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ABSTRACT: As the offshore oil and gas fields are exploited in deeper water, subsea pipelines are increasingly required 
to operate at high temperatures and pressures. Offshore 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 and 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 (PIP) 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 HT/HP 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 sensibility analysis test. 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 as an economically viable alternative solution of pipeline lateral 
buckling phenomenon and its performance is compared with other existent mitigations solutions. 

Keywords: Offshore Subsea Pipeline Thermal Expansion, Analytical Solution, Simplified Methods, Finite Element 
Analysis, Lateral Buckling, Thermal Stress 

1. INTRODUCTION 

Since the seventies, pipelines have become one of the 
primary means for transportation of oil and gas from deep 
and ultra-deep offshore worldwide. As production 
operations expand into deep and ultra-deep offshore, 
seawater temperatures decrease to low levels, and 
pressures reach very high values, that generate many 
challenges. The design challenge is to accommodate the 
pressure gap between the external and internal pressure 
in multiple stages and the temperature gradient along the 
pipeline’s wall thickness. Owners, operators, and 
contractors want efficient designs at minimum cost. So, 
the subsea industry is responsible for designing safe and 
reliable solutions. From the 1970’s to 1980’s most 
pipelines were just laid on the seabed, the design did not 
follow any specific code and did not include any powerful 
design tool. This immaturity led to some pipeline failures 
in history, three catastrophic full-bore failure in the North 
Sea, West Africa, and Brazil. 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 1990’s to 2000’s, 
due to a demand for high pressure and high temperature 
(HT/HP) field’s development for deeper reservoirs, where 
a pipeline operating on those conditions have a high 

probability to buckling and lateral buckling consequences 
could no longer be ignored. These consequences 
demanded for considerable investments in 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. 

On each project, many calculations are processed to 
assess if buckling is susceptible to occur. When a line is 
susceptible to buckling, mitigation can be installed,  
depending on the results of buckling analyses. However, 
those mitigations represent critical additional costs. The 
cost regarding lost production due to a pipeline failure 
have a significant economic impact so high that 
considerable interest has been 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. Common deep-water depth problems, 
more related to flow assurance, are hydrate formation and 
paraffin deposition. The most common approach is to 
minimise them 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., 
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2014). This can be achieved by burying pipelines, using 
isolated flowlines or use of heated traced flowlines.  

These differences in temperature and pressure originate 
additional stress in pipelines and cause it to expand. The 
expansion restriction is generally caused by frictional 
effects in the seabed-pipeline interface or connection to 
other subsea equipment such as pipeline end 
terminations. If expansion is restricted, compressive axial 
stress will be installed in pipeline wall. When compressive 
forces overpass the constraint of the foundation soil, it 
generates buckling in pipelines to release the 
accumulated internal stress. In Deepwater developments, 
the lateral buckling phenomenon is the dominant buckling 
mode. To extensive explore this phenomenon, detailed 
finite element analysis (FEA) should be performed to 
evaluate the distribution of temperature field, stress field 
and displacement field under massive up- or lateral 
buckling caused by thermal expansion. These buckling 
studies of pipelines play a critical role in pipeline design. 

This work performs a comparative study of different 
mitigation techniques for lateral buckling phenomenon of 
subsea pipelines under HP/HT environments. It compares 
different solutions to explore their behaviour using 
powerful FEA simulations and the outcome of using these 
FEA when compared with screening approaches, 
generally more conservative. It considers a case study to 
perform the proposed comparative assessment and to 
analyse the effect of the main parameters involved with a 
sensibility analysis of these parameters. The distributions 
of the temperature field, stress field and displacement field 
of the pipeline with large-deflection incurred by lateral 
buckling are analysed. The relationships among the 
properties of subsoil and buckling are also discussed.  

The adopted methodology starts by performing a literature 
review of the necessary concepts to involved in this 
phenomenon and then uses a case study to evaluate it 
using the analytical solution, the industry’s adopted 
simplified methods and then finite element analysis to 
characterise its behaviour fully. In addition to that, based 
on the parametric sensibility analysis, mitigation 
techniques of the lateral buckling phenomena are 
discussed and such as their reliability. The objective is to 
assess ways that can maintain pipeline integrity 
throughout its design life. 

