑅𝑅 Eq.  3-5 

And 𝐻𝐻𝐿𝐿𝐵𝐵 is the lower estimate lateral breakout resistance and R the target radius. 𝑁𝑁∞ is the minimum 

Hobb’s derived minimum compressive force from which a straight pipeline may buckle given by: 

𝑁𝑁∞ = 3.80 ∗ �
𝐸𝐸𝐸𝐸 ∗ 𝐻𝐻𝐿𝐿𝐵𝐵

𝑂𝑂
 Eq.  3-6 
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The spreadsheet performs the calculation of effective axial force in the function of the pipe 

characteristics, seabed profile, environmental and loading conditions and the critical force according to 

the pipeline route. The assessment of the susceptibility of buckling is deduced comparing the two forces 

on the graph. 

3.2.2 Effective Axial Force 

The effective axial force (Seff) along the flowline is therefore taken as the minimum of the fully restrained 

effective axial force (Sres) and friction force (Sff): 

𝑆𝑆𝑒𝑒𝑓𝑓𝑓𝑓 = min(𝑆𝑆𝑒𝑒𝑒𝑒𝑠𝑠 , 𝑆𝑆𝑓𝑓𝑓𝑓) Eq.  3-7  

Note that for both Sres and Sff the variation in the pipeline properties, soil properties and operating 

parameters along the flowline (at distance x) shall be taken into account. The fully restrained effective 

axial force and friction force (at distance x along the flowline) therefore become: 

𝑆𝑆𝑒𝑒𝑒𝑒𝑠𝑠(𝑥𝑥) = 𝑁𝑁𝐿𝐿(𝑥𝑥) − ∆𝑝𝑝𝑖𝑖(𝑥𝑥) ∗ 𝐴𝐴𝑖𝑖(𝑥𝑥) ∗ (1 − 2 ∗ 𝑣𝑣) − 𝐸𝐸 ∗ 𝐴𝐴𝑠𝑠(𝑥𝑥) ∗ 𝛼𝛼 ∗ ∆𝑇𝑇(𝑥𝑥) Eq.  3-8 

𝑆𝑆𝑓𝑓𝑓𝑓(𝑥𝑥) = −� [𝑊𝑊𝑠𝑠(𝑥𝑥) ∗ 𝜇𝜇𝑎𝑎𝑎𝑎(𝑥𝑥)]𝑑𝑑𝑥𝑥
𝑎𝑎

0
 Eq.  3-9 

Where a significant seabed slope exists, the effect of the flowline seabed profile is taken into account in 

the frictional resistance calculated using the following formula: 

𝑆𝑆𝑓𝑓𝑓𝑓(𝑥𝑥) = −� �𝑊𝑊𝑠𝑠(𝑥𝑥) ∗ 𝜇𝜇𝑎𝑎𝑎𝑎(𝑥𝑥) ∗ cos (atan�𝐺𝐺(𝑥𝑥)� −𝑊𝑊𝑠𝑠(𝑥𝑥) ∗ sin (atan�𝐺𝐺(𝑥𝑥)��𝑑𝑑𝑥𝑥
𝑎𝑎

0
 Eq.  3-10 

where G(x) is the local seabed gradient. 

A seabed slope will have the effect of reducing the frictional restraint downslope, which will increase the 

expansion, and vice-versa upslope.  

The virtual anchor lengths (i.e. the unrestrained lengths subject to longitudinal displacement) are 

therefore given by: 

∆𝑥𝑥ℎ𝑝𝑝𝑡𝑡 = 𝑥𝑥ℎ𝑝𝑝𝑡𝑡 Eq.  3-11 

∆𝑥𝑥𝑐𝑐𝑝𝑝𝑙𝑙𝑒𝑒 = 𝐿𝐿𝑝𝑝 − 𝑥𝑥𝑐𝑐𝑝𝑝𝑙𝑙𝑒𝑒  Eq.  3-12 

where: 

Lp is the Pipeline length; 

Δxcold is the Virtual anchor length at “cold” end; 

Δxhot is the Virtual anchor length at “hot” end; 

xcold is the Pipeline anchor point along flowline at “cold” end; 

xhot is the Pipeline anchor point along flowline at “hot” end. 
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Note that the “hot” and “cold” definitions are arbitrary labels selected to distinguish between the flowline 

extremities only, based on the typical operating scenario where the temperature in a flowline decreases 

from one end to the other. If Sres > Sff along the whole flowline length, there will be no anchored length. 

For this scenario the virtual anchor lengths on a flat seabed shall be defined as: 

∆𝑥𝑥ℎ𝑝𝑝𝑡𝑡 = ∆𝑥𝑥𝑐𝑐𝑝𝑝𝑙𝑙𝑒𝑒 =
𝐿𝐿𝑝𝑝
2

 Eq.  3-13 

Note, however, that if no anchored length exists when there is a significant seabed slope, the anchor 

point will not necessarily be at the exact centre of the flowline. The anchor point is the point where Sff 

reaches a maximum. It is also noted that if this scenario occurs when there is a seabed slope or 

particular transient operating conditions, the flowline may be susceptible to flowline walking. 

3.2.3 Pipeline End Expansion 

The expansion displacements at the flowline extremities, where the end structures are located, shall be 

calculated from the following formulae: 

𝛿𝛿ℎ𝑝𝑝𝑡𝑡 = �
𝑆𝑆𝑒𝑒𝑒𝑒𝑠𝑠(𝑥𝑥) − 𝑆𝑆𝑓𝑓𝑓𝑓(𝑥𝑥)

𝐸𝐸 ∗ 𝐴𝐴𝑠𝑠
𝑑𝑑𝑥𝑥

0

𝑎𝑎ℎ𝑜𝑜𝑜𝑜
   Eq. 3-14 

𝛿𝛿𝑐𝑐𝑝𝑝𝑙𝑙𝑒𝑒 = �
𝑆𝑆𝑒𝑒𝑒𝑒𝑠𝑠(𝑥𝑥) − 𝑆𝑆𝑓𝑓𝑓𝑓(𝑥𝑥)

𝐸𝐸 ∗ 𝐴𝐴𝑠𝑠
𝑑𝑑𝑥𝑥

𝑎𝑎𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐

𝐿𝐿𝑝𝑝
 Eq. 3-15 

where: 

As is the Cross-section area of steel pipe; 

∆x is the Virtual anchor length (Δxhot or Δxcold); 

E is the Young’s Modulus for steel; 

Sff is the Friction restraint force;  

Sres is the Fully restrained effective axial force; 

δcold is the Expansion displacement at the “cold” end of flowline; 

δhot is the Expansion displacement at “hot” end of the flowline. 

3.2.4 Structure of the Tool 

The tool is composed of the three main parts: 

• Inputs: Two sheets are required to be filled in order to the spreadsheet correctly operates. The 

associated Excel sheet must be filled with pressures, temperatures, water depth and pipeline 

characteristics in function of the KP route; material properties, end conditions and route bend 

characteristics filled directly into the tool. 

• Equations: The tool performs the necessary calculations of the pipeline characteristics, frictions 

forces and then all equations presented in Section 3.2.1. Additional checks can be carried out. 

• Results: The results are presented in a graph which shows the effective axial force along the 

pipeline and the critical buckling force associated with the lateral friction coefficient selected. 
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3.3 Finite Element Analysis Approach 

The Hobbs analytical solution provides a practical yet straightforward methodology for determining the 

susceptibility of a pipeline to buckle under operating conditions. As presented in previous sections, the 

screening methods do not consider any imperfections, and hence detailed finite element (FE) analyses 

with a non-linear solution are required to account for initial imperfection and post-buckling behaviour in 

the pipeline.  

Furthermore, detailed finite element analyses are mandatory to determine the strains at the buckle and 

verify its compliance with the current design codes such as DNV and API codes. 

The FE analyses are performed using Abaqus solver. The FE modelling includes modelling of the 

seabed, pipeline material, pipeline geometry with initial imperfection, and pipe-soil interaction, defining 

the temperature profile and boundary conditions and further includes mitigation techniques such as 

sleepers or buoyancy. 

This section explains briefly how the pre-processing/post-processing Excel-based tool is organised, 

along with its main capabilities regarding automation, processing and post-processing. This tool will 

allow performing several parametric studies for the desired comparative study of this dissertation. 

3.3.1 Tool Architecture 

Since 2013, Subsea 7 supported the development of an in-house tool to enhance its lateral buckling 

analysis and design workflow. The Subsea Pipeline Lateral Buckling model builder (Splatter) consists 

of an Excel-based Graphical User Interface (GUI) through which users can build, run and post-process 

Abaqus lateral buckling and pipeline walking models. 

This special GUI tool was used to speed up and standardise the creation, visual verification, running 

and post-processing of the FE models. The software encapsulates the knowledge of experienced 

subsea pipeline engineers.  

The tool is Microsoft Excel-based, but the post-processing uses Python scripts (Charnaux et al., 2015), 

written separately and incorporated. Input files created are easy-to-read and fully parameterised so that 

any re-work to accommodate data changes is minimised and to ease the parametric studies.  

Splatter presents an opportunity to standardise lateral buckling models which consequently enhances 

the time spent on model checking and the quality of the delivered results. The dynamic user interface 

can avoid mistakes by having live visual checking functions. The standardisation is extended from the 

model building process through to results post-processing. 

More detailed information relating material yielding curve, FE parameters for processing, pipe-soil 

interaction detailing, attachments to the main line (e.g. structures, anchor chains, sleepers/crossings) 

and curves are found in additional forms by clicking into the corresponding push buttons. 

The information inserted in each field is processed to different pre-formatted sheets in the Excel 

workbook to be further exported in *.INP files for Abaqus processing. 
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3.3.2 Processing Workflow 

The lateral buckling analysis process has several stages, and it is a repetitive task, but it may not be 

easy to follow for inexperienced Abaqus users or engineering novices. Splatter was programmed to 

ease the model building process, but it has since been found to be an invaluable tool for learning the 

subject. The lateral buckling FE model assessment process is illustrated in following Figure 3-1. 

 
Figure 3-1 - Lateral Buckling Assessment workflow 

As represented, the input text file is manually generated, and static analysis is performed using 

Abaqus/Standard. The Abaqus *.ODB file is requested using Python scripts. The first script performs 

design code checks (both for DNV and API standards) and writes the interaction ratios back to the *.ODB 

file for further contour plotting.  

The second script extracts requested output variables and wrote the output in tabular text format for 

further processing using tabular based import routines. The third script gathers the information and 

generates graphical representations outside of Abaqus/Viewer. Splatter has as a high-level layer to ease 

the typical modelling process, as illustrated in Figure 3-2.  

The GUI generates a high-level keyword input file which is clear, and easier to interpret than an Abaqus 

input file. The high-level keyword file drives Splatter’s Model Builder Python script which generates the 

full and detailed Abaqus input files. 

 
Figure 3-2 - Splatter user input module  

3.3.3 User Interface 

The Splatter User Interface automates the pre-processing stage, mostly regarding model creation and 

load case definition, which is an extensive and fundamental part of lateral buckling design and one on 

which engineers may spend a considerable amount to hours. Figure 3-3 represents the most recent 

Splatter User Interface. 
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Figure 3-3 - User Interface (Charnaux et al., 2015) 

3.3.4 Modules 

The architecture of this tool is based on a modular structure since it started as a combination of previous 

existing tools used for pipeline design disciplines. 

