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Abstract 

Pipelines are one of the most important elements of offshore oil and gas production system. Subsea 

pipelines can be instable so mattresses are put on them to avoid this problem. These mattresses are 

made of concrete and their interaction with the pipeline is studied in this dissertation 

A pipe section is designed using DNV rules and a Finite Element Model is created in ANSYS to analyze 

the effect of the mattress’ load on the pipe. Different responses are extract from the Finite Element 

Analysis, in particular the frequency response and the mechanical behavior of pipes with different 

mattresses lengths and loads. Also, the ovalization of the pipe is evaluated. 

The study concludes that the mattress load do not change the eigenvalue buckling of the pipeline 

structure. However, there is around 0.2% ovalization due to the effect of the mattress. This value should 

be added to other uncertainties in the design process to reduce the risk of pipeline failure. For the 

designed pipe this ovalization corresponds to 3% reduction in the collapse pressure of the pipe. 

Moreover, the location of maximum ovalization is defined around nine meters from the mattress edge 

and therefore this location should be the focus in inspection operations.  

 

Keywords: Pipe, Finite Element Analysis, Buckling, Ovalization, Failure Mode, Offshore, Concrete 

Mattress 
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Resumo 

Tubulações são um dos elementos mais importantes no sistema de produção de óleo e gás offshore.  

Tubulações subaquáticas podem sofrer de falta de estabilidade, e para isso colchões de concreto são 

instalados. A interação entre esses objectos é o objetivo desta tese. 

Um segmento de tubulação é projetado com normas da DNV e um modelo de elementos finitos é criado 

em ANSYS para analisar o efeito da carga do colchão na tubulação. Diferentes respostas são extraídas 

da análise de elementos finitos, particularmente os modos de flambagem e o comportamento mecânico 

do tubo com diferentes cargas e comprimentos de colchão. A ovalização do tubo também é avaliada. 

O estudo conclui que o carga do colchão não altera a carga crítica de flambagem da estrutura tubular. 

No entanto, há uma ovalização de 0,2% causada pelo colchão. Esse valor deve ser adicionado a outras 

incertezas geradas desde a fase de projeto para uma redução no risco de falha. Na tubulação criada, 

essa variação corresponde a uma redução de 3% na pressão de colapso da estrutura. Além do mais, 

o ponto de máxima ovalização encontra-se a nove metros do fim do colchão e é onde as inspeções 

devem ser focadas. 

 

Palavras-chave: Tubulação, Análise por Elementos Finitos, Flambagem, Ovalização, Modo de Falha, 

Offshore, Colchão de Concreto 
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1 Introduction 

1.1 Overview 

The first utilization of a pipe system is said to be in ancient China, using hollow bamboo trees to convey 

water for irrigation [1]. The Romans constructed aqueducts that are still in use today [2]. In 1700s the 

adoption of iron pipes started in some American and European cities and in 1860 “Colonel” Edwin Drake 

started using iron pipes to transport oil and gas between his wells and refineries [3] in Pennsylvania, 

USA. In the 1920s, the electric welding process was invented and applied to pipes making them leak-

proof and allowing higher pressures. The evolution from iron to steel made pipes much more reliable 

and stronger, stretching their service life. With time, pipes became larger and more specified due to 

specific materials. They are used in various industries for several types of fluids. 

Oil discovery has been made in the Prudhoe Bay in 1967. The Trans-Alaska Pipeline was one of the 

biggest engineering project at the time and it transports oil from the Prudhoe Bay to load tankers in 

Valdez. The pipeline covers 1300 kilometers, crossing the state of Alaska. The environment of arctic 

itself helped the adoption of pipeline, since the region presents a higher level of complexity because 

there is no big cities neither logistic center for support, ice and low temperatures presents a constant 

life threat for any worker, some operation can only be done in summer, all the structures have to be 

ice/cold/snow proofed, etc. 

Recent multi-national projects are being developed between Asia and Europe: TurkStream is a natural 

gas pipeline that will link Russia and Turkey through the Black Sea [4]. The Trans Adriatic Pipeline is a 

project joining Greece, Albania and Italy through the Adriatic Sea that will reinforce the Western Europe 

gas system [5]. In Norway the platform Aasta Hansteen begun operation in 2017 and export gas and oil 

through 480 km to Nyhamna in Møre og Romsdal county, Norway. The Polarled pipeline reaches over 

1200 meters of depth and has free spans of 200 meters [6]. 

