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  ABSTRACT 

In the oil and gas industry, subsea pipeline plays a very important role in the transportation of the crude 
oil between subsea production system (SPS) components and from seabed to the offshore 
platform/facility, or from an offshore field to an onshore facility for processing, thus serving as in-field 
line and trunk line (export and import transportation line)  respectively. Hence its design, fabrication and 
installation are very vital to the successful operation of any subsea infrastructure. In the past, detail 
assessment of pipeline installation methods and design has been performed and documented in several 
literatures. However, following the decline in the price of oil and gas and the inclination of the 
exploitation of oil and gas production towards deep and deeper water, it becomes imperative to re-
evaluate all aspects that made up of subsea field development in terms of design, construction and 
operation, in order to reduce the overall project cost, while meeting all the technical challenges associated 
with subsea field development in deep water.  

 

In lieu of this, for pipeline, being a critical aspect of subsea development project, additional engineering 
effort is required to minimize the cost of pipeline installation, since its material and installation together 
can make up to 85% of the total pipeline budget (Bai et al. 1999). To achieve this, focus is given to the 
utilization of pipeline rotation during installation via optimization of the use of pipeline residual 
curvature, in meeting the technical challenges associated with pipeline free span and in minimizing the 
cost that comes with mitigations via material dumping and other span supports as well as understanding 
pipeline rotation phenomenon in the case of inline structure installation such as Tees, Wyes, Connectors, 
thus saving operation time and reducing the cost of pipeline intervention on the seabed. 

 

This Thesis work, concentrate on the validation of the numerical analysis of estimating pipeline rotation 
during S-lay, using an experimental test on pipeline rotation, based on this, parametric studies are carried 
out. Also an experimental test is performed to determine the value of residual strain and curvature length 
required to induce a pipeline rotation of above 90degree. Additional experimental test is performed to 
establish the operational principle of conforming pipeline to uneven seabed using residual curvature, this 
is considered relevant as residual curvature can be adopted in solving the technical challenges that come 
with installation of pipeline by S-lay method on uneven seabed, since such pipeline are subjected to 
bending moments, vortex induced vibration (VIV) and so on, as a result of free span. 

 

To meet the objective of this study, both experimental and numerical approaches were adopted. First, 
experimental tests were performed using an already existing model test set-up components of a real-life 
scenario is adopted, this set-up components comprises of all the important installation vessel parameters 
that are used in real life S-lay installation operation of pipeline. These components include the model 
stinger and associated rollers, the top tension system, bottom horizontal tension system and model pipe of 
10mm for simulating the S-shape and nominal curvature. In addition to the existing component, wooden 
stands, with seabed features, are constructed and used to simulate the uneven seabed. The experimental 
test is performed by introducing several pre-bends of different residual strains and curvature length on the 
model pipeline for the cases of rotation test and free-span test.  The pipe paying out operation was 
simulated by pulling the model pipeline at the bottom while measuring the angle of rotation and the 
horizontal force for the rotation test and change in span between the contact point and the depth from 
seabed to mid span for the case of free-span. Also, the free span test includes simulation of additional 
measures such as introduction of local weights and their effect in the suppressing pipeline free span. 
Afterward numerical analyses were performed to quantify the pipeline rotation, using commercial finite 
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element software, ORCAFLEX. In the numerical analysis, a beam model of the pipeline is built in the 
software using the same properties of the model test rig (listed subsequently in the thesis work), the pipe 
properties, inline structure and boundary conditions (BC). Then parametric studies are performed by 
varying several parameters, such as pre-define residual curvatures length and plastic strain, which affect 
the value of the rotation, with major focus on the rotation phenomenon at the touch down point (TDP).   
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ALPHABETIC SYMBOLS 
Symbols Description Units 

a Constant equal to H per ws 1/m 
A Cross section Area m2 

b Constant - 
c Constant - 
d Constant - 
D  pipe outer diameter m 
Dw Water Depth m 
e Extension mm 
E  elastic modulus MPa 
fD  design factor - 
F Applied Force N 
G Shear modulus MPa 
h Non dimensional tension contribution - 
H Horizontal Force at vessel tensioner N 
H0 Horizontal Force at TDP N 
I Second moment of Area m4 

IT Polar Moment of Inertia  m4 
K Spring constant N/mm 
k(s) Nominal Pipe Curvature 1/m 
kr Residual Curvature 1/m 
kres Residual curvature 1/m 
knom(max) maximum nominal curvature 1/m 
ktot total curvature 1/m 
L Length of suspended pipe m 
Lcurve Residual curvature length  m 
M bending moment  Nm 
M0 bending moment components due to initial curvature Nm 
MB Moment due to Bending Nm 
MR Moment due to rotation Nm 
P Applied Load N 
r  Outer radius of the pipeline m 
R  Bending radius of pipeline m 
Rcv  radius of curvature of the pipeline m 
Rres residual radius  m 
Rst radius from pipe centerline to stinger centerline m 
s Length of pipeline free span m 
T Axial tension N 
Tt  Torque Nm 
V Vertical Component of axial tension in Newton N 
x horizontal distance from TDP to the lay barge m 
y Distance along pipeline centreline m 
z  height above seafloor in meter m 
Wd pipeline dry weight N 
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ws Pipe submerged weight per unit length N/m 
WB Work due to Bending  
WR Work due to rotation  
Wtot Total Work done  

 
 
 

GREEK SYMBOLS 
Symbols Description Units 

 .Lift angle in degrees deg ߠ

ો applied stress MPa 

ોy yield stress of the pipeline MPa 

ોA axial bending stress MPa 

ε Applied Strain - 
ε0 Accepted strain - 

   ݏ݁ݎߝ
 

Residual strain - 

εnom(max) Maximum nominal strain - 

εst Distribution of strain - 

ԑplt Residual Plastic strain  

ԑy  yield strain  

αs 
Non-dimensional quantity which measures the effect of the 
bending stiffness compared to the non-dimensional tension 
contribution h 

- 

ᴷ Cross-sectional average of the curvature in the pipeline 1/m 

λ 
Load factor relating the bending stiffness with the 
horizontal tension 

m 

γ 
Load factor relating the bending stiffness with the axial 
tension 

m 

β Angle of attack of the current rad 

∆L Change in Length m 
ν Poisson’s ratio - 
Ø(x) Roll or Rotation angle rad 

Ø0 Maximum torsional/roll angle at the seabed rad 

  



1. INTRODUCTION 
Pipeline has proven to be the most economical means of transporting hydrocarbon from the sea. It use 
encompasses transportation within a subsea field, transportation to nearby platform and /or to an onshore 
facility for processing. It can as well be the most economical option for large scale overland transit of 
hydrocarbon. As shown in Figure 1-1, pipeline can be classified, depending on its function and location, 
as infield flowlines, export and import pipelines (trunk lines), water, chemical and gas injection flowline 
and oil and gas production flowlines. 

 

Pipeline development project is one phase out of the several sub-project phases in any subsea field 
development project and offshore pipe laying is a crucial and capital intensive operation in the pipeline 
development project. A sound understanding of the phenomenon of pipelaying  and the behavior of the 
pipeline during installation is therefore very important in order to ensure successful installation as well as 
to achieve this in the most effective, efficient and economical way. For safety and effective performance 
of the pipeline during operation, it is very necessary that some control equipment such as Valves, Tees 
etc., are installed along the pipeline, thus the verticality of these equipment on the seabed are of utmost 
important so as to avoid additional cost due to subsea interventions and any incident that follows 
inaccurate installation of these equipment. To ensure this, pipeline rotations and residual curvature which 
the primary cause of the rotation become phenomena to be well understood and how the residual 
curvature can be further optimized to meet the challenges associated with free spanning due to uneven 
seabed is given serious consideration. 

 
Figure 1-1; Use of Offshore Pipeline (Boyun et al., 2005) 

1.1 BACKGROUND STUDY AND MOTIVATION 

Much of the present interest in pipeline rotation comes from the active exploitation for oil and gas in deep 
water, which in turn calls for deep water field developments, since pipeline plays a pivotal role in 
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ensuring safe transportation of the hydrocarbons from the seabed to the processing facility. Although the 
technology of shallow water has already been known and developed, however increasing water depth 
ranging from deep to ultra-deep, uneven seabed with large span lengths and heights, high pressure and 
temperature and harsh environmental conditions, pose a great deal of several technical challenges, in 
terms of engineering design, installation and operation, and high cost of field development, which 
consequently hinders the development of several fields in deep water, as there are needs for subsea 
intervention operations, mitigation measures put in place for free span and buckling.  Thus, the need for 
improved and cost efficient technology to meet all the technical challenges that comes with development 
in deep and ultra-deep water and further to this, recent decline in oil and gas price has put pressure on the 
need to for cost-effective technical solution. 

In furtherance to this, pipeline installation, becomes technically challenging to install in deep and ultra-
deep water as there are limitations in the available installation vessels such as the capacity of vessel/barge 
tensioner as well as to the length of stinger in the case of S-lay installation. In response to this need, 
understanding the phenomenon of pipeline rotation is important in predicting and quantifying the rotation 
angle, which is of great consideration while inline structures are to be installed along with the pipes. In 
recent times, the mechanism of pipeline rotation as well as residual curvature has been tailored towards 
solving many technical problems, such as buckling and free spans, that plague in-place subsea pipeline 
during operation and installation. 

 

Not until recently, pipeline rotation due to residual curvature has been considered problematic during 
pipeline installation. This is primarily as a result of the difficulty in achieving verticality of inline 
structures installed along with the pipeline, although different mitigation measures as been proposed by 
several experts such as Gilchrist (2008) and Endal and Verley (1995).  The situation was worst as there is 
little technical knowledge about the behavior of subsea pipelines subjected to residual curvature during 
laying. The recent inclination of the oil industry towards deep water technology has called for improved 
methods of meeting most of the technical challenges relating to pipeline installation, this challenge has 
propelled several research efforts to better understand the phenomenon and mechanism of pipeline 
rotation during laying. This thesis research however focuses on the rotation during S-lay method of 
pipeline installation as well as the optimization of residual curvature in pipeline free span. For pipeline 
problems related to free span, static bending moments, VIV, that occur when pipeline is laid across a scar 
due to uneven seabed topography, pipeline residual curvature can be optimized to reduce the effects of 
such problematic. This can be achieved by creating local residual curvature during installation along the 
pipeline, in order to make the pipeline conform to the seabed topography, thus reducing the need for 
mitigating measures to ensure pipeline integrity on uneven seabed (Endal et al. 2015).  

 

During S-lay installation of subsea pipeline, the pipeline exceeds the elastic curvature upon passing over 
the stinger, thus the pipe is exposed to plastic bending strain, and consequently residual curvature. As the 
pipeline is been paid-out, it has the tendency to rotate as its move through the suspended section and 
experience reverse bent at the sag bend (under bend) due to itself weight. As pipeline rotation follows the 
principle of potential energy minimization, the pipe may experience torsional rotation which is refer to as 
pipe roll, from the installation vessel or lay barge to the seafloor at the TDP (Yousun, 2005). Hence 
pipeline rotation can be quantify using this principle, and the type of potential energy minimization to be 
adopted for a problem depend solely on the most suitable solution for the problem at hand. This type can 
either be the gravity or strain energy minimization (Vaughan & Nystrom, 2016). It is worthy of note that 
pipeline rotation during laying is dependent on several number of factors which are not limited to the 
water depth of the field, the applied top tension, the stinger configuration, the mechanical and geometrical 
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properties of the pipe and the environmental condition at the installation site. 

 

In S-lay installation method, the local residual curvature can be created at different sections along the 
pipeline, by using the active roller on the stinger or by adjusting the radius of the stinger to generate a 
curvature beyond the elastic limit. The same can be achieved in reel-lay method of pipeline installation, 
by using the reel-ship’s straightner system during laying (Endal et al. 2015). Although residual curvature 
can easily be generated using the Reel-lay method, and thus frequently used where residual curvature are 
to be created most especially for laying small diameter pipes. However the application of this method is 
limited by the size of the pipe diameter and the type of coating applied on the pipe, as Reel-lay is not 
suitable for laying concrete coated pipes. 

 
Figure 1-2; Offshore Pipeline Installation on an Uneven Seabed (Boyun et al., 2005) 

 

The sea bed condition of virtually all subsea fields are very irregular, although route selection study is 
performed to avoid most of the obstacles on the seabed, however because of the high level of the 
irregularity of the seabed pipelines, it is very difficult to find a obstruction free route, thus pipelines are 
installed on the uneven sea bed, see Figure 1-2. In past year, free spanning has been a daunting challenges 
militating against the structural integrity of unburied subsea pipeline laid on the sea bed. To mitigate the 
effect of free spanning, such as unacceptable fatigue damage, vortex induced vibrations (VIV), excessive 
bending and deflections, that the free span posses on structural safety and performance of subsea 
pipelines, measure such as rock dumping, structural support installation etc., are commonly installed in 
practice. These measures can be very costly and requires additional project time.   

 

Endal et al. (2015) indicated several ways of adapting pipeline to seabed topography and further identify 
that the importance of residual curvature encompasses pipeline stability during installation, with regards 
to rolling. This may be as a result of lower Center of Gravity of the curvature, concave upward and 
downward configuration, depending on which option is adopted. For the reason, this project aim to 
investigate and improve the understanding, through experimental test, of the use of residual curvature in 
meeting the free span challenges of pipeline laid on even seabed, with the primary objective of promoting 
residual curvature as a cost effective way of meeting free span problems. 
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1.2 STUDY OBJECTIVES 

This study effort focuses primarily on the experimental parametric study of pipeline rotation due to 
residual curvature during S-lay installation with the purpose of achieving a pipeline rotation above 90deg. 
and in addition, establish the fundamental principle of conforming subsea pipeline to uneven seabed 
topography, thus revealing the effect of span length and height which will have consequence relief effect 
on static bending moments via the measuring of strains at the span shoulders and mid span. The effect 
varying residual curvature along the pipe is also being considered.   

 

In addition to the primary goal stated above, the numerical analysis of estimating pipeline rotation is 
performed and validated by comparison with results of experimental test, thus given a high reliability on 
numerical solution of pipe rotation estimation.  The numerical analysis is also parametric based, this gives 
a clearer insight into how different parameters such as plastic strains and residual curvature length, 
boundary condition affect the pipeline rotation and the most critical parameters are established. 

 

1.3 STUDY SCOPE 

In order to meet the objective of this thesis the following scope were covered in this thesis work; 

Experimental Phase; 

 Normal pipe lay configuration was established and validated by analytical method. 

 The pipe was pre-bend for different residual strain levels (0.30%, 0.35% and 0.40%) and 
curvature lengths (2meters and 3meters) 

 Rotation test was performed for; 

 No rotational restraints at the pipeline bottom end 

 1 set of rotational springs 

 2 sets of rotational springs 

 Inline structure 

 The pipe is pre-bent downward (sagging) and Free span test was performed with; 

 Normal pipe lay configuration 

 Local residual curvature at mid-span 

 Residual curvature at the uneven seabed shoulder 

 Weight at mid-span 

 Parametric numerical studies of pipeline rotation due to residual curvature 

 Comparison of the experimental test and the numerical analysis 

 

Numerical Analysis Phase; 

Using the lay parameters as of the experiments numerical analysis is performed for all the experimental 
load cases. 

 

1.4 OUTLINE OF THESIS 

The content of this thesis is based on the following outline: 

Chapter 2: Overview of Offshore Pipeline Installation 

This chapter gives a general overview of pipeline and offshore pipeline installation technology, in terms 
of the history, the installation methods, installation challenges, load and configuration of pipeline during 
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installation and introduction to pipeline installed on uneven seabed topography  

Chapter 3: Introduction to Pipeline Residual Curvature and Rotation 

Detailed insight into the pipeline rotation during installation is given in this chapter. The causes and 
methods/theories of estimation of pipeline rotation, the residual curvature as a major cause of rotation 
during installation and its importance when pipeline is laid on uneven seabed were elaborated.  

Chapter 4: Methodology 

This chapter discusses the approaches used in achieving the objectives of this thesis. Detailed discussion 
on both the experimental set up and the numerical approach, modeling and features of ORCAFLEX were 
given 

Chapter 5: Model Scaling 

Should there is need for estimating or comparing the result of the experiment with a real life situation, this 
chapter presents the laws governing model and prototype by using non-dimensional parameter 

Chapter 6: Experimental and Numerical Test Results 

This chapter presents the results of the experimental test for all the scenarios considered to meet the 
objectives of this thesis. 

Chapter 7: Discussion of Experimental and Numerical Result  

The results of both the experimental test and numerical analysis are presented in graph for easy 
interpretation and the plots are discussed in detailed. The results are also compared in this chapter and the 
discrepancies identified 

Chapter 8: Sources of Errors and Uncertainties 

For every experimental work has uncertainties and limitations that affects the accuracy of the test results, 
these uncertainties, limitations and challenges of the experimental test and the numerical analyses are 
presented in this chapter 

Chapter 9: Conclusion and Recommendation 

The summary of the results of this study as well as recommendations for future or further studies are 
given in this chapter 
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2. OVERVIEW OF OFFSHORE PIPELINE INSTALLATION 

A very important part of the marine operation during any subsea field development project is the 
installation of pipeline for the safe transportation of hydrocarbons. Pipeline installation is an offshore 
operation that involves accurate placement or positioning of a pipeline on the seabed by paying out 
sections of line pipes from a surface vessel. It has been established based on past project experience that 
pipe laying operation is one of the most delicate and challenging marine operations, thus a successful 
implementation of such operation requires a high level of technical know-how as much as extensive 
engineering effort. The cost of such operation can be considered to be very high as well depending of the 
size of the pipe to be installed, the installation method etc which in turn plays a pivotal role in the 
selection of a suitable installation vessel.  

It is worthy of note that pipeline development project encompasses four different phases which are; the 
design phase, fabrication phase, installation phase and commissioning and operation phase, as shown in 
Figure 2-1.  

 
Figure 2-1: Phases of Pipeline Development Project 

 

The design phase of the pipeline development project involves the determination of a suitable pipeline 
path through documented in the form of detailed layout drawings, alignment sheets and bathymetry maps. 
Also the pipe properties such as the pipe diameter, wall thickness, material grade, thermal insulation and 
coating if required, are determined in the design phase through both static and dynamic analyses. Pipeline 
is as well checked to ensure it meets all operating and installation requirements. To determine all 
parameters required for safe installation and ensure stresses and strains in the pipeline during laying are 
within limit, both static and dynamic installation analyses are performed. 

The procurement and fabricating phase of any pipeline developments projects involves the acquisition of 
material based on material take off and construction of the line pipes. This phase encompasses the 
application of thermal insulation and coating on the line pipes as well as preparation of all pipe joints. 
Following the fabrication phase is the most challenging phase which is the positioning of the pipeline in 
the pre-determined path or route on the seabed. This operation posse a great deal of challenge and costly 
depending on the installation method considered most suitable for the installation, which in turn 
influences the design parameters as well as the type of installation vessel to be used. Upon successful 
laying of the pipeline on the seabed, the pipeline is checked and ensure all parameters for safe and 
continuous operation have been installed and they all meet their corresponding requirements. This chapter 
serves to provide the basic knowledge required for a sound understanding of the objectives, challenges, 
methods and background for offshore pipelaying. 
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2.1 HISTORY OF PIPELAYING 

The complexity and challenges involve in pipeline projects has enabled it grow into a stand-alone 
discipline and over the years the offshore pipeline technology has been developed. Due to market demand 
and the urge for energy, the oil and gas industry ventured into a search for oil and gas resource in deeper 
and harsh environment, which generate a need for a technology that meets the challenges associated to 
this environment. Another key factor that drive the development of the offshore pipeline technology is the 
fluctuation of the oil and gas price, this plays a pivotal role in propelling the oil and gas industry, through 
engineering skills and past experience, to crave for cost effective solutions to most of the challenges that 
plague the development of new oil field as the trend moves toward deeper and hostile environment.   

 

The technology involve in offshore pipeline is dated back to the 1920s and 1930s where the ocean was a 
barrier to O&G development, however in 1936, Brown & Root successfully constructed a short pipeline 
in Galveston Bay (Acergy Academy 2008). 1940s witness the beginning of modern offshore pipelaying, 
where 17 subsea pipelines are installed across English Channel and in 1947 the first offshore pipeline laid 
in Gulf of Mexico (GoM) by Brown & Root. This period also witness the first attempt at reel lay, the 
development of laybarge system and the shallow water GoM development (Acergy Academy 2008). The 
execution of Operation Pluto is a secret World War II project between the oil industry and the armed 
forces Searle (2004). 

 

The first generation of laybarges in the GoM is witness in the 1950s and 1960s as oil companies activities 
was geared from onshore towards offshore; this period marked the beginning of modern pipeline 
technology in the GoM. It was a pioneering time for pipelay through S-lay method and welding of 12m 
pipe length and the J-lay method was used to install pipeline by Bechtel semi hull design in the 1960s 
(Austin et al., 2004). During a period of recession in for the oil industry due to fall in oil price, the North 
Sea harsh environment witness its first pipelines laid by the 1970s between 1968 and 1975 after several 
discoveries such as the Ekofisk field. The installation was made with 2nd generation laybarge Chocktaw. 
By 1980s the period of recession was followed by Boom and bust, and the period experienced intensive 
research and development in many areas of pipeline such as new welding techniques (Acergy Academy 
2008). The 1990s there was an upswing in the market and a refocus on the GoM. The J-lay method was 
further developed for use in deeper water. Deep water development accelerates in Coast of Brazil, West 
Africa and GOM, with 12inch and 18inch pipeline being laid in water depth of 1600m and 1800m 
respectively in the GoM (Knight and Palathingal, 2007). By 2000s there is huge world-wide demand for 
fuel as China and India develop, Barrel of oil continues to rise, exceeding $60 GoM continues into deeper 
reaches, Steel catenary risers are popular West Africa regularly exceeds 1000m, GoM pipelay reaches 
2750 by mid 2000s. Langeled – Worlds longest subsea pipeline was installed during this period. 

Today as barrel of oil falls below $60, the oil industry is under pressure to develop more economical 
solutions for both new pipeline technology and existing as well as to meet New Deep water fronteir – 
3000 m 

2.2 PIPELINE INSTALLATION METHODS 

Different methods has been adopted for the installation on pipeline, regardless of the installation method 
adopted, the primary goal of all the methods remains the same and the goal is ensure the pipeline remain 
under tension and the bending and axial stresses within an allowable range is maintained. The type of 
installation method to be used is project specific and the selection is been governed by several factors not 
limited to the pipe properties such as diameter, the type of coating selected if required, water depth, 
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weather conditions, the length of pipe to be laid, installation vessel available and so on. The most 
common methods of pipeline lay installation methods are the S-lay, J-lay and Reel lay methods, other 
method that is still in use till date is the Tow method. Figure 2-2 shows the offshore pipe laying methods. 

 
Figure 2-2: Phases of Pipeline Development Project 

 

The S-lay method is the most common type of pipeline installation and it is suitable for laying pipe in 
shallow to deep water depth, while the J-lay and Reel lay are only applicable in intermediate to deep water 
depth. It is worthy of note that two methods can be used for installing pipelines from shallow water depths 
to deepwater depths depending on the design requirements. 

 

Depending on the method, a marine pipeline is exposed to different loads during installation from a lay-
vessel. These loads are hydrostatic pressure, tension and bending. An installation analysis is conducted to 
estimate the minimum lay-tension for the pipeline for a given radius of curvature to ensure that the load 
effects on the pipeline is within the strength design criteria (Bai Y., 2001). The main international 
companies that perform pipelaying are: Acergy, The Allseas Group, Saipem, Technip, Heerema, J. Ray 
McDermott, Global and Subsea7. 

 

The installation methods are described in details in the following sections. Detailed description of the 
various pipe laying methods are documented in several literatures such as Kyriakides and Corona (2007). 

2.2.1 S-Lay Method 

S-lay is the first commonly used method and it still stands as the most common use world-wide. It is 
widely used in shallow waters, where the installation vessel is either anchored or use dynamically 
positioned and also suitable for deep water where the vessel can only be dynamically positioned. Its deep 
water capability can be further enhanced with the use of ‘steep s-lay’ criteria.  

The main components that make up the S-lay installations are; 

 Installation Vessel 

 Stinger 

 Roller 

 Line Pipes, 

 Tensioner 

 Abandoments and Recovery Winch 

 Pipe Handling Crane 

 Firing Line  

Detailed descriptions of the components are documented in Gullik Anthon (2010) and Kyriakides and Corona 
(2007) and the classification of the S–lay vessels into generations can be found in Guo et al., (2005). 

 

   Principle of S-lay Method 

The S–lay installation method involve welding of the line pipes, non-destructive testing of the welds and 
coating of both the pipes and weld onboard the laying vessel on to the end of the pipeline in a horizontal 
production facility called the firing line.  While these processes are on-going the pipeline being constructed is 
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held in place to facilitate continued construction by the tensioners. Has the construction  pipe continues, the 
pipe is been pay-out at a pay-out speed controlled by the tensioner while still maintaining the tension on the 
pipe as the vessel moves forward (Gullik Anthon 2010). 

As the pipeline been constructed moves towards the end f the vessel, it is been supported by the rollers which 
are in turn supported by the stinger, which is long open curve structure that controls the curvature of the 
pipeline at the overbend (see a typical 130m length stinger in Figure 2-4 for by Allseas group). The pipeline 
then leaves the stinger at a departure angle; thus it is suspended as the pipeline is been paid-out. The stinger 
shape and curvature can be controlled by setting these segments at chosen angles. The pay-out process 
continues, the pipeline is suspended in the water all the way to the seabed, thus forming the sag-bend (see 
Figure 2-3), the curvature at the sagbend is controlled by the top tension applied to the pipe onboard the 
vessel. In other to ensure the pipe does not exceed the elastic limit, the top tension needs to be optimised. The 
over-bend and sag-bend form the shape of an ‘‘S’’. The main segments of the pipeline during S-lay 
installation are shown in Figure 2-3. The pipeline experiences a significant level of stress at the overbend and 
the sagbend. 

 

  Implication of S-lay Method 

A major advantage of the S-lay method is quicker production rate due to the long firing line with parallel 
workstation, running from the vessel bow to the stern, thus supporting up to four pipe joints at the same time. 
This method also compete reasonably well when water depth and pipe diameter are governing criteria. 