The tool comprises nine modules as represented in Figure 3-4. They are: 

• Analysis module: controls the analysis type, model length, analysis steps, and analysis controls; 

• Pipe section module: controls pipe dimensions, pipe length discretisation, material selection, 

and mesh refinement. Single pipe, sliding pipe-in-pipe (PiP), and swaged PiP can be defined; 

• Operating profiles module: temperature, pressure and density profiles can be added to this 

module. It accepts constant, linear and non-linear user-defined profiles; 

• Seabed and out-of-straightness module: flat or undulating seabed profiles can be defined in this 

module. Different initial pipeline out-of-straightness can be defined for automatic implementation 

by Splatter, e.g. single imperfection, sinusoidal and as-laid horizontal out-of-straightness; 

• Soils module: controls the pipe-soil interaction parameters. Axial and lateral friction with linear 

or non-linear responses can be applied by specifying Coulomb friction or input to a pipe-soil 

interaction subroutine. Different embedment curves may also be considered; 

• Triggering module: defines the human-made triggers to be used along the pipeline. These can 

be buoyancy modules or sleepers. The module can also be used to place crossing supports 

and free span mitigation such as grout bags or concrete mattresses; 

• Lay tension module: defines the residual lay tension from pipeline installation. It can be a 

constant value or variable along the pipeline route; 

• Materials module defines the material properties to be used for the pipelines and its coating; 
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• Anchors module: defines the anchoring used to mitigate pipeline walking displacements. 

Anchoring can be defined at any number of locations along the pipeline route, and the anchors 

can have a linear or non-linear response, the latter may be required to simulate slacking of 

anchor chains. 

 
Figure 3-4 - Splatter Modules Overview  (Charnaux et al., 2015) 

3.3.5 Assumptions and Simplifications 

Although this tool performs both pre and post processing with an easy to use interface and powerful 

scripts, it has some assumptions and simplifications when intends to represent the full phenomenon. 

These simplifications are the following: 

• Pipeline’s total length is modelled as a straight line and then the unevenly, and out-of-

straightness is included which introduces a slight shortening of the pipeline; 

• Dashpots are introduced to minimises the system’s energy to allows possible convergence 

problems, sensitivity analysis is performed in order to do not jeopardise possible FE results. 

3.3.6 Tool Validation 

This tool has achieved a mature stage and, although subsea pipeline engineers should use it with a 

background in Finite Element Analysis, it is entirely functional and able to evaluate the lateral buckling 

phenomenon in subsea pipelines subject to high pressure and high-temperature environments. 

Before the modelling of the proposed case study, different test cases have been submitted to check if 

the pre-processing is performing well. Although there may exist different solutions to model the same 

phenomenon, this tool proved to have a suitable workflow regarding pre-processing Abaqus models. 

Three different sample models were generated using the Splatter interface, and the results were 

compared with sample models from Subsea7 internal validation guideline for structures and rigid 

pipelines before proceeding with case study creation.  
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3.4 Finite Element Analysis methodology  

This section details all the modelling aspects as well as the numerical analysis procedure utilising 

commercial multipurpose finite element software ABAQUS\CAE (Simulia, 2017). 

The analytical solutions show that the relatively small imperfections display a maximum temperature 

together with the associated snap buckling phenomenon. In order to simulate this phenomenon, the 

material nonlinearity and geometric nonlinearity are considered in FEA with Abaqus program. 

The Abaqus software is adapted to establish the 3D Geometry model to simulate the pipeline’s global 

buckling caused by thermal expansion. The Abaqus analysis uses a large-deflection three-dimensional 

finite element pipe model with non-linear material properties.  

The mesh consists of pipe elements and the pipe mesh contacts analytical surfaces that represent the 

seabed and any lateral buckling mitigation measure such as sleepers. The stiffness of the seabed is 

input from the pipe-soil interaction report. 

The main features of the Abaqus model are as follows (Simulia, 2017): 

(i) Classical Coulomb friction law is used for modelling the pipe-seabed contact, with different 

friction factors in the axial and lateral directions; 

(ii) Breakout lateral resistance is modelled by incorporating non-linear soil springs over the 

entire length of the pipeline. Once the pipeline breaks out laterally by more than three times 

the diameter, the spring resistance becomes zero, and only Coulomb friction is active for 

the rest of the buckling analysis; 

(iii) Material stress-strain properties are modelled to be both conservative and appropriate; 

(iv) Effective gravitational acceleration, considering the coatings and buoyancy effects, is 

applied to the pipe to correct the frictional contact resistance between the pipe and seabed; 

(v) Pressure and temperature differentials are applied in the analyses, and these take account 

of the profile of the pressure and temperature along the pipeline; 

(vi) The flat seabed is assumed for the analysis of individual buckles; 

(vii) Seabed profile extruded perpendicular to the pipeline route is assumed for global pipeline 

models when a “2½D” approach is applicable; 

(viii) Seabed profile and slopes modelled with 4-node rigid shell elements when a global pipeline 

model with a full “3D” approach is applicable, for example, when modelling ratcheting 

behaviour at route bends; 

(ix) Sleepers and crossings modelled with rigid analytical surfaces; 

(x) Additional weight or buoyancy modules could be modelled as equivalent vertical forces; 

(xi) Post-lay rectifications (grout bags and mechanical supports) modelled either with boundary 

conditions or with rigid analytical surfaces. 
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3.4.1 Pipeline Geometry Modelling 

The pipeline section is modelled using PIPE31 element available in ABAQUS library, which are capable 

of predicting global pipeline behaviour. The PIPE31 element is a two-node linear pipe element as seen 

in the following figure and has six degrees of freedom at each node (the translations in the x, y, and z 

directions and rotations about the x, y, and z directions). The element is well-suited for linear, large 

rotation, and large strain nonlinear applications. 

 
Figure 3-5 - ABAQUS Global Axis and Beam Section Local Axis Definitions (Simulia, 2017) 

3.4.2 Curves modelling and generation 

The pipeline is initially modelled as a straight pipeline. Then, the curves are modelled by pinning the 

central curve node and then applying an equivalent moment in each extremity of the curve. 

 
Figure 3-6 - Curve modelling (Glita, 2009) 

The moments are released after the pipe is secured on the soil by the weight and friction forces. 

3.4.3 Slope 

The slopes are not modelled directly. The weight is applied in two directions (axial and 

vertical) rather than one, concerning the slope angle as represented in the following figure 3-7. 

 

Global Axis 
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Figure 3-7 - Slope calculation (Glita, 2009) 

3.4.4 In-line Structures 

In-line structures are quite common and important when designing a production line, as buckling can 

overload these structures and walk should be avoided as the sliding capability is intended to absorb 

thermal expansion only. Two ways to model these structures are possible to be considered in Abaqus 

formulation. Simple structure model: The more straightforward approach is to link a node of the pipe to 

the ground with a connector displaying roughly the same behaviour than a structure: sliding in the axial 

direction and the stiffness of the mudmat on the soil in the five other directions. 

 
Figure 3-8 - In-line structures modelling (Glita, 2009) 

As this model is much stiffer than the reality since the structure stiffness is neglected, a more 

detailed way to model the structures may have to be employed if the loads transmitted to  

the structure is too high. More realistic structure model: The main advantage of the second method is 

to render the length accurately where the pipe is blocked by the structures, as well as the vertical out of 

straightness induced by the structure. 

 
Figure 3-9 - In-line structures modelling (advanced) (Glita, 2009) 

The main drawback of this modelling is the high computational cost due to the contact chattering 

phenomenon, and the complexity of the post-processing due to the numerous connectors. 
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3.4.5 Sleepers and Crossings Modelling 

Sleepers and crossings are modelled as horizontal cylinders and may also feature two staples modelled 

by vertical cylinders, used to stop the lateral movements of a buckling pipe. Sleepers can be used as 

buckling mitigation measures or can be used to model crossings. As when dealing with the structures 

detailed modelling, contact chattering may develop, increasing significantly computational costs. 

 

Figure 3-10 - Sleepers/Crossings modelling (Glita, 2009) 

3.4.6 Anchor Points 

Anchors are used to prevent the displacement of the pipeline in a given direction. Anchors can feature 

a single chain or two chains. The chains are modelled using connectors with given stiffness in the axial 

and lateral pipeline’s direction according to the given chain angle as represented in the figure 3-11. 

 
Figure 3-11 - Anchor point modelling (Glita, 2009) 

3.4.7 Material Modelling 

The selected model properties should at least be able to represent the non-linearity of both for increasing 

and decreasing loads (according to DNVGL-RP-C208 (DNVGL, 2017a)). Consequences of lateral 

buckling in pipelines always involve material non-linearity associated with plasticity or yielding. For the 

Abaqus non-linear analysis, the material should be defined precisely regarding the stress versus strain 

relationship given by hardening model of Ramberg-Osgood as defined below: 

𝜀𝜀 =
𝜎𝜎
𝐸𝐸

+ 𝛼𝛼 ∗
𝜎𝜎𝑝𝑝
𝐸𝐸
∗ �

𝜎𝜎
𝜎𝜎𝑝𝑝
�
𝑖𝑖
 Eq. 3-16 
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Where: 

𝜀𝜀 is the uniaxial strain; 

𝜎𝜎 is the associated stress; 

𝐸𝐸 is the elastic modulus; 

𝜎𝜎𝑝𝑝 is the reference stress; 

𝑠𝑠 is a dimensionless fitting parameter. 

3.4.8 Temperature and Internal Pressure 

In the finite element analysis, the load is applied on to the pipeline by changing the temperature. In 

practice the lateral buckling of the pipeline is induced by the combination of the constrained design 

temperature difference and in the internal pressure of the pipeline. Accordingly, the internal pressure 

can be converted into an equivalent temperature change: 

𝐴𝐴𝐸𝐸𝛼𝛼Δ𝑇𝑇′ =
𝐴𝐴𝑝𝑝
𝑡𝑡
�
𝑂𝑂
2
− 𝑡𝑡� �

1 − 2𝜈𝜈
2

� Eq. 3-17 

Where ∆T′ is the pressure-equivalent temperature; A is the cross-sectional area; α is the coefficient of 

linear thermal expansion; D is external pipe diameter; t is the wall thickness of pipe; p is the internal 

pressure; ν is the Poisson’s ratio.  

During the analysis, the specific method of applying the equivalent temperature load is performed into 

two steps. First, it is to define the initial temperature field in the initial step. Second, it is to redefine 

different temperature value in the subsequent step. Consequently, the temperature difference is 

generated and so that the thermal stress is generated. 

3.4.9 Pipe-soil Interaction 

In buckling assessment, the friction resistance between a pipeline and the soil has a significant impact 

on the lateral buckling behaviour of the pipeline. Lateral frictional resistance affects buckling behaviour 

by controlling the initial curvature, or out of straightness, at which the buckle initiates. Also, lateral 

frictional resistance influences the subsequent post-buckling behaviour as it controls the curvature of 

the buckle as it grows. It is the non-linearity of the soil friction that allows for dynamic snap-through 

buckling to occur.  

Alternatively, even axial frictional resistance controls the level of axial feed-in into the buckle. A tri-linear 

response is used in the finite element models for the lateral resistance between the pipeline and the soil.  

The contact simulation between the subsoil and pipeline play an essential role in finite element 

simulation. The axial constraint is mostly dependent on the friction force delivery between pipeline and 

soil. Therefore, the contact element is applied to simulate the contact properties between pipeline and 

subsoil. The surface-surface contact elements are adopted. The properties of the subsoil determine the 

tangential friction coefficient of the contact element. 
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For simplicity, an average slope is considered in most cases. In reality, the seabed can have a very 

complex roughness, and rigorous assessment need to be made to evaluate is variation in slope is 

significant along the length (Yoon, 2013). 