Nowadays, pipelines are a fundamental element in the import/export energy market. They are used for 

every kind of fluid and modern fabrication techniques broadened the limits of temperature, pressure, 

flow rate, etc. Some contents are extreme dangerous and so the fabrication tolerances and factors are 
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carefully chosen. 

Some pipelines have thousands of kilometers and even little characteristics on the soil profile can cause 

a major failure if not addressed. Also, depending on currents, wave, sand waves, contents density, etc. 

a pipeline can have a poor stability. Besides that, shut-downs and contents density can make a pipe line 

very light affecting its vertical stability. Currents can make spans which can reduce the local buckling 

limit. Around offshore platforms or near coastlines, there is the risk of dropped objects on pipes. In arctic 

regions, ice ridges can scour the seabed and hit pipelines in shallow water. 

There are several methods and equipment in the industry to enhance the stability, security and operation 

of pipes. 

Concrete mattress is one of the cheapest ways to protect a pipe section. There is no standardization or 

rule regarding mattress, so any kind of material with anti-buoyancy properties is used to increase stability. 

Most of concrete mattresses consists of linked blocks of concrete to cover longitudinally a pipeline. 

These mattresses started and are still used as coastal defense against erosion and similar port and 

canal protection. 

Mattress are added to the laid pipeline to enhance the protection and its stability. However, their 

interaction with the pipeline is not a complete studied field, in particular the effect of the mattress on the 

buckling strength and ovalization that reduces its collapse pressure. 

1.2 Objectives 

The main objective of this dissertation is to study through finite elements analysis the interaction 

between a pipeline and a concrete mattress, which is used to protect and enhance the pipeline stability. 

A pipe section is designed according to DNV rules and real input data. A finite element structural model 

of the pipe subjected to mattresses loading is developed. From the numerical finite element analysis the 

buckling mode and the critical load of the steel pipe are analyzed. Also, the mechanical deformation and 

the pipe-soil interaction are studied to determine the pipe ovalization due to the mattress loads. 

1.3 Structure 

This dissertation begins with the pipeline history and examples of some modern pipeline networks. The 
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functions and failure modes of pipelines, as well as some protective equipment used are described in 

Chapter 2. In Chapter 3 some works on pipeline stability, finite elements analysis, equipment, etc. are 

reviewed. 

Chapter 4 presents the methodology of the dissertation. The pipeline rules for design that are used 

worldwide in the oil industry and offshore works are presented in Chapter 4.1. 

Chapter 4.2 presents the input data used for pipeline design and analysis. Besides the steel pipe, the 

soil and mattress’ mechanical and dimensional properties for simulation are selected and presented. In 

Chapter 4.3 the process of creation of Finite Element structural models of pipe and soil and their 

interaction is explained 

The results are presented in Chapter 5. In particular, 5.1 presents the design of the pipeline and mattress 

and then the pipeline interaction and response in different scenarios are analyzed. 

In chapter 6 the behavior and the interactions results are discussed. Finally, the conclusion of this 

dissertation and future project suggestions are given in chapter 7. 
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2 Subsea Pipeline Systems 

Several equipment and ancillary tools are used in all phases from the installation to the start of operation 

of a pipeline. The goal of this section is not to explain how the process occurs but to show some tools 

that are used to make some design decisions in the oil & gas industry. 

2.1 Pipelines System 

In the oil industry, piping is one of the most fundamental elements. From the well to the platform, platform 

to refinery, refinery to petrol station, petrol station to car, everything goes through some sort of pipe. 

Flexible pipes increased the range of operation and versatility of oil production, but still, the most used 

kind of pipe is the rigid one. They can be small for transporting drinking water or have over one meter 

in diameter for high pressure, high temperature gas export. 

On land, the pipe is often trenched (buried) and well signalized and protect. There are several 

international and national rules and standard for pipe trenching and utilization. In Europe some rules for 

buried pipes are EN 13331-1:2002, CEN/TR 1295-3:2007, etc. 