However, S-lay in deepwater, it is necessary the pipe is supported at a high vertical depature angle, thus 
requiring a large stinger to avoid damaging the pipe, high tensioner capacity which is directly transferred to 
high fuel expenses, induces a higher strain than for J-lay and can be as high as 0.45% in the overbend. 
(Palmer, 1994 and Boyun et al., 2005). There is high tendency for the pipe to rotate due to the residual 
curvature that results from the plastic strain generated in the overbend by the stinger, more discussion on 
residual curvature and rotation are given in section 3. 

 

 
Figure 2-3: S-lay Configuration (Bai Y., 2001) 
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Figure 2-4: S-lay installation Vessel (Courtesy of Allseas Group) 

2.2.2 J-Lay Method 

The J-lay installation method is a relatively new type of installation method and it is specifically designed to 
meet the challenges that plague deepwater and ultra-deepwate pipeline installation projects. J-lay method is 
only suitable for intermediate to deepwater application and the installation vessel used for the operation can 
only be dynamically positioned. This is primarily beacuse water depths are normally too high for moored lay 
vessels to operate, because the required tensions and pipe bending stresses are too large (Boyun et al., 2005). 
The first dedicated J–lay installation facility was installed on the DP derrick barge DB 50. Since 1998 several 
vessels have been fitted with J–lay capabilities. Two of the largest are the vessel Saipem 7000 (S–7000) that 
was fitted with a J–lay tower in 1999 (Faldini, 1999). 

The main components needed for a successful installation of pipeline using the J-lay method are as follows; 

 Installation Vessel 

 Vertical Ramp/ J-lay Tower 

 J-lay Collars/Tensioner 

Detailed descriptions of these components are documented in Kyriakides and Corona (2007)   

 

Principle of J-lay Method 

The J-Lay principle is to lay the pipe in a quasi vertical position by using a J-Lay tower while the full pipe 
catenary is maintained at the tower bushing. In the J-lay method the length of line pipes are welded in a near 
vertical or vertical position, the joint tested by NDT and the joint Field joint coating (FJC) applied in the J-lay 
tower which can accommodate at least two work stations and also fitted with tensioner. The pipe then leaves 
the pipelay vessel in a nearly vertical position to the sea bed, thus eliminating the overbend region from S–lay 
completely, consequently avoiding significant pipe rotation. The pipeline is paid out of the installation vessel 
at a high departure angle (see Figure 2-5) such that the total length of the suspended pipe is shortened and less 
applied tension is required for sagbend control. At the seabed the configuration of the suspended pipe 
resembles the letter J from the TDP to the Ramp, Figure 2-5 shows the configuration of the pipeline during J-
lay installation operation. The pipe length is restricted by the height of the tower and the pipe pay out between 



AKINSANYA	A.O.,	2017	 Page	11	
 

welds equals the length of joint entered into the lay system and the angle of the J–lay tower may typically vary 
between 0◦ and 15◦ from the vertical. J–lay has many advantages (Palmer and King, 2008).  

 

Implication of J-lay Method 

In configuration, the pipeline from the surface to the seabed is one large radius bend resulting in lower stresses 
than an S-lay system in the same water depth. The stresses and strain close to the top are minimized, as well as 
the horizontal tension component at the top and the horizontal tension at the mudline, thus reducing seabed 
spans. Another major advantage of the J-lay method is the elimination of the complexity involved with a 
stinger, thus no overbend and reducing the pipe rotation that can result from residual curvature for line without 
inline structure. Good for in-line fittings and end fittings slower production times than S-lay 

One main drawback of the J-lay method is the limited number of work stations that can be accommodated by 
the tower, which consequently makes the J–lay method inherently slower than the S–lay method. However, 
since the large J-lay towers are capable of handling prefabricated quad joints (160 feet long), the speed of 
pipelaying is increased. 

 
Figure 2-5: J-lay Configuration and Loading (Kyriakides and Corona, 2007) 
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Figure 2-6: J-lay installation Vessel (Courtesy of Subsea7) 

 

2.2.3 Reel Lay Method 

The Reel lay method is a very efficient installation methods and it is generally suited for laying small diameter 
cables, umbilicals and flexible pipes and for small–diameter rigid pipes (up to 18 inches) without concrete 
coating. The first application of the reeled pipeline was on D-Day when the allies were supplied with fuel 
across the English Channel using a small diameter pipeline unreeled from a vessel. Commercial application of 
reeled pipeline technology was not available until the early 1970s when Santa Fe Corporation built the first 
reel vessel (Boyun et al., 2005). 

 

The main components needed for a successful installation of pipeline using the J-lay method are as follows; 

 Reeling Vessel 

 Tensioner 

 Straightner 

 Abandoments and Recovery Winch 

 Reel 

 Line Pipes 

 Spooling Base 

Detailed descriptions of these components are documented in Kyriakides and Corona (2007)   

 

Principle of Reel Lay Method 

In the Reel lay method, the pipe is constructed under a controlled environment in an onshore spooling base 
facility and reeled onto a large diameter reel fitted on the reeling vessel at the spooling–base. The loaded 
vessel then travels to the installation site where the pipe is unreeled, straightened (because of the large 
strain, in the range of 2%, it experience when spooled onto the reel drum), de-ovalized, and connected to 
the wire rope from the seabed pre-installed hold back anchor while the reeling vessel moves. As the vessel 
moves the pipe is unspooled from the reel, the pipe is straighned and paid into the sea via stinger (see 
Figures 2-7 and 2-8). When the entire pipe in the reel drum has been unreeled, the end of the pipeline is 
then lowered to the seabed via pullhead of the A&R wire rope. The reel vessel returns to the spool base to 
load more welded pipeline on the reel drum. On returning, it pulls the end of the pipeline using the A&R 
cable, removes the pullhead, and welds it to the pipeline on the drum. It then begins the unreeling process 
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again. (Boyun et al., 2005). It is worthy of note that reeling vessel can be either barge shaped or ship 
shaped, this govern the orientation of the reel (horizontal and vertical respectively) and the presence of a 
stinger and J-lay tower respectively.  

 

Implication of Reel Lay Method 

The flexibility reel lay makes it a very efficient method of pipelaying as it combine the strength of both S-
lay and J-lay in the form of horizontal and vertical reel configurations. The use of these reel configuration 
is project specific, with the horizontal reel configuration been adopted in the case of shallow to 
intermediate water depth and the vertical reel used in the case of deep water depth. Since the assembly of 
the pipeline is done in an onshore facility the reel lay technology also provides a safer and more stable 
work environment, thus speeding pipeline installation up to 10 times faster than conventional pipelay 
(Boyun et al., 2005).  

However the use of reel lay technology is limited by concrete coated pipeline, pipe-in-pipe pipelined 
designed specifically for the operation, presence of buckling in the pipeline, thinning of pipe and coating 
wall, loss of yield strength of the pipe material in some localized area 

 

 
Figure 2-7: Reeling installation Configuration (Kyriakides & Corona, 2007) 

 

 

 
Figure 2-8: Reel Lay installation Vessel (Denniel, 2009) 
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2.2.4 Tow Method 

The tow method of pipelay has not enjoyed wide application due to its limitation of pipe size but it is an 
efficient method of installing pipeline across wide rivers and inland lakes as well as offshore. It is 
advantageous in the sense that the line pipes can be welded in an onshore facility with an onshore pipeline 
spread and once welding is completed, the pipeline is hydrotested, dewatered and attached to the tow 
vessel/barge through an anchor handling vessel, after which it is towed/moved to the offshore site where 
the pipeline is to be installed, see Figure 2-10. At the offshore site the whole length of pipeline and its end 
structures are aligned one straight line, then towing of the pipeline by the tow barge commenced along the 
pre-determined tow route. A major advantage of the tow method is it capability to install several small 
pipelines which can be laid in bundle inside a larger pipe.  

Depending of the location of the towed pipeline, there are different types of tow method ( see Figure 2-9), 
and the type to be considered is project specific and a case-by-case analysis will be required to evaluate 
the risk involved.  

 
Figure 2-9: Types of Tow Method of Pipe lay 

Detailed description of these different tow methods are documented in Boyun et al., 2005. 

 

 
Figure 2-10: Tow installation - Pipeline ready to be towed (Courtesy of Subsea7) 

 

2.3 PIPELINE LOADS DURING INSTALLATION 

There are several loads the pipeline is subjected to during laying regardless of the method of installation. 
According to Small (1970) these loads can be static and/or dynamic depending on the source of the load, 
these sources can be either or combination of the following; 
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 Gravitation 

 Operation  

 Environmental 

 Construction 

However this section will focus on the most important load that affect the static configuration of the 
pipeline during installation. These loads are the pipelay tension and the installation load. 

2.3.1 Pipelay Tension 

The pipelay tension applied to the pipeline at the tensioner is a very important load that controls the 
configuration of the pipeline, thus it is a major parameter that must be optimized to for the pipelay 
operation to be successful. The primary function of the lay-tension is to sustain the submerged weight of 
the pipeline behind the lay vessel as vessel moves forward and more length pipe is been paid out. The 
value of the lay tension is largely dependent on the water depth, the pipe properties such as diameter and 
weight.  

Pipe laying operation requires that a pipeline installation analysis be performed prior to the laying 
operation, the installation analysis to be performed can be only static analysis, however dynamic analysis 
maybe required depending on if the pipeline, equipment and/or vessel capacity is been exceeded based the 
outcome of the static analysis, this occurs most especially for installation in deep waters. Hence pipelay 
tension can either be a static load or dynamic load and it can be categorized as construction and operation 
loads. Vessel motion, hydrodynamics loads and support condition at the TDP on the seabed are the 
additional parameters that influence the value of the pipelay tension. 

For S-lay method of installation, consider the free-body geometry of the pipeline during installation with 
only the lay tension and components of the pipeline axial force indicated as shown in Figure 2-11. 

Assuming no external force is acting on the pipeline, at static equilibrium, the resolution of forces in the 
horizontal direction is given as;  

   H + H0 = 0                                                    (2.1) 

H and H0 are the horizontal forces acting at the vessel tensioner and at the TDP respectively. 

Force resolution in the vertical direction gives;     

				ܸ ൌ  ሺ2.2ሻ																																																																																																																																																				ܮௌݓ	
 

 Where V is the vertical component of the axial tension, ws is the submerged weight per unit length of the 
pipeline and L is the length of the suspended pipe. 

In terms of the axial tension T and the lift angle ѳ, the vertical and horizontal components are; 

      
ܪ ൌ  ሺ2.3ሻ																																																																																																																																																	ߠ݊݅ݏܶ	

 

ܸ ൌ  ሺ2.4ሻ																																																																																																																																																		ߠ݊݅ݏܶ	
 

Thus the axial tension is given as;    

   ܶ ൌ ଶܪ√	 ൅ ܸଶ																																																																																																																																										ሺ2.5ሻ       
                                                                      

In order to keep the free spans low, to have a reduced residual tension in the pipeline and shorter radii of 
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the curve segment, it is a recommended practice to maintain a low horizontal tension at the touchdown 
point. This also has the advantage of reducing the fuel consumption of the lay vessel during the lay 
operation, as well as reduces the need for seabed preparation. However high tension results in low span, 
low bending stress, high tension stress and low equivalent stress. 

 
Figure 2-11: Pipeline S-lay Equilibrium Configuration 

 

2.3.2 Pipeline Installation Loads 

We regard every other load acting on the pipeline during the laying operation asides the lay-tension as 
pipeline installation loads and these include but not limited to the following load 

 The dry weight of the pipeline 

 The buoyancy force due to submergence in water 

 The hydrodynamic load which include waves and currents 

 Frictional resistant due to pipe-soil interaction 

 Vessel motion due to environmental loads including waves and wind 

Detailed description of these loads are given in several literatures such as Gullik Anthon J., 2010 

2.4 PIPELINE CONFIGURATION AND BENDING STRESS 

Pipeline assume a static configuration regardless of the installation method considered, this configuration 
is as a result of combination of load, such as tension, bending, pressure and contact forces at the stinger 
and at the seabed, the pipeline is subjected to during laying. However, the configuration the pipeline 
assumes is largely dependent on the pipe-laying method. 

 

The focus of this thesis work is on S-lay method of pipeline installation, thus for the parameters that 
govern the static configuration of a pipeline installed by S-lay method as identified by Bai and Bai, (2005) 
is thus shown in Figure 2-12. 

 Tension at the pipelay vessel 

 Radius of curvature for the stinger  

 Roller positions  

 Departure angle form stinger  

 Pipe weight  

 Pipe bending stiffness 
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 Water depth. 

As shown in Figure 2-12, the most important section of the pipeline in S- configuration are the over-bend, 
and the sag bend. This is because these segments are subjected to not only axial tension T and external 
pressure P, but also bending moments M, as a result of curvature and contact force from the stinger. 

 
Figure 2-12; Loads on the equilibrium configuration for S–Lay pipe (Gullik Anthon J., 2010) 

 

2.4.1 Curvature in Over-bend 

The Over-bend in S-configuration is the segment of the pipeline that is fully supported by the stinger 
through the roller, as such the geometry and curvature of this pipeline segment is fully controlled by the 
stinger (see Figure 2-13). The stinger is usually curve in geometry and it provides support to the rollers 
which are spaced depending on the curvature of the stinger. Thus stinger provides a curve support to the 
pipeline with an overall radius of curvature, hence this result in bending moments and strains in the 
pipeline. This strain needs to be checked to ensure it does not exceed the allowable strain level stipulated 
in some international codes. A typical allowable strain level according to DNV OS-F101 is provided in 
Table 2-1. One major consequence of the over-bend strains exceeding the allowable range is a potential 
rotation of the pipeline during the installation and eventual twisting on the seabed due to the resistance 
against rotation provided by soil friction on the seabed. Also, the bending moment is not constant along 
the pipeline stinger as the rollers do not provide a continuous support to the pipeline and the stinger does 
not as well provide a support with constant curvature (Bai Y., 2001), hence the distribution of moments in 
the pipeline over the stinger is as shown in Figure 2-13. 

It should be noted that the roller contacts are mono lateral and Callegari et al., (2000) identifies that from 
the third roller counted from the tip and up, the configuration and curvature of the pipe section is 
displacement-controlled. This therefore means that the properties of stinger and roller governs the pipeline 
displacement 

 

One primary goal of an installation analysis will be to determine the stinger configuration that best suit the 
pipeline installation at hand, thus it is very imperative to represent the stinger geometry as accurate as 
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possible in the finite element model. 

The bending stress in the over-bend region is given as follows 

 

஺ߪ ൌ
ܦܧ
2ܴ஼௏

																																																																																																																																																		ሺ2.6ሻ 

Thus the minimum radius of curvature of the pipeline that keeps the pipe in elastic state is estimated to be; 

 

ܴ஼௏. ൌ
ܦܧ
௬ߪ2 ஽݂

																																																																																																																																													ሺ2.7ሻ 

Where E is the elastic modulus, D is the pipe outer diameter, Rcv is the radius of curvature of the pipeline, 
ોy is the yield stress of the pipeline, ોA is the axial bending stress and fD is the design factor usually given 
as 0.85 

 

Table 2-1; Overbend Simplified Criteria (DNV OS-F101, 2000) 

Criterion X70 X65 X60 X52 

I 0.270% 0.250% 0.230% 0.205% 

II 0.325% 0.305% 0.290% 0.260% 

 

Figure 2-13: Pipeline and Moment Distribution over Stinger (Bai Y., 2001) 

 

2.4.2 Curvature in Sag Bend 

The pipeline assumes sag-bend curvature as the pipe is been paid out from the vessel, thus the free span 
region from the inflection point after the end of the stinger to the touchdown point is the sag-bend. The 
sag-bend curvature is formed as a result of the axial tension, the submerged weight of the pipe, the 
properties of the pipe such as bending stiffness and the externa pressure due to sea water, these factors 
govern the static load effect experienced by the pipeline in the sag-bend. Unlike the over-bend, the 
equilibrium configuration of the pipeline in the sag bend is load-controlled since there is absence of 
physical boundaries such as roller/support in the case of the over-bend. Thus the configuration of the 
pipeline in the sag-bend is considered essentially the same. Figure 2-14 shows the configuration of the 
pipeline in the sag-bend as well as the loads, such as the submerged weight ws and axial tension T, acting 
on it. As seen in Figure 2-14, there are two components of the axial tension, the vertical component Tv 



AKINSANYA	A.O.,	2017	 Page	19	
 

and the horizontal component Th. The vertical component varies along the length of the pipeline because 
of the pipeline submerged weight and reaching maximum at the stinger and it is that the vertical 
component should be approximately zero at the TDP on the seabed. While the horizontal component is 
constant although the length of the pipeline. The pipelines shall be controlled against the load controlled 
condition criteria in the sagbend, according to DNV (2007). 

 
Figure 2-14: Pipeline and Moment Distribution over Stinger (Bai Y., 2001) 

 

2.4.3 Bending Stress in Pipeline 

As identified in section 2.4, the overbend and the sagbend regions are considered as critical region in S-
laying, while the region that extend from the tensioner to the lift-off pointm where the stinger no longer 
give support to the pipeline is the overbend, the sagbend is the extends from the inflection point to the 
TDP. These two regions posses a major concern during installation because beside the tension and 
external pressure acting on the pipeline during laying theses regions are susceptible to bending 
stresses/strains as shown in Figure 2-12. Thus during installation of the pipeline, it is very imperative to 
check that these bending stresses and strains are within the allowable range provided by the international 
standards and codes such as API RP 1111, and DNV OS F101 2000. 

It is worthy of note that the Reel lay method could also be prone to bending stresses/strain at one or the 
two regions depending on the type of Reel lay adopted and it goes further to set the pipeline into a cycle 
of plastic deformation and straightening during spooling and unreeling while in J-lay bending is only 
experienced in sagbend region (see description of J-lay in section 2-2). 

 

In order to fully understand the principle of bending stress/strain during installation and also on which 
most of the computer application used for pipeline installation analyses, such as OFFPIPE, ANSYS, 
FLECOM 3D ORCAFLEX etc., are built-on, it is very necessary to examine the basic differential 
equations that describe the shape or catenary of the pipeline during laying especially in the sagbend 
region. 

There are several methods of approximating the pipeline shape during installation; these methods are 
classified as either analytical or numerical. The major difference between these method of approximation 
is in the assumptions made and the boundary conditions. Figure 2-15 shows the classification of the 
different methods  
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Figure 2-15: Methods of Pipeline Shape Approximation  

 

Details of descriptions of all these methods are documented in several expert literatures, journals, 
publications such as Plunkett R., (1967), however a cursory descriptions are given in this section 

 

Natural Catenary Method 

The natural catenary is the simplest method of approximating the pipe shape in lay configuration, the 
curvature is developed ignoring the pipe bending stiffness and the dynamic stresses in the pipe. This was 
achieved by assuming the same top boundary condition of a natural catenary see Figure 2-16. By 
resolving the forces in Figure 2-16, we obtained the classical equation of natural catenary (NOU, 1974); 

 
Figure 2-16: Pipeline Geometry during Installation  

 

ݖ	 ൌ
ܪ

ௌܹ
൤݄ܿݏ݋ ൬

.ݔ ௌܹ

ܪ
൰ െ 1൨																																																																																																																	ሺ2.8ሻ 

ߠ ൌ ൤ି݊ܽݐଵ ൬
.ݏ ௌܹ

ܪ
൰ െ 1൨																																																																																																																							ሺ2.9ሻ 

 

Where the length of the free span s, is given as (NOU, 1974); 

 

ݏ ൌ ඨ൤1.ݖ ൅ 2 ൬
ܪ

.ݖ ௌܹ
൰൨																																																																																																																							ሺ2.10ሻ 
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dθ
ds

ൌ ݇ ൌ
1
ܴ
ൌ ቀ

ܽ
ܽଶ ൅ ଶݏ

ቁ																																																																																																																				ሺ2.11ሻ 

Equation for the minimum tension to avoid plastic deformation of the pipe is given as; 

 

	ܶ ൌ ௌܹ ൤൬ܦ௪ ൅
ݎ
଴ߝ
൰ ൅ ௗܹݔ൨																																																																																																														ሺ2.12ሻ 

 

Where  z = height above seafloor in meter 

  x=horizontal distance from TDP to the lay barge 

            Ws=submerged weight of the pipeline N/m 

  H=horizontal component of the axial tension 

  V=vertical component of the axial tension 

Dw=Water Depth 

Wd= pipeline dry weight 

 

Stiffened Catenary Method 

A more realistic method of estimating the pipe catenary is the Stiffened catenary method, although it 
ignores the dynamic stresses in the pipe however it incorporates the pipe bending stiffness. This method is 
most suitable for describing the catenary of the pipeline in shallow water. Dixon et al., (1968) pointed out 
that for the analysis of stiff and short pipes, the pipe bending stiffness is of significant importance. This 
method of approximation does not adopt the boundary condition of a natural catenary, but the boundary 
conditions used to derive the curvature are very complex compare to the ones used in natural catenary. It 
is also considered to be a good method as it approximates nearly all the length of the catenary due to its 
incorporation of the pipe bending stiffness. 

In order to incorporate the effect of the bending stiffness and axial tension on the pipeline curvature, non-
dimensional terms αs and h respectively were introduced. These quantities are defined as Plunkett R., 
(1967); 

∝ୱଶൌ ൬
ܫܧ

ௌܹܮଷ
൰ 	ܽ݊݀				h ൌ ൬

ܪ

ௌܹܮ
൰ 

 

The ratio of the two non-dimensional quantities indicates the impact of the bending stiffness and the 
tension on the pipeline catenary shape and it varies between 0 and 1.  

0 ൑
∝ௌଷ

݄ଶ
൑ 1 

The water depth as a function of the two non-dimensional quantities and length of the pipeline can be 
estimated as; 
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െ
݄ଶ

ሺ݄ଶ ൅ 1ሻଶ
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The minimum axial tension and the top angle is as given as 

 

T ൌ ௌܹܮඥ݄ଶ ൅ 1																																																																																																																																				ሺ2.14ሻ 
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൩																																																																																																							ሺ2.15ሻ 

Applying boundary conditions to equation 2.13 and 2.15 by setting them to zero, the stiffened catenary 
equation is given as; 
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	ܶ ൌ ඨ
ܫܧ
ܪ
																																																																																																																																																	ሺ2.17ሻ 

Enhanced Stiffened Catenary Method 

An improved method of the Stiffened Catenary method is the Enhanced Stiffened Catenary method, this 
method introduced an additional load factor that add the effect of the horizontal tension in order to 
improve the accuracy of the boundary condition at the seabed. The enhanced stiffened catenary equation 
according to Endal et al., (2014) is given as; 
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																																	ሺ2.18ሻ 

Where the additional load factor λ that incorporate the effect of the horizontal tension is given as  

 

	ܶ ൌ ඨ
ܫܧ
ܪ
																																																																																																																																														ሺ2.19ሻ 

Non-Linear Beam Theory 

This method is best suited for estimating the pipeline internal shear force, bending moments and normal 
force. The differential equation can be derived by considering a finite element of the pipeline in the 
sagbend region as shown in Figure 2-17. The Figure shows the forces acting on a small element of length 
ds, the unit submerged weight ws , the bending moment M and differential moment dM, the axial tension 
force T and its differential dT, and the angle of deviation of the element ѳ. following the derivation by 
Gullik Anthon J., 2010; 

 
Figure 2-17: Equilibrium Forces on the Cater (Gullik Anthon J., 2010) 
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At equilibrium, resolving the forces in the both horizontal and vertical directions gives; 

෍Fଡ଼ ൌ 0									 

ሺT	 ൅ 	δTሻcos	ሺθ	 ൅ 	δθሻ െ 	T	cos	ሺθሻ ൅	ሺF	 ൅ 	δFሻsin	ሺθ	 ൅ 	δθሻ െ 	F	sin	ሺθሻ ൌ 0																	ሺ2.20ሻ      
 

    ∑F୞ ൌ 0									 

  ሺT	 ൅ 	δTሻ sinሺθ	 ൅ 	δθሻ െ 	T sinሺθሻ ൅ ሺF	 ൅ 	δFሻ cosሺθ	 ൅ 	δθሻ െ 	F cosሺθሻ െ 	ws	δs	 ൌ 	0ሺ2.21ሻ         
 

	T
dθ
ds

െ	
dF
ds

െ wୱ cosሺθ	ሻ 	ൌ 	0																																																																																																												ሺ2.22ሻ 

 

k ൌ
1
R
ൌ 	

M
EI
	ൌ

dθ
ds
																																																																																																																																	ሺ2.23ሻ 

 

Where k is the curvature of the pipeline  

	F ൌ
dM
ds

	ൌ ܫܧ	
݀ଶߠ
ଶݏ݀

																																																																																																																														ሺ2.24ሻ 

 

Thus equation 2.22 becomes; 

	T
dθ
ds

െ 	EI
dଷθ
dsଷ

െ wୱ cosሺθ	ሻ 	ൌ 	0																																																																																																						ሺ2.25ሻ 

Also resolving the forces in the pipeline axial direction at equilibrium we have; 

෍F୅ ൌ 0									 

ሺT	 ൅ 	δTሻcos	ሺ	δθሻ െ 	T െ 	Ws	δs. sin	ሺθ	 ൅ 	δθሻ െ 	F	sin	ሺθሻ ൌ 0																																													ሺ2.26ሻ 
 

		
dT
ds

ൌ wୱ cosሺθ	ሻ																																																																																																																																			ሺ2.27ሻ 

When equation 2.25 is decomposed, the horizontal component of the axial tension becomes; 

 

	H଴ 	ൌ 	T	cos	ሺθሻ ൅ 	F	sin	ሺθሻ																																																																																																														ሺ2.28ሻ 
Where H0 is the effective lower pipe tension EI is the pipe bending stiffness 

EI
d
ds
ቆsecሺθ	ሻ

dଶθ
dsଶ

ቇ െ H଴secଶሺθሻ
dθ
ds

െ wୱ 	ൌ 	0																																																																												ሺ2.29ሻ 

 

The differential equation 2.15 is a 2nd order non-linear degree bending equation, which can be solve by 
numerical methods or by simplications through assumptions and it is applicable most especially to the 
sagbend region and suitable for both deep and shallow water application for all method of pipe-lay and it 
is also valid for both small and large deflection (Seyed and Patel, 1992). In a situation where the effect of 
an existing force V, such as current/waves, the non-linear differential equations becomes (Zeng et al., 
2014); 
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െ ௦ܹ ൅ V tanሺߠ	ሻ ൌ 	0																																	ሺ2.30ሻ 
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Equations 2.27 and/or 2.28 can be solved by the application of boundary conditions at the end points of 
the pipeline length s, at the TDP on the seabed where s=0 and at the first connecting between the pipeline 
and the lay barge point, where s=L. by determining the pipeline rotations, the slope, the bending moments 
and the shear/normal forces at these two locations. It should be observed that in the case where the 
bending stiffness is ignored, that is EI, the equations yield the solution of a natural catenary. 