3.4.9.1 Coulomb Friction Coefficient 

Regarding the friction coefficient, there are two approaches. The first approach considers a constant 

friction coefficient which is called Coulomb friction coefficient. It does not depend on the displacement 

level, and the following figure represents its profile. 

 

Figure 3-12 - Coulomb friction coefficient (adapted) 

The soil surrounding the pipeline is simulated by an eight-node quadrilateral solid element named 

CPS8R which is an elastic-perfectly plastic model. The full Mohr-Coulomb yield condition consists of six 

yield functions when formulated regarding principal stresses: 

⎩
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⎪
⎪
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 Eq. 3-18 

Where σ1, σ2, σ3 respectively presents the first, the second and the third principal stress; c is 

cohesive strength; ϕ is the angle of internal friction. The Mohr-Coulomb model includes four parameters, 

which are Young’s modulus (E); Poisson’s ratio (υ); cohesive strength (c); angle of internal friction (ϕ). 

These parameters can be obtained from necessary tests on soil samples. 

3.4.9.2 Displacement-dependent Friction Coefficient 

The second approach, which is the one that is included in the developed model, is a displacement-

dependent friction coefficient as represented in the following figure. In this friction model, the effective 

axial force, displacement and friction coefficient are recalculated continuously consider this 

displacement-dependent friction coefficient. 
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Figure 3-13 - Real displacement-dependent friction coefficient 

Besides, it should be noted the dependency on friction coefficient due to pipeline embedment as 

represented in the following figure. 

 
Figure 3-14 - Increase of lateral friction due to pipeline embedment 

Since the pipe is trenched in the seabed, it will take a significant lateral force to take it out of its trench. 

The displacement observed when the pipe is still in its trench is usually modelled as “elastic slip”. Once 

the pipe is out of the trench, the load needed to make it slip decreases suction forces and trench slope 

are no longer preventing the movement. Friction will then increase again as soil pushed by the pipe 

forms a berm in front of it. 

3.4.10 Boundary Conditions 

The selected model boundary condition needs to represent the real condition in a way that will lead to 

results that are accurate or to the conservative side. Often it is difficult to decide what the most “correct” 

or a conservative boundary condition is. In such cases, sensitivity studies should be performed.  

The length of the pipeline in the model may be long enough that the slip segment would not extend to 

the ends of the pipeline. Therefore, the boundary condition of the pipeline ends is defined as fixed or 

free. The lateral displacement of both the left and right borders of the model is limited. Contact pairs are 

used to mimic the interaction between the pipeline and the seabed (DNVGL, 2017a). 

3.4.11 Mesh Definition 

As per DNVGL-RP-C208, a mesh refinement study should be performed to evaluate the most critical 

zones to verify that the results are accurately obtained in all the sections of the finite element method 

(FEM). Splatter considers this mesh refinement by defining the mesh size in the buckle crown and the 

length to either side of the buckle crown (DNVGL, 2017a). 
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3.5 Analysis Procedure 

Unlike linear elastic analyses, where results from primary load cases can be scaled and added together, 

the sequence of load application is essential in non-linear analyses. Changing the sequence of load 

application may change the end response (Simulia, 2017).  

The loads should be applied in the same sequence as they are expected to occur in the condition/event 

to be simulated. The permanent loads should be incrementally applied first to the desired load level; then 

the environmental load should be incremented to the target level or collapse. In some cases, the initial 

load cases (e.g. permanent loads) may contribute positively to the load carrying capacity for the final load 

case, in such cases, a sensitivity on the effect of reduced initial load should be performed (DNVGL, 2017c).  

It needs to be evaluated if the loads are conservative (independent of structure deformation) or non-

conservative (follow structure deformation) and model the loads correspondingly. The number of 

time/load increments used to reach the target load level may also influence the end predicted response. 

Increment sensitivity studies should be performed to ensure that all failure modes are captured. 

3.5.1 Load Cases 

The analysis was carried out along ten main load cases. These steps may change depending on the 

specification of each project. 

1. Apply steel submerged weight, hydrostatic pressure and effective residual force; 

2. Apply lateral out-of-straightness imperfection at the start end of the model by moving the pipe 

and lateral spring nodes. The imperfection was used purely to initiate buckling in the analysis. The 

imperfection was included in this second step (rather than specifying it when defining the pipeline 

geometry) so that residual stresses resulting from bending the pipe into the shape were included; 

3. Release the pipe nodes in the lateral direction; 

4. Release the pipe end. Before this step, the axial springs are fixed. The end force equal to the 

friction on the section of the pipe is applied in this step (this force is limited to the residual axial force); 

5. Apply operating contents weight and pressure due to the fluid head; 

6. Apply operating pressure; 

7. Apply operating temperature; 

8. Remove operation pressure; 

9. Remove operation temperature; 

10. Redo load cases 6 to 9 if needed to represent the thermal cycles. 

Detailed steps of the presented load cases are presented in the description of the base case of the case 

study since its creation affects the modelling of the FEM as well as its convergence regarding the solver 

itself. Detailed steps should cover the main load cases presented and maintain reasonable results within 

the assumptions of the creation of the finite element models. 
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3.6 Finite Element Model Quality control  

Quality control is a significant milestone when preparing detailed finite element models to represent real-

world phenomenon. It ensures that significant parameters are maintained within valid and reasonable 

assumptions during the modelling stage. At the same time, it ensures a consistency in the adopted 

procedures and relevant with current codes or standards. 

The following points should be considered in quality control of non-linear finite element analyses:  

1. Boundary conditions; 

2. Inertia effects in dynamic analyses; 

3. Element formulation/ integration rule suited for the purpose, proper selection of relevant degrees 

of freedom should be evaluated; 

4. Material modelling suited for the purpose; 

5. Mesh quality suited for the purpose, mesh convergence sensitivity studies performed for stress-

strain results; 

6. Equivalent imperfections calibrated for stability analyses; 

7. Time/load increments sufficient small, convergence studies performed to evaluate a right 

balance between computation time and results accuracy; 

8. Numerical stability and kinetic energy dissipation to ensure the accuracy of the results from the 

finite element model; 

9. Reaction corresponds to the input; 

10. Convergence obtained for equilibrium iterations; 

11. Hourglass control for reduced integration, hourglass energy remains small; 

12. Sensitivity analysis both from idealisation and numerical points of views could be provided 

around singularities, for boundary conditions, etc; 

13. Reference recommendations in Standards, Codes or Rules that are applied directly to the 

studied system, or to a similar system with different dimensions; 

14. Reference similar analyses for systems or subsystems that are validated from analytical or 

experimental sources; 

15. Evaluation of analysis accuracy based on performed sensitivity studies for multiple different 

parameters.  
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4. CASE STUDY DESCRIPTION 

This chapter presents the necessary data to create the FEM in order to check the pipeline susceptibility 

to lateral buckling phenomenon in operational conditions. The pipeline data and operational data used 

in the present work are based on reasonable assumptions. The numerical model considered is a typical 

production line with 5.2 km in length under thermal expansion loading. Hereafter are presented the steps 

considered in this case study as a base scenario: 

• Evaluate pipeline end expansions for both hot and cold ends using both finite element analyses 

and screening calculation; 

• Lateral buckling verification for the pipeline considering lower bound, best estimate and upper 

bound soil friction coefficients; 

• Lateral buckling mitigation and walking controlling mechanism using snake-lay buckling 

initiation method and anchoring, respectively; 

• Controlled lateral buckling with the use of triple-sleepers configuration. 

Furthermore, the sensitivity analysis is presented to understand the effect of each involved design parameters, 

mitigation techniques and soil properties. The configuration for the case study is a free-fixed pipeline with 

anchoring system and sleepers as represented in the following figure 4-1. 

 
Figure 4-1 - Case study configuration 

4.1 Pipeline model 

The case study is an API 5L X-65 grade gas pipe-in-pipe pipeline. Following sections present the main 

assumptions for the base case of this case study. Cross-section characteristics will remain constant along 

the comparative study. The design parameters of the pipeline are shown in Table 4-1 and Table 4-2. 

Table 4-1 - Design parameters of the pipe-in-pipe pipeline 
Inner Pipe 

(OD) mm 

Inner Pipe 

(WT) mm 

Outer Pipe 

(OD) mm 

Outer Pipe 

(WT) mm 
Material 

Young Modulus 

(E) MPa 

Poisson 

ratio 

Steel density 

(γ) kg/m3 
Expansion 

coefficient (α) /ºC 

SMYS 

MPa 

219.1 22.2 279.5 17.5 X-65 207000 0.30 7850 1.17E-5 450 

 
Table 4-2 - Coating parameters 

Inner Pipe 

coating WT mm 

Inner Pipe 

coating  

Izoflex density 

kg/m3 

Outer Pipe 

coating WT 

mm 

Outer Pipe 

coating 

material 

3LPP 

density 

kg/m3 

Air 

Gap 

mm 

Insulation 

coating density 

kg/m3 

Concrete 

coating density 

kg/m3 

6.0 Izoflex 250 3.0 3LPP 940 6.7 910 3040 



A Comparative Study of Subsea Pipelines Lateral Buckling  
due to Thermal Expansion in HT/HP Environments 
 

 

 
42 
 

Regarding the de-rating value for yield stress is calculated according to DNVGL-ST-F101 section 5.3.3 

and its relevant graph presented in the following figure below, derating depends on pipeline material 

considered. 

 
Figure 4-2 - Proposed de-rating values for yield stress (DNVGL, 2017c) 

The characteristic yield and tensile strengths of a pipe material are given as: 

𝑓𝑓𝑦𝑦 = �𝑆𝑆𝑀𝑀𝑌𝑌𝑆𝑆 − 𝑓𝑓𝑦𝑦,𝑡𝑡𝑒𝑒𝑒𝑒𝑝𝑝� ∗ 𝛼𝛼𝑢𝑢 Eq.  4-1 

𝑓𝑓𝑢𝑢 = �𝑆𝑆𝑀𝑀𝑌𝑌𝑆𝑆 − 𝑓𝑓𝑢𝑢,𝑡𝑡𝑒𝑒𝑒𝑒𝑝𝑝� ∗ 𝛼𝛼𝑢𝑢 Eq.  4-2 

Where: 𝑓𝑓𝑦𝑦,𝑡𝑡𝑒𝑒𝑒𝑒𝑝𝑝 and 𝑓𝑓𝑢𝑢,𝑡𝑡𝑒𝑒𝑒𝑒𝑝𝑝 are the strength de-rating values for elevated temperatures. Material strength 

factor (𝛼𝛼𝑢𝑢) which is normally taken as 0.96. Following figure 4-3 presents the De-rated yield strength for 

the chosen pipeline grade. 

 
Figure 4-3 - De-rated yield strength of pipeline grade X-65. 

Regarding the PIP system itself, the adopted system is a swaged pipe-in-pipe system with the following 

schematic representation of the sleeve joint presented in Figure 4-4.  

This system is a compliant type of system since the external and internal pipe coupled in certain 

intervals, this avoids the use of bulkheads. Regarding compliant systems, there are no analytical 

equations in the literature that represent this type of system. Due to the complexity of this type of system, 

the evaluations of the expansions and efforts in the pipelines are performed by finite element analysis. 
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Figure 4-4 - Representation of the joint sleeve in Pipe-in-Pipe (adapted from (Gitahy, 2015)) 

Following Figure 4-5 presents the cross-section of the pipe-in-pipe system. 
 

  
Figure 4-5 - Representation of Pipe-in-Pipe System (adapted from: (Gitahy, 2015)) 

 

4.2 Operating parameters 

Operating parameters considered in the model such as content density, operating temperatures and 

pressures are shown in Table 4-3 below. It is considered residual lay tension of 100kN in the analysis. 