Rigid pipes can be used in every step of the oil production and with any fluid, if the material is correctly 

chosen. There are vertical rigid risers that are for oil production, jumpers that connected subsea 

equipment between themselves, export pipelines that concentrates the gas or oil produced in a platform 

to offload in a tanker or directly to a processing unit and so on. 

There are several pipelines through lakes, rivers and sea and they can be laid with normal engineering 

equipment. However, from a certain water depth and pipe length, pipe-lay vessels are used. They are 

specialized ships who works as floating factories that join and lay pipe continuously. The most common 

laying technique are the J-lay and S-lay and each one has its own advantages. This kind of laying and 

the companies involved have to follow rigid international standards and classification society’s rules. 

2.2 Pipeline Failure Modes 

The pipeline design is a very detailed job and there are various inputs that must be thought of: material, 

routing, thickness, diameter, temperature, pressure, fouling, etc. A damaged pipe means thousands of 

dollars in fines and maintenance. The failure can be total or partial, affecting the piping function. There 
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are several possible ways of a pipe to fail and they are linked with the operating conditions, materials, 

environment, maintenance, accessories, etc. 

For instance, plastic pipes can be perforated, have a leak joint, split, etc. while metallic pipes can corrode 

or burst. Some of failures are due to years of a developing problem without maintenance and others can 

be instantaneous if the system is not operated correctly. 

The most common failure modes for steel subsea pipes are bursting, collapsing, global buckling, local 

buckling, fracture, fatigue, etc. 

Bursting and collapsing are related with the material properties and the difference in pressure inside and 

outside. Buckling can occur if some section of the pipe cannot withstand the axial load and this can be 

provoked by differences in pressure, temperature, friction, etc. The long-term load cycling cause fatigue 

and the material can fail. To avoid fatigue, besides material selection, simulation of possible loads are 

done. Fracture is the separation of the material caused by stress and in subsea pipes can occur in 

spanning sections or by trawling. 

2.3 Subsea Protective Equipment 

2.3.1 Buckle Initiator and Sleeper 

The role of these objects is to create a buckle in a controlled way. The buckle initiator has a geometry 

that compels the pipe in one direction. A simple model can be seen in Figure 1. First, the initiator is laid 

in regular intervals along the route. When the pipe is laid, it is assured that on the initiator the pipe is 

displaced sideways. On the next one, the pipe is displaced in the opposite direction. 

Another model shown in Figure 2 has a hydraulic ram to control the pipe displacement. Besides control 

the buckling, this systems can be more cost effective than trenching, rock dump, etc. 

Sleepers can be made off of a pipe or similar shape, it has 25 to 50 meters of length and is laid 

perpendicularly to the pipe route. When the pipe is laid, this will create a vertical displacement and doing 

so avoid unexpected buckling deformation and loads. These objects also are laid interspaced and 

should be thought for each application. A representation of a sleeper and it effect can be seen in Figure 

3. 
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Figure 1 – Buckle initiator. Source: Civmec 

 

Figure 2 – Buckle initiator with ram. Source: Proserv 
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Figure 3 – Representation of a sleeper under pipe. Source: [7] 

2.3.2 Concrete Mattress 

Concrete mattress are components with the function to stabilize and protect the pipeline on the sea 

bottom. There is not a standardized size and each company can make its own version, but the common 

characteristics between them is that they are bendable, constructed in such a way that it will bend and 

“cover” the pipe. They also have several eye pads to be hooked and moved around. 

Mattress are used as much as necessary and can also prevent spans caused by the erosion. There are 

models made with plastic cover, heavy duty, bitumen, reduced lift, etc. 

The mattress can be a primary or secondary stabilization mechanism based on what are already being 

used. Its strong points are that they are cheap, can be easily transported and installed, dimensional and 

material properties can be changed, the mattresses can be reused or moved, etc. However, the mattress 

is not attached to the pipe and can be separated from the pipe by a heavy sea state or a trawler, for 

instance. It will also change the hydrodynamic coefficient and increase the thermal exchange coefficient 

of the section. 