 

Finite Element Method 

The Finite element method is a numerical method of approximating the catenary shape. There are several 
commercial computer applications that can be used, this software are not limited to ANSYS, ABAQUS 
etc. this method gives a high level of accuracy as compared with the other methods 

2.5 PIPELINE INSTALLATION CHALLENGES 

There are quite a number of difficulties encountered during the installation of pipeline using S-lay 
method, as the pipe is subjected to several loads, passes through several stages and phases of the 
installation operation from welding the line pipes at the firing line, to passing through the tensioner and 
then over the stinger to the touch down point. Upon passing over the stinger structure in S-laying, the pipe 
section and the whole length of the pipeline from the tensioner to the touch down point on the seabed, 
experience the following conditions; 

 Strain concentration and Residual strain 

 rotation  

 twisting 

 Ovality 

These parameters influence the behavior of the pipeline, from the surface to the TDP. There are scenarios 
that require a good understanding of the behavior of the pipeline such as where inline structures are to be 
installed along with the pipeline; hence it is imperative to evaluate the causes, implications and 
estimations of these factors, which are discussed in details in section 3 of this thesis. 

2.6 PIPELINE ON UNEVEN SEABED 

The different methods of pipeline have been discuss in previous section, it should be noted that pipelines 
are laid either as buried pipeline, where it is embedded in a trench or laid as unburied pipeline. In practice, 
due to rapid and economic performance, most offshore pipelines are laid as unburied pipelines and these 
unburied pipelines are usually laid on uneven seabed as virtually all subsea fields have very irregular 
seabed conditions. Example of field with irregular seabed is the Ormen Lange field offshore West 
Norway in the Norwegian Sea (Finn et al., 2002). The uneven seabed therefore results in various length of 
free spanning of the pipeline on the seabed (see Figures 1-2 and 2-18), which not only threaten the safety 
of subsea pipeline but is also very costly to installed mitigation measures.  
A cursory insight into challenges of pipeline on uneven sea bed will be discussed in section 3. 

 
Figure 2-18: Free Spanning on Uneven Seabed   
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3. INTRODUCTION TO PIPELINE RESIDUAL CURVATURE AND ROTATION  

In oil and gas industry steel materials is used in the manufacturing of the pipeline used in transportation of 
hydrocarbon. Although there are several types of steel materials (such as carbon steel, stainless steel etc) 
used in the industry, however type to be used is project specific and its selection might be based on 
several factors which are not limited to the type and properties of fluid to be transported, the life span of 
the oil field, client specifications and requirements, the type of environment in which the pipeline is to be 
installed. Details of the different steel types and their applications can be found in several expert 
textbooks, rule books and company manuals. Of great importance in pipeline technology is the properties 
of the steels which are primarily governed by the chemical compositions, the types of treatments and 
manufacturing processes (Staff Awwa, 2004). The steel properties that are considered to be of utmost 
importance in pipeline design and installation for you in the oil and gas industry are;  

 The Yield Strength; which represent the ability of the steel to deflect under the influence of load,  
 The Ductility; which represents the ability to bend without breaking  
 The Toughness; which represent the ability of the steel to resist or absorb shock load 

Other properties are the weldability and the durability. Detailed description of these properties can be found 
in textbooks such as Bhadeshia and Honeycombe, (2006). 

When steel are materials are subjected to load per unit area called stress, thus the material stretches as a 
result of the stress, the change in length, area and/or volume of the material is termed strain which could be 
a linear, plane and volumetric strains respectively. The relationship between the stress and the strains is 
described by the stress-strain curve. For steel material this curve is shown in Figure 3-1.  

Upon application of stress ો on steels, it experiences deformation and change in shape per unit length and 
the cross-section decreases in area up to the maximum or ultimate tensile strength of the steel, where it 
begins to experience necking, where local reduction of steel area begins.(F in Figure 3-1). Figure 3-1 shows 
the various parts of the stress-strain curve for steel. The straight or nearly straight portion (A to B) of the 
curve indicates the elastic region, where the stress range does not exceed the elastic limit of the steel 
material, a loaded steel within this range regains its initial status when unloaded. This straight region has a 
slope equivalent to the elastic modulus E of the steel material. The modulus of elasticity for steel is 
approximately 762TPa (Staff Awwa, 2004). The expression for the modulus of elasticity is given as; 

	E	 ൌ 	
Stress	
Strain

ൌ
σ	
ε
																																																																																																																																								ሺ3.1ሻ 

 

Where  

σ	 ൌ 	
Applied	Load	

Cross െ sectional	Area
ൌ
P
A
																																																																																																										ሺ3.2ሻ 

ε	 ൌ 	
Change	in	Length	
Original	Length

ൌ
∆L
L
																																																																																																																		ሺ3.3ሻ 

Continuous loading of the steel will cause the material to reach and exceed its proportional limit, where the 
deviation from the straight portion begins (point B). Between point B and C, occurs the offset strains and a 
further loading beyond the yield strength of the steel results plastic deformation of the steel material, where 
permanent deformation occur even after unloading the steel material. As shown in the Figure 3-1, at point C 
there is a total or nominal strain which equals the sum of the plastic and the elastic strains. The plastic strain 
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leaves the steel material with a residual strain, which is the strain remaining in the steel material after 
unloading or removing the applied stress. 

The residual strain is obtained by drawing a parallel line to the elastic region of the curve, from the 
intersection point of the line drawn from the normal stress axis corresponding to the normal stress causing the 
residual strain and the stress-strain curve, to the normal strain axis. The corresponding strain is the residual 
strain, see Figure 3-1.  

 

Figure 3-1: Stress-Stain Curve for Steel Material 

3.1 RESIDUAL CURVATURE DURING INSTALLATION OF PIPELINE 

During pipe lay operations, pipeline is subjected to plastic strains as they travels or passes over the stinger in 
the case of S-lay method of laying. The pipeline undergoes bending beyond its elastic limit into the yield 
point, thus having a permanent or residual curvature as its leaves the stinger. There are several causes of 
residual curvature in pipeline this causes are not limited to  
 Uneven Seabed, 
 Higher Strains in Sagbend 
 Higher Strains in Overbend Region on the Stinger. 

Upon passing the inflection point in the suspended section, the pipeline experience reversed bending at the 
under bend region (sag bend); this is as a result of partial bending and twisting of the pipeline due to sag by 
its self weight. The pipeline will have residual curvature which results from corresponding residual strain 
when it is installed at the seabed because it has been exposed to plastic strains (Endal et al., 1995). In Reel 
lay method of laying the plastic strains by when spooling, unspooling of the pipeline on the reel and when 
passing it over the ramp/aligner.  
Residual curvature section is now widely applicable today, as it presence along the pipeline has been 
optimized to meet some of the challenges faced in pipeline technology as well as a means to reduce the cost 
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of installation. As such residual curvatures are now intentional created along the pipeline to in order to meet 
some of these challenges. The local residual curvature sections generated is achieved in S-lay method by the 
use of the active roller or stinger adjustments and in the Reel-lay method by the active use of the  hydraulic 
adjustment of the straightener system, this method was patented by Statoil in 2002 in Norway, Denmark, UK 
and USA (Endal and Nystrøm, 2015). Its importance is highlighted in the next section. 
 

3.1.1 Estimation of Residual Curvature 

The plastic bending deformation experienced by the pipeline when it passed over the stinger during S-
laying can be estimated based on the stinger configuration, it surface condition and the roller spacing. 
According to Yousun Li (2005), for smooth stinger surface condition, the strain distribution, at any point y 
along the pipe centerline, in the pipe cross-section A, is the sum of the elastic strain caused by barge 
tension TB and the elastic-plastic strain around the stinger. It is thus written as; 

௦௧ߝ	 	ൌ 	
஻ܶ	
ܣܧ

൅
ݕ
ܴ௦௧

																																																																																																																																											ሺ3.4ሻ 

Where Rst = radius from pipe centerline to stinger centerline. 

The pipe stress is relieved and the moment redistributed immediate it leaves the stinger and a residual 
radius Rres is therefore formed. For equilibrium, the moment will be zero 

	ܯ ൌ ܧ	 න ሺ
ݕ
ܴ௥௘௦

ି

஺
െ 	ܣ݀ݕሻሻݕ௣௟௧ሺߝ ൌ 0																																																																																																					ሺ3.5ሻ 

Where residual plastic deformation is given for ideal material as; 

ሻݕ௣௟௧ሺߝ   ൌ ሻݕ௦௧ሺߝ	݂݅																													0 ൑  ௬ andߝ

ሻݕ௣௟௧ሺߝ																											 ൌ ሻݕ௦௧ሺߝ െ	ߝ௬											݂݅	ߝ௦௧ሺݕሻ ൐  ௬ߝ

and ԑy is the yield strain. Thus for practical situation equations 3.5 and 3.6 can be adopted for computing 
the residual curvature.  

3.1.2 Benefits of Residual Curvature in Pipeline Technology 

Residual curvature sections have been found very useful in meeting some offshore pipeline installation 
challenges in both reel-lay and S-lay methods, detailed emphasis on the benefits of local residual 
curvature in pipeline laying are documented in Endal and Nystrøm, (2015).  Although residual curvature 
causes pipeline rotation, however it has quite a lot of advantages (Endal et al., 1995), the benefits of 
creating local residual curvature of different configurations (that is residual strains and lengths) along the 
length of the pipeline, most especially in deep water, are not limited to the following. 

 Large residual curvature due to stinger curvature will permit reduced tension in the pipe end and, 
on an uneven seabed, hence less rectification or intervention of free spans (Endal et al., 1995). 

 For large diameter pipes in deep water the total suspended submerged weight can be so large that 
the pipe cannot be installed due to the limited tension capacity of the laybarge. In such cases the 
weight must be reduced and the pipe stabilized by trenching. Larger stinger curvature, however, 
may allow installation of heavy large diameter pipes (Endal et al., 1995). 

 Larger curvature of the stinger will result in further cost-reductions being expected since the 
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frequency of the laybarge modifications when installing a new pipe will be reduced (Endal et al., 
1995). 

 The residual curvature method was used successfully to control global buckling and expansion 
on the 14” - 16” dual diameter Skuld pipeline in the Norwegian Sea in 2012, Endal and Egeli 
(2014).Thus residual curvatures are used to control global buckling 

 Residual curvature near the end of the pipeline can be utilized for direct tie-in of pipelines to 
subsea structures. This is done by solving the existing direct tie-in challenges with large forces on 
the connection and large pipeline stresses close to the connection point (Nystrøm, et al., 2015). 

Thus, it is recommended that for deep water and large diameter pipeline installation of large diameter 
pipeline, large plastic strain should be permitted to allow for cost saving. 

3.2 PIPELINE ROTATIONS DURING S-LAY INSTALLATION 

As mentioned in section 3.1, the pipeline experienced plastic strain due to bending beyond the elastic 
range when it passes through the stinger, which in turn generates a corresponding residual curvature in the 
pipe. Although the pipe is retrained by the tensioner on the installation vessel and by the soil friction at 
the sea bed, however the residual curvature may thus cause an axial rotation or torsional rotation of the 
pipe under its self weigh along its suspended length and thus transferred into the sagbend through the 
torsional stiffness of the pipeline.  The rotation follows the principle of potential energy minimization and 
there are primarily two main driving mechanism of the rotation which and these are (Vaughan 
and Nystrøm, 2016) 

 The strain energy minimization  
 The gravitational energy minimization  

The pipeline curvature exceeds the elastic limit and plastically hog at the overbend on the stinger and due 
to its self weight it sags at the sag bend region below the inflection point, Bynum and Havik, (1981) 
identifies that in some situations the pipeline requires more energy to reverse-bend the pipe into the 
sagbend than to distort the pipe torsionally, thus the pipeline tends to rotate during installation. 

Additional factors that contribute to the rotation of pipeline during installation are not limited to the ones 
listed below. Details of the influence of some of these factors on rotation was investigated and 
documented in Endal, et al., 1995 

 possible tensioner misalignments,  

 Pipeline curves or vessel offsets.  

 water depth,  

 pipeline characteristics (bending stiffness, submerged weight, etc) and 

 stinger configuration 

 laying in curves 

 current and waves 

 dynamics during pull 

 etc 

Understanding the mechanism and prediction of pipeline rotation is of utmost importance in subsea 
pipeline technology, especially when installing in-line components such as tees, pig launcher, control 
value and so on. Since it is imperative these in-line components maintain a vertical position, with a 
tolerance orientation angle of +/- 15deg. allowed (Damsleth, et al., 1999), on the seabed, uncontrolled and 
excessive pipeline rotation therefore becomes problematic, thus is very important to be able to estimate or 
predict the rotation of pipeline at the touch down point(TDP). 
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3.3 METHODS OF ESTIMATING OFFSHORE PIPELINE ROTATION 

There are several methods through which the pipe rotation can predicted at the TDP, these methods are as 
shown in Figure 3-2. This section elaborate the methods 

 
Figure 3-2: Methods of Estimating Pipeline Rotation 

3.3.1 Analytical Method 

This method can be classified into simplified and modified methods. It is based on the principle of 
potential energy minimization by employing the internal and the external virtual work balance approach. 
There are two types of potential minimization energy, these are; 
 The strain energy minimization; this is used when plastic strain are present in the pipe 
 The gravitational energy minimization; this results due to top heavy structures which are unstable 

and eccentric loadings such as valves, tees and so on, acting downwards causing torsion and load 
to increase rotation  

Simplified Analytical Method 
This method of pipeline rotation approximation considers only the bending and torsional effect on the 
pipeline without considering the rotational effect of the gravitational effect due to minimization of gravity 
potential energy, thus the simplified analytical approach focuses on the strain energy minimization. Endal, 
et al., 1995 stated the assumptions adopted to simplify the strain energy minimization; these assumptions 
are as follows; 

 The pipeline rolls between the inflection and TDP.  

 The pipeline residual curvature is assumed to be formed on the stinger over bend region due to 
exceeding nominal strain ԑr. the residual curvature Kr can be found:  

௥ܭ 	ൌ 	
	௥ߝ
ݎ
																																																																																																																																							ሺ3.6ሻ 

 The total under bend curvature of the pipeline is the sum of nominal curvature and residual 
curvature Kr and it can be expressed by equation 3.7 

   

ሻݔ௧௢௧ሺܭ ൌ ሻݔ଴ሺܭ	 ൅	ܭ௥ܿߠݏ݋ሺݔሻ																																																																																																					ሺ3.7ሻ 
 

Where (ݔ) = total curvature of the pipe and (ݔ) = roll angle. 

The expression for the pipeline nominal curvature from the inflection point to TDP as shown in Figure 3-
2, can be described 2nd degree polynomial as given in equation 3.8 
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ሻݔ଴ሺܭ ൌ ଶݔߙ	 ൅ ݔߚ	 ൅  ሺ3.8ሻ																																																																																																																										ߛ
 
Where (ݔ) = nominal curvature from the inflection point to the TDP. 

 

 
Figure 3-3: Simplified Energy Approach for S-lay installation, from (Endal, et al., 1995) 

equation	3.8	can	be	solve	using	the	boundary	condition,			K଴ሺ0ሻ ൌ 	K଴ሺLሻ ൌ 0	, thus					 

ሻݔ଴ሺܭ 	ൌ 	
	଴ሺ௠௔௫ሻܭ4

ଶܮ
ሺݔଶ െ  ሺ3.9ሻ																																																																																																													ሻݔܮ	

L =length of pipe from the inflection point to TDP.  

 

 the nominal pipeline curvature, the maximum nominal curvature can be derive from 3.9 = (ݔ)0ܭ

଴ሺ୫ୟ୶ሻܭ	 	ൌ 	
	଴ሺ௠௔௫ሻߝ

ݎ
																																																																																																																																	ሺ3.10ሻ 

Where 0ܭ(max) = maximum nominal curvature of the pipe,  

  ԑ0(max) = maximum nominal strain of the pipe,  

The Roll angle (shown in Figure 3-3) can be expressed by a 3rd order polynomial as given in equation 
3.11 (Endal, et al., 1995). 

	∅ሺݔሻ ൌ ଷݔܽ	 ൅	ܾݔଶ ൅ ݔܿ ൅ ݀																																																																																																															ሺ3.11ሻ 
 

Equation 3.11 can be solved by using the boundary condition Ø (0) = Ø’ (0) = Ø’’ (0) = 0 and  

Ø (L) = Ø0 

	∅ሺݔሻ ൌ 	
2∅଴	
ଷܮ

ଷݔ ൅	
3∅଴	
ଶܮ

 ሺ3.12ሻ																																																																																																																				ଶݔ

Thus the total work due to bending and pipe rotation is expressed as the sum of the work done due to 
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bending and work done due to rolling. 

௧ܹ௢௧ሺ∅଴ሻ ൌ 		 ஻ܹሺ∅଴ሻ ൅		 ோܹሺ∅଴ሻ																																																																																																									ሺ3.13ሻ 
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݀∅
ݔ݀

																																																																																																																																				ሺ3.17ሻ 

Therefore the total work done is given as; 

	 ௧ܹ௢௧ሺ∅଴ሻ ൌ .்ܫܩ	
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As seen from equation 3.18, the total work done is dependent on the residual curvature Kr from the 
overbend, the length L of the pipeline from the inflection point to the TDP and the maximum nominal 
curvature K0(max). Equation 3.18 can be solved by making initial assumption of the roll angles, hence the 
solution of equation 3.18 is t the minimum value of the total work Wtot obtained from the several values of 
the roll angle and the roll angle that produces this minimum total work is the roll angle at the TDP. 

Modified Analytical Method 

This method is another method of calculating the minimum total work of the lay configuration, in this 
method the pipeline rotation is assumed to be between the top vessels to the touch down point. Only the 
region of pipe from the sea surface to touch down point is to be considered and is represented by length L. 
there are several methods of approximating the curvature of the pipeline during laying as described in 
section 2.4.3, however the stiffened catenary method of approximation for pipeline laying configuration is 
adopted for here for the estimation of the total work (see section 2.4.3 for detailed description) and the 
under lying assumption in this method is given as follows; 

 The pipe is free to rotate at TDP while fixed at laying vessel, Endal, et al., (2014) shows that the 
modified method gives higher rolls angle at TDP this is because of the boundary conditions 
assumed in this method in reality, and pipeline is not free to rotate at the bottom and has some 
seabed friction. 

 It is also assumed that rotation of the pipeline occurs between the top vessels to the touch down 
point, the only the section of the pipeline from the sea surface to TDP is to be considered and this 
length as shown in Figure 3-4 is represented as L 

 Based on the complete assumption of the catenary theory, the curvature will be maximum at the 
TDP however, since the pipelines bending stiffness plays a pivotal role as compared with catenary 
system, the assumption of maximum curvature at the TDP is untrue for pipeline. 

 It is assumed that the length of the pipeline from the TDP to the sea surface is simply supported at 
both ends, hence curvature is taken zero at the sea surface (laying vessel) and seabed. This implies 
that at the TDP s = 0 and at the sea surface s = L (Endal, et al., 2014). 

 

The residual curvature of the pipeline due to under-straightening region is defined as Kres,  
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௥௘௦ܭ	 	ൌ 	
	௥௘௦ߝ
ݎ

																																																																																																																																										ሺ3.19ሻ 

Where ݏ݁ݎߝ = residual strain and r = outer pipeline radius. 

Thus the total curvature of the pipeline is expressed by; 

 

,ݏ௧௢௧ሺܭ	 ∅଴ሻ ൌ ሻݏ௡௢௠ሺܭ	 ൅	ܭ௥௘௦ܿߠݏ݋ሺݏ, ∅଴ሻ								݂݅			ݏ ൑  ሺ3.20ሻ																																																			௖௨௥௩ܮ
 

,ݏ௧௢௧ሺܭ ∅଴ሻ ൌ  ሺ3.21ሻ																																																																																											݁ݏ݅ݓݎ݄݁ݐ݋										ሻݏ௡௢௠ሺܭ	

Where (ݏ, ∅଴) = total curvature of the pipe and ߠሺݏ, ∅଴ሻ = roll angle. 

  ,non(s) = maximum nominal curvature of the pipeܭ

  ԑres = residual strain of the pipe,  

 length of residual curvature section, see Figure 3-4 = ݒݎݑܿܮ

s = distance along the pipeline, where s = 0 is located at the seabed, and s = L is located at the      
sea surface 
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																																																											ሺ3.22ሻ 

Where d = water depth, 

a is the ratio of the lay tension H, and the pipe submerged weight ws 

γ is the ratio of the bending or flexural stiffness EI and the twice the top tension T 

 

While the Roll angle, as shown in Figure 3-4, can be expressed by a 2nd order polynomial as given in 
equation 3.23(Endal, et al., 2014). 

∅ሺݔሻ ൌ ଶݏܾ	 ൅ ݏܿ ൅ ݀																																																																																																																											ሺ3.23ሻ 

The solution of equation 3.23 was arrived at using the following boundary condition; 
 
∅ሺLሻ ൌ 	∅ᇱሺ0ሻ ൌ 0	&		∅ሺ0ሻ ൌ 	∅଴											 

∅ሺݔሻ ൌ 	
െ∅଴	
ଶܮ

ଶݏ ൅	∅଴																																																																																																																													ሺ3.24ሻ 

 

Ø0= Maximum torsional/roll angle at the seabed 
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Figure 3-4: Modified analytical approach for pipeline roll prediction, from (Endal, et al., 2014) 

Thus the total work due to bending and pipe rotation is expressed as the sum of the work done due to 
bending and work done due to rolling 

௧ܹ௢௧ሺ∅଴ሻ ൌ 		 ஻ܹሺ∅଴ሻ ൅		 ோܹሺ∅଴ሻ																																																																																																						ሺ3.24ሻ 

While the bending strain energy is given as 

஻ܹሺ∅଴ሻ ൌ න ሻݏ௡௢௠ሺܭሾܫܧ ൅	ܭ௥௘௦cos	ሺ∅ሺݏ, ∅଴ሻሻሿଶ݀ݔ

௅೎ೠೝೡ

଴

൅ න .ܫܧ ௖௨௥௩ܮ	݂݅			ݏሻ݀ݏ௡௢௠ሺܭ ൏ ܮ

௅೎ೠೝೡ

଴

																																																																						ሺ3.25ሻ 

஻ܹሺ∅଴ሻ ൌ 		 න ሻݏ௡௢௠ሺܭሾܫܧ ൅	ܭ௥௘௦cos	ሺ∅ሺݏ, ∅଴ሻሻሿଶ݀ݔ

௅೎ೠೝೡ

଴

 ሺ3.26ሻ																																			݁ݏ݅ݓݎ݄݁ݐ݋					

While the torsional strain energy is given as 

ோܹሺ∅଴ሻ ൌ 		නܯோሺݏ, ∅଴ሻ.
݀
ݔ݀
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ݔ݀
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ଶ

. ݏ݀

௅

଴

																										ሺ3.27ሻ 

	where			ܯோሺݔሻ ൌ .்ܫܩ		
݀∅
ݏ݀
																																																																																																																ሺ3.28ሻ 

Therefore the total work done is given as; 
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																																											ሺ3.29ሻ 

 

As seen from equation 3.18, the total work done is dependent on the residual curvature Kres from the 
overbend, the material properties and geometric configuration of the pipeline, the torsional rotational 
angle and the maximum nominal curvature Knom(max). Equation 3.18 can be solved by making initial 
assumption of the roll angle and iteratively solving for the total energy, hence the solution of equation 
3.29 is the minimum value of the total work Wtot obtained from the several values of the roll angle and the 
roll angle that produces this minimum total work is the roll angle at the TDP. 

3.3.2 Numerical Method 
It has been established that rotation or twist of pipeline during installation are very difficult to predict, this 
is as a result of the dynamic behavior of the pipeline which is largely dependent on the pipeline 
characteristics, the environmental loading, vessel motions, the installation configuration and so on. Hence 
the effect of residual strains, residual curvature and pipe tension on pipeline rotation can as be assessed or 
investigated using the numerical method of approximation of the pipeline roll during laying and the roll 
can be predicted either by adopting a non-linear 3D finite element approach (FE) or a 2D approach using 
the differential equations (see Figure 3-1). It is worthy to note that there are different numerical analyses 
that can be adopted for estimating the pipe roll during laying (Li Y., 2005) regardless of the approach 
adopted 

  
Figure 3-5: Numerical Approaches of Estimating Pipeline Rotation 

3D Finite Element Method 
The 3D FE numerical method is achieved through the use of commercial finite element computer program 
such as ANSYS and ABAQUS. These programs model the pipeline using a 6 degree of freedom (DOF) 
elasto-plastic beam and/or as friction contact elements and the programs are capable of investigating the 
existence of the potential energy minimization through a check for the presence of torsion or pipeline 
rotation. Bai Y., (2001) pointed out that ‘The model will be able to compute static load effects on a 
pipeline during installation, based on the lay-ramp geometry, pipeline design data and water depth for 
the pipeline to be installed. The established model should be a tool for analyzing the static configuration 
of a pipeline during installation. The static configuration of the pipeline is the shape of the pipeline from 
the lay-vessel to the seabed when it is in static equilibrium.  The model should also be capable of 
analyzing the load effects on the pipeline when a section like a valve is installed. The model should also 
be capable of letting the pipeline slide over the stinger. A pipeline cross section will then move from the 
lay-vessel, over the stinger and through the sagbend to the seabed.’ 
The inputs for the program are as shown in Figure 3-6 (Endal, et al., 1995); 
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Figure 3-6: 3D Finite Element Analysis Input 

1. Geometrical/Numerical Model  
To initiate a numerical analysis using the non-linear 3D FE, the first step is to define the geometric 
properties of the key parameters that are involve in the installation process, these parameters are; 

 The pipeline; the pipeline is modeled as a 6DOF beam element 

 The lay-barge/stinger; this is modeled as a smooth cylindrical surface, defined with coulomb 
friction in contact with the pipeline 

 The seabed; this is modeled  as horizontal rigid plane  
 

2. Initial/Boundary Conditions 
There are six degree of freedom, 3 translation directions and 3 rotational directions see Figure 3-7, the 
boundary conditions can thus be are specified in any of these directions when there is a resistance to 
movement in that direction. In pipe laying the boundary conditions are applied at the TDP on the 
seabed and at the tensioner and/or on top of the stinger. The BCs are applied to simulate real life 
support conditions of the pipeline and are carefully chosen to avoid pipeline instability.  