2. LITERATURE REVIEW 

2.1 Pipeline Thermal Expansion 

Subsea pipelines, when subject to an increase in 
temperature or internal pressure, they expand 
longitudinally, radially or both in simultaneous (Yoon, 
2013). For the pipeline to move axially or radially, it must 
overcome the friction strain of contact between soil and 
pipeline. Nevertheless, this strain is much smaller than 
the tension strain derived from temperature and pressure 
variations (Subsea7, 2014). There is a point at the end 
of the pipeline where these strains are in equilibrium. The 
displacement is zero, and it is usually referred as an 
anchor point. There will be two anchor points along the 
pipeline and the pipeline is stationary between these 
points. 

 
Figure 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 conduct element fatigue. Cyclic loads can be 
wave and current during installation, operational start-up 
and shutdowns; wave, current or VIV in service. 

2.2 Lateral and Upheaval Buckling 

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 curvatures induce significant bending moments 
that compromise pipeline’s wall (Karampour et al., 2013). 

A pipeline buckles when the effective axial force 
overpasses the critical value, at this stage, it experiences 
large deformations out of a plane to a new equilibrium state. 
When buckle exceeds a specific displacement and losses 
the capacity to support any further expansion, it starts acting 
as a flexible point. These large deformations severally affect 
the pipeline’s integrity. 

2.3 Hobbs’s Analytical Method 

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 pipelines. 
He demonstrated, in small-scale experiments, that an 
offshore pipeline can buckle into different buckling modes. 
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 
lower axial load and a horizontal mode is therefore 
dominant unless lateral restraint is provided. The analytical 
method of Hobbs (Hobbs, 1984) traces the equilibrium path 
regarding buckle length and fully restrained axial force.  

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

2.4 Numerical Methods 

The main advantage of using an analytical predictive 
model is that simple relationships correlate pipe response 
to main parameters. Although the Hobbs formulation 
describes the buckling of a single pipeline, it is difficult to 
accurately analyse the deformation state of the pipeline in 
the post-buckling stage. For high-temperature solution 
analysis scheme design, Hobbs formula is unable to 
consider the pipeline original non-perfect shape. The initial 
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structure has significant influence on the buckling shape 
and post-buckling process which may even decide if a 
high-temperature solution can be implemented. Lateral 
buckling of subsea pipelines represents a stability problem 
that is amenable to solution by numerical methods, such 
as FEA. Two different approaches are adopted in the 
application of FE to lateral buckling of pipelines: non-linear 
static and implicit dynamic analysis (Sriskandarajah et al.). 
FE method provides a way to calculate the lateral buckling 
of pipelines. It is described based on three aspects: 

• The use of a beam element for simulating pipeline 
because it is an ultra-slender structure, which 
means that the length in the axial direction is 
larger than in the cross-sectional directions. 

• Second, end constraints of the pipeline are 
defined. Both ends are pinned since the pipeline 
is long enough to avoid the effect of constraints. 

• Third, a constitutive law is defined. The snaked-
lay pipeline usually buckles at a low temperature 
and stress level is lower than the yield stress.  

2.5 Subsea Mitigation Equipment 

Pipeline system choice relies on two aspects: section and 
material. The section could be a single pipe, a pipe-in-pipe 
system or a pipeline bundle. The material could be carbon 
steel, CRA lined pipe, a CRA clad pipe or polymer-lined. 
The equipment choice always needs to consider the 
environmental conditions such as temperature and 
pressure, soil composition, seabed irregularity and 
operating conditions. Besides pipeline itself, there are 
several subsea equipments used to assist the installation 
and anchoring in seabed during its installation or operation 
along its project life-cycle in order to mitigate instability 
phenomena. 

3. METHODOLOGY 

The Hobbs analytical solution provides a practical 
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 
FEA with a non-linear solution are required to account for 
initial imperfection and post-buckling. Furthermore, they 
are used to determine the strains at the buckle and verify 
against the design codes such as DNV or API codes. 