These parameters are considered inside the FEM to represent the transient regimes of hydrotest phase 

and each operating thermal cycle.  
Table 4-3 - Operating parameters 
Parameter Value Unit 

Content density (Oil/Gas) 535 Kg/m3 

Operating internal design pressure 365 bara 

Hydrotest design pressure 422 bara 

Operating maximum temperature 95.2 ºC 

Ambient temperature 4.3 ºC 

Effective residual axial force 100 kN 
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Both internal and external local pressure are given in each point along the pipeline by the following formula: 

𝑝𝑝𝑙𝑙𝑝𝑝𝑐𝑐𝑎𝑎𝑙𝑙 = 𝑝𝑝𝑒𝑒𝑒𝑒𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑐𝑐𝑒𝑒 + 𝜌𝜌 ∗ 𝑔𝑔 ∗ ℎ Eq.  4-3 

where: 

𝑝𝑝𝐿𝐿𝑝𝑝𝑐𝑐𝑎𝑎𝑙𝑙 is the pressure at the pipeline (to a specific location); 

𝑝𝑝𝑅𝑅𝑒𝑒𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑐𝑐𝑒𝑒 is the pressure given at a specified reference level; 

𝜌𝜌 is the content density; 

ℎ is the difference in height between the reference level and pipeline; 

𝑔𝑔 is the gravity constant. 

The following figure presents the data for operating pressure and hydrotest pressure. 

 
Figure 4-6 - Pressure profile for the given environment 

 
4.3 Environmental parameters 

The water depth ranges from 1620 to 1440 meters with the profile shown in the following figure below. 

 
Figure 4-7 - Water depth profile for the case study 
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Environmental data should be available from a Metocean Report1 for the given area of study. Water 

density considered in this case study is shown in Table 4-4.  

Table 4-4 - Environmental parameters 
Parameter Value Unit 

Seawater density 1030 kg/m3 

 

4.4 Soil parameters 

The soil is predominantly a soft clay with low vertical stiffness. A typical value of vertical stiffness is 

assumed. The given stiffness corresponds to an embedment of half of the outer pipe diameter. Table 

4-5 presents the soil parameters considered in the base case scenario and the comparative study. 

Table 4-5 - Soil parameters 
Parameter Peak Value Residual Value Equivalent Coulomb Factor 

Axial Friction 

Lower estimate 0.41 0.24 0.14 

Best estimate 0.61 0.42 0.33 

Upper estimate 0.92 0.67 0.62 

Lateral Friction 

Lower estimate 0.94 0.71 0.71 

Best estimate 1.59 1.31 1.14 

Upper estimate 2.85 2.13 1.50 

Soil mobilisation 2mm ~ 4mm 

Vertical Stiffness 12.2 kN/m/m 

4.4.1 Submerged Weight 

Table 4-6  below summarises the submerged unit weight values for the given case study. 

Table 4-6 - Submerged Unit Weight Values 
Depth (m) Unit Weight, γ’ (kN/m3) 

From To LB BE UB 

0.0 1.6 3.0 3.3 4.7 

4.4.2 Undrained Shear Strength 

The Lower Estimate (LE), Best Estimate (BE), and Upper Estimate (UE) undrained shear strength 

design profiles are summarised below in Table 4-7. 

Table 4-7 - Undrained Shear Strength Profile 

Depth (m) 
Undrained Shear Strength, Su (kPa) 

LB BE UB 
0.0 1.60 2.00 2.90 

0.1 2.80 3.50 4.20 

0.3 2.10 3.00 5.40 

0.6 4.60 6.50 8.50 

1.6 4.70 6.00 7.40 

                                                      
 
1 Metocean reports refers to a document that is prepared by a third party company with the metocean 
data of a certain region and its statistical treatment. Metocean is a contraction of the words 
'meterology' and 'oceanology' referring to the waves, winds and currents conditions. 
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Although there is a total of nine possible combination scenarios for friction coefficients, as recommended 

per DNVGL-RP-F110 (DNVGL, 2017b), a minimum of three scenarios should be accounted in FEA. 

Current developments demonstrate that a probabilistic approach should be performed since the 

traditional choice for a smaller number of deterministic combinations does not assess the possible 

intermediary combinations where upper buckling modes may be more conditioning in the buckling 

analysis. 

Regarding the pipe-soil interaction, it contains a hardly predictable uncertainty. Hence, the performance 

of the sensitivity analysis is required to determine the effect of friction on pipeline lateral buckling. In this 

work, a probabilistic study will be performed, and the results will be presented regarding a probabilistic 

assessment regarding how the soil properties affect the given pipeline response to lateral buckling.  

 
4.5 Temperature Profile 

The temperatures decrease along the pipeline especially in the uninsulated case due to the effect of 

heat loss through the pipeline walls to the ambient environment, i.e. the internal temperature tends to 

decay with increasing distance along the pipeline. Moreover, hence an assessment of lateral buckling 

based on constant temperature may be conservative. 

The temperature profile can be represented by an exponential function (Palmer and King, 2008) in 

relation to the ambient and inlet temperature as follows: 

∆𝑇𝑇(𝑥𝑥) = ∆𝑇𝑇1 ∗ 𝑒𝑒
−𝑎𝑎𝜆𝜆 Eq.  4-4 

where: 

x is the KP distance to the pipeline hot end; 

∆𝑇𝑇1 is the temperature differential at the pipeline hot end; 

𝜆𝜆 is the temperature profile decay length. 

The temperature profile for the 5.2 km pipeline considered in this work is represented in Figure 4-8 and 

the pressure profile in Figure 4-9. 

 

Figure 4-8 - Temperature profile of the given case study 
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Figure 4-9 - Pressure profile of the given case study 

 

4.6 Safety Factors 

Safety factors are applied when computing utilization factors (as per DNVGL-ST-F101 requirements) 

and load condition factor  γ𝑐𝑐 is calculated according to the matrix of cases (as per DNVGL-RP-F110). 

Table 4-8 presents the safety factors to be considered in pipeline design analysis.  

These factors are included in the verification of DCC criteria along with the FEA workflow. 

Table 4-8 - DNV Safety Factors 

Parameter Symbol 
Inner Pipe Outer Pipe 

Operation Design Operation Design 

Resistance Strain Factor γε 2.50 2.50 2.50 2.50 

Load Effect Factors γF γE 1.10 1.00 1.10 1.00 

Condition Load Effect Factors γc 1.07 1.07 1.07 1.07 

Material Resistance Factor γM 1.15 1.15 1.15 1.15 

Safety Class Resistance Factors γSC 1.14 1.14 1.14 1.14 

Material Strength Factor αU 0.96 0.96 0.96 0.96 

Maximum Fabrication Factor αfab 1.00 1.00 1.00 1.00 

Maximum Ovality f0 0.015 0.015 0.015 0.015 

Strain Hardening αh 0.90 0.90 0.90 0.90 

Strain Concentration Factor SNCF 1.00 1.00 1.40 1.40 

 

4.7 In-line Expansion Joint 

An in-line expansion joint is proposed (Figure 4-10) as an innovative solution for mitigation of the lateral 

buckling phenomenon due to thermal expansion of subsea pipelines. This joint is composed by triplets 

of single pipe joints systems which are standardized in 20ft or 40ft length, assembled to develop this 

expansion system. It could be fabricated in Yard or assembled on site (offshore) with a flanged mid-line 

connection on the central pipe joint. 
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The concept consists of an outer pipe connected alongside a pressure chamber and an inner pipe that 

can slide inside them. Seals are placed at the contacts between the pressure chamber and the inner 

pipe. The inner pipe slides in or out inside the outer pipe in response to axial displacement. The 

maximum axial displacement expected at the joint can be estimated by screening or FE methods. 

This value is pre-determined in the design and causes an axial tension in the pipe wall to develop, which 

opposes the effective axial compressive force component arising from the inner fluid pressure. This joint 

allows the pipeline system to expand or shorten longitudinally during thermal cycles. By allowing to slide 

longitudinally, it minimises the accumulation of axial stress in the pipeline which is the critical inducer of 

the buckling phenomenon. 

It works to reduce the end force expansion exerted at the tie-in locations by absorbing the end expansion 

through sliding within itself and simultaneously reducing or eliminating the effective axial force in the 

pipeline.  

  
Figure 4-10 - In-line Expansion Joint Conceptual Design 

These expansion joints would be designed up to 40ft (a standard pipe joint of 12m) allowing a total 

expansion of nearly 10m per system. More than one system would be implemented along pipeline length 

or concentrated on near hot-end of the pipeline where the axial displacements are expected to be higher. 

It could be paired with other mitigation systems on a case-by-case basis to enhance the competitiveness 

in providing alternative mitigation solutions for subsea pipelines.  

This solution presents a preliminary reduction of costs regarding material (since no additional structures 

needed to be fabricated and installed) and could improve vessel’s installation time when compared to 

the installation of other mitigation structures such as anchoring points, sleepers or buoyancy units. 

Vessel’s operating time represents the significant cost in offshore installation projects ranging up to 

ninety percent of the overall budget where the design and engineering could represent down to ten 

percent.   



A Comparative Study of Subsea Pipelines Lateral Buckling  
due to Thermal Expansion in HT/HP Environments

 
49 

 

5. RESULTS AND DISCUSSION  

5.1 Simplified Approach Results 

In order to test the proposed screening approaches, it was developed a combined tool in MathCad (PTC, 

2017). It gathers the necessary, yet simplified, input data regarding pipeline geometry and mass, both 

operational and environmental data and it applies the necessary calculations to evaluate which sections 

of the pipeline are susceptible to buckling and what is the total end expansion both for the hot and end 

cold. The necessary input data is obtained from an excel spreadsheet. Figure 5-1 presents the pipeline 

characteristics input data. 

 
Figure 5-1 - Pipeline Characteristics Input Data 

Similar to the pipeline characteristics, the environmental data in terms of operating temperatures, 

seawater temperatures and pressure along pipe length are also inputs for the screening calculation. 

Figure 5-2 presents these inputs along the pipeline’s length in the seabed. 

 
Figure 5-2 - Environmental data along pipeline length 
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Regarding soil data, it should take into consideration the lower bound (LB), best estimate (BE) and the 

upper bound (UB) in separately for lateral and axial friction. Water depth is based on seabed bathymetry 

as represented in following Figure 5-3. 

 
Figure 5-3 - Depth along pipeline length 

5.1.1 Lateral Buckling Screening 

Paired with screening approach, the calculation of buckling forces for all mode shapes is generally 

performed by Hobbs method. The Hobbs method is used in the preliminary analysis to determine the 

pipeline’s susceptibility to lateral buckling. The Hobbs method is a well-established method and widely 

used and accepted method in the industry. The effective axial compressive force drives the onset of 

lateral buckling. The pipeline is susceptible to lateral buckling if the effective force in the pipeline exceeds 

the limiting force given by the Hobbs calculation; 𝐹𝐹𝑒𝑒𝑎𝑎𝑎𝑎  ≥ 𝐹𝐹𝑐𝑐𝑒𝑒𝑖𝑖𝑡𝑡  

Where: 

𝐹𝐹𝑒𝑒𝑎𝑎𝑎𝑎 is the maximum axial driving force due to temperature and pressure; 

𝐹𝐹𝑐𝑐𝑒𝑒𝑖𝑖𝑡𝑡 is the critical buckling force where buckling starts. 

Moreover, as mentioned in the previous section, the critical buckling force is the minimum of the critical 

buckling force due to out of straightness and Hobbs critical buckling force. Hobbs critical buckling forces 

for a different mode of buckling were calculated based on the lateral buckling coefficients presented in 

Table 2-1.  