 

Figure 3-7: 3D Finite Element 6 Degree of Freedom 

3. Material Model 
The material properties of the pipes such as the pipe diameter and thickness, coating thickness, dry and 
submerged pipe weight, material grade (such as API X65, X70 etc), the density, mesh density and 
pipeline-seabed interaction properties 

4. Load cases and Load Combination 
The pipeline is subjected to several loads such as axial tension, bending moments, gravity loads etc as 
mentioned in section 2.3. These loads can be applied in any of the 6DOF directions depending on the 
directions of the load is present or acting 

 

 



AKINSANYA	A.O.,	2017	 Page	36	
 

2D Differential Equation Method 
This method is similar to the 3D FE, however it considers only 4DOF see Figure 3-8 (a), 2 translation 
directions and two rotational directions, with the out-of-place displacements ignored (Endal, et al., 1995). 
Thus the pipe is modeled as 2D beam element configuration. The 2D analysis can be performed using 
commercial program such as ORCAFLEX and PIPELAY. This approach estimates the pipeline rotations 
by generating and solving a set of non-linear differential equations from the equilibrium equations of the 
pipe in 2D as-laid configuration. Figure 3-8 (b) shows the free-body diagram of a pipe element, the Figure 
indicates only the torque and the bending moments acting on a pipe element.  

 
 

Figure 3-8: 2D Pipe Element with Moment Load Effects (Endal, et al., 1995) 

Summation of moments along the axial axis of the element, which is the s-axis 

	෍ܯ ൌ 0;										 ଴݇ܯ	 ൌ 		
߲ ௧ܶ

ݏ߲
																																																																																																														ሺ3.30ሻ 

Where M0 = bending moment components due to initial curvature 

    Tt = Torque and k(s) = vertical pipe curvature 

The expression for the torque T, the In-plane bending moment M and the bending moment component M0 
are obtained based on the linear elastic material behavior in unloading provided the pipe has attained it 
maximum plastic curvature k0 (Endal, et al., 1995). 

	where			 ௧ܶ ൌ .்ܫܩ		
ߠ߲
ݏ߲

଴ܯ						݀݊ܽ			 ൌ .ܫܧ	 ݇଴	. sin ߠ 																																																																							ሺ3.31ሻ 

Where k0 = initial curvature of the pipe, which is largest plastic curvature at the overbend 

    θ = roll angle and 

   EI = Bending Stiffness and GIT = Torsional Stiffness 

Inserting equations 3.31 into equation 3.30 generates the non-linear differential equation as given in 
equation 3.32. 

	
߲ଶߠ
ଶݏ߲

൅ ሺ1 ൅ .ሻݒ |݇଴| ݇sin ߠ ൌ 0																																																																																																										ሺ3.32ሻ 

where	the	in െ plane	bending	moments 

M ൌ ሺ݇ܫܧ		 െ ݇଴ cos ሺ1						ܽ݊݀		ሻߠ ൅ ሻݒ ൌ 	
ܫܧ
்ܫܩ

																																																																															ሺ3.33ሻ 

According to Endal, et al., (1995) equation 3.32 can be solved by adopting the Galerkin procedure and the 
final system equation generated using this procedure is solved by iterating the nodal roll angles using the 
Newton-Raphson techniques. 
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In formulating the differential equations used for the 2D analysis of the pipeline during laying operation, 
the following steps are followed according to Endal, et al., (1995)  

 The pipeline is divided into series of 2-noded 2D finite beam elements (see Figure 3-8(b)), with the 
vertical displacement and the rotation being the key DOF and the geometric stiffness (EA) of the 
pipeline is incorporated 

 The lay barge stinger is modeled as a rigid circular shape body and support via roller to pipeline by 
the stinger is provided at certain locations along the length of the stinger 

 The steel material is modeled by adopting the non-linear hardening stress-strain curve for the 
bending moment vs the curvature, this is to avoid the outer pressure, the steel axial & shear forces, 
the ovalization and torque been ignored, the Bauschinger effect and the elastic unloading are also 
incorporated 

3.4 PIPELINE ON UNEVEN SEABED TOPOGRAPHY 

3.4.1 Pipeline Free Span 

The terrain of all ocean floors in reality are uneven, thus pipeline free span, which is the unsupported 
length of the pipeline due to contact loss, is inevitable in locations where there are depressions on the 
seabed. The causes of free span encompass (Karunakaran, 2015);   

 Seabed irregularities (rough seabed)  
 Subsequent scouring movement (mobile seabed)  
 Sand Waves  
 Rock Berm  
 Rocks and Boulders 

The unsupported length of the pipeline lying on the seabed are prone to both static and dynamic loads due 
to current, waves, self-weight of the pipeline, drop objects, high residual tension, pipe content, coating 
weight and so on (see Figure 3-9), hence it poses a great deal of problems, (such as fatigue damage and 
pipeline overstress) to the section of pipeline on the seabed, and the severity of problem or challenges are 
largely dependent on the span height and length. 
 
A major problem that plaque the free span is the vortex induced vibration (VIV) which is a consequence 
of motion of the ocean current passing across the pipeline and can result in fatigue damages when pipeline 
natural frequency is very close the vortex shedding frequency and in the case where pipeline is coated, 
damages are noticed on the pipeline. The natural frequency of the free span length is in turn depends on 
the span length, the pipe weight per unit length, the pipe flexural and axial stiffness , the support 
conditions at the shoulders, this implies that the longer the span length the higher the chance of VIV and 
consequently fatigue damage.  
Another major problem of free span is pipeline overstress due to unacceptable bending caused by weight 
of the pipeline, coating, drag & lift forces and pipe content. This can result in local permanent 
deformation and buckling (see Figure 3-9). It is worth noting that free spanning of the pipeline made it 
susceptible to hooking by fishing gear. 
 
As a result of the challenges associated with pipeline free span, it becomes imperative to mitigate these 
problems in order to ensure the safety and integrity of the subsea pipeline. There are several mitigation 
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measures that can be installed such as installation of VIV suppression devices like strakes and shroud, 
rock dumping, mechanical support installation, trenching, anchor and so on, (see Figure 3-10). The 
installation of these measures therefore calls for subsea intervention, which in most cases due to unstable 
seabed and soft clayey seabed condition requires sea floor preparation to stabilize the seabed, thereby 
making subsea intervention operations costly and more costly as water depth increase, with experience 
statistics showing that typical subsea intervention of in the range of 15-20% of the total pipeline 
cost(Endal, et al., 2015) and it is also time consuming thus increase the duration for the marine operations 
(McKinnon, 1999). 

 
Figure 3-9: Loads on Free Span Pipeline (Karunakaran, 2015) 

 
Figure 3-10: Pipeline Free Span Mitigation Measures (Karunakaran, 2015) 

3.4.2 Conforming Pipeline to Seabed Topography 

The results of the numerical investigation performed by Endal, et al., (2015) show that conformation of 
the pipeline to the terrain of the seabed is a cost effective and safer way of resolving some challenges 
listed in section 3.4.1. The pipeline can be made to assume the shape of the terrain by creating local 
residual curvature sections along the length of the pipeline. The creation of these local residual curvatures 
can be achieved in S-lay installation method by the use of the active roller and/or stinger curvature 
adjustments (Endal and Nystrøm, 2015) while in Reel-lay, the straightener can be hydraulically adjusted 
to achieve the same goal (Statoil, 2002). This procedure is considered as a cost effective method because 
is used reduce or eliminate the need for any other measures to ensure pipeline integrity on the uneven 
seabed (Endal, et al., 2015) 
Endal, et al., (2015) identifies that there are several methods of adapting the pipeline to the sea bed terrain 
which are most suitable for Reel-lay method. These methods are 

 The under-straightening method; in this method convex or concave downward residual curvatures 
are created along the pipeline and these pipe curvature rest on the span shoulders as shown in 
Figure 3-11(A), it is applicable for both S-lay and Reel lay method 

 The Over-straightening method; here a concave upward residual curvature is created along the 
length of the pipeline and the curvature is positioned in the mid span section, as shown in Figure 
3-11(B), this is also applicable for Reel lay method and for S-lay method a roll angle of 
approximately 180 deg. is achievable at the TDP.  
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 The Combined method; this method combined both under- and over straightening methods and it is 
only applicable for the Reel lay method. See Figure 3-11(C) 

 
Figure 3-11: Methods of Suppressing Pipeline free span by Residual Curvature (Endal, et al., 2015) 

The methods described above are achieved by creating local residual curvatures sections along the 
pipeline, there are other methods curvature in the already laid pipeline on the seabed as identified by 
Endal, et al., (2015), these methods can be used alone or in combination with the method listed above  

 Wire and Buoyancy Method; in this method adopt a system of wire and buoyancy as shown in 
Figure 3-12(1), to create curvature at the free span section of the pipeline. 

 Local Weight Method; as shown in Figure 3-12(2) weight can be placed at the mid span of pipeline 
in order to create curvature. 

 
Figure 3-12: Methods of Suppressing Pipeline free span by adding Curvature (Endal, et al., 2015) 

This thesis research also assess, through experimental test, the significance of various strain level of local 
residual curvature on the integrity of the pipeline at the free span by adapting the model pipeline using the 
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under-straightening, over-straightening methods and the local weight method, hereby validating the 
numerical test  

3.4.3 Benefit of Conforming Pipeline to Seabed Topography 

The benefits of conforming the pipeline to the uneven sea bed terrain as investigated by Endal, et al., 
(2015) are not limited to the following; 

 Free span suppression 
 Acceptable bending moment’s utilization 
 Reduction of subsea intervention cost   

Endal, et al., (2015) validate, through numerical test the, robustness and the cost reduction potential of 
local residual curvatures sections along pipeline when installed on uneven seabed topography using the S-
lay and Reel lay methods by identifying that up to 10% reduction in the cost of the subsea pipeline project 
can be achieved depending on the strain level while ensuring the structural integrity of the pipeline at the 
free span sections. 
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4. METHODOLOGY 

4.1 EXPERIMENTAL SET-UP 

The primary purpose of the experiment is to investigate the parameters that would induce pipe rotation 
above 90degree at the TDP as well as to establish the basic principle of conforming pipeline to uneven 
seabed topography using residual curvatures and weight during S-lay installation. Thus the parameters 
that are of primary focus in the experiment are the residual strain, the residual curvature length, In-line 
structure and the pipeline end boundary condition (fixed condition or torsional restraint condition). The 
experiment also establishes the influence of different residual strain and curvature length on the horizontal 
force. It is worthy to note that other parameters such as variation in the water depth; the applied tension 
etc could not be investigated due to unavailability of the space where the stinger was positioned 

 

The experiment was performed in a 12m x 3m x 3m swimming pool located at the University of 
Stavanger. As a result of space constrain, the model was scaled down to suit the size of the swimming 
pool in terms of the size of model pipe, the water depth adopted, the stinger size and radius, the position 
of the residual curvature section along the model pipeline and so on. 

In order to perform this pipe rotation and free span experiment to reasonable level of accuracy and 
minimized errors, several components and equipment were used, tested, constructed, soldered and 
prepared. The key parameters used in the experiment are list below and this section gives cursory details 
of some of these parameters   

 Pipe Properties 

 Pool  

 Model stinger  

 Model Rollers on stinger  

 Load cell  

 Applied Tension System  

 Pipe Pre-bending   

 Inline structure  

 Torque measuring Device 

 Uneven Seabed  

 

Table 4-1; General Experimental Test Parameter 

Water 
Depth (m) 

Applied 
Tension (N) 

Stinger 
Radius (m) 

Load Cell 
Capacity 

(kg) 

Weight of Inline 
structure (N) 

Pool Size (m) 

4.88 40 4 200 10.2 12 x 4 x 3 
 

Table 4-2; General Experimental Residual Strain 

Experiment 
Residual Starin Level 

(%) 
Residual Curvature length 

(m) 
Pipeline Rotation 0.30 0.35 0.40 2 3 
Uneven Seabed 0.15 0.26 0.30 1 2 
 

The following experimental test were performed in this thesis work  
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Residual  
Strain 

Length of Residual 
Curvature 

Bottom Boundary 
Condition 

Measured Parameter 
(Output) 

 Pipe Rotation Experiments 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                               
 
 
 

 
 

 
 
 
 

Figure 4-0: Pipeline Rotation Test 

 Uneven seabed Experiment 
 
 
 
 
 
 
 

Figure 4-1: Pipeline Free Span Test 

 Inline structure Experiment 
 

 

 
 

Figure 4-2: In-structure Test  
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4.1.1 Pipe Material and Geometric Properties 

Several factors were considered in selecting a suitable model pipe material for the experiments and these 
factors are not limited to the pipe material type, size of pool, the availability of pipe, the stiffness of pipe, 
the available length of pipe and so on.  

Based on all these factors 3meter long of 10mm outer diameter copper pipes were considered most 
suitable, the choice of copper material as against steel material, which is what is required for the actual 
pipeline material in the real life, is largely based on the high material stiffness of steel material which 
requires a larger size of pool. The copper pipes used are manufactured according to European standard of 
EN1057. 

The properties of the 10mm copper pipes are obtained from the manufacturer specifications, the uniaxial 
tensile test and the EN1057 (R290) Standard and these properties are as specified in Table 4-3, 4-4 and 4-
5 respectively. 

 

Table 4-3; Measured Pipe Properties 
Pipe Outer 

Diameter (mm) 
Pipe Wall 

Thickness (mm) 
Pipe Mass per unit 

Length (kg/m) 
Pipe Piece Length 

(mm) 

10 0.80 0.19 3 

 

 

Table 4-4; Pipe Properties Obtained from Uniaxial Test 
Modulus of 

Elasticity (GPa) 
Material Yield 
Strength (GPa) 

Tensile Force 
(N) 

120 304.9 0.19 

 

 

Table 4-5; Pipe Properties obtained from EN1057 (R290) Standard  
Pipe Density 

(Kg/m2) 
Poisson Ratio 

120 304.9 

 
Pipe Material Uniaxial Tensile Test 
The primary purpose of performing the uniaxial test on the pipe material is to determine the material 
modulus of elasticity and yield strength, these serve a input for the numerical analysis and consequently a 
comparison between the numerical and experimental result. 
The uniaxial tensile test was performed using the Instron testing machine in machine laboratory at the 
University of Stavanger. And the test was performed based on the guidelines outlined for the mechanical 
testing of metal in Annexes C and E of ISO 2009 standard. The pipe test piece dimensions are given in 
Table 4-1 and the length is 300mm. The stress-strain curved as well as the tensile force-extension curve 
(see Appendix II for detailed results) were obtained for 3 test pipe pieces and values for the properties 
(modulus, yield etc.) for the test pieces were average to obtain the overall values of the modulus of 
elasticity and yield strength of the model pipe reported in Table 4-4. Figures 4-3 and 4-4 show the length 
of old and new model pipe piece cut for testing and Instron testing machine with test piece in place 
during testing respectively.  
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Figure 4-3: 300mm length of the old and New Pipe Pieces 

 
 

Figure 4-4: Uniaxial Tensile Testing of the Pipe Pieces 

 
Figure 4-5: Stress-Strain curve of the model Pipe as obtained from the Uniaxial Tensile Testing   
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Model Pipe Connection 
The model pipeline was created by soldering together several lengths of the 3 meters pipe. The choice of 
soldering was opted for due to the low melting point of copper material and to ensure a rigid and stiff 
joint at the point of soldering, small pieces 8mm copper pipe of 40mm length were inserted at every 
connecting joint before soldering and soldered together with the lengths of pipe. Propane gas burner with 
filler metal was used for the soldering operation. Figure 4-6, shows the pipe lengths been soldered 
together. In order to add or remove the pipe length with residual curvatures during the experiment, the 
mode pipeline was also disconnected by using the gas burner to heat up the joint 

 
Figure 4-6: Pipe Connection with 8mm Diameter Pipe Inserted 

4.1.2 Pool 
The experiment was carried out in the material laboratory pool at the University of Stavanger. As state 
previously, the pool posed a great deal of limitation to the scope of the experiment in terms of the size 
and its availability; however the full size (see Table 4-1) of the pool was utilized for the experiment. 
The experiment was performed when the pool was empty (dry experiment test) and In order to validate 
the nominal curvature of the catenary shape of the model pipeline under the applied load specified in 
Table 4-1, the pool wall was painted for visibility and then gridded in size 15cm by 15cm (see Figure 4-7)   

 
Figure 4-7: Gridded Pool Wall 

4.1.3 Model Stinger 
The model stinger is a wooden structure with straight and curve sections (see Figure 4-8) was constructed 
in 2016 and it radius was estimated based on the tensile test of the model pipe and the final radius of the 
stinger selected (see Table 4-6) is such that the pipe does not experience any plastic strains has it passes 
through the stinger (Kashif, 2016). The model stinger was positioned at a height specified in Table 4-1 
from the pool floor. It should be noted that the stinger height, consequently the water depth, could not be 
varied as a result of time constraint and availability of the space where the stinger was positioned. 
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Table 4-6; Model Stinger Geometrical Dimension and Height above Pool Floor 
Height above 
Pool Floor(m) 

Overall Length 
(m) 

Radius 
(m) 

4.5 9 4 
 

 
Figure 4-8: Model Stinger lying on the floor of the laboratory (Kashif, 2016) 

4.1.4 Model Stinger Roller 
To simulate the payout process through the stinger, rollers of 20mm length and 10mm diameter are 
positioned at interval on the model stinger, the pipeline are therefore being supported by these rollers. The 
rollers are needed to reduce the friction due to the wooden stinger just as in real life situations where 
adjustable rollers are placed at interval on the stinger. See Figure 4-9 shows the interval placement of the 
rollers on the whole length of the stinger 
 

 
Figure 4-9: Rollers Placed on Stinger at Interval 

4.1.5 Tensioning System 
Due to the laboratory space constraints, a top tensioning system was developed using a pulley system as 
shown in Figure 4-10. The pulley system consists of four rollers firmly secured to the wooden stinger and a 
string attached to the pipeline end at one end and to the applied load (see Table 4-1) on the other end.  
This system was also very useful in placing the soldered length of the pipeline from the pool floor to the 
stinger. Figure 4-11 shows the pulley system as while as the load 
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Figure 4-10: Schematics of the Applied Tensioned System 

 

Figure 4-11: Applied Tension Pulley System on Stinger 

4.1.6 Pipe Pre-bend 
Has established in previous section that the main cause of pipeline roll is the presence of residual curvature 
section  and inline structures along the length of the pipeline during S-lay and Reel-lay installation and the 
primary purpose of this experimental test is to establish the parameter that cause rotation above 90degree. 
Since the model stinger curvature cannot induce residual curvature in the model straight pipe as can be 
achieved in S-lay using the stinger/roller system, the model pipes were pre-bent at different residual strains 
levels and residual curvature length before soldering to the mainline. The strain is expressed in Equation 4.1 

ߝ																																																																	 ൌ
ݎ
ܴ
																																																																															ሺ4.1	ሻ 

Where r = pipe outer radius in meter 
 R = pipe bending radius in meter 
 ԑ = pipe strain (nominal or residual) in % 
Due to lack of pipe bending machine, manual bending methods were adopted for bending the pipes. There 
are two different methods of achieving the pipe bend/curvature the methods are as follows; 
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Using the stress-strain curved (Figure 4-5) obtained from the tensile test and the discussion of section 3.0, 
the nominal residual strain levels and using Equation 4.1, the bending radius R is determined. This means 
that if the pipe is bent to this nominal bending radius, and afterward released from the stress, it will be left 
with a residual strain corresponding to that used to obtain the nominal strain.  
The second method is to obtain the residual bending radius by using the residual strains directly in Equation 
4.1 and then the straight pipes are bent to assume the curvature corresponding to the residual curvature 
depending on the curvature length in consideration. Figure 4-12 shows the bending of the straight pipe to 
conform to the residual curve 
 
For the purpose of this test and for easiness the second approach was adopted, Table 4-7 shows the values 
of the radius as obtained from Equation 4.1. Figure 4-13 shows the residual curvatures for various the 
residual strains as given in Table 4-7.  

Table 4-7; Model Stinger Geometrical Dimension and Height above Pool Floor 

Residual Stain, ԑ (%) 0.15 0.26 0.3 0.35 0.40 

Residual Curvature Radius, R (m) 6.67 3.85 3.33 2.86 2.50 

 
 

 
Figure 4-12: Bending of Straight Pipe to Conform to Residual Curve 
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Figure 4-13: Pre-bend pipes with Residual Curvatures 

4.1.7 Inline Structure 
Additional test is also performed to establish the influence of inline structure on pipeline rotation. In real 
life the inline structure could be control valves, inline tees, pig launcher and so on. 
The inline structure for the purpose of this experiment is an angle wooden frame with a small length of pipe 
firmly secure through, the dimension of the wooden frame is shown in Figure 4-14. The weight of the 
wooden frame is 10.2N. The inline structure is soldered to the pipeline through the small length of pipe. See 
Figure 4-15 
 
Additional test will be to check the influence of CoG position on the pipeline rotation; however because of 
time constraint this test was not performed. 
 

 

Figure 4-14: dimension of the wooden inline frame 
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Figure 4-15: Inline Structure Connected to the Pipeline 

4.1.8 Pipeline End Support Conditions 
In order to obtain a reasonable results, it is imperative to simulate the actual end conditions of the pipeline 
to be as close as possible to what is obtainable in reality, however this posses a great deal of challenge. The 
end conditions of the model pipeline are termed; stinger end which is the top end of the model pipeline on 
the stinger and the seabed end which is the end of the pipeline on the seabed, the descriptions of these end 
conditions are given below. 
 
Stinger End  
This end of the pipeline is similar to the end help or supported by the tensioner in reality, this end is 
attached to the applied load (tension) via the pulley system (see Figure 4-8) as describe in section 4.2.5. 
However, unlike the real tensioner, the boundary condition only provides control to axial movement of the 
pipe, thus the pipeline at this end is free in all the other degrees of freedom. Figure 4-16, shows the direct 
connection of the pipeline end to the pulley string. 
 

 
Figure 4-16: Pipeline End on Stinger Connected to Pulley System via String 
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Seabed End  
For the purpose of this experimental test two different boundary conditions are considered for the seabed 
end of the model pipeline and the results obtained are compared. These boundary conditions are; 

 Fixed end; this condition provides full restraint to movements in all the 6 DoF. The end of the 
pipeline is nailed to a wooden plate (see Figure 4-17) to prevent rotational movement while the 
wooden plate has wheels underneath to allow axial movement with reduced friction. It is worthy to 
note that the final rotation at the TDP is largely dependent on the proximity to the fixed end, that is 
the closer the residual curvature length or inline structure to the end condition  the lower the angle 
of rotation and vice versa. 

 
Figure 4-17: Pipeline End Nailed to Wooden Plate 

 Partially Free End; the boundary condition provided to simulate the torsional resistant of the pipe 
to rotation as well as to measure the torque acting on the pipeline, as it is very difficult to measure. 
To achieve this, a torsional resistant device was constructed (see Figure 4-18(a)). The device was 
built of wooden frame and tension springs and it allows axial movement under reduced friction by 
the installation of rollers (wheels) underneath.  In order to control the torsional stiffness of the pipe, 
the device is built in such a way that the number of spring can be increased. The higher the number 
of springs, the greater the torsional stiffness introduced. For the purpose of this experimental test, 
one and two spring’s system were considered, see Figure 4-18 (a) and (b) respectively 
It should be noted that the torsional test was not performed on the pipe material due time constraint  
 
Torque Device Built; the device works on the basic principle of mechanical potential energy of 
spring. The device is build with tension spring’s system as shown in Figure 4-16, the tension 
springs are rigidly fixed to a wooden plate termed spring wooden plate which has a 10.1mm 
diameter hole at the center and it is free to rotate but restrained against lateral movement, the 
pipeline end is inserted into the hole of the plate and firmly fastened to it.  The wooden plate is then 
attached to another wooden plate, termed support wooden plate, which is firmly secured to the 
device supporting structure. The device supporting structure is made of wooden frame and has 4 
wheels to allow for axial movement of the pipeline, see Figure 18. 
The stiffness of the spring is determined using the Hooke formula 

ࡷ ൌ
ࡲ
ࢋ
																																																																																																																																											ሺ૝. 2	ሻ 

Where  K = Spring Stiffness Constant in Newton per meter 
  F = Applied Force in Newton 
  e = Extension or elongation in meter 

A spring displacement test was performed to determine the spring stiffness constant of the tension 
spring. Two samples of the tension spring were collected and forces were applied on them through 
the load cell to elongate them (see Figure 4-19), the magnitudes of the force causing corresponding 
displacement, measured at every 10mm displacement, were recorded through the load cell and by 
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using Equation 2 the stiffness were calculated. 
The force-extension curves for the two samples and their average were plotted as shown in Figure 
4-20. The average of all the average stiffness is taken to be the stiffness constant K of the tension 
spring, this value is reported in Table 4-8. Detailed calculations of the average stiffness as well as 
the stiffness constant K of the tension spring is documented in Appendix I. It should be noted that 
the load cell measures forces in mV/V which can be converted to Newton using the factor in Table 
4-1 
 
Torque Device Working Principle; Thus as the pipe rotate or twist it causes the spring wooden 
plate to rotate since the pipe is fixed to it, consequently resulting in the spring displacement. The 
displacements are measure at different distance during the test until the residual curvature reaches 
the TDP. 
The force causing the rotation can be determined by using Equation 4.2 after making force F the 
subject of the formula and the perpendicular distance d from the center of rotation to the point of 
spring connection (Moment arm) is measured, see Table 4-8, then the Torque T was calculated 
based on the assumption that magnitude of the torque generated by the pipe rotation is equal the 
torque resistant of the tension spring, hence the torque resistance of the tension spring is determined 
by using Equation 4.3 

ࢀ																																															 ൌ .ሺ૝																																																																						݀	ݔ	ܨ 3	ሻ 
Where  T = Torque in Newton/meter 

  F = Applied Force in Newton 
  d = Moment arm in meter 
 

Table 4-8; Torque Measuring Device Parameters 
Moment Arm 

 (m) 
Spring Stiffness Constant 

(N/m) 
Spring Original 

Length (m) 
D1 D2 

 144.53 0.04 
 

  
(a)                                             (b)                                      (c)       

Figure 4-18: (a) Torsional Restraint device, (b) 2-springs system and (c) 1-spring System 
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Figure 4-19: Displacement Test of Tension Spring 

 
Figure 4-20: Force-Extension Curves of Sample Springs 

4.1.9 Uneven Seabed 
In order to establish the basic principle of conforming pipeline to uneven seabed, separate experimental 
tests were perform with the residual curvature pipe in a sagging configuration along the pipeline and then 
paid out into the seabed depression. To perform this test, a wooden uneven seabed was constructed with the 
main dimensions as indicated in Table 4-9. Figure 4-21 shows the schematic of the uneven seabed with the 
dimension parameters and Figure 4-22shows the finished uneven seabed. The value of the span length was 
selected based on the value that can give visible pipe displacement and the seabed shoulder b was 
considered as the touch-down point.  