The FEA are performed using ABAQUS. The FE model 
includes modelling of the seabed, pipeline material, 
pipeline geometry with initial imperfection, and pipe-soil 
interaction, defining temperature profile and boundary 
conditions and further includes mitigation techniques. 

This section explains how the pre-processing/post-
processing Excel-based tool is organized, along with its 
main capabilities regarding automation. This tool allows 
performing several parametric studies for this work. 

3.1 Tool Architecture 

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 walking models.  

This GUI is used to standardise the creation, running and 
post-processing of the FE models. It encapsulates the 
knowledge of experienced pipeline engineers. The tool is 
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 the parametric studies are 
eased. The conceptual model of the developed tool is a 
set of six modules.  

The information inserted in each field is processed to pre-
formatted sheets in the workbook to be exported in *.INP 
files for processing. The Splatter User Interface automates 
the pre-processing stage, mostly regarding to model 
creation, which is an extensive part of lateral buckling 
design and where engineers spend a considerable time. 

3.2 Processing Workflow 

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 Abaqus *.ODB file is requested using Python scripts. 
The first script performs design code checks (for DNV or 
API standards) and writes the interaction ratios back to 
the *.ODB file for contour plotting.  

The second script extracts requested output variables 
and writes the output in tabular text format for processing 
using tabular based import routines. The third script 
gathers the information and generates graphical 
representations outside of Abaqus.  

Splatter has as high-level layer to ease the modelling 
process. The GUI generates a high-level keyword input 
file which is clear, and easier to interpret than input files. 
The high-level keyword file drives Splatter’s Model 
Builder Python script which generates the input files 

4. CASE STUDY DESCRIPTION 

The pipeline data and operational data used in this work are 
based on reasonable assumptions. The numerical model 
considered is a production line with 5.2km length under 
thermal loading. Further steps are used in this case study: 

• Evaluation of pipeline end expansions for both hot 
and cold ends and maximum lateral displacement 
and loads at buckle crown using both finite 
element analyses and screening calculation; 
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Figure 3 - User Interface

• Lateral buckling screening verification for the 
pipeline considering lower bound, best 
estimate and upper bound friction; 

• Lateral buckling mitigation and controlling 
mechanism using snake-lay buckling 

initiation method and other subsea mitigation 
techniques. 

The configuration for the case study is a free-fixed 
pipeline with anchoring system and sleepers as 
represented in the following figure.

 
Figure 4 - Case study configuration 

4.1 Pipeline model 

The pipeline is an API 5L X-65 grade gas pipe-in-pipe 
with the following characteristics listed below. 

Inner 
Pipe 
(OD) 
mm 

Inner 
Pipe 
(WT) 
mm 

Outer 
Pipe 
(OD) 
mm 

Outer Pipe 
(WT) mm 

Young Modulus 
(E) MPa 

Poisson 
ratio 

SMYS 
MPa 

219.1 22.2 279.5 17.5 207000 0.30 450 
Table 1 - Design parameters of the pipe-in-pipe system 

4.2 Soil parameters 

The soil is a soft clay with low vertical stiffness. A 
typical value of vertical stiffness was assumed, that 
gave resultant embedment of half of the outer pipe 
diameter. Table below presents the soil parameters. 

Parameter Peak Value Residual Value 

Axial  
Friction 

Lower estimate 0.41 0.24 
Best estimate 0.61 0.42 

Upper estimate 0.92 0.67 

Lateral 
Friction 

Lower estimate 0.94 0.71 
Best estimate 1.59 1.31 

Upper estimate 2.85 2.13 
Soil mobilisation 2mm ~ 4mm 

Submerged Weight (BE) 3.3 kN/m3 
Table 2: Soil parameters  

Although there is a total of nine possible combination 
scenarios for friction coefficients, as recommended 
per DNVGL-RP-F110, a minimum of three scenarios 
should be accounted in FE. Current developments 
show that a probabilistic approach should be 
performed since the traditional choice for a smaller 

number of deterministic combinations does not assess 
the all intermediary combinations where upper 
buckling modes may be more conditioning. In pipe-soil 
interaction, it contains large uncertainty. Hence, 
sensitivity analysis is required to assess the effect of 
friction. In this work, a probabilistic study is done, and 
the results will be presented regarding probabilistic 
assessment. These factors are shown in figure below. 