In Figure 5-4, light and dark blue lines represent the Hobbs’s critical buckling force corresponding to a 

lower bound and upper bound lateral friction coefficient respectively, orange and red lines to the 

minimum and maximum effective axial force, considering the minimum and maximum axial friction 

factor, respectively. Finally, the green line represents the fully constrained force which is achieved when 

the external frictional forces are equal to the internal load due to thermal and pressure forces. 
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Figure 5-4 - Effective force along the pipeline length 

From the analysis of the previous figure, it is possible to infer that the pipeline is susceptible to buckling 

between the KP1.7 and KP 3.5. Further Figure 5-5 presents a clear isolated view of the lateral buckling 

susceptibility zones from the interpretation of previous Figure 5-4. 

 
Figure 5-5 - Lateral buckling susceptible zones 

This approach is very conservative, and further finite element analysis results demonstrate the trade-off 

of detailed analysis when compared to these screening techniques. The detailed calculations can be 

found in Appendix-A. 

5.1.2 Pipeline End Expansion 

Regarding pipeline end expansion, using this same global screening tool, it is possible to estimate these 

values for end expansion both for the hot and the cold end as a pair with the respective anchoring start 

and end points respectively. Following table summarises these results for the given pipeline case study. 
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Table 5-1 - Pipeline End Expansion Results 
 Hot End Cold End Buckling Amplitude at buckle crown Bending Moment at buckle crown 

End Displacement 2.81 m 2.30 m 
13.08 m 506.40 kNm 

Virtual Anchoring Point 2656 m 2344 m 

Total anchoring length The pipeline has no anchoring length 

These results are further compared with a detailed finite element analysis to confirm or not the pipeline 

susceptibility to buckling and the need to use mitigation techniques. Note that these values do not 

consider some essential particularities of the FE models and give conservative results when compared 

to more realistic FEM. 

 

5.2 Finite Element Analysis Results 

The objective of this chapter is to present the results from the numerical analysis. The methodology 

presented in Ch. 3 is conducted to analyse the lateral buckling phenomenon pipeline under extreme 

conditions as given by the input data from Ch. 4. It presents the responses of the pipeline laying on the 

seabed described in the numerical FE modelling. 

In this chapter, it is presented the results for the base case study, the effect of using different sleeper’s 

configuration, buoyancy modules and further the use of the in-line expansion joint as a mitigation measure. 

Finally, it is presented a probabilistic assessment for soil parameters. A sensitivity study is also discussed 

in the chapter to explore additional critical parameters for the lateral buckling phenomenon. 

According to the presented methodology, the following model is build using the Splatter tool. It comprises 

27 steps in order to fully simulate the installation and operation conditions of the pipeline into the seabed 

as listed in following Table 5-2. 

Table 5-2 - Abaqus Finite Element Analysis steps 
Step Description Step Description 

Step 1 Place Pipe on Seabed and Apply Initial OOS Step 15 Reduce Temperature (1st Cycle) 

Step 2 Raise Supports Step 16 Increase Pressure (2nd Cycle) 

Step 3 Add Friction Step 17 Increase Temperature (2nd Cycle) 

Step 4 Replace Boundary Conditions Step 18 Reduce Pressure (2nd Cycle) 

Step 5 Add Anchors Step 19 Reduce Temperature (2nd Cycle) 

Step 6 Empty Phase Step 20 Increase Pressure (3rd Cycle) 

Step 7 Apply Water Density (Flooded Phase) Step 21 Increase Temperature (3rd Cycle) 

Step 8 Increase Pressure (Hydrotest Phase) Step 22 Reduce Pressure (3rd Cycle) 

Step 9 Reduce Pressure Step 23 Reduce Temperature (3rd Cycle) 

Step 10 Remove Water Content (Empty after Hydrotest) Step 24 Increase Pressure (Design Cycle) 

Step 11 Apply Fluid Density Step 25 Increase Temperature (Design Cycle) 

Step 12 Increase Pressure (1st Cycle) Step 26 Reduce Pressure (Design Cycle) 

Step 13 Increase Temperature (1st Cycle) Step 27 Reduce Temperature (Design Cycle) 

Step 14 Reduce Pressure (1st Cycle)   
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For the purpose of this analysis the most relevant steps are; step 6 to establish the initial conditions of 

the pipeline, step 8 which simulates the hydrotest conditions where the pressure in the pipeline is at its 

maximum and steps 24 and 25 which simulate the design temperature only and the design pressure + 

temperature scenarios, respectively. The following figure presents the isometric view of the entire 

pipeline system modelled in Abaqus solver (image is vertically exaggerated no enhance seabed 

variation along pipeline length). 

 

Figure 5-6 - Isometric representation of global finite element model in Abaqus CAE 

5.2.2 Base Case Scenario 

As explained the base case presents the initial pipe-in-pipe solution with one triple sleeper paired with 

a single anchoring point as a mitigation measure for lateral buckling. This system presents a total 

suspended length of 90m. The following figure presents the top view of lateral displacement in the key 

incremental steps of the analysis. 

  

 
Units in mm 

Step 6 – Initial Stage (Top View) Step 8 – Hydrotest (Top View) 

  
Step 24 – Design Pressure (Top View) Step 25 – Design Temperature (Top View) 

Figure 5-7 - Deformed configuration at buckle crown of each key step 

Following table summarises the pipeline FEA results for the base case scenario. The detailed results 

along the entire pipeline’s length for this base case are presented in Appendix 2. 

Table 5-3 - FEA results for Base Case Scenario 

Configuration Max Lateral 
Displacement 

Axial Displacement DNV Utilization Factor Min / Max 
Deformation 

Max 
Bending 
Moment 

Max Effective 
Axial Tension Hot End Cold End Internal Pipe External Pipe 

Triple-Sleeper 9.30 m -1.04 m 0.53 m 0.03 0.69 -0.002 / +0.003 424 kNm 1939 kN 
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As presented, the use of a triple-sleeper configuration satisfies the design criteria given by DNV although 

it requires longer sleepers to accommodate a maximum displacement of near 9.30 meters. The 

maximum lateral displacement resides on the increase in suspended length with reduced friction 

allowing the pipeline to slide laterally on top of sleepers. 

5.2.2.1 Modal Analysis 

Regarding pipeline modal response and to compare with the predicted buckling modes proposed by 

Hobbs, the following modal analysis for the base model is presented hereafter for the first governing 

modes. These modes are composed by in-line and cross-line flows which may vary depending on the 

system to be analysed. 

  
Mode 1 – Frequency = 8.833 Hz Mode 2 – Frequency = 8.836 Hz 

  
Mode 3 – Frequency = 8.843 Hz Mode 4– Frequency = 8.858 Hz 

  
Mode 5 – Frequency = 8.886 Hz Mode 6 – Frequency = 8.932 Hz 

Figure 5-8 - Modal Analysis for Base Case Model 

Figure 5-9 presents the multiplot of the relevant in-line and cross-line modes in the buckle region. 

 
Figure 5-9 - In-line and Cross-line modes 
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These fundamental modes are still valid for alternative buckling mitigation scenarios, although its order 

may change depending on the solution adopted and should be considered in the detailed analysis. For 

this work, only base case scenario presents the modal analysis for the sake of comparison with 

analytical and screening methodology, comparison with no anchoring point system is also presented. 

5.2.2.2 Walking Phenomenon 

In order to assess the walking phenomenon for the given base case scenario, it is necessary to evaluate the 

global behaviour of the pipeline when subject to multiple HT/HP cycles. These cycles are included in the FE 

model through repetition of steps 24 to 27 up to 40 times, this totals 184 steps to be evaluated by the Abaqus 

solver. Figure 5-10 presents the variation of lateral displacement, Figure 5-11 presents the variation of axial 

displacement and Figure 5-12 presents the variation of effective tension along HT/HP steps. 

 
Figure 5-10 - Maximum Lateral Displacement along HT/HP cycles 

 
Figure 5-11 - Maximum End Axial Displacement along HT/HP cycles 
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Figure 5-12 - Maximum Effective Tension along HTHP cycles 

As observed in previous Figure 5-10 there is an accumulated increment of lateral displacement along 

operating thermal cycles which shows that the lateral buckling deformation retains some residual 

displacement and do not return to its original as-laid configuration.  

In Figure 5-11 it is possible to notice that there is no increment of axial displacement in hot end A, due 

to the midline anchoring point and there is a successive increment of axial displacement in cold end B. 

This shows the ability of anchoring point to limit the pipeline’s axial feeding during buckling phenomenon. 

Finally, Figure 5-12 presents the results in terms of effective tension, and the results show that the 

effective tension in the pipeline is almost independent of the residual buckling configuration. 

Nevertheless, it shows an increase of axial tension (due to the increase of residual tension when a 

pipeline does not retain its original configuration) and a decrease of the necessary axial compression to 

induce the buckling, as expected, as according to Euler theory and Hobbs’s developments in this 

domain. 

After around 80 simulation steps, which reasonably correspond to 14 thermal cycles all the presented 

variables reached a plateau, and there was no increase regarding accumulation of residual deformation 

neither tension. 

5.2.3 Mesh sensitivity analysis 

Prior to running detailed FE analysis and especially this comparative study, it is mandatory to select the 

proper mesh refinement, especially at the buckle crown. Mesh sensitivity analysis is essential to find a 

good balance between the accuracy of the results and the processing requirements. 

In order to assess this effect, different mesh refinements near buckle crown are considered; 20, 50, 100, 

200, and 500 millimetres. 
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Figure 5-13 below present the variation of key design parameters with different mesh refinements. 

  
Maximum Lateral Displacement Maximum Bending Moment  

  
Max Displacement Control DNV Criteria CPU Time 

Figure 5-13 - Mesh refinement sensitivity analysis 

From the previous results it is observed that selected variables present a good correlation with the 

choice of mesh size at refinement zone. Regarding lateral displacement, bending moment and 

corresponding DNV DCC criteria show a tendency to stabilise for very refined mesh sizes. The CPU 

time increases exponentially with mesh refinement since it is directly impacted by the number of solver 

operations in the new nodes generated in the mesh. According to the previous stated, the most suitable 

solution which provides a good trade-off between the accuracy of the finite element analysis results and 

a reasonable computation time corresponds to a mesh size of 200mm. This mesh size corresponds to 

1/5 of the current mesh size outside the refinement zone. 

Current good practices are to use a mesh equal to five times the outer diameter in the current zone and 

a mesh equal to one diameter for the refinement zone while modelling finite element models of pipelines. 

These practices should be understood as a rule of thumb but proper sensitivity analysis should be 

performed to further assess the impact of the mesh size in the analysis, as performed in this case study. 

5.2.4 Effect of number of Sleepers 

In this section, it is explored the effect of a different number of sleepers, following the typical design 

process where no sleepers are used, and its number is increased up to triple sleeper configuration. In 

some exceptional cases could be up to five-sleeper systems but this is not covered in this analysis.  
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The no-sleeper system presents no suspended length, where the single-sleeper a free-span length of 

50 meters and double-sleeper, spaced by 20m and 40m presents a free-span length of 60 and 70 

meters, respectively. Following figure presents the top view of lateral displacement in the key 

incremental steps of each different configuration of a sleeper. 