Table 4-9; Dimension of the Uneven Seabed 
Span Length L 

(m) 
Height Ha  

(m) 
Height Hb 

(m) 
Depression Height Hd  

(m) 
2.280 0.600 0.622 0.515 
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Figure 4-21: Schematics of the Uneven Seabed 

 

  
Figure 4-22: Uneven Seabed 

4.1.10 Force Measuring Device 
Horizontal tension force at the end of the pipeline on the seabed was measured by using a load cell. The 
load cell was connected to the pipeline end on the seabed via a string while it is firmly held in position to 
avoid movement in any directions, see Figure 4-23. The load cell is connected to a spider 8 device, which 
receive the signal from the load cell. The spider 8 device is connected to a computer to display the reading  
 
A 200kg capacity HBM U2A-200 Load cell type was considered adequate for this experimental test (see 
Figure 4-24). This load cell type measure load in mV/V, thus scaling of the load cell is necessary in order to 
convert this unit to kg. To determine the conversion factor from mV/V to Newton N, a 40N weight was 
hang off from the load cell and the reading through the spider 8 was taken from the computer recorded, see 
Table 4-10. Hence from the applied weight and the value of the reading taken, the conversion factor is 
estimated (Table4-10). 

Table 4-10; Load Cell Reading Conversion Factor 
Applied Weight 

(N) 
Spider 8 Reading 

(mV/V) 
Conversion Factor 

to Newton 
40 0.00401 997.51 
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Figure 4-23: Load Cell Firmly Secured 

  
(a)                                                                          (b) 

 
(c) 

Figure 4-24: (a) Load Cell, (b) Spider 8 and (c) Reading from Spider 8 

4.2 NUMERICAL 
There are limited numbers of computer application that can accurately determine the rotation of pipeline 
with residual curvature length incorporated, however as discussed in section 3.3 numerical analysis of 
pipeline rotation can be achieved either by a 3D F.E approach or 2D differential equation approach. For the 
purpose of this thesis work, a 2D differential equation approach will be adopted. 
 
The 2D pipe rotation estimation is therefore performed using the commercial program ORCAFLEX, where 
the pipe is modeled as 2D beam element configuration. Refer to section 3.3 for details of the principle 
governing the 2D calculation of pipe rotation. 
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For the purpose of accurate comparison between the experimental results and the numerical analysis result, 
the numerical analysis is performed using the same model properties considered in the experimental test, 
that is, the same properties in terms of the pipe properties, the stinger properties, the tensioner capacity and 
the environmental conditions.   
 

4.2.1 ORCAFLEX Description 
As previously mentioned in section 3.3, Orcaflex can be consider for to 2D pipe rotation calculation during 
installation either by S-lay or Reel-lay or J-lay method, it is a commercial programme developed solely for 
marine static and dynamic analysis of offshore systems such as marine risers, umbilical, pipelines and 
offshore operations such as deployment, installation, mooring, offshore lifting, towing and towed systems. 
It incorporates the effect of current and waves loads as well as other imposed motions.  However the 
capability of OrcaFlex is not limited to 2D analysis but it can also perform 3D non-linear time or frequency 
domain finite element analysis which is capable of handling arbitrarily large deflections of the flexible from 
the initial configuration. Details on the capabilities and features can be found on 
https://www.orcina.com/SoftwareProducts/OrcaFlex 
 
Since this thesis focus primarily on residual curvature, Orcaflex has the capability to introduce pre-bend 
sections along the length of the pipeline during installation, it does not have the capability to perform full 
pipe rotation analysis. Thus for this analysis focus is on the twist of the pipeline when the pre-bends are 
introduced. It is also worthy to note that a precise comparison of the results from the experimental test and 
the numerical simulation using Orcaflex is difficult to achieve, this is because several other factors, motions 
and loads such as wave, current, vessel motions etc. were considered in the numerical analyses which were 
not put into consideration on the dry experimental test. Hence a great deal of difference is expected as the 
influence of all these parameter on the final results/output is enormous. 

 
Coordinate Axis 
There are primarily two coordinates systems used to define objects or physical models, input data such as 
model position, in Orcaflex, these are the global coordinate system and the local coordinate systems both 
are designated by Gxyz  and Lxyz respectively, see Figure 4-25.Also the output or results are relative to 
these coordinate axis. 
The coordinate system of the line model that represents the pipeline is shown in Figures 4-28 and 4-29 
 
Directions and Headings 
The directions and headings in Orcaflex are given or specified two different angles which are sometimes 
defined relative to either the global or local axis in Orcaflex. These angles are the Azimuth angle and the 
Declination angles. The definitions of these angles are based on the axis they are relative to. When relative 
to the local coordinate axis, the angles are defined as (Orcina, 2016);  
 Azimuth angle; is the angle from the x axis to the projection of the direction onto the xy plane 

(Azimuth is 0° for the positive x axis direction and 90° for the positive y axis direction). •  
 Declination angle; is the angle the direction makes with the z axis. Therefore Declination is 0° for 

the positive z-direction. 
 Gamma angle; at line ends, the axial directions as well as the twist orientation about the axial 

direction of the line were. This is done by first specifying the azimuth and declination of the axial 
direction and then specifying the twist orientation by giving the gamma angle to be zero.  
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Figure 4-25: Orcaflex Coordinates Systsem (Orcina, 2016) 

4.2.2 Modelling 
Orcaflex contains several features that aid the modeling of pipeline installation systems, these features can 
be found in the library of the programme and it includes model of a Vessel, Line, 3 and 6D Buoy, Linked 
and winch etc. 
Modelling of the pipeline with, during S-lay installation, in Orcaflex was done by using the following 
features; 
 
The Line; this is model features that represent the pipeline from the vessel to the seabed. It has the 
properties of the model pipe as specified in Tables 4-3 to 4-5, with stiffness of the pipe estimated and 
inputed as well. The line model has a property called pre-bend which was used to introduce the residual 
curvature (further details on the pre-bend is given below). The surface end of the line is set as free and 
connected to the tensioner (see details on tensioner below) while the seabed end of the pipeline is fixed to 
the anchor which provides restraints in all 6 DoF. Orcaflex represents the TDP in white dots as shown in 
Figure 2-27.  
The Vessel; Orcaflex has a predefine vessel model with several other features in the vessel directory. The 
default geometric properties of the vessel in Orcaflex was scaled down to a reasonable dimension and used 
in the numerical analysis as shown in Figure 4-26 and 4-27.  
 
The stinger was model using the support modelling features in the vessel facility, straight and curve (in 
terms of radius and length) sections of the stinger were defined and the contact position as well as the 
geometric properties of the contact components (Rollers) are specified, see Figure 4-26 (rollers are shown in 
pink colours in Figure 4-26). 
 
 The Tensioner was model with the used of the winch features in Orcaflex. The tensioner capacity of the 
winch, as given in Table 4-12, was specified. The two ends of the winch were connected to the vessel and 
pipe line. In Figures 4-26 and 4-27 the tensioner is shown in blue. 
 
Based on the results of the experimental test, where it was observed that the pipeline residual curvature will 
rotate beyond 90degree, thus in order to avoid the halting of rotation of the curvature during Orcaflex 
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simulation, a cylindral elements is incorporated and fixed at the seabed, this was achieved by using the 
Block feature in Orcaflex. See Appendix IV for pictures of the model with the blocks 
 

 
Figure 4-26: 3D S-Lay Pipe Laying Catenary in ORCAFLEX 

 

 
Figure 4-27: S-Lay Pipe Laying Catenary in ORCAFLEX 

 

 
Figure 4-28: Catenary Line in Elevations showing the Local Coordinate axes (a) y-axis in green (b) x-

axis in red 
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Figure 4-29: Catenary Line in 3D showing the local axes, x-axis in red and y-axis in green 

Pre-bend  
One primary objective of this thesis is to determine the influence of residual curvature, thus pre-bends of 
different residual strains are introduced and torsion is enabled in Orcaflex in order to measure the twist of 
the pipeline due to these pre-bend.  
 
To define pre-bend in Orcaflex, straight line sections with lengths equal to the residual curvature length 
were specified together with other sections that make up the pipeline catenary, and the pre-bent curvatures 
of the sections were therefore defined in radians per unit length, with sections without pre-bend, that is, 
unstressed sections having a pre-bend of zero, which is the default setting. The pre-bend curvature for 
several residual strains is as shown in Table 4-11 and Figure 4-30 showing a typical S-lay catenary pipeline 
with pre-bend curvature. The pre-bend curvature values in Table 4-11 are considered in the numerical 
analysis reported in this thesis.  
 
It should be noted that, the definition of the pre-bend in Orcaflex is in the local axes, directions either in x 
and/or y direction(s). However, to simplify data preparation and interpretation of results we recommend that 
you arrange the line's local axes such that the pre-bend is entirely in either the local x or local y direction. 

 
Table 4-11; Corresponding Pre-bend Curvature for different Residual Strains 

Residual Stain, ԑ (%) 0,30 % 0,35 % 0,40 % 

Pipe Radius, (m) 0,005 0,005 0,005 

Residual Curvature Radius, R (m) 1,67 1,43 1,25 

Pre-bend Curvature (1/R), rad/m 0,60 0,70 0,80 
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Figure 4-30: pipeline Catenary with Pre-bend section 

4.2.3 Design Basis 
For the purpose of comparison the following parameters were considered for the numerical analysis. As 
shown in Table 4-12, the water density is set to the density of air in Orcaflex model while the influence of 
hydrodynamic loads and motions is ignored by setting the wave height and current speed to zero. Other key 
model properties used are similar to those used in the experimental test.  

Table 4-12; Key Input Parameter in ORCAFLEX 
Water 
Depth 

(m) 

Stinger 
Radius 

(m) 

Tensioner
Capacity 

(N) 

Wave 
Height 

(m) 

Current 
Speed 
(m/s) 

Water 
Density 
(te/m3) 

3 4 40 0 0 0.0013 

 

4.2.4 Boundary Conditions 
The boundary conditions at the two ends of the pipeline plays a pivotal role in final twist recorded, thus, the 
pipeline end boundary conditions considered in the numerical analysis are similar to that used in the 
experimental test. 
The stinger end of the pipeline is free in rotation in all directions, this is achieved by connecting this end to 
the winch wire and the twisting stiffness of this end connection is extremely small, this means that the 
stinger end of the pipeline is allowed to rotate freely just as in the experimental test. 
 
For the seabed end of the pipeline, three boundary conditions were considered to simulate the scenarios in 
the experimental test. The first case is fixed boundary condition, that is restraint from rotational and 
translation movements in all directions, this achieved by anchoring the seabed end of the pipeline and 
setting the bending and twisting stiffness of the connection to unity, see Table 4-13. The second and the 
third cases are cases where the end is anchored for stability; however the rotation or twisting stiffness of the 
end connection (anchor) is set to values estimated based on the rotational stiffness of the torsional devise 
used in the experimental test. See Appendix III for the calculation of the twisting stiffness of the torsional 
device depending on the number of spring 

Table 4-13; End Connection Stiffness considered in the ORCAFLEX Model 
Boundary 
Conditions

Bending 
Stiffness 

(kNm/deg.)

Twisting 
Stiffness 

(kNm/deg.)

Fixed 1 20x10-12 

2-spring 1 1.29x10-6 

1-spring 1 8.70x10-7 
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4.2.5 Numerical Analysis Description 
Orcaflex has the capacity to perform two separate analyses for pipeline installation. These analyses are the 
static analysis, which estimate the catenary and the nominal curvature of the pipeline in the static state, 
without considering the effect of waves and current. The output of the static analysis serves as one of the 
input for the second analysis which is the dynamic analysis. The dynamic analysis considered the effect of 
hydrodynamic loads and motion of vessel on the pipeline catenary. 
 
Since the effect of hydrodynamics is been ignored, the result of the dynamic analysis is the same as that of 
the static analysis. Hence both static analysis and dynamic analyses were performed and the results reported 
in this thesis. 
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5. SCALING  

The experimental test is only relevant when scaled up to a real life case, since its application is only 
meaningful when extended to practical situation or scenario, thus scaling of the model test becomes very 
imperative. The model experiment in this study effort has been greatly simplified when compared to the 
physical representation of the offshore installation process and environments, although the absolute laying 
parameters are preserved in the process of simplification, which enable the model pipeline installation test 
exhibit some key behavior of the of real life situations of pipeline installation 
 
Scale model is not peculiar to this studies as it application cut across many fields of engineering and non-
engineering alike, regardless of the field of study all scale model are based on the same principle and 
functional requirements. For marine hydrodynamics application the general modeling and scaling laws are 
applied, these laws are In general governed by the similary theory (similitude) which is built around 
dimensionless numbers. The dimensionless numbers therefore correlate the test model to the physical 
model. Figure 5-1 shows some typical dimensionless numbers used for scaling up in offshore technology. 
For most engineering applications, in this case offshore engineering (of which thesis study effort falls), the 
similarity requirements are as follows; 
 

 Geometric Similarity: The model and full scale structures must have the same shape, that is All 
linear dimensions must have the same scale ratio. This found application in the environment 
surrounding the model and ship and  in the elastic deformations of the model and ship 
 

 Kinematics Similarity: this is also known as the similarity of velocity. It states that the flow and 
model(s) will have geometrically similar motions in model and full scale  
 

 Dynamic Similarity: this is also known as the similarity of force, and it states that ratios between 
different forces in full scale must be the same in model scale. Inertia forces, Surface forces, Elastic 
Forces, Pressure force, Gravitational forces.  

 
All these similarity requirements must be met when scaling up this experimental test to full scale, this is 
very difficult to achieved in this cases, thus the experimental test in this thesis only satisfies the geometric 
similarity requirements as satisfying the kinematics (flow velocity) and dynamic ( gravitational force, 
inertial force, viscous force etc) similarities are complex to achieved. However for simplification sake a 
quick check using only the geometric similarity can be performed using the deflection number and the 
geometric properties of the model pipe.  
 
Deflection number plays a key role in the geometric scaling of pipeline model to real life line pipes. The 
deflection number is a dimensionless number used to determine the geometric scale ratios for deflections of 
pipes under hydrostatic stressess. The expression for the deflection number according to Clauss & 
Kuhnlein, 1974 and Clasuu, et al., 1991, as well as the applications is documented in Appendix III 
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Figure 5-1: Scaling Ratios used for Testing Offshore Structures (NTNU, 2016)  
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6. EXPERIMENTAL AND NUMERICAL TEST RESULTS 

6.1 EXPERIMENTAL PROCEDURE/TEST 
A total of 25 experimental tests were performed as shown in section 4.1, and this includes simulation with 
different residual curvature strain levels and lengths, in-line structure, ordinary straight pipes. The 
experimental tests covered pipeline rotation scenarios due to residual curvatures and inline structures as 
well free span scenarios with residual curvatures and concentrated load. 
 
The experimental test was performed following procedures listed below; 

 

 Pipeline Construction: six 3meter length pipes were soldered on the pool floor to form an 18 meter 
long model pipeline. For each case of simulations of pipeline lay with residual curvature, the residual 
curvature length is soldered in between the pipeline, before the simulation begins when the applied 
tension is on the pool floor, and it is done in such a way that the previous curvature length is 
disconnected by heating the joints and a new curvature length is soldered in place. Due to space 
constraint, the residual curvatures were connected to the pipeline at a distance below the inflection 
point. This is to ensure that the residual curvature length touches the pool floor (seabed) within the 
limited distance. 

 

 Lifting pipeline unto Stinger: due to the flexibility of the model pipeline, the pipeline was lifted unto 
the stinger with the aid of the tensioner/pulley system. This is achieved by connecting the stinger end of 
the pipeline to the pulley string and then pulled upward unto the stinger from the pool bottom by the 
applied tension. This method is considered necessary to avoid plastic deformation of the pipeline 
during lifting. 

 

  Experimental Simulation: the test simulation involved keeping the stinger stationary while the 
seabed end of the pipeline is being pulled at approximately constant speed and constant applied tension 
at the stinger end of the pipeline. This is quite unlike the real life scenario where the installation vessel 
moves instead, however due to the space constraint it is impossible to achieve a moving stinger. The 
pulling continues until a predetermined point on the pipeline touches TDP and at this point a distance 
of approximately 4meters would have been covered. For the cases with residual curvatures, the 
curvature lengths were positioned vertically after the inflection point before the start of the simulations. 

 

6.2 PIPELINE MODEL CATENARY SHAPE 
The first experimental test performed is with straight unstressed pipeline without residual curvature or inline 
structures. The purpose of this test is to validate the catenary shape of the model pipeline with both 
numerical and analytical solution and also to establish the last point on the pipeline that will touch the pool 
floor after pulling distance of 4 meters is covered. 
 
In order to validate the pipeline model catenary shape and thus the nominal curvature, pictures of the 
catenary shape of the first experimental test was taken (see Appendix IV) and digitized by using 
WebPlotDigitizer (Rohatgi, A., 2016). WebPlotDigitizer is a HTML5 developed open source used for 
obtaining curves or plots from data point. Hence the plot of the experimental catenary curvature was 
obtained and compared with the nominal curvature obtained using the analytical expression of equation 2-
10 of section 2.4. This comparison is as shown in Figure 6-1, detailed data point estimation is documented 
in Appendix IV. 
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As shown in Figure 6-2, the experimental nominal curvature as obtained from the Webplot is closely related 
to the curvature obtained from the analytical expression, thus this shows the experimental test results is 
reasonably accurate and that the copper pipeline model can give also give a reasonable level of accuracy 
when compare with steel pipe. 
 
It is worthy of note that the nominal curvature of the catenary shape is largely dependent on several 
parameters such water depth, applied tension and so on, thus different nominal curvatures should be 
expected when these parameters are varied. 
 

 
Figure 6-1: Experimental, Numerical and Analytical Nominal Curvature  

6.3 PIPE ROTATION EXPERIMENTAL TEST RESULTS 
A total 18 experimental simulations of pipeline rotation due to residual curvatures and inline structure were 
performed. For each of the simulations performed measurements of the outputs such as the catenary length, 
the angle of rotation and the horizontal force were taken while other parameters such as vertical tension, the 
resultant tension and the torque were estimated based on Equations 2.2, 2.5, 4.3, respectively. For the 
pipeline rotation the experimental tests are classified into three based on the pipeline bottom end condition, 
that is, fixed end condition and partially restrained end (1-spring end and 2-springs end restrained). All the 
experimental test were carried out under a constant tension of 40N and water depth of 4.53m, thus this 
thesis does not investigate the influence of top tension and water depth on pipeline rotation. 
 
It is worthy to note that the friction between the pool floor and the pipe significantly affect the accuracy of 
the rotation angle and well as the horizontal force recorded at the TDP. Thus the results presented ignores 
the influence of the frictional resistance induced by the contact elements (pool floor and pipe nail guide on 
the stinger) 
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6.3.1 Fixed Bottom Conditions 
The rotation of the pipeline was determined when the seabed end of the pipeline is fixed as discussed in 
section 4.1.8. The rotation was determined with variation in the residual strain and curvature length and the 
catenary length and rotation angles determined. 
It should be noted that the value of the rotation angle is largely dependent on the proximity of the fixed end 
to the residual curvature, that is, the closer the fixed end the smaller the rotation 
 

6.3.1.1 Rotation with 2 meter Residual Curvature Length 
Table 6-1 shows the results of the experimental test when three residual strains (R.S) of equal length of 2m 
are considered while Figures 6-2, 6-3 and 6-4 show (from the left) the picture of the pipeline with the 
residual curvature before the test begins, the residual curvature at the TDP after the test and the 
measurement of the pipeline rotation angle at the TDP for 0.30%, 0.35% and 0.40% residual strain 
respectively. It should be noted that the rotation angle reported in Table 6-1 is the angle of rotation at the 
middle of the curvature length. 
 
As seen in the Table 6-1, the pipeline rotation angle increases as the residual strain increases, likewise the 
resultant axial tension in the pipe.  However the difference is small, this is as a result of close proximity of 
the residual curvature to the fixed end of the pipeline.  
 
Table 6-1; Pipeline Rotation and Axial Tension for for 0.30%, 0.35% and 0.40% Residual Strains- Fixed 

Pipeline Bottom End 
Curvature Length, (m) 2 
Applied Load, (N) 40 
Bottom Boundary Condition Fixed 
Residual Strain Level, (%) 0.30 0.35 0.40 
Catenary Length, (m) 9.51 9.78 10.15 
Angle of Rotation, (Degree) 12.08 16.7 20.43 
Measured Horizontal Force, (N) 49.88 50.27 51.17 
Vertical Tension, (N) 17.72 18.22 18.91 
Total Tension, (N) 52.93 53.47 54.55 

 

 
Figure 6-2: 2m Residual Curvature Length of 0.30% R.S with Fixed Bottom Condition 
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Figure 6-3: 2m Residual Curvature Length of 0.35% R.S with Fixed Bottom Condition 

 
Figure 6-4: 2m Residual Curvature Length of 0.40% R.S with Fixed Bottom Condition 

6.3.1.2 Rotation with 3 meters Residual Curvature Length 
Table 6-2 shows the results of the experimental test when three residual of equal length of 3m are 
considered while Figures 6-5, 6-6 and 6-7 show (from the left) the picture of the pipeline with the residual 
curvature before the test begins, the residual curvature at the TDP after the test and the measurement of the 
pipeline rotation angle at the TDP for 0.30%, 0.35% and 0.40% residual strain respectively. It should be 
noted that the rotation angle reported in Table 6-2 is the angle of rotation at the middle of the curvature 
length. 
 
As seen in the Table 6-2, the pipeline rotation angle increases as the residual strain increases, likewise the 
resultant axial tension in the pipe.  The values of the pipe rotation for the different strain level are 
significant, hence showing the influence of the curvature length on the rotation of the pipeline.  
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Table 6-2; Pipeline Rotation and Axial Tension of 3m residual Curvature for 0.30%, 0.35% and 0.40% 
Residual Strains- Fixed Pipeline Bottom End 

Curvature Length (m) 3 
Applied Load (N) 40 
Bottom Boundary Condition Fixed 
Residual Strain Level (%) 0.30 0.35 0.40 
Catenary Length (m) 9.15 9.45 10.6 
Angle of Rotation (Degree) 14.04 20.14 38.07 
Measured Horizontal Force (N) 53.57 54.46 55.26 
Vertical Tension (N) 17.05 17.61 19.75 
Total Tension (N) 56.21 57.24 58.68 

 

 
Figure 6-5: 3m Residual Curvature Length of 0.30% R.S with Fixed Bottom Condition 

 
Figure 6-6: 3m Residual Curvature Length of 0.35% R.S with Fixed Bottom Condition 
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Figure 6-7: 3m Residual Curvature Length of 0.40% R.S with Fixed Bottom Condition 

6.3.1.3 Rotation with Inline Structure 
Table 6-3 shows the results of the experimental test when three residual strains (R.S) of equal length of 3m 
are considered while Figure 6-8 shows (from the left) the picture of the pipeline with the inline structure 
before the test begins and the inline structure at the TDP after the test. It should be noted that the rotation 
angle reported in Table 6-3 is the angle of rotation at the middle of the inline structure. 
 
As seen in the Table 6-3, the pipeline rotation angle increased as the inline structure was installed along the 
length of the pipeline, likewise the resultant axial tension in the pipe.  However the difference in angle 
between these two cases is large. It is worthy of note that the larger and higher the weight and CoG of the 
inline structure the greater the angle of rotation  
 
 

Table 6-3; Pipeline Rotation and Axial Tension with Inline Structure 

Applied Load, (N) 40 

Bottom Boundary Condition Fixed 

w/o RC & Weight With In-line Weight 

Catenary Length, (m) 10.4 9.92 

Angle of Rotation, (Degree) 5.7 73.61 

Measured Horizontal Force, (N) 53.57 54.46 

Vertical Tension, (N) 19.38 18.48 

Total Tension, (N) 56.96 57.51 
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Figure 6-8: Pipe Rotation with Inline Structure and Fixed Bottom Condition 

6.3.2 One Spring Bottom Conditions 
This is another case where the rotation of the pipeline was determined when the seabed end of the pipeline 
is attached to the torque measuring device as discussed in section 4.1.8. In order to simulate a scenario with 
an model pipe torsional resistance, One-spring system was made active and  the rotation was determined 
with variation in the residual strain and curvature length while the catenary length, rotation angles and the 
torque at some pre-define distances are taken. It was observed during the experiment, that the residual 
curvatures rotate beyond 90degree before reaching the TDP; hence in order to measure the actual angle of 
rotation of the curvature, the pipeline was lifted 600mm above the pool floor.  
It should be noted that the value of the rotation angle and consequently the torque recorded are largely 
dependent on the proximity of the partially restraint end to the residual curvature, that is, the closer the end 
the higher the rotation.  
 