 
Figure 5 - Friction factors by log-normal curves 

4.3 Operational Parameters 

Seawater density is considered equal to 1030kg/m3. 
The water depth, temperature and pressure profiles 
considered are represented in following figures. 

 
Figure 6 - Water depth profile for the case study 
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Figure 7 - Temperature profile of the given case study 

 
Figure 8 - Pressure profile of the given case study 

4.3 In-line Expansion Joint 

As an added value to this comparative study, it is 
presented an innovative solution for mitigation of the 
lateral buckling phenomenon. An in-line expansion 
joint is proposed as presented in hereafter.  

This joint is composed of triplets of single pipe joints 
systems which are standardised in 20ft or 40ft length, 
assembled together to develop this system. It could be 
fabricated in Yard or assembled on site (offshore) with 
a flanged mid-line connection on the central pipe joint. 

The concept consists of an outer pipe connected 
alongside a pressure chamber and an inner pipe that 
can slide inside them in response to an axial strain. 
Seals are placed at the contacts between the pressure 
chamber and the inner pipe.  

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 reducing or eliminating 
the effective axial force along the pipeline.  

 
Figure 9 - In-line Expansion Joint Conceptual Design 

These expansion joints would be designed for a 
standard 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 used along other mitigation systems on a 
case-by-case basis to enhance the competitiveness in 
providing alternative mitigation solutions for pipelines.  

This solution presents a preliminary reduction of costs 
regarding material (since no additional structures 
needed to be fabricated neither installed) and could 
improve vessel’s installation time compared to the 
installation of other mitigation structures such as 
anchoring points, sleepers or buoyancy units. 

5. RESULTS AND DISCUSSION 

This chapter demonstrates the testing and validation 
of the proposed framework using different inputs and 
parameters.  

5.1 Simplified Approach Results 

To test the proposed screening approach, it was 
developed a combined tool in MathCad (PTC, 2017). 
It gathers the necessary input data for pipeline 
geometry and mass, operational and environmental 
data and it applies the calculations to evaluate which 
sections of the pipeline are susceptible to buckling and 
what is the end expansion in both ends.  

Given this input the following result is achieved. In this 
figure, light and dark blue lines represent the Hobbs’s 
critical buckling force, orange and red lines the 
minimum and maximum effective axial force. The 
green line represents the fully constrained force which 
is reached when external frictional forces are equal to 
internal load due to thermal and pressure forces. 

 
Figure 10 - 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. Figure below presents 
a clear isolated view of the lateral buckling 
susceptibility zones in orange pattern.  

This approach is conservative and finite element 
analysis results demonstrate the trade-off of detailed 
analysis when compared to this screening approach. 

Regarding pipeline end expansion, using same 
screening tool it is possible to estimate these values 
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for end expansion for the hot and cold end as a pair 
with the anchoring start and end points respectively. 

 
Figure 11 - Lateral buckling susceptible zones 

Table below shows the results for the case study. 
 Hot End 

[m] 
Cold 

End [m] 
Max Buckling 
Amplitude [m] 

Max Bending 
Moment [kNm] 

End Displacement - 2.81 2.30 
13.08 506.40 

Anchoring Point 2656 2344 
Total anchoring 

length The pipeline has no anchoring length 

Table 3 - Pipeline End Expansion Results 

These results are further compared with the FEA to 
check the pipeline response to buckling phenomenon. 

5.2 Finite Element Analysis Results 

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.  

According to the presented methodology, the following 
model is build using the described tool. It comprises 27 
steps to fully simulate the installation and operation 
conditions as listed in the following table below. 