  

 
 Units in mm 

Step 6 – Initial Stage (Top View) Step 8 – Hydrotest (Top View) 

  
Step 24 – Design Pressure (Top View) Step 25 – Design Temperature (Top View) 

Figure 5-14 - Deformed configuration at buckle crown – No Sleeper Configuration 

  

 
Units in mm 

Step 6 – Initial Stage (Top View) Step 8 – Hydrotest (Top View) 

  
Step 24 – Design Pressure (Top View) Step 25 – Design Temperature (Top View) 

Figure 5-15 - Deformed configuration at buckle crown – Single-Sleeper Configuration 

  

  
Units in mm 

Step 6 – Initial Stage (Top View) Step 8 – Hydrotest (Top View) 

  
Step 24 – Design Pressure (Top View) Step 25 – Design Temperature (Top View) 
Figure 5-16 - Deformed configuration at buckle crown – Double-Sleeper (40m spacing) Configuration 

  

  
Units in mm 

Step 6 – Initial Stage (Top View) Step 8 – Hydrotest (Top View) 

  
Step 24 – Design Pressure (Top View) Step 25 – Design Temperature (Top View) 
Figure 5-17 - Deformed configuration at buckle crown – Double-Sleeper (20m spacing) Configuration 

Following table summarises the pipeline FEA results for the different sleeper’s configuration. The 

detailed results along the entire pipeline’s length for these scenarios are presented in Appendix 2. 
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Table 5-4 - FEA results for different sleeper’s configuration 

Configuration Max Lateral 
Displacement 

Axial Displacement DNV Utilization Factor Min / Max 
Deformation 

Max 
Bending 
Moment 

Max Effective 
Axial Tension Hot End Cold End Internal Pipe External Pipe 

No Sleeper 7.65 m -1.09 m 0.67 m 0.08 1.02 -0.006 / +0.008 497 kNm 1939 kN 

Single-Sleeper 8.12 m -1.08 m 0.62 m 0.05 1.31 -0.013 / +0.024 509 kNm 1939 kN 

Double-Sleeper 
(20m spacing) 8.49 m -1.07 m 0.59 m 0.03 0.76 - 0.003 / +0.005 469 kNm 1939 kN 

Double-Sleeper 
(40m spacing) 9.56 m -1.03 m 0.53 m 0.03 0.69 -0.002 / +0.004 422 kNm 1939 kN 

As presented in the previous table, the solution with double sleepers is enough to satisfy DNV criteria, 

and the use of single sleeper or no-sleeper is do not to satisfy the DNV criteria. The max effective force 

is the same in all the models since is the critical force for the pipeline initiates the lateral buckling, and 

the max lateral displacement is increased with the increase in suspended length.  

5.2.5 Use of Buoyancy Modules 

In this section, it is explored the effect of introducing buoyancy modules despite using sleepers. This 

type of solutions should be compared in terms of installation feasibility and operational costs, here it is 

only compared regarding design feasibility for mitigation of the pipeline’s lateral buckling phenomenon. 

Note that in order to reduce the friction from 1.5 to 0.1 (achieved in contact with sleepers), the weight 

should be reduced in 2 kN/m, which is equivalent of having a 200kg buoyancy module per meter. It is 

covered the situations with 0.5 kN/m, 1.0 kN/m and 2.0 kN/m buoyancy, all scenarios do not consider 

the triple-sleepers of the base case.  

Following figures 5-18 to 5-20 present the top view of lateral displacement in the critical incremental 

steps of each different configuration of buoyancy installed.  

  

 
Units in mm 

Step 6 – Initial Stage (Top View) Step 8 – Hydrotest (Top View) 

  
Step 24 – Design Pressure (Top View) Step 25 – Design Temperature (Top View) 

Figure 5-18 - Deformed configuration at buckle crown – 0.5 kN/m Buoyancy Configuration 

  

 
Units in mm 

Step 6 – Initial Stage (Top View) Step 8 – Hydrotest (Top View) 

  
Step 24 – Design Pressure (Top View) Step 25 – Design Temperature (Top View) 

Figure 5-19 - Deformed configuration at buckle crown – 1.0 kN/m Buoyancy Configuration 
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Units in mm 

Step 6 – Initial Stage (Top View) Step 8 – Hydrotest (Top View) 

  
Step 24 – Design Pressure (Top View) Step 25 – Design Temperature (Top View) 

Figure 5-20 - Deformed configuration at buckle crown – 2.0 kN/m Buoyancy Configuration 

Following table summarises the pipeline FEA results for the different buoyancy configuration. The detailed 

results along the entire pipeline’s length for these scenarios are presented in Appendix 2. 

Table 5-5 - FEA results for different buoyancy configuration 

Configuration Max Lateral 
Displacement 

Axial Displacement DNV Utilization Factor Min / Max 
Deformation 

Max 
Bending 
Moment 

Max Effective 
Axial Tension Hot End Cold End Internal Pipe External Pipe 

0.5 kN/m 
Buoyancy 7.70 m -1.08 m 0.66 m 0.08 1.01 -0.006 / 0.008 509 kNm 1867 kN 

1.0 kN/m 
Buoyancy 8.11 m -1.06 m 0.65 m 0.05 0.86 -0.004 / 0.005 494 kNm 1868 kN 

2.0 kN/m 
Buoyancy 8.59 m -1.03 m 0.59 m 0.04  0.84 -0.004 / 0.007 489 kNm 1869 kN 

As presented, the use of buoyancy units could reproduce almost the same results of using sleepers as a 

mitigation system. The use of 100kg buoyancy units per meter is enough to satisfy DNV criteria, and the 

use of 200kg buoyancy units allow to replicate the friction factor equivalent to triple sleeper’s configuration.  

Although, it should be enhanced that this comparison is merely regarding pipeline integrity and does not 

take into consideration the feasibility of installation in such water depths and harsh environments. 

5.2.6 Use of Anchoring Points 

In this section, it is explored the effect of anchoring points in the pipeline system. These anchoring points 

can be materialised by suction piles, lighter weight solutions or in-line structure as previously detailed in 

section 2 of this dissertation.  

This type of solutions should be compared in terms of installation feasibility and operational costs. Here, 

solutions are only compared regarding design feasibility for mitigation of pipeline’s lateral buckling 

phenomenon and more importantly, the contribution in terms of pipeline walking mitigation.  

It is evaluated the effect of the anchoring point by removing it from the base case scenario and 

considering an additional anchoring point. Following figures 5-21 to 5-22 present the top view of lateral 

displacement in the critical incremental steps of the two-different configuration of anchoring points 

installed.  
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Units in mm 

Step 6 – Initial Stage (Top View) Step 8 – Hydrotest (Top View) 

  
Step 24 – Design Pressure (Top View) Step 25 – Design Temperature (Top View) 

Figure 5-21 - Deformed configuration at buckle crown – No Anchoring Configuration 

  

 
Units in mm 

Step 6 – Initial Stage (Top View) Step 8 – Hydrotest (Top View) 

  
Step 24 – Design Pressure (Top View) Step 25 – Design Temperature (Top View) 

Figure 5-22 - Deformed configuration at buckle crown – Additional Anchoring Configuration 

Following table summarises the pipeline FEA results for the different anchoring configuration. The detailed 

results along the entire pipeline’s length for these scenarios are presented in Appendix 2. 

Table 5-6 - FEA results for different anchoring configuration 

Configuration Max Lateral 
Displacement 

Axial Displacement DNV Utilization Factor Min / Max 
Deformation 

Max 
Bending 
Moment 

Max Effective 
Axial Tension Hot End Cold End Internal Pipe External Pipe 

No Anchoring 9.40 m -1.05 m 0.53 m 0.03 0.69 -0.002 / 0.003 413 kNm 1869 kN 

Base Case 9.30 m -1.04 m 0.53 m 0.03 0.69 -0.002 / +0.003 424 kNm 1939 kN 

Additional 
Anchoring 8.95 m -1.03 m 0.68 m 0.02 0.68 -0.002 / +0.003 402 kNm 1939 kN 

As expected the anchoring points do not affect the pipeline behaviour significantly regarding lateral 

buckling, it is much more related to the walking mitigation behaviour as presented in the section above. 

Although it has not a significant impact in the lateral buckling, it is possible to observe a reduction of the 

maximum lateral buckling amplitude with the increase of the number of anchoring point, related to the 

reduced pipeline feeding to the buckling crown. 

In order to evaluate the walking phenomenon due to the removal of the anchoring point, as performed for 

the base case, the HT/HP cycles are repeated. These cycles are included in the FE model through 

repetition of steps 24 to 27 up to 40 times, a total amount of 184 steps to be evaluated by the Abaqus 

solver.  

Figure 5-23 presents the variation of lateral displacement, Figure 5-24 presents the variation of axial 

displacement and Figure 5-25 presents the variation of effective tension along each HT/HP steps. 
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Figure 5-23 - Maximum Lateral Displacement along HT/HP cycles 

As observed in previous Figure 5-23 there is a significant accumulated increment of lateral displacement 

along operating cycles which shows that the lateral buckling deformation retains a large quantity of 

residual displacement and do not return to its original as-laid configuration. This value is far higher than 

the values obtained in the base model with the anchoring point.  

After a certain amount of thermal cycles, we observe a reduction of maximum lateral displacement due 

to the seabed embedment which increases the lateral friction of the pipeline-soil interaction significantly. 

 
Figure 5-24 - Maximum End Axial Displacement along HT/HP cycles 
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Figure 5-25 - Maximum Effective Tension along HT/HP cycles 

In Figure 5-24 it is possible to notice that there is an increment of axial displacement in hot end A, due 

to the inexistence of midline anchoring point and there is a successive increment of axial displacement 

in cold end B.  

Finally, Figure 5-25 presents the results regarding effective tension, and that show that the effective 

tension in the pipeline increases with the accumulation of residual buckling configuration. Nevertheless, 

it shows an increase of axial tension (due to the increase of residual tension when a pipeline does not 

retain its original configuration) and a decrease of the necessary axial compression to induce the 

buckling, as expected and according to Euler theory and Hobbs’s developments in this domain. 

After around 80 simulation steps, which reasonably correspond to 14 thermal cycles all the presented 

variables reach a plateau, and there is no increase regarding accumulation of residual deformation 

neither tension. 

 

5.3 Use of In-line Expansion Joint 

This section introduces the use of an innovative approach regarding mitigation of subsea pipelines 

lateral buckling. It gathers the finite element analysis results for the case study in-line expansion joint. 

In this model, compared to the base case, the sleepers are removed, and there is introduced one in-line 

expansion joint along the pipeline in the most efficient location to enhance its effectiveness.  

This type of solution should be compared in terms of installation feasibility and operational costs, here 

it is only compared regarding design feasibility for mitigation of the pipeline’s lateral buckling 

phenomenon. 
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The following figure presents the top view of axial displacement in the key incremental steps of the 

different configuration of in-line expansion joints installed.  

Only the zone centred in the expansion joint is presented for simplification. Expansion joint is highlighted 

in dashed white line. 

  

 
Units in mm 

Step 6 – Initial Stage (Top View) Step 8 – Hydrotest (Top View) 

  
Step 24 – Design Pressure (Top View) Step 25 – Design Temperature (Top View) 

Figure 5-26 – Axial displacement using In-line Expansion Joint Configuration 

The following table presents the pipeline FEA results for the use of the in-line expansion configuration. 

Table 5-7 - FEA results for In-line Expansion configuration 

Configuration Max Lateral 
Displacement 

Axial Displacement DNV Utilization Factor Min / Max 
Deformation 

Max Bending 
Moment 

Max Effective 
Axial Tension Hot End Cold End Joint Internal Pipe External Pipe 

One In-line 
Expansion 

Joint 
2.05 -0.92 m 0.42 m 0.70 m 0.01 0.51 - / +0.001 37.3 kNm 1813.4 kN 

As observed, with one in-line expansion joint it is possible to accommodate the axial displacement of 

less than one metre in the joint section, avoiding the lateral buckling existent without this solution. These 

results suggest that this solution could be suitable to mitigate lateral buckling phenomenon. 