6.3.2.1 Rotation with 2 meters Residual Curvature Length 
Table 6-4 shows the results of the experimental test when two residual strains of equal length of 2meters are 
considered and the angle of rotation as well as the pipe axial tension were recorded as indicated in Table 6-
43. It is observed that with the end partial restraint introduced the angle of rotation increase significantly 
beyond 90degree, with the maximum angle of 132degree recorded for the 0.40% residual strain for this 
scenario. An increase of axial tension up to 60N was also observed in the pipeline for 0.40% residual strain 
Tables 6-5 and 6-6 show the estimation of the torque for 0.35% and 0.40% residual strains respectively 
from the measure parameters such as the spring extension and so on. It is observed that the torque increases 
as the distance increases with a maximum of 118Nmm recorded at the TDP (4meter location) for 0.40% 
residual strain. 
 
Figures 6-9 and 6-10 show (from the left) the picture of the pipeline with the residual curvature before the 
test begins, the residual curvature at the TDP after the test and the measurement of the pipeline rotation 
angle at the TDP for  0.35% and 0.40% residual strain respectively. It should be noted that the rotation 
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angle reported in Table 6-4 is the angle of rotation at the middle of the curvature length. As seen in the 
Table 6-4, the pipeline rotation angle increases as the residual strain increases, likewise the resultant axial 
tension in the pipe.    
 

Table 6-4; Pipeline Rotation and Axial Tension of 2m residual Curvature for 0.35% and 0.40% Residual 
Strains – 1-spring Partially Restraint Pipeline Bottom End 

Curvature Length (m) 2 
Applied Load (N) 40 
Bottom Boundary Condition 1-spring 
Residual Strain Level (%) 0.35 0.40 
Catenary Length (m) 9.78 10.15 
Angle of Rotation (Degree) 100.68 132.27 
Measured Horizontal Force (N) 50.77 51.47 
Vertical Tension (N) 18.22 18.91 
Total Tension (N) 53.94 54.83 

 
 

Table 6-5; Pipeline Torque due to 2m residual Curvature for 0.35% Residual Strains 
Initial Spring Length 4 cm 

  

No of Spring 1   

Strain Level 0.35 % 

distance 
(m) 

extension 
(m) 

Stiffness 
(N/m) 

Force 
(N) 

lever arm 
(cm) 

Torgue (Ncm) 

d e1 k F1 d1 T 

1 0.002 

144.53 

0.28906 

5.8 

1.676548 

2 0.0045 0.65039 3.772233 

3 0.0055 0.79492 4.610507 

4 0.0119 1.71991 9.9754606 

 
 

Table 6-6; Pipeline Torque due to 2m residual Curvature for 0.40% Residual Strains 

initial Spring Length 4 cm 

  

No of Spring 1   

Strain Level 0.4 % 

distance 
(m) 

extension 
(m) 

Stiffness 
(N/m) 

Force 
(N) 

lever arm 
(cm) 

torgue 
(Ncm) 

d e1 k F1 d1 T 

1 0.0022 

144.53 

0.31797 

5.8 

1.8442028 

2 0.0065 0.93945 5.448781 

3 0.0076 1.09843 6.3708824 

4 0.0141 2.03787 11.819663 
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Figure 6-9: Pipe Rotation with a 2m of 0.35% Residual Strain and 1-spring Pipeline Bottom Condition 

 

 
Figure 6-10: Pipe Rotation with a 2m R.C of 0.40% Residual Strain and 1-spring Pipeline Bottom 

Condition 
6.3.2.2 Rotation with 3 meters Residual Curvature Length 

Table 6-7 shows the results of the experimental test when two residual strains of equal length of 3meters are 
considered and the angle of rotation as well as the pipe axial tension were recorded as indicated in the table. 
It is observed that with the end partial restraint introduced the angle of rotation increase significantly 
beyond 90degree, with the maximum angle of 165degree recorded for the 0.40% residual strain for this 
scenario. An increase of axial tension up to 70N was also observed in the pipeline for 0.40% residual strain 
Tables 6-8, 6-9 and 6-10 show the estimation of the torque for 0.30%, 0.35% and 0.40% residual strains 
respectively from the measure parameters such as the spring extension and so on. It is observed that the 
torque increases as the distance increases with a maximum of 146.7Nmm recorded at the TDP (4meter 
location) for 0.40% residual strain. 
 
Figures 6-11,6-12 and 6-10 show (from the left) the picture of the pipeline with the residual curvature 
before the test begins, the residual curvature at the TDP after the test and the measurement of the pipeline 
rotation angle at the TDP for  0.30%, 0.35% and 0.40% residual strains respectively. It should be noted that 
the rotation angle reported in Table 6-7 is the angle of rotation at the middle of the curvature length.As seen 
in the Table 6-7, the pipeline rotation angle increases as the residual strain increases, likewise the resultant 
axial tension in the pipe.   
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Table 6-7; Pipeline Rotation and Axial Tension of 3m residual Curvature for 0.30%, 0.35% and 0.40% 
Residual Strains – 1-spring Partially Restraint Pipeline Bottom End 

Curvature Length (m) 3 
Applied Load (N) 40 
Bottom Boundary Condition 1-spring 
Residual Strain Level (%) 0.30 0.35 0.40 
Catenary Length (m) 9.15 9.45 10.6 
Angle of Rotation (Degree) 128.66 161.57 172.07 
Measured Horizontal Force (N) 53.97 54.76 55.66 
Vertical Tension (N) 17.05 17.61 19.75 
Total Tension (N) 56.59 57.52 59.06 

 
 

Table 6-8; Pipeline Torque due to 3m residual Curvature for 0.30% Residual Strains 
initial Spring 
Length 4 cm 

  
No of Spring 1   
Strain Level 0.3 % 

distance 
(m) 

extension 
(m) 

Stiffness 
(N/m) 

Force 
(N) 

lever 
arm 

(mm) 

torgue 
(Ncm) 

d e1 k F1 d1 T 
1 0.0028 

144.53 

0.40468 

5.8 

2.3471672 
2 0.0051 0.7371 4.2751974 
3 0.0062 0.89609 5.1972988 
4 0.0143 2.06678 11.987318 

 
 

Table 6-9; Pipeline Torque due to 3m residual Curvature for 0.35% Residual Strains 
initial Spring 
Length 4 cm 

  
No of Spring 1   
Strain Level 0.35 % 

distance 
(m) 

extension 
(m) 

Stiffness 
(N/m) 

Force 
(N) 

lever 
arm 
(cm) 

torgue 
(Ncm) 

d e1 k F1 d1 T 
1 0.003 

144.53 

0.43359 

5.8 

2.514822 
2 0.0064 0.92499 5.3649536 
3 0.0107 1.54647 8.9695318 
4 0.016 2.31248 13.412384 

 
 
 
 



AKINSANYA	A.O.,	2017	 Page	74	
 

 
Table 6-10; Pipeline Torque due to 3m residual Curvature for 0.40% Residual Strains 

initial Spring Length 4 cm 

  

No of Spring 1   

Strain Level 0.4 % 

distance 
(m) 

extension 
(m) 

Stiffness 
(N/m) 

Force 
(N) 

lever arm 
(cm) 

torgue 
(Ncm) 

d e1 k F1 d1 T 

1 0.0035 

144.53 

0.50586 

5.8 

2.933959 

2 0.0094 1.35858 7.8797756 

3 0.0137 1.98006 11.484354 

4 0.0175 2.52928 14.669795 

 

 
Figure 6-11: Pipe Rotation with a 3m R.C of 0.30% Residual Strain and 1-spring Pipeline Bottom 

Condition 

 
Figure 6-12: Pipe Rotation with a 3m R.C of 0.35% Residual Strain and 1-spring Pipeline Bottom 

Condition 
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Figure 6-13: Pipe Rotation with a 3m R.C of 0.40% Residual Strain and 1-spring Pipeline Bottom 

Condition 

6.3.3 Two Spring Bottom Conditions 
This is the last scenario considered for the pipe rotation experimental test where the rotation of the pipeline 
was determined when the seabed end of the pipeline is attached to the torque measuring device as discussed 
in section 4.1.8. In order to simulate a scenario with an model pipe torsional resistance, two-spring system 
was made active and  the rotation was determined with variation in the residual strain and curvature length 
while the catenary length, rotation angles and the torque are some predefine distances are determined. 
It should be noted that the value of the rotation angle and consequently the torque recorded are largely 
dependent on the proximity of the partially restraint end to the residual curvature, that is, the closer the end 
the higher the rotation 
 

6.3.3.1 Rotation with 2 meters Residual Curvature Length 
Table 6-11 shows the results of the experimental test when two residual strains of equal length of 2meters 
are considered and the angle of rotation as well as the pipe axial tension were recorded as indicated in the 
table. It is observed that with the end partial restraint introduced the angle of rotation increase significantly 
beyond 90degree, with the maximum angle of 103degree recorded for the 0.40% residual strain for this 
scenario. An increase of axial tension up to 56.8N was also observed in the pipeline for 0.40% residual 
strain 
Tables 6-12 and 6-13 show the estimation of the torque for 0.35% and 0.40% residual strains respectively 
from the measure parameters such as the spring extension and so on. It is observed that the torque increases 
as the distance increases with a maximum of 147Nmm recorded at the TDP (4meter location) for 0.40% 
residual strain. 
 
Figures 6-14 and 6-15 show (from the left) the picture of the pipeline with the residual curvature before the 
test begins, the residual curvature at the TDP after the test and the measurement of the pipeline rotation 
angle at the TDP for  0.35% and 0.40% residual strain respectively. It should be noted that the rotation 
angle reported in Table 6-11 is the angle of rotation at the middle of the curvature length. 
 
As seen in the Table 6-11, the pipeline rotation angle increases as the residual strain increases, likewise the 
resultant axial tension in the pipe.  
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Table 6-11; Pipeline Rotation and Axial Tension of 2m residual Curvature for 0.35% and 0.40% Residual 
Strains – 2-spring Partially Restraint Pipeline Bottom End 

Curvature Length (m) 2 
Applied Load (N) 40 
Bottom Boundary Condition 2-spring 
Residual Strain Level (%) 0.35 0.40 
Catenary Length (m) 9.78 10.15 
Angle of Rotation (Degree) 64.54 103.71 
Measured Horizontal Force (N) 50.57 51.27 
Vertical Tension (N) 18.22 18.91 
Total Tension (N) 53.76 54.65 

 
Table 6-12; Pipeline Torque due to 2m residual Curvature for 0.35% Residual Strains 

2m Residual curvature Length 
Initial Spring 
Length 4 cm 

  
No of Spring 2   
Strain Level 0.35 % 

distance 
(m) 

Extension (m) 
Stiffness 

(N/m) 
Force (N) 

Lever 
Arm 
(cm) 

Torgue 
(Ncm) 

d e1 e2 k F1 F2 d1 d2 T 
1 0.0006 0.0003 

144.53 

0.08672 0.04336 

5.8 4.2 

0.6850722 
2 0.0025 0.0018 0.36133 0.26015 3.1883318 
3 0.0027 0.002 0.39023 0.28906 3.4773918 
4 0.0056 0.0045 0.80937 0.65039 7.4259514 

 
Table 6-13; Pipeline Torque due to 2m residual Curvature for 0.40% Residual Strains 

initial Spring 
Length 4 cm 

  
No of Spring 2   
Strain Level 0.4 % 

distance 
(m) 

extension (m) 
Stiffness 

(N/m) 
Force (N) 

lever 
arm 
(cm) 

torgue (Ncm) 

d e1 e2 k F1 F2 d1 d2 T 
1 0.0008 0.0005 

144.53 

0.11562 0.07227 

5.8 4.2 

0.9741322 
2 0.0032 0.0025 0.4625 0.36133 4.2000418 
3 0.0038 0.0028 0.54921 0.40468 4.885114 
4 0.0107 0.0095 1.54647 1.37304 14.736279 
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Figure 6-14: Pipe Rotation with a 2m R.C of 0.35% Residual Strain and 2-spring Pipeline Bottom 

Condition 

 
Figure 6-15: Pipe Rotation with a 2m R.C of 0.40% Residual Strain and 2-spring Pipeline Bottom 

Condition 
6.3.3.2 Rotation with 3 meters Residual Curvature Length 

Table 6-14 shows the results of the experimental test when two residual strains of equal length of 3meters 
are considered and the angle of rotation as well as the pipe axial tension were recorded as indicated in the 
table. It is observed that with the end partial restraint introduced the angle of rotation increase significantly 
beyond 90degree, with the maximum angle of 124degree recorded for the 0.40% residual strain for this 
scenario. An increase of axial tension up to 66N was also observed in the pipeline for 0.40% residual strain 
Tables 6-15, 6-16 and 6-17 show the estimation of the torque for 0.30%, 0.35% and 0.40% residual strains 
respectively from the measure parameters such as the spring extension and so on. It is observed that the 
torque increases as the distance increases with a maximum of 157.1Nmm recorded at the TDP (4meter 
location) for 0.40% residual strain. 
 
Figures 6-16,6-17 and 6-18 show (from the left) the picture of the pipeline with the residual curvature 
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before the test begins, the residual curvature at the TDP after the test and the measurement of the pipeline 
rotation angle at the TDP for  0.30%, 0.35% and 0.40% residual strains respectively. It should be noted that 
the rotation angle reported in Table 6-14 is the angle of rotation at the middle of the curvature length. 
As seen in the Table 6-14, the pipeline rotation angle increases as the residual strain increases, likewise the 
resultant axial tension in the pipe.   

 
Table 6-14; Pipeline Rotation and Axial Tension of 3m residual Curvature for 0.30%, 0.35% and 0.40% 

Residual Strains – 2-spring Partially Restraint Pipeline Bottom End 
Curvature Length (m) 3 
Applied Load (N) 40 
Bottom Boundary Condition 2-spring 
Residual Strain Level (%) 0.30 0.35 0.40 
Catenary Length (m) 9.15 9.45 10.6 
Angle of Rotation (Degree) 105.96 116.57 124.59 
Measured Horizontal Force (N) 53.77 54.66 55.56 
Vertical Tension (N) 17.05 17.61 19.75 
Total Tension (N) 56.40 57.43 58.97 

 

Table 6-15; Pipeline Torque due to 3m residual Curvature for 0.30% Residual Strains 
initial Spring Length 4 cm 

  
No of Spring 2   
Strain Level 0.3 % 

distance 
(m) 

Extension (m) 
Stiffness 

(N/m) 
Force (N) 

Lever 
Arm 
(mm) 

torgue 
(Nmm) 

d e1 e2 k F1 F2 d1 d2 T 
1 0.0006 0.0004 

144.53 

0.08672 0.05781 

5.8 4.2 

0.7457748 
2 0.0024 0.0019 0.34687 0.27461 3.165207 
3 0.0028 0.0024 0.40468 0.34687 3.8040296 
4 0.0101 0.0088 1.45975 1.27186 13.808396 

 
Table 6-16; Pipeline Torque due to 3m residual Curvature for 0.35% Residual Strains 

initial Spring 
Length 4 cm 

  
No of Spring 2   
Strain Level 0.35 % 

distance 
(m) 

Extension (m) 
Stiffness 

(N/m) 
Force (N) 

Lever 
Arm 
(mm) 

torgue  (Nmm) 

d e1 e2 k F1 F2 d1 d2 T 
1 0.0009 0.0007 

144.53 

0.13008 0.10117 

5.8 4.2 

1.1793648 
2 0.002 0.0014 0.28906 0.20234 2.5263844 
3 0.0029 0.0025 0.41914 0.36133 3.9485596 
4 0.0112 0.0099 1.61874 1.43085 15.398226 
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Table 6-17; Pipeline Torque due to 3m residual Curvature for 0.40% Residual Strains 
Initial Spring 
Length 4 cm 

  

No of Spring 2   

Strain Level 0.4 % 

Distance 
(m) 

Extension (m) 
Stiffness 

(N/m) 
Force (N) 

Lever 
Arm 
(cm) 

Torgue (Ncm) 

d e1 e2 k F1 F2 d1 d2 T 

1 0.0011 0.001 

144.53 

0.15898 0.14453 

5.8 4.2 

1.5291274 

2 0.0018 0.0013 0.26015 0.18789 2.298027 

3 0.0036 0.003 0.52031 0.43359 4.8388644 

4 0.0115 0.01 1.6621 1.4453 15.710411 

 

 
Figure 6-16: Pipe Rotation with a 3m R.C of 0.30% Residual Strain and 2-spring Pipeline Bottom 

Condition 
 

 
Figure 6-17: Pipe Rotation with a 3m R.C of 0.35% Residual Strain and 2-spring Pipeline Bottom 

Condition 
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Figure 6-18: Pipe Rotation with a 3m R.C of 0.40% Residual Strain and 2-spring Pipeline Bottom 

Condition 

6.4 UNEVEN SEA BED EXPERIMENTAL TEST RESULTS 
Previous pipe rotation test have shown that at pipeline rotates or twists beyond 90 degree at a higher 
residual strains and curvature length the pre-bend pipe is in a sagging configuration before the simulation 
with a fixed condition of the pipeline bottom end (see Figure 6-19). The test was performed by pulling the 
bottom end of the pipeline until the residual curvature falls into the seabed depression, at this point the 
measurements were taken and the first weight (weight 1) was hanged at the mid-span of the pipeline at the 
depression location then the same set of measurements were taken again and lastly the first weight is 
replaced by the second weight (weight 2). 
The configuration of the uneven seabed is as discussed in section 4.1.9. A total 7 free span experimental test 
was performed with different residual curvature lengths (2meters and 1meter) and residual strain levels 
(0.15%, 0.26% and 0.30%). For each of these tests, measurement of the catenary lengths, the height above 
the seabed floor and the span length were taken.  

6.4.1 Free Span with 1 meter Residual Curvature 
For 2 meters residual curvature length, the free span test was carried out considering residual strain in the 
range of 0.0 % to 0.30% as shown in Table 6-18. Measurements of the catenary length, the span length, the 
initial height/depth (from seabed floor to the pipe centerline) and the final depth when concentrated weights 
are placed at the span centre, see Table 6-18. This range of residual strain was considered because of the 
span and depth of the uneven seabed, as shown in Figure 4-19.  
 
It was observed that the span of the pipeline and the initial depth from the seabed floor to the pipeline 
centerline at the mid-span decrease as the residual curvature increases. Also it was also observed that the 
depth and span length of the free-span length of the pipeline are largely dependent on the magnitude of 
concentrated weight at the mid-span, the higher the magnitude the lower the depth and the free-span of the 
pipeline 
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Table 6-18; Span Length and Depth of 1m Residual Curvature of Residual Strain 0.0%, 0.15%, 0.26% and 
0.30% 

Curvature Length (m) 1 
Applied Load (N) 40 
Bottom Boundary Condition Fixed 
weight 1, (N) 12.0 
weight 2, (N) 18.4 
Residual Strain Level (%) 0 0.15 0.26 0.3 
Catenary Length (m) 10.44 10.36 10.35 9.62 
Initial Height from Seabed (m) 0.52 0.47 0.42 0.38 

Final Height with Weight 
(m) 

Weight 1 0.47 0.42 0.36 0.33 
Weight 2 0.44 0.41 0.34 0.31 

Distance between support points (m) 2.28 2.26 2.22 2.20 

 

6.4.2 Free Span with 2 meters Residual Curvature 
For 2 meters residual curvature length, the free span test was carried out considering residual strain in the 
range of 0.0% to 0.30% as shown in Table 6-19. Measurements of the catenary length, the span length, the 
initial height/depth (from seabed floor to the pipe centerline) and the final depth when concentrated weights 
are placed at the span centre, see Table 6-19.  
 
It was observed that the span of the pipeline and the initial depth from the seabed floor to the pipeline 
centerline at the mid-span decrease as the residual curvature increases. Also it was also observed that the 
depth and span length of the free-span length of the pipeline are largely dependent on the magnitude of 
concentrated weight at the mid-span, the higher the magnitude the lower the depth and the free-span of the 
pipeline 

 
Table 6-19; Span Length and Depth of 2m Residual Curvature of Residual Strain 0%, 0.15%, 0.26% and 

0.30% 
Curvature Length (m) 2 
Applied Load (N) 40 
Bottom Boundary Condition Fixed 
weight 1, (N) 12.0 
weight 2, (N) 18.4 
Residual Strain Level (%) 0 0.15 0.26 0.3 
Catenary Length (m) 10.44 10.36 10.35 9.62 
Initial Height from Seabed (m) 0.52 0.45 0.40 0.37 

Final Height with Weight 
(m) 

Weight 1 0.47 0.40 0.35 0.30 
Weight 2 0.44 0.38 0.33 0.28 

Distance between support points (m) 2.28 2.21 2.19 2.15 
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Figure 6-19: Residual Curvature in Sag configuration before Test is performed 

6.5 NUMERICAL ANALYSIS RESULTS 
Based on the numerical method discussed in section 4, pipeline installation analysis was performed. The 
purpose of the analysis is to establish the change in the rotation angle or twist of the pipeline due to the 
residual curvature. Thus the numerical analysis performed encompasses the introduction of several residual 
strain levels and curvature lengths at the TDP of the pipeline section. For accurate comparison, the 
numerical analysis considers the same lay parameters, model properties, residual strains and curvature as 
the experimental test.  
 
Prior to performing the numerical analysis, a case study analysis was performed in other to check the 
accuracy of the numerical analyses. This case study considered a 3m R.CL of 0.40% residual strain with 
both ends of the pipeline fully restrained against rotation, the result of the rotation angle (gamma angle in 
Orcaflex) obtained (see Appendix VII) is compared with the result of the study performed by Li Y., (2005) 
on the distribution of roll angle with zero rotational resistance along the pipe on the both, that considering 
nearly fixed BC at both ends of the pipeline. The distribution of the rotation angle of this case study agrees 
well with that obtained from Li Y., (2005) study, see Appendix VII. Thus the numerical analyses results 
presented in this study effort are reasonable and reliable. 
 
The two cases considered are when the curvature length are 2meters and 3 meters, and for each of these 
cases two BCs are considered, the Fixed and the partially restraints BCs. Figures 6-21 and 6-20, show the 
plan and elevation view of the catenary. It is observed that the rotation angle is approximately zero as the 
cordiante axes (in color red and green) remains in the initial position without rotating or twisting 
 
The result of the installation analysis without residual strains and with free and fixed BCs at the top and 
bottom ends of the pipeline is shown in Figures 6-22, 6-23 and 6.24. The data of the catenary shape is 
compared with the experimental test initial catenary as shown in Figure 6-1; this comparison shows a 
reasonable level of agreement. Hence all other analyses preformed with residual strains are based on the 
Orcaflex model and analysis parameters of this initial configuration except for the change in the residual 
strain levels and the curvature length and twisting stiffness. The result of the zero residual strain installation 
analysis performed in Orcaflex, serves as basis of comparison for the cases with residual strain. Figure 6-24 
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shows that for a catenary without residual strain, the angle of rotation of the pipeline is negligible,  
 
The results of the analyses performed for the cases with residual strains are presented and discussed in 
chapter 7, and the pictures of the catenary shape and the plot of the twist are documented in Appendix V. 
The numerical analysis is classified into two different cases and for each of the cases, three scenarios are 
considered. The scenarios are based on the BCs adopted at the seabed end of the pipeline. For each of the 
cases, the angle of rotation is measured at the middle of the curvature. The location of this middle is as 
specified in Table 6-19.;  
 Cases 1 – 2m residual curvature length 
 Cases 2 – 3m residual curvature length 

Table 6-20; Location of the Curvature Mid-span from the Surface End of the Pipeline 
Case 1 19m 
Case 2 22.5m 

 
Figure 6-20: Orcaflex Result for the Catenary Shape of Zero-strain Pipeline  

 

 
Figure 6-21: Orcaflex Result for the Catenary Shape of Zero-strain Pipeline  

 
 

 
Figure 6-22: Orcaflex Result for the Catenary Shape of Zero-strain Pipeline  

4 m

OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,35% 2SPRINGnew.sim (modified 19:03 on 10.06.2017 by OrcaFlex 9.8b)
Azimuth=270; Elevation=90
Time: 150,0000s
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Figure 6-23: Orcaflex Result for the Twist of a Zero-strain Pipeline 

 
Figure 6-24: Orcaflex Result for the Rotation Angle of a Zero-strain Pipeline 

6.5.1 Case 1 – 2m Residual Curvature Length 
The result of the numerical analyses performed for each of the cases discussed in section 6.5 agrees to an 
extent with the experimental test. For the 2m residual curvature length, Table 6-21 shows the summary of the 
angle of rotation at the TDP considering different BCs are previously explained. Details of the analysis result 
can be found in Appendix V, which contains the pictures of the models, the angle of rotation for the whole 
length of the catenary and the twist in degree/meter for the whole length of the catenary.  The pipeline angle 
of rotation for the 2m R.C.L is shown from Figures 6-26 to 6-33 

Fixed Boundary Condition – 0.30% Residual Strains 

 
Figure 6-25: Rotation Angle of the Catenary due to 2m R.C.L of 0.30% R.S with Fixed BC 
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Fixed Boundary Condition – 0.35% Residual Strains 

 
Figure 6-26: Rotation Angle of the Catenary due to 2m R.C.L of 0.35% R.S with Fixed BC 

Fixed Boundary Condition – 0.40% Residual Strains 

 
Figure 6-27: Rotation Angle of the Catenary due to 2m R.C.L of 0.40% R.S with Fixed BC 

 

1-spring Boundary Condition – 0.30% Residual Strains 

 
Figure 6-28: Rotation Angle of the Catenary due to 2m R.C.L of 0.30% R.S with 1-spring BC 
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1-spring Boundary Condition – 0.35% Residual Strains 

 
Figure 6-29: Rotation Angle of the Catenary due to 2m R.C.L of 0.35% R.S with 1-spring BC 

 

1-spring Boundary Condition – 0.40% Residual Strains 

 
Figure 6-30: Rotation Angle of the Catenary due to 2m R.C.L of 0.40% R.S with 1-spring BC 

 

2-spring Boundary Condition – 0.30% Residual Strains 

 
Figure 6-31: Rotation Angle of the Catenary due to 2m R.C.L of 0.30% R.S with 2-spring BC 
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2-spring Boundary Condition – 0.35% Residual Strains 

 
Figure 6-32: Rotation Angle of the Catenary due to 2m R.C.L of 0.35% R.S with 2-spring BC 

 

2-spring Boundary Condition – 0.40% Residual Strains 

 
Figure 6-33: Rotation Angle of the Catenary due to 2m R.C.L of 0.40% R.S with 2-spring BC 

 
Table 6-21; Summary of the Numerical Analysis for 2m R.C.L 

2m R.C.L  

R.C.L R.S BC ROT 

m %   deg. 