The design used in the finite elements program was an average of the above design based on its density 

and length. Figure 4 shows a representation of ROV releasing some cable linked to the mattress near 

a subsea equipment. 
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Figure 4 – Representation of a pipeline with mattress. Source: Allseas 
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3 Previous Research Works 

3.1 Pipeline Safety and Stability 

Stability is one of the main problems of pipelines. Gao et al. [8] tested over thirty specimens in a setup 

to observe how the pipelines would behave in increased current velocity. Use of concrete mattress can 

be unworkable so using similarity laws with Froude number and the non-dimensional submerged weight 

of pipes was possible to determine when instability starts. For two types of sands they could equate the 

stable region. The start of lateral displacement and when it break free can easily be seen in the tests. 

Comparing to other study of stability in waves with the same soil properties, they showed that pipes are 

more stable in currents. Further studies with full scale models are yet to be done for better results. 

The safety of two majors pipeline network is described in this study as it encompass offshore and 

onshore regions: the Trans-Alaskan Pipeline and the Norman Wells Pipeline. Each one had a 

characteristic and the author presented how the engineers dealt with them. They affirm that the best 

option is to bury pipeline, especially in offshore applications, since gouging is the most critical and most 

incertain problem. The research also presents the strain-based and reliability-based design. In offshore 

application designers have to pay attention in seabed mapping and surface ice behaviour. They agreed 

that an reliability-based design has advantages regarding cost-effectiveness approach to design and 

maintenance [9]. 

As there is not a definitive rule for concrete mattress fabrication the authors of [10] decided to study the 

hydrodynamic and problems involving instability of mattress to propose a design flow. The guidelines in 

DNV-RP-E305 and DNV-RP-F109 touches on instability of pipelines and they adapted it for mattress 

when possible. A numerical and small scale test were also performed and they concluded that once the 

mattress edge is lifted, it roll onto itself causing failure and loss of its function. Propositions for a standard 

were also made. 

Gas pocessing plant and a pipeline network in the Norway extreme north is a alternative from oil tankers. 

The seasonality and effects of harsh environment are equated in a Monte Carlo simulation for fifteen 

years. The effects of different PM and CM are weighted as well, concluding that weather is more 
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influential than maintenance duration. Neither OREDA nor another data are available for maintenance 

in arctic environment so estimations were made. Perfect and imperfect maintenances were also 

estimated. the optimum preventive maintenance period is 2 years yieding 93.42% of availability. 

Dynamic weather conditions was applied. Two components: stochastic failure behaviour and weather 

dependent multiplicative factors was used [11]. 

The pipeline from the Northern Canada to the capital and metropolitan areas was studied as the project 

would cross over 5000 km and different types of soil. The islands and straits of the arctic as well as 

different ice phenomena requires different techniques of pipe laying. Frost heave in some parts would 

require heat tracing of the pipeline while in others the backfill has to be specially selected. The different 

terrains and seasonality creates stability issues. The study also touches upon the logistics, investment, 

economics and other comparisons with Canadian energy projects. The benefits with the new large 

supply of energy which has low transportation costs and would give consumers and government huge 

net benefits [12]. 

Kawsar et al. [13] using numerical modelling and probabilistic analysis studied the probability and effect 

of dropped objects from offshore platform on equipment and pipelines on the seabed. A sphere, a box 

and a prism are simulated interacting with an intact and corroded pipe. The author proposes better 

platform design for risers, pipelines and cranes for further reduction in the probability of accidents. 

3.2 Pipeline Modelling and Analysis 

There is a large amount of research regarding pipeline model and its diverse interaction. To simulate a 

trenched pipeline a 2800 meters model was made interacting with bottom and side soil modelled as 

springs. It was demonstrated that the necessary force for buckling increases as the lateral friction 

coefficient increases. The variation of axial friction coefficient has little effect on the critical buckling force 

[14]. An experimental study on the displacement of pipe induced by soil was also made. It involved 

important parameters like sand density, pipe depth, diameter, angle and roughness. The results were 

compared with several other studies related and showed great correspondence. The study cited that 

loaded pipes behave in plane strain conditions, so it generated exaggerate results regarding soil forces. 
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Tests with model anchors showed that the displacement at failure can be scale dependent. Angle of soil 

shearing resistance generates great variation across studies. Density has small effect on dimensionless 

maximum force and reach a constant when H/D is eight [15].  