Regarding maximum lateral displacement, the presented value derives from the out-of-straightness 

used alone, which means that no buckling has formed with this solution. Relative to the endpoints lateral 

displacement, in comparison to the base model using sleeper the displacements are slightly reduced 

since we are allowing a certain amount of internal axial displacement of 0.7 meters.  

Since the axial displacement is unrestricted by the in-line expansion joint, the max effective axial tension 

is reduced in nearly 100kN. The remaining effective axial tension derives from the friction along the 

pipeline and the creation of virtual anchoring points outside the expansion joint. 

Since no significant buckling is present, it allows to reduce stress and strain along the pipeline and 

subsequently reduce the utilization factor as per DNV criteria. In this situation, no significant bending 

moments are present since they exist in the buckling crowns. 

This type of mitigation also highlights the potential benefit of combining different mitigation techniques 

to assess both lateral buckling and pipeline walking phenomenon. 

This solution should be carefully evaluated in terms of local behaviour, and its design should be 

assessed using local finite element models, which are not covered by the global finite element analysis 

performed in this dissertation. 
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5.4 Probabilistic Assessment for Soil Properties 

This chapter intends to provide the results of the performed probabilistic assessment. Current 

approaches only considered deterministic evaluations of lateral buckling phenomenon and recent 

studies show that probabilistic approaches should be considered to assess the uncertainty related to 

soil parameters.  

Usually, deterministic parameters are used, where extreme values of axial and lateral friction are 

combined. These combinations aim to maximise the formation of buckling loops (making them more 

severe), as well as to increase the probability of occurrence of natural buckling. Commonly, five different 

combinations of friction are considered. These combinations are presented in following Table 5-8 below. 

Table 5-8 - Usual load combination for deterministic approach 

Case 
Load Combination 

Axial Friction [-] Lateral Friction [-] 

1 UB BE 

2 BE UB 

3 BE BE 

4 BE LB 

5 LB BE 

By considering the approximation of a log-normal curve for both axial and lateral friction factors, 

deterministically gathered from a pipe-soil interaction study, the following probability surface could be 

achieved. Probabilistic log-normal curves for friction factors are presented in following Figure 5-27.  

  
 Figure 5-27 - Probabilistic friction factors by log-normal approximation curves 

These probability density functions of the axial and lateral frictions are by the recommendations of SAFEBUCK 

JIP (ATKINS, 2014), where the curves must meet the following assumptions: 

Axial friction curve: The curve should present the median equal to the Best Estimated (BE) friction value, 

and the probability of occurrence of friction lower than the Lower Bound (LB) friction should be 2.5%. 

Lateral friction curve: The curve should have the median equal to the Best Estimated (BE) friction value, 

and the probability of occurrence of friction higher than the Upper Bound (UB) friction should be 5.0%. 
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The main parameters of these distributions are summarised in following Table 5-9 below. 

Table 5-9 - Soil parameters 
Parameter Value 

Axial Friction 

Mean 0.363 

Variance 0.028 

Median 0.330 

Lateral Friction 

Mean 1.156 

Variance 0.038 

Median 1.140 

Considering the log-normal curves for both axial and lateral friction factors presented in previous Figure 

5-27 it is possible to model a 3-dimensional surface with the probability of co-occurrence of a certain axial 

and lateral friction value. This type of analysis allows evaluating the risk associated with the uncertainty 

of the soil parameters and at the same time avoiding very conservative assumptions. Hereafter has 

presented the surface with the probability of co-occurrence of a certain axial and lateral friction value. 

 
Figure 5-28 - The combined probability of co-occurrence of friction factors 

For the given surface it is chosen a set of a 6x6 matrix of control points. These points correspond to 

different FE build with the specified combination of axial and lateral friction factor in order to extract the 

corresponding results in terms of displacement, stress, strain and DNV criteria. 

 
Figure 5-29 - 6x6 Control points matrix used for probabilistic assessment 
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For each presented output it is possible to return to the probability surface and infer the corresponding 

probability of failure for each corresponding criterion. 

  

Maximum Lateral Displacement Maximum Effective Axial Tension 

  
Maximum Axial Displacement End A Maximum Axial Displacement End B 

  
Maximum Bending Moment Max Displacement Control DNV Criteria 

Figure 5-30 - Effect of friction factors in global pipeline buckling response 

1) 2) 

3) 4) 

5) 6) 
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As observed from the previous analysis, in Figure 5-30.1 is it possible to infer a linear decrease of lateral 

displacement with the increase of axial friction and minor contribution of lateral friction for the increase 

of lateral displacement. 

In Figure 5-30.2 is observed a linear increase of effective axial tension with the increase of axial friction 

while, again, the minor contribution of lateral friction. 

Both Figure 5-30.3 and Figure 5-30.4 represent the axial displacement of end A and end B, respectively. 

With the increase of axial friction, both ends face a reduction of axial displacement (in modulus). This 

phenomenon is slightly affected by the lateral friction coefficient. 

Finally, Figure 5-30.5 and Figure 5-30.6 represent the maximum bending moment and DNV DCC 

criteria, respectively. From Figure 5-30.5 it a reduction of bending moment with the increase of axial 

friction is observed (due to the reduction of lateral displacement observed in Figure 5-30.1) and a minor 

increase of bending moment with an increase of lateral friction.  

In Figure 5-30.6 the increase of DNV DCC criteria is exponential with the increase of lateral friction 

paired with an exponential decrease with the increase of axial friction. Although any combination of 

friction factors shows a utilisation factor superior to the unit, usually safety factors are considered to limit 

the allowable threshold. By setting a threshold of a predefined value, we could extract the probability of 

the solution to satisfy the design code criteria by summing the volume above that limit in Figure 5-28. 

 

5.5 FEA Additional Sensitivity Analysis 

5.5.1 Effect of the Residual Lay Tension 

It is compared the effect of the lay tension for the buckling phenomenon as a sensitivity analysis since 

it has a direct relation with the effective tension of the as-laid pipeline. This type of sensitivity analysis 

allows moderating the vessel’s layback during pipeline deployment to mitigate possible further buckling 

effects by controlling the touchdown point (TDP) tension. The following figure present how different lay 

tension values affect the overall pipeline buckling response. 

  
1) Maximum Lateral Displacement 2) Maximum Effective Axial Tension 
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3) Maximum Axial Displacement End A 4) Maximum Axial Displacement End B 

  
5) Maximum Bending Moment 6) Max Displacement Control DNV Criteria 

Figure 5-31 - Effect of Lay tension in global pipeline buckling response 

 

As observed from previous figures the lay tension during pipeline installation impacts the buckling 

phenomenon during its operational life. Lay tension is controlled by monitoring vessel’s layback during 

pipeline installation operation and after installation, it acts as a residual tension along pipeline length 

given by the touchdown point (TDP) tension during installation.  

All the above-presented variables show a very good correlation with the lay tension, suggesting a strong 

relationship between the lay tension and pipeline behaviour after installation. 

In terms of maximum lateral displacement (Figure 5-31.1), the increase of residual tension allows 

minimizing the maximum lateral displacement during buckling which is strongly related to the decrease 

of the effective tension in the pipeline (Figure 5-31.2). 

In terms of endpoints displacement, both ends present a reduction (in absolute value) of the axial 

displacement with the increase of residual tension (Figure 5-31.3 and Figure 5-31.4). This is also 

expected due to the reduction of effective tension along the pipeline. 

In terms of loads and corresponding DNV DCC criteria, they are also lowered with the increase of 

residual tension since the effective compressional loads in the buckling crown are reduced with this 

increase of lay tension (Figure 5-31.5 and Figure 5-31.6). 
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5.5.2 Effect of the Out of Straightness (OOS) 

It is also compared the effect of installation out-of-straightness for the buckling phenomenon since it has 

a direct relationship with the overall length of the as-laid pipeline. Excessive out-of-straightness could 

be also seen as a mitigation measure in terms of controlled buckling by the name of snake laying, where 

the pipeline is intentionally laid with a lateral deformed configuration. This type of analysis allows 

moderating the vessel’s lateral movement during pipeline deployment to mitigate possible further 

buckling effects by controlling the OOS crown amplitude.  

The following figure 5-32 presents the effect of different OOS values in the pipeline buckling response. 

  
1) Maximum Lateral Displacement 2) Maximum Effective Axial Tension 

  
3) Maximum Axial Displacement End A 4) Maximum Axial Displacement End B 

  
Maximum Bending Moment Max Displacement Control DNV Criteria 

Figure 5-32 - Effect of Out-of-Straightness in global pipeline buckling response 
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As observed from previous figures the out-of-straightness imposed during pipeline installation impacts 

the buckling phenomenon during its operational life.  

Out-of-straightness is controlled by monitoring vessel’s side movement during pipeline installation 

operation and after installation, it acts as an imposed deformation along pipeline length which will induce 

local buckling points and mitigate the formation of an excessively localized buckling.  

All the above-presented variables show a good correlation with the OOS, suggesting a strong 

relationship between the OOS and pipeline buckling behaviour after installation. 

In terms of maximum lateral displacement (Figure 5-32.1), the increase of OOS allows maximizing the 

maximum lateral displacement during buckling. In terms of maximum effective tension in the pipeline 

(Figure 5-32.2), it is observed a maximum for an intermediate value of 8m OOS and lower values below 

and over this value, although the differences are insignificant and below a range of +/- 6kN.  

In terms of endpoints displacement, both ends present a reduction (in absolute value) of the axial 

displacement with the increase of OOS (Figure 5-32.3 and Figure 5-32.4). This is also expected due to 

the increase of lateral displacement along the pipeline. 

In terms of bending loads and corresponding DNV DCC criteria, they are also lowered with the increase 

of OOS since the compression loads in the main buckling crown are distributed for a large number of 

smaller buckling crowns (Figure 5-32.5 and Figure 5-32.6).  
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5.6 Comparison of Results 

This chapter summarises the results obtained in previous sections and highlights the main aspects 

inherent in this comparative study and from the additional performed sensitivity analysis. The first section 

includes the comparison between the analytical screening results and the finite element analysis results. 

The second section compares the results of each alternative scenario covered in the finite element 

analysis approach chapter. 

5.6.1 Comparison of FEA with analytical analysis 

This section presents the comparison between the FEA results and the screening results obtained from 

the analytical solution in the base model. Following Table 5-10 summarises this comparison between 

analytical and numerical solution for the base case scenario. 

Table 5-10 - Results Comparison Summary for base case 
Parameter Analytical Model Finite Element Model Difference 

Hot End Expansion [m] - 2.81 - 1.04 - 63 % 

Cold End Expansion [m] 2.30 0.53 - 77 % 

Lateral Displacement [m] 13.08 9.30 - 29 % 

Max Bending Moment [kNm] 506 424 - 16 % 

The results presented above show that screening approaches, as expected, are far more conservative 

than the more realistic FEM. FEM includes detailed cross-section modelling, non-linear material 

behaviour as well as extensively defined solid-contact interaction not gathered in screening 

methodology. 

Regarding pipe-in-pipe systems, there are no analytical equations that represent this type of system. 

Due to the complexity of this type of system, the evaluations of the expansions and efforts in the 

pipelines are performed by finite element analysis only and only comparable properties are included in 

the screening. 