Step Description Step Description 

1 Place Pipe on Seabed 
and Apply Initial OOS 15 Reduce Temperature (1st Cycle) 

2 Raise Supports 16 Increase Pressure (2nd Cycle) 

3 Add Friction 17 Increase Temperature (2nd 
Cycle) 

4 Replace Boundary 
Conditions 18 Reduce Pressure (2nd Cycle) 

5 Add Anchors 19 Reduce Temperature (2nd Cycle) 

6 Empty Phase 20 Increase Pressure (3rd Cycle) 

7 Apply Water Density 
(Flooded Phase) 21 Increase Temperature (3rd 

Cycle) 

8 Increase Pressure 
(Hydrotest Phase) 22 Reduce Pressure (3rd Cycle) 

9 Reduce Pressure 23 Reduce Temperature (3rd Cycle) 

10 Remove Water Content 
(Empty after Hydrotest) 24 Increase Pressure (Design Cycle) 

11 Apply Fluid Density 25 Increase Temperature (Design 
Cycle) 

12 Increase Pressure (1st 
Cycle) 26 Reduce Pressure (Design Cycle) 

13 Increase Temperature 
(1st Cycle) 27 Reduce Temperature (Design 

Cycle) 

14 Reduce Pressure (1st 
Cycle)   

Table 4 - Abaqus Finite Element Analysis steps 

For this analysis the most relevant steps are; the step 
6 to establish the initial conditions, the step 8 which 
simulates the hydrotest conditions where the pressure 
in the pipeline is at its maximum and the steps 24 and 
25 which simulates the design temperature only and 
the design pressure + temperature scenarios, 

respectively. Figure below presents the isometric view 
of the entire pipeline system modelled in Abaqus CAE. 

 
Figure 12 - Isometric representation in Abaqus CAE 

The base case presents the initial pipe-in-pipe solution 
with triple-sleeper paired with a single anchoring point 
as a mitigation measure for walking. The system 
presents a suspended length of 90m. Figure below 
shows the top view of lateral displacement at crown. 

  

Units in 
mm 

Step 6 – Initial Stage Step 8 – Hydrotest 

  
Step 24 – Design Pressure Step 25 – Design 

Temperature 
Figure 13 - Deformed configuration at buckle crown 

Following table shows the pipeline FEA results. 
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Triple-
Sleeper 9.30 -1.04 0.53 0.03 0.69 -0.002 / 

+0.003 424 1939  

Table 5 - FEA results for Base Case Scenario 

As presented, the use of a triple-sleeper configuration 
satisfies the design DNV criteria although it requires 
more sleepers to achieve a displacement of 9.30m.  
The lateral displacement relies on the increase of 
suspended length with reduced friction allowing it to 
slide laterally on top of sleepers. 

Regarding pipeline modal response and to compare 
with the predicted buckling modes proposed by 
Hobbs, the modal analysis for the base model is 
presented hereafter for the first governing modes.  

  
Mode 1 – Frequency = 8.833 Hz Mode 2 – Frequency = 8.836 Hz 

  
Mode 3 – Frequency = 8.843 Hz Mode 4– Frequency = 8.858 Hz 
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Mode 5 – Frequency = 8.886 Hz Mode 6 – Frequency = 8.932 Hz 

Figure 14 - Modal Analysis for Base Case Model 

Figure below presents the multiplot of the relevant in-
line and cross-line modes in the buckle region. 

 
Figure 15 - In-line and Cross-line modes 

To assess the walking phenomenon for the given base 
case, it is necessary to evaluate the global behaviour 
of the pipeline when subject to multiple HPHT cycles. 
These cycles are included by the repetition of steps 24 
to 27, a total of 184 steps are evaluated. Figures below 
show the variation of lateral displacement, the axial 
displacement and the effective tension. 

 
Figure 16 - Maximum Lateral Displacement  

 
Figure 17 - Maximum End Axial Displacement 

 
Figure 18 - Maximum Effective Tension 

There is an increment of lateral displacement along 
thermal cycles which shows that the lateral buckling 
deformation retains residual displacement and do not 
return to its original configuration. 