2 

0.3 

FIXED 27.56 

1-SP 128.27 

2-SP 107.01 

  

0.35 

FIXED 35.78 

1-SP 133.56 

2-SP 110.85 

  

0.4 

FIXED 40.35 

1-SP 136.15 

2-SP 132.67 
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6.5.2 Case 1 – 3m Residual Curvature Length 
For the 3m residual curvature length, Table 6-22 shows the summary of the angle of rotation at the TDP 
considering different BCs. Details of the analysis result can be found in Appendix V. The pipeline angle of 
rotation for the 2m R.C.L is shown from Figures 6-34 to 6-44 

Fixed Boundary Condition – 0.30% Residual Strains 

 
Figure 6-34: Rotation Angle of the Catenary due to 3m R.C.L of 0.30% R.S with Fixed BC 

 

Fixed Boundary Condition – 0.35% Residual Strains 

 
Figure 6-35: Rotation Angle of the Catenary due to 3m R.C.L of 0.35% R.S with Fixed BC 

 

Fixed Boundary Condition – 0.40% Residual Strains 

 
Figure 6-36: Rotation Angle of the Catenary due to 3m R.C.L of 0.40% R.S with Fixed BC 
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1-spring Boundary Condition – 0.30% Residual Strains 

 
Figure 6-37: Rotation Angle of the Catenary due to 3m R.C.L of 0.30% R.S with 1-Spring BC 

 

1-spring Boundary Condition – 0.35% Residual Strains 

 
Figure 6-38: Rotation Angle of the Catenary due to 3m R.C.L of 0.35% R.S with 1-Spring BC 

 

1-spring Boundary Condition – 0.40% Residual Strains 

 
Figure 6-39: Rotation Angle of the Catenary due to 3m R.C.L of 0.40% R.S with 1-Spring BC 
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2-spring Boundary Condition – 0.30% Residual Strains 

 
Figure 6-40: Rotation Angle of the Catenary due to 3m R.C.L of 0.30% R.S with 2-Spring BC 

 

2-spring Boundary Condition – 0.35% Residual Strains 

 
Figure 6-41: Rotation Angle of the Catenary due to 3m R.C.L of 0.35% R.S with 2-Spring BC 

 
Table 6-22; Summary of the Numerical Analysis for 3m R.C.L 

3m R.C.L 

R.C.L R.S BC ROT 

m %   deg. 

3 

0.3 

FIXED 45.5 

1-SP 165.5 

2-SP 107.01 

  

0.35 

FIXED 51.55 

1-SP 168.6 

2-SP 130.45 

  

0.4 

FIXED 64.63 

1-SP 171.7 

2-SP - 
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7. DISCUSSION AND COMPARISON OF RESULT 
The experimental test results presented in section 6.0 and the numerical analysis results are discussed and 
compared in this section. It should be recalled that parameter of focus for this study in the case of the 
pipeline rotation (beyond 90degree) during S-lay installation and free-span experimental test are the 
variation in the boundary condition of the pipeline end at the seabed, the variation in the residual strains, the 
variation in the length of residual curvature and inline structure.  
 
How these parameter influence rotation or twist beyond 90degreee at the TDP are discussed in this sections 
by plotting the experimental test results in graphs and compare how the various parameters influences the 
value of the pipeline rotation.  
 
The numerical analysis results presented here are based on the approach discussed in section 4, the results 
are also given in terms of the gamma angle (discussed in section 4.2.1), which is a function of degree of 
rotation or twist of the pipeline about the pipeline axial direction. For the cases that involved partial 
restraints of the pipeline the twist in degree/meters are also given. The results of the numerical analysis 
reported here is for the whole length of the pipeline; however it is worthy to note that the point of interest of 
this thesis is the rotation at the touch down point. The positions of the TDP are as given in section 6.5 

 

7.1 EXPERIMENTAL RESULTS  
The experimental test was performed purposely to determine the influence of some key parameters such as 
residual strains, residual curvature length and boundary conditions on pipeline rotation as well as to 
establish the basic operational principle of conforming pipeline to uneven seabed topography. The test 
results given in section 6 were plotted on graphs in order to assess the impact of the variations of these key 
parameters on the pipeline rotation and the torque induced by these rotations for the cases of partial 
restraints boundary conditions. Thus the graphs presented in this section as given in terms of the rotation 
angles against curvature length, the residual strain levels and in-line structure for the rotation experimental 
test and addition of concentrated weight for the case of free-span. 
 
Further study may include the effect of water depth and top tension on pipeline rotation beyond 90degrees 
 

7.1.1 Boundary Conditions 
The pipeline end boundary conditions are pivotal to the value of the rotation angle observed at the TDP. It is 
expected that a pipeline with residual curvature section and free-to rotate ends will experience 
approximately 180degree rotation when the frictional resistant with the contacts elements (seabed and 
rollers) is ignored, this is gain a new stability position, this promotes the need for a boundary condition that 
includes resistance against rotation at one or the two ends of the pipeline. Thus the magnitude of the 
rotation angle is largely dependent on the degree of freedom especially rotational restraints. 
 
This experimental test was able to establish the influence of the degree of freedom on the magnitude 
pipeline rotation angle during S-lay installation. As discussed in previous sections, two end boundary 
conditions were considered in the experiments, the fully restraints against rotation (Fixed BC) and the 
partially restraints against rotation. The BC was established for two different scenarios, when the residual 
strain varies at constant residual curvature length (2m and 3m) and when the residual curvature length 
varies at constant residual strains (0.35% and 0.40%), see Figures 7-1 to 7-4. It should be noted that the 
graphs were plotted using the values at the TDP only. 



AKINSANYA	A.O.,	2017	 Page	92	
 

Figures 7-1 and 7-2 show how the BC influences the rotation of a pipeline, with constant residual curvature 
lengths, during installation while Figures 7-3 and 7-4 shows the influence of BC on rotation angle with 
constant residual strains.  
 
As shown in both Figures, the rotation angle is largely reduced when a fully restraints against rotation 
(Fixed BC) at the seabed end of the pipeline is adopted having the minimum rotation angle of 
approximately 12degrees for the case of 0.30% residual strain and 2m residual curvature length as shown in 
Figures 7-1 and 7-3 respectively . Of all the boundary conditions considered (Fixed and Partially restraint 
BC) the maximum rotation angle is observed for the case with minimum torsional restraints, that is the 
partially restraint BC with 1-spring system, having rotation angle of approximately 172degrees at a residual 
strain of 0.40% and residual curvature length of 3m as shown in Figures 7-2 and 7-4 respectively. 
 
The behavior of pipeline rotation is much expected since a fixed boundary condition has the capacity to 
resist rotation because of its high twisting stiffness, hence it is expected that for fixed BC, the rotation will 
be low but the torque will be high. While 1-spring BC denotes a reduced twisting stiffness and consequently 
low resistance to pipeline rotation, that lower torque is expected and higher rotation. Addition of another 
spring to make a 2-spring BC means increasing the twisting capacity of the BC however not as much as 
what will be provided by a fixed BC. 
 
By comparing the graphs in Figures 7-1 to 7-4, the effect of the residual strains and the curvature length can 
also be established. For each of the boundary conditions it is observed that higher rotation angle is reported 
as the residual strain increases with constant curvature length as shown in Figures 7-3 and 7-4 similarly 
increase is observed in the rotation angle as the curvature length increases at constant residual strains as 
shown in Figures 7-1 and 7-2.  
 
Thus it can be deduced that provision of torsional restraints at the pipeline ends greatly reduced the 
rotational angle. Thus, during installation, the pipeline can be conformed to the seabed topography by 
reducing the twisting capacity of the pipeline end connection this consequently gives an increase in the 
rotation of the residual curvature and vice versa.  
 
It is worthy of note that, in real life situation, the boundary condition at the tensioner on the laying barge 
provides restraints against twist, however for the case of deep water, the influence of the resistance to twist 
provided at the tensioner will be significantly reduced near the seabed, thus the rotation would only be 
resisted by the pipeline torsional capacity (torsional stiffness) and the frictional resistant due to pipeline-
seabed interaction.  
 
Further study or experimental test might is required to establish the behavior of the rotation angles with 
varying residual strain and curvature length, as Figure 7-2 shows that the relations is not linear. Hence a 
linear interpolation or interpretation of these plots might be misleading.  
It is worthy to note that the value of the angle of rotation documented in the thesis largely dependent on the 
proximity of the fixed end to the location of the residual curvature section along the pipeline   
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Figure 7-1: Influence of BC on Rotation Angle at TDP of Pipeline with 2m R.C.L 

 

 
Figure 7-2: Influence of BC on Rotation Angle at TDP of Pipeline with 3m R.C.L 
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Figure 7-3: Influence of BC on Rotation Angle at TDP of Pipeline with 0.35% R.S 

 

 
Figure 7-4: Influence of BC on Rotation Angle at TDP of Pipeline with 0.40% R.S 

 

7.1.2 Residual Strain Level 
The residual strain is a key parameter that influences the magnitude of rotation during installation. Past 
experimental and numerical research studies has shown that a pipeline with no residual strain section has an 
ignorable angle of rotation at the TDP (Kashif, 2016). However, in real life situation pipeline are subjects to 
residual strains as it pass through the stinger in the case of S-lay installation, thus causing pipeline rotation 
or twist during installation. Hence the magnitude of the rotation angle is largely dependent on the level of 
residual strains. The experimental test performed in this work covers the establishment of the influence of 
the different strain levels on the magnitude pipeline rotation angle during S-lay installation for different 
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pipeline end BC was considered and the plots are as shown in Figures 7-5 to 7-7.  
 
For the fixed BC, Figure 7-5 shows that regardless of the length of curvature, the angle of rotation increases 
with increase in residual strain level, thus showing maximum rotation of approximately 38degree and 
20degree at 3m and 2m respectively for the 0.40% as compare to the corresponding 12degree and 14degree 
in the case of 0.30%. Attention should be given to the significant divergent of the curves of the residual 
strains at the upper tail as shown in Figure 7-5, this indicates that the increase in the angle of rotation with 
residual strain is not directly proportional. While the lower tail of the curves shows convergence. Hence it 
can be inferred that as the residual strain increase a geometric increase in might be seen, since there is an 
increase of 90% in rotation angle between 0.40% and 0.35% at the upper tail of the curve, however further 
experimental investigation might be required to established this fact.  
 
While for the 1-spring BC, Figure 7-6 shows that regardless of the length of curvature, the angle of rotation 
increases with increase in residual strain level, thus showing maximum rotation of approximately 172degree 
and 138degree at 3m and 2m respectively for 0.40% as compare to the corresponding 161degree and 
100degree in the case of 0.35%. Unlike the Fixed BC the figure shows convergence of the curves of the 
residual strains at the upper tail and divergence at the lower tail as shown in Figure 7-6. Hence it can be 
inferred that the residual strain increment does not give a linear increase in the rotation angle, since there is 
an increase of 7% in rotation angle between 0.40% and 0.35% at the upper tail and about 38% percentage 
increase at the lower tail.  
 
The curves for the 2-spring BC, Figure 7-7, follow the same pattern as described for the 1-spring BC, 
Figure 7-7 shows the maximum rotation of approximately 128degree and 100degree at 3m and 2m 
respectively for the 0.40% as compare to the corresponding 115degree and 68degree in the case of 0.35%. 
Similarly, to the 1-spring BC the figure shows convergence of the curves of the residual strains at the upper 
tail and divergence at the lower tail as shown in Figure 7-7. Hence it can be inferred that the residual strain 
increment does not give a linear increase in the rotation angle, since there is an increase of 11% in rotation 
angle between 0.40% and 0.35% at the upper tail and about 47% percentage increase at the lower tail.  

 
The behavior shown by the figures are well in agreement with the studies performed by Damsleth et al., 
(2000)…, which shows that the rotation increases as the pipeline strain increases 
 
Thus it can be deduced that increase in the residual strain level regardless of the boundary conditions at the 
pipeline ends gives an increase in the rotation angle. hence, during installation, in order to achieve the 
pipeline rotation angle above 90degree, so as to conformed the pipeline to the seabed topography the 
residual strain level can be safely increase and to prevent significant rotation when verticality of pipeline 
components installed along the length of the pipeline is of utmost importance, high residual strain level 
should be avoided Further study or experimental test might be required to establish whether the behavior of 
the rotation angles with varying curvature length is truly linear, by performing addition test considering 
more residual curvature length. 
 
This result is in agreement with the study carried by Li Y., (2005), which shows that angle of rotation 
increases with the residual curvature, with rapid change in rotation for residual strain within the range of 
0.30% to 1.0% 
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Figure 7-5: Influence of R.S on Rotation Angle at TDP of Pipeline with Fixed BC 

 
 

 
Figure 7-6: Influence of R.S on Rotation Angle at TDP of Pipeline with 1-Spring BC 
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Figure 7-7: Influence of R.S on Rotation Angle at TDP of Pipeline with 2-Spring BC 
 

7.1.3 Residual Curvature Length 
Another key parameter that influences the magnitude of rotation during installation is the residual curvature 
length. Of great deal is the length of residual curvature section along the pipeline, studies have shown that a 
combination of high residual strain and residual curvature length will induced high rotation angle.  
This thesis also investigates the influence of the residual curvature length on the pipeline rotation during 
installation and results obtained validate the fact that the higher the R.C.L the higher the tendency of 
rotation of the pipeline during rotation. Figures 7-8 to 7-10 show the plot of the rotation against the R.S for 
different curvature lengths (2m and 3m)  
 
For the fixed BC, Figure 7-8 shows that regardless of the length of curvature, the angle of rotation increases 
with increase in R.C.L, thus showing maximum rotation of approximately 38degree and 20degree at 0.40% 
and 0.30% respectively for the 3m R.C.L as compare to the corresponding 20degree and 12degree in the 
case of 2m. Attention should be given to the significant divergent of the curves of the residual strains at the 
upper tail as shown in Figure 7-8, this indicates that the increase in the angle of rotation with R.C.L is not 
directly proportional. While the lower tail of the curves shows convergence.  
 
While for the 1-spring BC, Figure 7-9 shows that regardless of the R.S, the angle of rotation increases with 
increase in R.C.L, thus showing maximum rotation of approximately 172degree and 138degree at 0.40% 
and 0.30% respectively for the 3m R.C.L as compare to the corresponding 161degree and 100degree in the 
case of 2m. Unlike the Fixed BC the figure shows convergence of the curves of the residual strains at the 
upper tail and divergence at the lower tail as shown in Figure 7-9  
 
The curves for the 2-spring BC, Figure 7-10, follow the same pattern as described for the 1-spring BC, 
Figure 7-10 show the maximum rotation of approximately 128degree and 100degree at 0.40% and 0.30% 
respectively for the 3m R.C.L as compare to the corresponding 115degree and 68degree in the case of 
0.35%. Similarly, to the 1-spring BC the figure shows convergence of the curves of the residual strains at 
the upper tail and divergence at the lower tail as shown in Figure 7-8.  
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Thus it can therefore be deduced that increase in the residual curvature length regardless of the boundary 
conditions at the pipeline ends and the R.S results in an increase in the rotation angle. hence, during 
installation, in order to achieve the pipeline rotation angle above 90degree, so as to conformed the pipeline 
to the seabed topography the residual curvature length can be safely increase and to prevent significant 
rotation when verticality of pipeline components installed along the length of the pipeline is of utmost 
importance, high curvature length should be avoided.  
 

 
Figure 7-8: Influence of R.C.L on Rotation Angle at TDP of Pipeline with Fixed BC 

 

 
Figure 7-9: Influence of R.C.L on Rotation Angle at TDP of Pipeline with 1-Spring BC 
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Figure 7-10: Influence of R.C.L on Rotation Angle at TDP of Pipeline with 2-Spring BC 
 

7.1.4 Torque Effect 
The pipeline-seabed interaction provides rotation resistant, this interaction when combined with the 
torsional stiffness of the pipeline provides resistant to pipeline rotation during installation, however the 
resistant provided by this system might to be adequate to prevent the pipeline from twisting or rotating, as 
the magnitude of this resistant is largely dependent on the length of the pipeline having contact with the 
seabed, the geometric and material properties of the pipeline, the depth of water and so on. This study 
investigate the effect of different torque resistant on rotation and consequently, the influence of the variation 
in residual strains and residual curvature on torque 
 
Figure 7-11 and 7-12 show the variation of rotation against torque for two difference rotation resistant 
capacities (1-spring BC and 2-spring BC) and the influence of different restraint capacity on the torque 
respectively. It is observed that the lower the rotation the higher the torque as shown in Figure 7-11. The 
figure indicate that the 2-spring BC resist rotation more effectively that the 1-spring BC, that is the reason 
for the lower rotation of the 2-spring BC. Since the resistance to rotation is high it is expected as shown in 
Figure 7-11 to have higher torque. 
 
Figure 7-12 shows the influence of the BCs on the torque more clearly with varying residual curvature for 
the 3m R.C.L. As shown in the figure, the rotation resisting capacity of the 2-spring being approximately 
13.8Ncm at a residual strain of 0.3%, is higher than the 1-spring of 11.89Ncm, with a percentage change of 
15% at the 0.30% R.S. The graph of Figure 7-12 shows a reduction in this percentage change with increase 
in residual change, further study is necessary to validate this behavior. 
 
Figures 7-13a and 7-13b show the direct influence of residual curvature length and strain on the torque. 
Figure 7-13a shows that regardless of the residual strain, the torque increases at higher R.C.L. similarly, 
regardless of the R.C.L, the torque increases with increase in the residual strain as shown in Figure 13b. 
Thus, combine effect of both increased curvature length and strain can amount to enormous torque required 
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to prevent rotation and vice versa. 
 

It can therefore be deduced that higher torque capacity results in reduced pipeline rotation and a lower 
torque capacity has a reverse effect. 

 

 
Figure 7-11: Effect of BCs on Torque for the 3m R.C.L with varying Rotation 

 

 
Figure 7-12: Effect of BCs on Torque for the 3m R.C.L with varying Residual Strain 
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(a) 

 
(b) 

Figure 7-13: Effect of (a) R.C.L (b) R.S on Torque for the 1-spring BC 
 

7.1.5 Uneven Seabed Topography 
It has been established that some of the challenges, such as high bending moment at the shoulders, high cost 
of subsea intervention and high volume of rocks etc, that plaque free-span on uneven seabed topography 
can be solved by adopting residual curvature. The results of the experimental tests performed in this study 
are to establish the basic principle governing this idea. Based on the results, the influence of the residual 
strain, curvature length and concentrated weight on the depth and pipeline span are investigated. 

7.1.5.1 Effect of Depth 
The tabulated experimental results from section 6.4 were plotted to reveal the influence of installation 
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residual strain sections along the length of the pipeline on uneven seabed topography. Figures 7-14 to 7-16 
shows impact of residual strains and combine effects of the R.S and concentrated load on the overall depth, 
from the depression floor to the mid-span of the pipeline. 
 
It is observed from Figure 7-15, that for the scenario with no concentrated load, the relationship between the 
depression depth and residual strain is inversely proportional, with decrease in depth as the residual strain 
increases regardless of the length of curvature. This is validated from the Figure 7-14 which indicates a 
depth of 0.52m for 0% R.S cases and 0.47m for 0.30% which gives approximately 10% decrease.  Figure 7-
15shows how the depth decreases further with an addition of concentrated load at the mid span of the pipe 
(see Appendix VI for pictures). The addition gives a further reduction to 0.33m which amount to 37% 
reduction in depth. Further increase in the concentrated weight results to a further decrease to 0.41m which 
results to 40.4% reduction when the R.C.L is 1m as shown in Figure 7-16. At 2m residual curvature length a 
percentage difference of 46.2% is observed in depth when a combination of 0.30% R.S and Weight_2 is 
considered. 
 
Figures 7-17 and 7-18 show how the depth of the depression for the initial case and the combine case of 
strain and weight varies with the residual strains. These figures present a clearer view of the influence of the 
concentrated load when applied to both stressed and unstressed pipe. The result obtained from the graphs 
agrees reasonably in principle with study performed by Endal G. et al., (2015), which reveals that the depth 
reduces as the residual strain increases and further support the strain-displacement study performed by 
Damsleth et al., (1999), which pointed out that the displacements increases with increase in strain. 
 
Thus addition of weight at the mid-span of the pipeline laid along depression, further reduce the depth of 
depression, and decrease in depth is largely dependent on the magnitude of the weight added. It is also 
observed from the figures that, residual curvature length has an inverse relationship with the depth, which is 
the higher the R.C.L, the lower the effective depth of the depression.  
The percentage difference observed above can be a great deal when scaled up to a real life situation, thus 
achieving significant save in the cost of a project by reducing the volume of rocks to be dumped in the 
depression as well reduction in the rock dumping or free-span mitigation activities which consequently 
reduce project cost. 
 

 
Figure 7-14: Influence of R.S only on Depth  
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Figure 7-15: Influence of R.S and Weight-1 on Depth  

 
 

 
Figure 7-16: Influence of R.S and Weight-2 on Depth 

 
 

 
Figure 7-17: Influence of R.S on Depth for 2m R.C.L with varying Stress Conditions 
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Figure 7-18: Influence of R.S on Depth for 1m R.C.L with varying Stress Conditions 
 

7.1.5.2 Effect on Span Length 
The span length is pivotal when mid-span bend moment is a critical criterion in pipeline free span. It is an 
established fact that the higher the span length the greater the bending moments experience at both the mid-
span and at the shoulders. In the experimental test, the change in the span length was measured as the 
residual strain varies. Figures 7-19 and 7-20 show the variation of the R.S and R.C.L on the free span of the 
model pipeline respectively.  
 
From Figure 7-19, it is observed that with residual strain, the pipeline free span length will decrease with 
increase in the residual strain, having an initial span of 2.28m when there is no residual strain and a reduced 
span length of 2.20m when a 1m length of 0.30% R.S is introduced. That results in a percentage decrease of 
3.5%. if the value is compare with the corresponding value for 2m R.C.L, the percentage decrease rises 
further to approximately 6%.  
 
Thus it can be deduced that regardless of the R.C.L, the pipeline free span decrease with increase in the 
residual strain and further reduction is experienced when the length of the residual curvature is increased. 
Hence increase in residual strain and residual curvature length results in lower free span. Figure 7-20 shows 
the direct effect of R.C.L on the span length 
 

 
Figure 7-19: Influence of R.S on Span Length with varying R.C.L 
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Figure 7-20: Influence of R.C.L on Span Length with varying R.S 

 

7.2 NUMERICAL RESULTS DISCUSSION 
The numerical results tabulated in section 6.5 are plotted for clarity and ease of interpretation and 
comparison with the experimental test results. The numerical analysis performed in this study is limited to 
the pipeline rotation due to only residual strains. Thus the graphs present the only the influence of the 
variation in residual strain level, boundary conditions and residual curvature length on pipeline rotation.  

7.2.1 Effect of Boundary Conditions 
The influence of different boundary condition on pipeline rotation during installation is equally investigated 
using the same parameters as of the experimental test. Figures 7-21 and 7-22 show how the BCs influence 
the rotation. Similar to the experimental test results on BCs, the Fixed BC shows the highest resistance to 
rotation with rotation of 28deg. and 40deg. at 0.30% and 0.40% R.S as compared with the 1-spring BC with 
128deg. and 138deg for a 2m R.C.L.   
This is an expected difference as a fixed condition has a high capacity to resist twist, since it has a high 
twisting stiffness contrary to the 1-spring BC with limited twisting stiffness. Thus the higher the torsional 
capacity of the end components of the pipe the lower the rotation angle or twist and vice versa. The 3m 
R.C.L follows a similar trend as the 2m R.C.L, having low angle of rotation when fixed BC is considered 
and highest rotation angle for the 1-spring BC since the twist stiffness at the end is greatly reduced. Thus 
this behaviour validates the result of the experimental test 

 
Figure 7-21: Influence of BCs on Pipeline Rotation for 2m R.C.L with varying R.S (Numerical) 
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Figure 7-22: Influence of BCs on Pipeline Rotation for 3m R.C.L with varying R.S 

(Numerical) 
 

7.2.2 Effect of Residual Strain and Curvature length 
This numerical test also covers the investigation of the effect of residual strain levels and curvature length 
on pipeline rotation during installation. Figures 7-23 and 7-24 show how the R.S and the RC.L influence the 
pipeline rotation for fixed and. 1-spring BC s respectively. The results presented here agree reasonably well 
in principle with what is obtained in the experimental test, as it shows a higher rotation at higher residual 
strain and higher residual curvature length. 
This result is in agreement with the study carried by Li Y., (2005), which shows that angle of rotation 
increases with the residual curvature, with rapid change in rotation for residual strain within the range of 
0.30% to 1.0% 

 

 
Figure 7-23: Influence of R.S on Pipeline Rotation for Fixed BC with varying R.C.L (Numerical) 
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Figure 7-24: Influence of R.S on Pipeline Rotation for 1-spring BC with varying R.C.L (Numerical) 

7.3 COMPARISON OF RESULTS 
Table 7-1 presents, the value of the rotation for pipeline, for both experimental tests and numerical analyses. 
The results of the experimental test and the numerical analysis agree to a reasonable extent, with maximum 
being approximately 20degrees and 38degrees for the 2m and 3m R.C.L respectively in the case of 
experimental test while the corresponding values in the case of numerical analysis are 40degrees and 
68degrees, although this discrepancy is large, as this might be due to several uncertainties in calculation, 
measurement and measuring tools etc. However, in general, it can be deduced that the angle of rotation 
when a fixed BC is considered is quite low compared to the other BCs. It is should be noted that there is a 
high level of agreement in the rotation angle in the case of 1-spring BC for the two approaches, 
experimental and numerical. 
 
Based on this comparison, it can be concluded that the result of the experiment is reasonably reliable and 
numerical approached can be used to performed more detailed parametric study of pipeline rotation during 
installation. Several factors might be the cause of the discrepancies observed between the results of the 
experimental test and numerical analyses, these factors includes; 
 
The block structures introduced to raise the pipeline at the TDP that the pipeline can rotate beyond 
90degrees, these blocks are necessary as previously explained; otherwise contact with the seabed would 
have prevented further rotation of the pipeline beyond 90degrees. Thus, the introduction of the block might 
be a source of errors and uncertainties. 
 