5.6.2 Comparison of each mitigation solution 

This section presents the comparison between the different configuration and mitigation solution 

compared to the base model of this case study. Table 5-11 presents the summary of results obtained 

by each different model from the parametric study. 
Table 5-11 - Finite Element Results Comparison 

Scenario Max Lateral 
Displacement 

Axial Displacement DNV Utilization Factor 
Min / Max 

Deformation 

Max 
Bending 
Moment 

Max Effective 
Axial Tension Hot End Cold End Internal 

Pipe 
External 

Pipe 

Base Case 
(Triple-Sleeper) 9.30 m -1.04 m 0.53 m 0.03 0.69 -0.002 /  

+0.003 424 kNm 1939 kN 

No Sleeper 7.65 m -1.09 m 0.67 m 0.08 1.02 -0.006 / 
+0.008 497 kNm 1939 kN 

Single-Sleeper 8.12 m -1.08 m 0.62 m 0.05 1.31 -0.013 / 
+0.024 509 kNm 1939 kN 

Double-Sleeper  
(e = 0.40 m) 9.56 m -1.03 m 0.53 m 0.03 0.69 -0.002 / 

+0.004 422 kNm 1939 kN 

Double-Sleeper  
(e = 0.20 m) 8.49 m -1.07 m 0.59 m 0.03 0.76 - 0.003 / 

+0.005 469 kNm 1939 kN 
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0.5 kN/m 
Buoyancy 7.70 m -1.08 m 0.66 m 0.08 1.01 -0.006 / 

0.008 509 kNm 1867 kN 

1.0 kN/m 
Buoyancy 8.11 m -1.06 m 0.65 m 0.05 0.86 -0.004 / 

0.005 494 kNm 1868 kN 

2.0 kN/m 
Buoyancy 8.59 m -1.03 m 0.59 m 0.04 0.84 -0.004 / 

0.007 489 kNm 1869 kN 

No Anchoring 9.40 m -1.05 m 0.53 m 0.03 0.69 -0.002 / 
0.003 413 kNm 1869 kN 

Base Case 9.30 m -1.04 m 0.53 m 0.03 0.69 -0.002 / 
+0.003 424 kNm 1939 kN 

Additional 
Anchoring 8.95 m -1.03 m 0.68 m 0.02 0.68 -0.002 / 

+0.003 402 kNm 1939 kN 

One In-line 
Expansion Joint 2.05 m -0.92 m 0.70 m 

(Joint)  0.42 m 0.01 0.51 -0.000 / 
+0.001 37.3 kNm 1813.4 kN 

 

When compared to the base case, the solution with double sleepers is enough to satisfy DNV criteria 

although the use of single sleeper or no-sleeper is not enough to satisfy the DNV criteria. The max 

effective force is almost the same in all the models as expected since is the same critical force to initiate 

the lateral buckling in the pipeline and the max lateral displacement is increased with the increase in 

suspended length.  

With the use of buoyancy units, it could reproduce almost the same results of using sleepers as a mitigation 

system are reproduced. The use of 100kg buoyancy units per meter is enough to satisfy DNV criteria, and 

use of 200kg buoyancy units allow to replicate the friction factor equivalent to triple sleeper’s configuration.  

Although, it should be highlighted that this comparison is merely regarding pipeline integrity and does 

not take into consideration the feasibility of installation in such water depths and environments. 

The anchor points do not affect the pipeline behaviour regarding lateral buckling, it is much more related 

to the walking mitigation behaviour. Although it has not a significant impact in the lateral buckling, it is 

possible to observe a reduction of the maximum lateral buckling with the increase of anchoring points, 

related to the reduced pipeline feeding to the buckling crown. 

Regarding the use of the innovative in-line expansion joint, with one in-line expansion joint, it is possible 

to accommodate the axial displacement of less than one metre while avoiding the lateral buckling 

existent without this solution. These results suggest that this solution could be suitable to mitigate lateral 

buckling phenomenon. 

This highlight also the potential benefit of combining different mitigation techniques to assess both lateral 

buckling and pipeline walking phenomenon. 

This solution should be carefully evaluated regarding local behaviour, and its design should be assessed 

using local finite element models, which are not covered by the global A performed here presented. 

5.6.3 Probabilistic Assessment 

From the probabilistic assessment results presented in previous section 5.4, it is observed a linear 

increase of axial effective tension with the increase of axial friction but a minor contribution of lateral 

friction. With the increase of axial friction, both ends face a reduction of axial displacement (in modulus). 

This phenomenon is slightly affected by the lateral friction coefficient. A reduction of bending moment 

with the increase of axial friction due to the reduction of lateral displacement and a minor increase of 
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bending moment with an increase of lateral friction. Finally, the increase in DNV DCC criteria is 

exponential with the increase of lateral friction paired with an exponential decrease with the increase of 

axial friction. 

5.6.4 Lay tension sensitivity analysis 

From the lay tension sensitivity analysis results presented in previous section 5.5.1, the lay tension 

during pipeline installation impacts the buckling phenomenon during its operational life. 

Regarding maximum lateral displacement, the increase of residual tension allows minimising the 

maximum lateral displacement during buckling which is strongly related to the decrease of the effective 

tension in the pipeline. 

Regarding endpoints displacement, both ends present a reduction (in absolute value) of the axial 

displacement with the increase of residual tension. This reduction is also expected due to the reduction 

of effective tension along the pipeline. 

In terms of loads and corresponding DNV DCC criteria, they are also lowered with the increase of 

residual tension since the compression loads in the buckling crown are reduced with this increase of lay 

tension. 

5.6.5 Effect of the Out of Straightness (OOS) 

From the OOS sensitivity analysis results presented in previous section 5.5.2, the out-of-straightness 

imposed during pipeline installation impacts the buckling phenomenon during its operational life. Out-

of-straightness is controlled by monitoring vessel’s side movement during pipeline installation operation, 

and after installation, because it acts as an imposed deformation along pipeline length which will induce 

local buckling points and mitigate the formation of an excessively localised buckling.  

All the above-presented variables show a good correlation with the OOS, suggesting a strong 

relationship between the OOS and pipeline buckling behaviour after installation. 

Regarding maximum lateral displacement, the increase of OOS allows maximizing the lateral 

displacement during buckling. Regarding maximum effective tension in the pipeline, it is observed a 

maximum for an intermediate value of 8m OOS, although the differences are insignificant and below a 

range of +/- 6kN.  

Regarding endpoints displacement, both ends present a reduction (in absolute value) of the axial 

displacement with the increase of OOS. This is also expected due to the increase of lateral displacement 

along the pipeline. 

Regarding loads and corresponding DNV DCC criteria, they are also lowered with the increase of OOS 

since the compression loads in the main buckling crown are distributed for a large number of smaller 

buckling crowns.  
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6. CONCLUSIONS AND RECOMMENDATIONS 

6.1 Summary 

This chapter gives a summary of the analysis results and presents the conclusion of the thesis work. 

The conclusions are made based on the screening approach and the finite element analysis results 

presented in previous chapter 5. The future works regarding the subject of this dissertation are also 

presented later in this chapter as future developments. 

The objective of this dissertation was to study and understand the pipeline’s global response regarding 

lateral buckling in high pressure-high temperature environments using finite element analysis models. 

The pipeline is susceptible to lateral buckling induced by the thermal and pressure loads. A better 

understanding of the global response of the pipeline, due to these loads, was achieved using finite 

element analysis with realistic environmental data and corresponding assumptions.  

A non-linear step-phase analysis methodology was used to perform the element analysis on the pipeline. 

The results can be summarised as follow: 

1. The finite element analysis results indicate that the pipeline moves in lateral direction caused 

by the axial thermal changes and pressure loads. These forces pull the pipeline to deform 

laterally and induce the lateral buckling. Based on the results that were discussed in the section 

5.2, the magnitude of forces used in the steps 24 and 25 of the analysis are proved to cause 

the maximum lateral buckling on the pipeline; 

2. The maximum lateral displacements after performing cyclic loads are higher than the maximum 

lateral displacement during the initial design load cycle. Table 5-11 presents the summary of 

maximum lateral displacement for all load cases considered for this analysis.  

3. The maximum lateral displacement caused by thermal loads are located at the lateral friction 

reduction point (the point where sleeper or buoyancy module was installed). The summary of 

maximum lateral displacement with respect to the magnitude of the load step can be seen in 

Figure 5-10. The results also show that the more extended buckle amplitude is measured on 

the load case with a higher concentration of mitigation technique (e.g. triple sleeper location); 

4. The effective compression forces have a contribution to the process of build up the lateral 

buckling. The effective compression forces at the slip region feed into the buckle and cause the 

continuous expansion of the buckle, associated with higher bending moments and strain fields; 

5. After loads installed, the effective axial force on the pipeline and the lateral soil friction factors govern 

the lateral buckling on the pipeline. The pipeline expands further longer on the smaller soil friction 

factor when compared to the higher lateral soil friction with similar effective axial force. 

6. The results show that the buckle expands furthermore after the first load cycle. The maximum 

buckle amplitudes after first cycle loads duration are more extended than during the following 

cyclic loads duration. The results also indicate that with higher number of thermal cycles, the 
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buckle amplitudes may expand even longer when compared to the initial buckle amplitude and 

then stabilises. 

7. The finite element analysis results show that the pipeline tends to shrink at the end of the 

expansion steps. When the thermal and pressure forces are no longer applied, the pipeline in 

the buckle region shrinks to a certain level during some time. Afterwards, the pipeline starts to 

expand and continue to move in a lateral direction until reaches the equilibrium configuration. 

8. The finite element analysis shows that the maximum bending moment occurs at the buckle 

location during high-temperature steps loads. The bending moments after unload are gradually 

decreased until reaching the residual equilibrium state. 

9. A DNV displacement-controlled condition check is carried out to perform the pipeline integrity 

check. Table 5-11 also includes the results from DNV displacement-controlled check. 

 

6.2 Conclusions 

From the results presented in Chapter 5 and the summary that was presented in the previous section, 

the following conclusions are made: 

1. The pipeline is strongly susceptible to lateral buckling that is induced by HT/HP fluids loads. The 

pipeline expansion forces push the pipeline to deform in the lateral direction. The magnitude of these 

forces will govern the lateral displacement, bending moments and equivalent strain on the pipeline; 

2. The axial soil friction does not give significant effect on the build-up of lateral buckling during 

lateral displacement. On contrary, lateral soil friction gives significant effect for lateral buckling 

after lateral displacement is installed. The lateral soil friction does not give sufficient effect on 

maximum bending moments and equivalent strain development for all analysis time (when 

compared to axial friction factor); 

3. As recommended in DNVGL-RP-F110 (DNVGL, 2017b), the integrity of the pipeline should be 

checked depending on the outcome from the finite element analysis as discussed in FEA results 

section. The integrity checks do satisfy DNV displacement-controlled condition. It shows that high 

pressure/temperature subsea pipeline may stand lateral buckling induced by thermal expansion. 

4. The proposed in-line expansion joint presents valuable insights regarding a possible additional 

mitigation technique for lateral buckling phenomenon, by reducing the axial stress during HP/HT 

cycles. This solution could be paired with other existing solutions to enhance current 

approaches to this phenomenon in current in deep and ultra-deep offshore projects 

developments. 

The results from the finite element analysis show that the combination of lateral and axial soil friction 

may give a different response on the pipeline and proper probabilistic assessment should be performed 

when possible.  
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6.3 Further Developments 

Further studies should be carried out with different pipeline design parameters, operation design 

conditions, and environmental parameters to develop a wider comparative study. This way it could cover 

more pipeline laying environments on a more global scale.  

Local FE models should be developed to evaluate the local behaviour of the in-line expansion joint to 

better assess its reliability as a subsea mitigation measure.  

Finally, as further development, an economic-based analysis should be included with the given 

comparative study in order to add this dimension to the decision-making process for the most suitable 

mitigation technique for the lateral buckling phenomenon.  
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