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 axial pipeline feeding. 

Finally, the effective tension in the pipeline is almost 
independent of the residual buckling configuration. It 
shows an increase of axial tension and a decrease of 
the axial compression to induce the buckling, as 
expected by Euler theory and Hobbs’s developments. 

5.2.1 Effect of Number of Sleepers 

In this section, it is explored the effect of a different 
number of sleepers, following the normal design 
process where no sleepers are used, and its number 
is increased up to triple sleeper’s configuration. 

The no-sleeper system presents no suspended length, 
where the single-sleeper a suspended length of 50 
meters and double-sleeper, spaced by 20m and 40m 
presents a suspended length of 60 and 70 meters, 
respectively. Following figures present the top view of 
lateral displacement in the critical step 25 of each 
different configuration of a sleeper. 

  

 
 Units in 

mm 

No Sleeper Single Sleeper 

  
Double Sleeper  
(40m spacing) 

Double Sleeper 
(20m spacing) 

Figure 19 - Deformed configuration at buckle crown 

5.2.2 Effect of Use of Buoyancy Modules 

Hereafter, it is explored the use of buoyancy modules 
despite using sleepers. This type of solution should be 
compared regarding installation and operational costs, 
here it is only compared in terms of design feasibility 
for mitigation of buckling phenomenon. To reduce the 
friction from 1.5 to 0.1 (achieved in contact with 



8 
 

sleepers), the weight should be reduced in 2kN/m, 
which is equivalent of having a 200kg buoyancy 
module per meter. It is covered the situations with 
0.5kN/m, 1.0kN/m and 2.0kN/m buoyancy.  

Following figures presents the top view of lateral 
displacement in the critical step 25 of each different 
configuration of buoyancy installed.  

 

 
 Units in mm 

0.5kN/m Buoyancy 

 
1.0kN/m Buoyancy 

 
2.0kN/m Buoyancy 

Figure 20 - Deformed configuration at buckle crown 

Although, it should be enhanced that this comparison 
is merely in terms of pipeline integrity and does not 
take into consideration the feasibility of installation in 
such water depths and harsh environments. 

5.2.3 Effect of Use of Anchoring Points 

It is evaluated the effect of the anchoring point by 
removing it from the base case scenario and 
considering an additional anchoring point. 

The use of anchoring points is much more related to 
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 amplitude with the increase of anchoring 
point, related to the reduced pipeline feeding to the 
buckling crown. 

To evaluate the walking phenomenon due to the 
removal of the anchoring point, the HPHT cycles are 
repeated. These cycles are included in the FE model 
through repetition of steps 24 to 27.  

Next figures show the variation of lateral displacement, 
the axial displacement and the effective tension. 

 
Figure 21 - Maximum Lateral Displacement 

 
Figure 22 - Maximum End Axial Displacement 

 
Figure 23 - Maximum Effective Tension 

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.  

The results show that the effective tension in the 
pipeline increases with the accumulation of residual 
buckling configuration. Nevertheless, it shows an 
increase of axial tension 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. 

5.2.4 Use of In-line Expansion Joint 

This section introduces the use of an innovative 
approach in terms of mitigation of 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 in the most 
efficient location to enhance its effectiveness.  

This type of solution should be compared regarding 
installation and operational costs. Here it is only 
compared in terms of design feasibility for mitigation of 
the pipeline’s lateral buckling phenomenon. 

Next figure presents the top view of axial displacement 
in the key incremental steps of the different 
configuration of in-line expansion joints installed. The 
expansion joint is highlighted in dashed white line. 
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Units in 

mm 

Step 6 – Initial Stage Step 8 – Hydrotest 

  
Step 24 – Design Pressure  Step 25 – Design Temperature 
Figure 24 – Axial displacement using In-line Expansion 

Joint Configuration 

5.2.5 Probabilistic Assessment 

This chapter provides the results from the probabilistic 
assessment. These probability density functions of the 
axial and lateral frictions are in accordance with 
SAFEBUCK JIP (ATKINS, 2014). 