Other sources of errors and their associated uncertainties that could have resulted in these discrepancies are 
discussed in section 8. 
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Table 7-1; Summary of the Experimental test and Numerical Analysis Results for Pipeline Rotation 

RESULTS COMPARISON 

R.C.L R.S BC 
Experiment. Numerical 

ROT. 
Angle 

ROT. 
Angle 

m %   deg. deg. 

2 

0.3 

FIXED 12.08 27.56 

1-SP - 128.27 

2-SP - 126.5 

    

0.35 

FIXED 16.7 35.78 

1-SP 100.68 133.56 

2-SP 64.54 130.45 

    

0.4 

FIXED 20.43 40.35 

1-SP 132.27 136.15 

2-SP 103.71 132.67 

    

3 

0.3 

FIXED 14.04 19.5 

1-SP 128.66 165.5 

2-SP 105.96 107.01 

    

0.35 

FIXED 20.14 51.55 

1-SP 161.57 168.6 

2-SP 116.57 110.85 

    

0.4 

FIXED 38.07 64.63 

1-SP 172.07 171.7 

2-SP 124.59 - 
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8. SOURCES OF ERRORS AND UNCERTAINTIES  
Due to the nature and complexity of experiments of this magnitude, the experimental test was performed 
with extreme care and under control measures to minimize the effect errors and uncertain, however the 
presence of these errors and uncertainty cannot be fully ignored since error reducing measures taken can 
only minimize the effect on the result obtained. These errors and uncertainties can be classified as human 
errors, equipment errors and calculation errors. 
 

 Human Error; this experiment is single-handedly performed by the author of this study work, thus 
error or uncertain in measurements and calculation due to fatigue when setting up the experimental 
test components and when performing the experiment, tiredness and mistakes and/or oversight. 
However extremely care was taken to ensure such errors are minimized and the author adopt the 
method of taken a 20mins break after every 2hours to counter fatigue and tiredness and to ascertain 
minimum errors and uncertainties, some key experiments were performed twice especially in the case 
of pipeline rotation experiments. Also the experimental test process was carried out under the 
supervision of my supervisors who approved the process.  

 

 Equipment Error; the reading taken from the equipment and tool used in measuring some key 
parameters during the experimental test are other sources of error and uncertainties. One of such 
equipment is the load cell, which measures the horizontal tension in meter-volt per volt (mV/V), thus 
this was calibrated and conversion factor to Newton was obtained. Hence this process of calibration 
and conversion could introduce some errors from approximation in the result obtained. Also the load 
cell initial reading is not stead but fluctuates between ranges of value before settling for a particular 
value, thus this could be perceived as a source of uncertainties. To minimize this errors and 
uncertainties, the calibration process was performed carefully and repeated so as to obtained accurate 
calibration factor and the factor obtained was not approximated, that is, it was used in it full 11 
decimal places. In addition, the final readings recorded from the load cell were based on the most 
steady and constant reading after detaching and engaging the load cell from and to end of the pipeline 
several times for each and every of the experimental test. 
Also the horizontal tension reading taken from the load cell includes, the value of frictional force 
result from the pipeline-stinger nails contacts, this is considered as another source of errors and poses 
a great deal of uncertainties in the reading. This is minimized by obtaining the value of this frictional 
force by setting up the load cell at the stinger end of the pipeline and taken the upper end reading, 
hence obtaining the difference which is applied to all other readings taken at the seabed end of the 
pipeline. 
 
Furthermore, there are errors and uncertainties when manually bending the straight pipes to achieve 
the various residual strain levels and exact curvature length, since this process was performed 
manually due to the unavailability of pipe bending machine. However the bending process was 
performed with extreme precautions; mapping out the configuration of the straight pipe in the bent 
form with nails and carefully bend the pipes to these configurations, thus minimizing errors and 
uncertainties due to inaccurate residual strain levels and curvature lengths.  

 

 Calculation Error; this error might be due to approximations and oversight, this errors are very 
minimal in this study effort, as all manual calculations and graphs were double checked and were 
performed and plotted using Excel and Mathcad whose output have been known to be reliable.  
A major source of error is process of digitizing the experimental test catenary shape for comparison 
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with other approaches (analytical and numerical), this errors and the associated uncertainties are may 
result from improper gridding of the pool walls, improper pictures of the catenary shape taken for 
digitization, inaccurate dot mapping of the pipeline catenary, 4th degree polynomial approximation 
of the catenary shape using Webplot Digitizers and scaling of plot area in the webplot interface. 
These errors are minimized by taken necessary precautions ensuring continuous pictures of the 
pipeline catenary were taken with the camera vertically positioned, and the pool gridline carefully 
drawn when setting up the experiment and also the dot mapping was done closely and carefully. To 
avoid error due to polynomial approximations, several order of polynomial (4th, 5th, 6th, and 7th) 
were used to approximate the catenary, however the difference between these approximation was 
insignificant, thus for simplicity, the 4th order polynomial was considered accurate with minimum 
error.  

 
All the errors stated above were significantly minimized using several approaches, thus the results of the 
experiment test and numerical analyses are precise to a great extent and thus considered accurate and 
reliable. 
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9. CONCLUSION AND RECOMMENDATION 

9.1 CONCLUSION 
Pipeline rotation due to residual strains during S-lay and reel-lay installation has been an intriguing 
phenomenon in offshore pipeline technology. Relatively little theoretical work has focused on this subject, 
and there are unresolved challenges that enables a full understand of the pipeline rotational mechanism 
during pipelay. These challenges are considered to be two-fold, i.e. (1) pipeline rotational theory in itself 
including effects such as rotational stiffness, boundary conditions on the seabed and on the vessel, effects of 
tension, out of plane effects etc and (2) practical pipelay effects such as vessel dynamics, 
material/welding/reeling/ effects, play in the tensioners, lateral current, pipeline route and seabed friction 
and so and so forth.  
  
This study work is aimed at shedding more light into the physics of pipeline rotation during S-lay and 
reeling, with the main focus on the rotational effect from introducing a local residual curvature section into 
the pipeline. 
 
The primary of objectives of the thesis is to investigate the effect of high values of the parameters that 
causes rotations beyond 90degree during S-lay installation with the sole aim of conforming pipeline to 
uneven seabed topography, the parameters of interest are the residual strains levels( 0.30%, 0.35%, 0.40%), 
residual curvature lengths (2m and 3m), Inline structure and effect of pipeline end boundary conditions 
(Fixed and Partially restrained), due to time and availability of space, on this four parameters were 
considered. In addition to this main objective, the study effort also established the fundamental principle of 
conforming pipeline to uneven seabed topography by using residual curvatures and concentrated weights, 
since past studies have established the usefulness of residual curvatures in meeting pipeline free span 
challenges. To achieve the set objectives of this study effort, experimental test and numerical analysis are 
performed and the results from both approaches were compared. The experimental test was carried using an 
existing stinger model with installed rollers similar to what is obtainable in practice, model pipeline, pool, 
model uneven seabed and all other installation parameter and the boundary conditions considered are the 
Fixed BC and partially restraint BC (to stimulate the soil seabed-pipeline friction). The numerical analysis 
was carried out using commercial software, ORCAFLEX, which has the feature to introduce pre-bend along 
pipeline and measure the rotation of the pipeline in terms of gamma angle. Based on the experimental test 
and numerical analysis, the results obtained give further insight into the mechanism and causes of rotation 
of pipeline rotation. The results presented in this study are obtained at the TDP. 
  
Based on comparison, the catenary shape of the experimental test agrees reasonably well with the shape 
obtained from analytical and numerical methods thus result presented in this report is largely reasonable and 
reliable. Further to this, the experimental test shows that the pipeline catenary shape as well as the departure 
angle is a largely dependent on the top tension applied, thus the top tension can be a control parameter for 
the catenary shape.     
  
Although significant pipeline rotation during installation is discouraged especially when pipeline is installed 
with inline structure whose verticality at the seabed is of utmost important, the results of both approaches 
(experimental test and numerical analysis) reveal that pipeline rotates or twist when installed with residual 
strains or curvature section and the boundary conditions at the ends of the pipeline is pivotal to the 
magnitude of this rotation.  
  
the results of this study effort has shown that at high residual strains and curvature length, for pipeline with 
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low frictional capacity from the soil-pipeline interaction, the pipeline rotates beyond 90degree and the 
magnitude of the rotation experience my the pipeline is directly proportional to the  frictional capacity of 
the soil. In addition, it is established that depending on the weight of inline structure, pipeline experiences 
rotation when being installed along the line, however, the result of this experimental test does include 
buoyancy module that counteract the effect of inline structure as it is been done in practice. Hence the 
eccentric load along the pipeline causes rotation during installation. 
  
The study also reveals that, based on the rotation-causing parameters considered in this thesis, the pipeline 
end boundary condition in combination with high residual strain level is the most critical in causing high 
rotation beyond 90degree. This is very important when residual curvature is to be used to conform pipeline 
to uneven seabed topography. However, other rotation causing parameter such as water depth, pipeline axial 
tension etc. can also be considered critical as well most especially in deep water. Hence in general the 
residual curvature length and residual strain levels are considered most critical when studying pipeline 
rotation, hence a check and balance must be done to achieve desirable rotation when conforming pipeline to 
uneven seabed topography or to prevent excessive pipeline rotation. 
  
The uneven seabed experimental test result shows that, residual curvature is an effective way of conforming 
the pipeline to uneven seabed topography and that the higher the residual strain the more cost effective the 
project. Furthermore, a combination of residual curvature and concentrated weight was found to be better 
option when reduced depth is of utmost important, however this option must be checked against the 
structural integrity and deflection criteria of the pipe. The result of this experimental test also shows that the 
free span length is reduced with increase in residual strain, which is important when estimating the bending 
stress criteria.     
  
Although quality time was spent building and setting up the experimental test components, the experimental 
test is not free from errors and uncertainties, such as errors in calculations, hand bending of pipes, 
uncontrolled release of axial tension in pipe etc. the discrepancies found between the experimental test 
results and the numerical analysis results are largely as a results of these errors and uncertainties as 
discussed in details in section 8, thus the results presented in this study effort can be used bearing this in 
mind.  
 
the results of this study effort has shown that at high residual strains and curvature length, for pipeline with 
low frictional capacity from the soil-pipeline interaction, the pipeline rotates beyond 90degree and the 
magnitude of the rotation experience my the pipeline is directly proportional to the  frictional capacity of 
the soil. In addition, it is established that depending on the weight of inline structure, pipeline experiences 
rotation when being installed along the line, however, the result of this experimental test does include 
buoyancy module that counteract the effect of inline structure as it is been done in practice. Hence the 
eccentric load along the pipeline causes rotation during installation. 
 
The study also reveals that, based on the rotation-causing parameters considered in this thesis, the pipeline 
end boundary condition in combination with high residual strain level is the most critical in causing high 
rotation beyond 90degree. This is very important when residual curvature is to be used to conform pipeline 
to uneven seabed topography. However, other rotation causing parameter such as water depth, pipeline axial 
tension etc. can also be considered critical as well most especially in deep water. Hence in general the 
residual curvature length and residual strain levels are considered most critical when studying pipeline 
rotation, hence a check and balance must be done to achieve desirable rotation when conforming pipeline to 
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uneven seabed topography or to prevent excessive pipeline rotation. 
 
The uneven seabed experimental test result shows that, residual curvature is an effective way of conforming 
the pipeline to uneven seabed topography and that the higher the residual strain the more cost effective the 
project. Furthermore, a combination of residual curvature and concentrated weight was found to be better 
option when reduced depth is of utmost important, however this option must be checked against the 
structural integrity and deflection criteria of the pipe. The result of this experimental test also shows that the 
free span length is reduced with increase in residual strain, which is important when estimating the bending 
stress criteria.     
 
Although quality time was spent building and setting up the experimental test components, the experimental 
test is not free from errors and uncertainties, such as errors in calculations, hand bending of pipes, 
uncontrolled release of axial tension in pipe etc. the discrepancies found between the experimental test 
results and the numerical analysis results are largely as a results of these errors and uncertainties, thus the 
results presented in this study effort can be used bearing this in mind.  
 
The catenary shape of the experiments test, the numerical and analytical analyses correlates very well, this 
is simply because the same laying parameters were used in the established the catenary shape and the 
experimental test was performed with absolute precaution minimizing all errors due to human and 
equipments as discussed in section 8.  However analytical approach was not considered in this study effort. 
The comparison of the results of the experimental test and the numerical analyses correlate reasonably well 
with some few exceptions. These exceptions might be as a result of the presence of the errors and 
uncertainties, these discrepancies can be as a result of the twisting stiffness capacity inputted and the 
introduction of block objects, that allows for rotation beyond 90degree, in the numerical analyses. The 
stiffness of this block objects was randomly inputted. 
 
In summary, the results of both experimental test and numerical analyses established that high residual 
strain level and length of the residual curvature play the most pivotal role in rotating the pipeline beyond 
90degree while the influence the boundary conditions has on pipeline rotation during installation is largely 
dependent on the proximity of the curvature length to BCs, thus the boundary condition is less critical. 
Also the results show that of high criticality is the magnitude and eccentric distance of an inline structure to 
the rotation of pipeline during offshore installation.  Another parameter that was observed to be critical to 
the pipeline rotation during the experiment is the axial tension in the pipeline, it was observed that the 
higher the axial tension the lower the pipeline rotation. 
  

9.2 RECOMMENDATION 
Residual curvatures and pipeline rotation are becoming interesting phenomena to be studied in details. In 
the past residual curvature has posed a great deal of challenge being the major factor that causes pipeline 
rotation which is not desirable most especially when installing inline structure along the pipeline. However 
recent studies have established the importance of pipeline rotation in meeting some of the technical 
challenges in pipeline technology, thus understanding the physic of pipeline rotation and residual curvature 
becomes imperative. This thesis has further through more insight into the understanding of the mechanism 
of pipeline rotation above 90degrees due to residual strains, however further studies are require for improve 
on the accuracy of the results of this study is necessary as well as explore other intriguing areas that can 
eventually lead improve installation methodology, design and save cost. These future studies are not limited 
to the following; 
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Since the fundamental principle and experimental procedure of pipeline rotation has been establish by this 

study and other studies, it will be interesting to improve the accuracy of this study by investigate the 
rotation by simulating actual boundary condition at the tensioner and minimize error due to friction from 
nails. This is very important so as achieve results close to what is obtainable in practice. 

 
Further experimental study can also be performed to establish the behavior or trend of the rotation curves 

with various influencing parameters such as the residual strain, water depth, residual curvature length, top 
tension and so on; this will enable or aid easy prediction of pipeline rotation.  

 
During the course of the experimental test, it was observed that at magnitude of rotation is largely dependent 

on the amount of axial tension released from the pipeline, further study will include investigation into the 
relationship between the amount of axial tension released and the magnitude corresponding magnitude of 
rotation 

 
This study effort has further shown that the numerical analysis can be reliable in estimating pipeline 

rotation, thus detailed parametric study of pipeline can be performed using commercial FE programme.  
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APPENDIX I – Spring Stiffness Calculation 

 

  Load Cell Reading Force Conversion (N) Stiffness  (N/m) Average Values 

Extenstion 
(m) 

Spring 
Sample 

1 

Sring 
Sample 2 

Force 1 
(N) 

Force 2 
(N) 

stiffness 
1 (N/m) 

stiffness 
2 (N/m) 

Average 
Force 
(N) 

Average 
Stiffness 

(N/m) 

0 0 0 0 0 0 0 0 0

0.01 0.0017 0.002 1.70 1.80 169.58 179.55 1.75 174.56 

0.02 0.003 0.003 2.99 3.19 149.63 159.60 3.09 154.61 

0.03 0.004 0.004 4.19 4.39 139.65 146.30 4.29 142.98 

0.04 0.006 0.006 5.59 5.89 139.65 147.13 5.74 143.39 

0.05 0.006 0.007 6.38 6.68 127.68 133.67 6.53 130.67 

0.06 0.008 0.008 7.78 8.28 129.68 137.99 8.03 133.83 

0.07 0.009 0.010 9.38 9.78 133.95 139.65 9.58 136.80 

0.08 0.011 0.011 10.97 11.27 137.16 140.90 11.12 139.03 

0.09 0.013 0.013 12.67 12.87 140.76 142.98 12.77 141.87 

0.10 0.015 0.015 14.46 14.56 144.64 145.64 14.51 145.14 

0.11 0.016 0.016 16.26 16.06 147.81 146.00 16.16 146.91 

                144.53 
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APPENDIX II – Model Pipe Elastic and Yield Properties 
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APPENDIX III – Calculation of Pipe Properties 

MODEL SCALE APPLICATION 

Model Pipe 20 inch Pipe 30 inch Pipe

pipe outer diametrs D 0.01 m D 1 0.508 m D 2 0.91 m

pipe thickness t 0.0008m t 1 0.017655m t 2 0.0312268m

d 1 D 1 2 t 1
 d 2 D 2 2 t 2


pipe inner diamter d D 2 t

pipe elastic modulus E 120.97109 N

m2
E 1 210 109 N

m2
 E 2 210 109 N

m2


pipe poisson ratio v 0.33 v 1 0.3 v 2 0.3

pipe cross sectional area A


4
D2 d2 A 1



4
D 1

2 d 1
2 A 2



4
D 2

2 d 2
2

Pipe density  8940
kg

m3
 1 7850

kg

m3
 2 7850

kg

m3

pipe moment of inertial I


64
D4 d4 I 1



64
D 1

4 d 1
4 I 2



64
D 2

4 d 2
4

pipe axial stiffness A s E A A s.1 E 1 A 1
 A s.2 E 2 A 2



pipe bending stiffness A b E I A b1 E 1 I 1
 A b2 E 2 I 2



pipe unit weight w 1.863
N

m
w 1 A 1  1

 g w 2 A 2  2
 g

pipe length L 9 m L 1 148.25m L 2 218.63m

Deflection Factor d f
w L3

E t D3
d f1

w 1 L 1
3

E 1 t 1
 D 1

3
d f2

w 2 L 2
3

E 2 t 2
 D 2

3

d f 14.034 d f1 14.035 d f2 14.035

Scale Factor
L 1

L
16.472

L 2

L
24.292
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CONNECTION TWISTING STIFFNESS CALCULATION 

One spring Device 

Number of Spring  1 

length of residual curvature 3 m 

Residual Curvature Strain, % 0.3 0.35 0.4 

Touque at TDP, Ncm 11.987318 13.412384 14.6698 

Rotation Angle at TDP, deg 129 162 172 

Twisting Stiffness, Ncm/deg. 0.0929249 0.0827925 0.08529 

  

Average Twisting Stiffness, Ncm/deg 0.087002316 

 

Two spring device 

Number of Spring  2   

length of residual curvature 3 m 

Residual Curvature Strain, % 0.3 0.35 0.4 

Touque at TDP, Ncm 13.808396 15.398226 15.7104 

Rotation Angle at TDP, deg 106 117 125 

Twisting Stiffness, Ncm/deg. 0.1302679 0.1316088 0.12568 

  

Average Twisting Stiffness, Ncm/deg 0.129186649 

 

  



AKINSANYA	A.O.,	2017	 Page	123	
 

APPENDIX IV – Experimental Test Catenary Calculation 

 
The data points were obtained as discussed in section 4. Four different pictures were taken from the upper 
section of the experimental catenary to the pool end of the catenary as shown below. The pictures were 
merged and loaded into the Webplot. Based on the grids, the plot area was scaled and data point created as 
shown in the pictures. The values of the data points were obtained and plotted. The plot of the data was then 
fitted to a 4th order polynomial (see equation below) and then constants obtained 

Z 0.01377 0.075277245s 0.020969s2 0.01024882s3 0.00056s4

z 0.01377 0.075277245s 0.020969s2 0.01024882s3 0.00056s4
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APPENDIX V – Numerical Model Simulation Results 

 

Case 1 – 2m Residual Curvature Length 

 

1. Fixed Boundary Condition – 0.30% Residual Strains 

 
 

 
 

 

OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,30% Fixednew.sim (modified 22:04 on 09.06.2017 by OrcaFlex 9.8b)
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2. Fixed Boundary Condition – 0.35% Residual Strains 

 

 
 

 

OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,30% Fixednew.sim (modified 22:04 on 09.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Twist, over Whole Simulation

Minimum Maximum Mean

Arc Length (m)
302520151050

P
ip

e 
T

w
is

t 
(d

e
g/

m
),

 t
 =

 -
6,

0
0

0 
to

 1
5

0
,0

0
0

s

0,5

0

-0,5

-1

-1,5

-2

-2,5

-3



AKINSANYA	A.O.,	2017	 Page	127	
 

 
 

3. Fixed Boundary Condition – 0.40% Residual Strains 

 

OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,35% 1SPRINGnew.sim (modified 22:02 on 09.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Z, over Whole Simulation
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OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,35% 1SPRINGnew.sim (modified 22:02 on 09.06.2017 by OrcaFlex 9.8b)
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OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,40% Fixednew.sim (modified 22:03 on 09.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Twist, over Whole Simulation
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OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,40% Fixednew.sim (modified 22:03 on 09.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Z, over Whole Simulation
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4. 1-spring Boundary Condition – 0.30% Residual Strains 

 

 

 

OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,30% 1SPRINGnew.sim (modified 20:48 on 09
Range Graph: Pipe Z, over Whole Simulation
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5. 1-spring Boundary Condition – 0.35% Residual Strains 

 

 
 

 

 

OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,30% 1SPRINGnew.sim (modified 20:48 on 09.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Twist, Static State
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6. 1-spring Boundary Condition – 0.40% Residual Strains 

 

 

OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,35% 1SPRINGnew.sim (modified 20:53 on 09.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Z, over Whole Simulation
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OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,35% 1SPRINGnew.sim (modified 20:53 on 09.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Twist, over Whole Simulation
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OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,4% 1SPRINGnew.sim (modified 20:58 on 09.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Z, over Whole Simulation
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OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,4% 1SPRINGnew.sim (modified 20:58 on 09.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Twist, over Whole Simulation
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7. 2-spring Boundary Condition – 0.30% Residual Strains 

 

 

 
 

OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,30% 2SPRINGnew.sim (modified 20:52 on 09.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Twist, over Whole Simulation
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8. 2-spring Boundary Condition – 0.35% Residual Strains 

 

 

 

OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,30% 2SPRINGnew.sim (modified 20:52 on 09.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Z, over Whole Simulation
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9. 2-spring Boundary Condition – 0.40% Residual Strains 

 

OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,35% 2SPRINGnew.sim (modified 20:50 on 09.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Twist, over Whole Simulation
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OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,35% 2SPRINGnew.sim (modified 20:50 on 09.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Z, over Whole Simulation
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OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,4% 2SPRINGnew.sim (modified 20:55 on 09.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Twist, over Whole Simulation
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OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,4% 2SPRINGnew.sim (modified 20:55 on 09.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Z, over Whole Simulation
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Case 2 – 3m Residual Curvature Length 

 

10. Fixed Boundary Condition – 0.30% Residual Strains 

 

4 m

OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,30% 2SPRINGnew.sim (modified 19:03 on 10.06.2017 by OrcaFlex 9.8b)
Azimuth=270; Elevation=90
Time: 150,0000s

OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,30% 2SPRINGnew.sim (modified 17:50 on 09.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Twist, Static State
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11. Fixed Boundary Condition – 0.35% Residual Strains 

 

 
 

OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,30% 2SPRINGnew.sim (modified 17:50 on 09.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Z, Static State
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12. Fixed Boundary Condition – 0.40% Residual Strains 

 

 

OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,35% 2SPRINGnew.sim (modified 17:50 on 09.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Twist, Static State
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OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,35% 2SPRINGnew.sim (modified 17:50 on 09.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Z, Static State
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4 m

OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,4% 2SPRINGnew.sim (modified 17:50 on 09.06.2017 by OrcaFlex 9.8b)
Azimuth=270; Elevation=90
Statics Complete

OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,4% 2SPRINGnew.sim (modified 17:50 on 09.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Twist, Static State
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OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,4% 2SPRINGnew.sim (modified 17:50 on 09.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Z, Static State
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13. 1-Spring Boundary Condition – 0.30% Residual Strains 

 
 

OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,3% 1SPRINGnew.sim (modified 22:39 on 08.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Twist, Static State
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14. 1-Spring Boundary Condition – 0.35% Residual Strains 

OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,3% 1SPRINGnew.sim (modified 22:39 on 08.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Z, Static State
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15. 1-Spring Boundary Condition – 0.40% Residual Strains 

 
 

OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,35% 1SPRINGnew.sim (modified 22:38 on 08.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Twist, Static State
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OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,35% 1SPRINGnew.sim (modified 22:38 on 08.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Z, Static State
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OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,4% 1SPRINGnew.sim (modified 20:04 on 09.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Twist, over Whole Simulation
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OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,4% 1SPRINGnew.sim (modified 20:04 on 09.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Z, over Whole Simulation
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16. 2-Spring Boundary Condition – 0.30% Residual Strains 

 
 

OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,30% 2SPRINGnew.sim (modified 22:48 on 08.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Twist, Static State
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17. 2-Spring Boundary Condition – 0.35% Residual Strains 

 
 

OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,30% 2SPRINGnew.sim (modified 22:48 on 08.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Z, Static State
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18. 2-Spring Boundary Condition – 0.40% Residual Strains 

 
 

OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,35% 2SPRINGnew.sim (modified 22:41 on 08.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Twist, Static State
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OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,35% 2SPRINGnew.sim (modified 22:41 on 08.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Z, Static State
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OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,4% 2SPRINGnew.sim (modified 22:41 on 08.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Twist, Static State
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OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,4% 2SPRINGnew.sim (modified 22:41 on 08.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Z, Static State
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APPENDIX VI – Free-span Experiments 
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APPENDIX VII – Numerical Analysis of Rotation with both end of Pipeline Fixed 
 
It should be noted that, the point with highest rotation angle is the TDP in both cases 
 

 Case Study Result 
 

 
 Li Y., (2005) Study Result 

 

 

OrcaFlex 9.8b: best model for thesis rev8-original catenary_real cat-0,4% 1SPRINGnew.sim (modified 22:08 on 09.06.2017 by OrcaFlex 9.8b)
Range Graph: Pipe Gamma, Static State
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