Considering the log-normal curves for both axial and 
lateral friction factors presented previously 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 25 - The combined probability of friction factors 

For the given surface it is chosen a set of a 6x6 control 
points. These points correspond to different FE build 
with the specified combination of axial and lateral 
friction factor to extract the corresponding results in 
terms of displacement, stress, strain and DNV criteria. 

  
Maximum Lateral Displacement Maximum Effective Axial Tension 

  
Axial Displacement End A Axial Displacement End B 

  
Maximum Bending Moment Max DC DNV Criteria 

Figure 26 - Effect of probabilistic friction factors 

6. RESULTS AND DISCUSSION 

This chapter intends to summarise the results 
obtained and enhance the main aspects inherent in 
this comparative study and the additional performed 
sensitivity analysis. The first section includes the 
comparison between the analytical screening results 
and the FEA results. The second section compares 
the results of each alternative scenario covered in the 
finite element analysis approach chapter. Table 6 
presents the comparison summary between analytical 
and numerical solution. 
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2.81 1.04 2.30 0.53 13.08 9.30 506 424 
Table 6 - Results Comparison Summary  

The results presented above show that screening 
approaches, as expected, are far more conservative 
then realistic FE models. FE model includes detailed 
cross-section model, 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 FEA only and only similar 
properties are included in screening. In table below, 
the results are discussed against relevant design 
criteria based on DNV displacement-controlled criteria 
for each considered scenario. 
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Base Case 
(Triple-Sleeper) 9.3 -1.04 0.5 0.0 0.7 424 1939  

No Sleeper 7.7 -
1.1 0.7 0.1 1.0 509  1939  

Single-Sleeper 8.1 -
1.0 0.6 0.1 1.3 497  1939  
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Double-Sleeper 
(e = 0.40 m) 9.6 -

1.0 0.5 0.0 0.7 422  1939  

Double-Sleeper 
(e = 0.20 m) 8.5 -

1.1 0.6 0.0 0.8 469  1939  

0.5 kN/m 
Buoyancy 7.7 -

1.1 0.7 0.1 1.0 509  1867  

1.0 kN/m 
Buoyancy 8.1 -

1.1 0.7 0.1 0.8 494  1868  

2.0 kN/m 
Buoyancy 8.6 -

1.0 0.6 0.0 0.9 489  1869  

No Anchoring 9.4 -
1.1 0.5 0.0 0.7 413  1869  

Base Case 9.3 -
1.0 0. 0.0 0.7 424  1939  

Additional 
Anchoring 9.0 -

1.0 0.7 0.0 0.7 402  1939 

Expansion Joint 2.1 -0.9 0.4 0.0 0.5 37.3 1813 

Table 7 - Finite Element Results Comparison 

When compared to the base case, the solution with 
double sleepers is enough to satisfy DNV criteria and 
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 critical force for the pipeline initiates the lateral 
buckling 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. 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 mere regarding pipeline integrity and does not take 
into consideration the feasibility of installation in such 
water depths and environments. 

Regarding anchoring points, it does 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 point, related to the reduced pipeline 
feeding to the buckling crown. 

About 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 FE models, which are not covered by the 
global FEA performed in this dissertation. 

From the probabilistic assessment results, it is 
observed a linear increase of axial effective tension 
with the increase of axial friction while, again, the 
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 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. 

7. CONCLUSIONS 

The pipeline is strongly susceptible to lateral buckling 
that is induced by HT/HP fluids loads. These loads 
induce the pipeline to deform laterally. The 
magnitude of these forces will govern the lateral 
displacement, bending moments and equivalent 
strain.  

Results show that HP/HT subsea pipeline may stand 
lateral buckling induced by thermal expansion and 
satisfies DNV criteria. 

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.  

Further studies should be carried out with different 
pipeline design parameters to develop a broader 
comparative study.  

Finally, as further development, an economic-based 
analysis should be included with the given study to 
add this dimension to the decision-making process 
for the most suitable mitigation technique for the 
lateral buckling phenomenon. 
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