Newmark and Hall [16] tested the resistance of pipes trenched in rock and soil at different depths. An 

important factor for the study was the angle between the axis and the fault. The test occurred in the 

plastic and elastic range and concluded that the pipe should resist to the faults immediately before or 

after the fault break to be considered suitable for application. For a given grade of steel, the offset range 

increase in a smaller proportion with the thickness of the pipe. All the steel grades withstood in 0.9 m 

trench the displacement of 1.5 m of fault motion. If greater fault motion is expected the most suitable 

action is to take the pipe to the surface and leave some kind of freedom of movement. 

For an analytical approach, the author developed three set of formulas to assess stress in ground 

settlements for three scenarios of pipe-soil interaction: buried portions, exposed portions of pipeline and 

interface between buried and exposed. The formulas are derived from the equation of behavior of an 

elastic beam and boundary conditions. The formulas are compared with FEM models and present an 

excellent correspondence in all scenarios. The comparison with over 900 real deflection indicators 

confirmed the formulas [17]. 

Karampour et al. [18] studied the lateral and upheaval buckling. For the upheaval buckling three 

imperfection scenarios are simulated and a tabulated analytical solution is created. However, after being 

compared to other kinds of initial imperfections, the results did not corresponded. For the lateral buckling 

an analytical and numerical study was done. Both methods were compared and the upheaval induces 

higher compressive forces and temperatures. Larger bending stress is also created with upheaval and 

this induces global buckling, so must be avoided. 

Pipeline Defect Assessment Manual (PDAM) is a unified manual with procedures to deal with possible 

failures mechanisms in pipe in the oil and gas industry. In this study it was described the method to 

assess the damage and procedures based on research and industry practices to account for the model 

uncertainty. The loads in the study are internal and external pressure, axial force and bending moment. 
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The failures mechanisms applied are burst strength and fatigue by cyclic load. The paper also reviews 

the toughness limits for the full-scale test data and describes in detail the background to the 

recommendations for the assessment of dents. Definition of the several types of dents are given and 

they concluded that: in long dents the fatigue cracking is longitudinally oriented whereas in short one 

the cracking occurs in the flanks; spring back and reground occurs easily in long dents; dents in 

pressurized pipes spring backs easily than unpressurized pipes; plain dents don't reduce the burst 

strength, etc. The study shows results regarding other types of dents and their effects, influence of dents 

in fatigue life, effects of welds, etc. The document is ready and used since 2012. PDAM was launched 

in 1999 [19]. 

The limit by the net-section collapse failure criteria with local wall thinning is compared with finite element 

models with the same defect under pure bending is studied in [20]. In the first, the limit bending moment 

is independent of the relative longitudinal length of the defect, while the model shows relative high 

dependency. But as the length increases, the effect vanishes, so a correction in the criteria could be 

done. 

Interaction between fishing gears and pipelines is far for uncommon. A study about the interaction 

between pipeline and a fishing gear called trawler is simulated and compared with the recommended 

practice of DNV. The interaction cases are impact, pull-over and hooking. The different parameters 

simulated were thickness, yielding strength, coating thickness, span height, trawl gear, etc. For rigid 

pipes most of results indicated that as the superficial area of interaction gets bigger, the impact energy 

also increases. This leads to a pipe with coating having bigger indentation. The thesis also studied pipe-

in-pipe systems comparing with the recommended practice and concluded that for most cases the RP 

is overestimated and a lower requirement should be adopted. The simulation showed agreeing results 

for pull-over interactions in spans between 0 and 1 m, but bad results for 5 m spans [21]. 

In [22] the ultimate bending load of a pipe in a clayey soil is studied numerically and analytically using 

FEM model and the slip-line field theory. The dimensionless ultimate bending load increases with the 

embedment of the pipe in the soil. For the same embedment, the ultimate bending load increases with 
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pipe-soil interfacial cohesion. The shear failure type and collapse load were matched in two models. 

Based on a set of data of pipes with different pre-made defects, the author compared them with 

analytical and numerical models. The authors sorted the samples in three groups based on the defect 

geometry and calculated the limit load with three different equations. The models were made on finite 

elements model and both methods show good correlation with the limit of the samples. The limit loads 

were also compared with the material strength parameter, in other words, which of the yield, ultimate or 

flow stress would represent best the failure mode. It happens that are variations depending on the side 

of the defect (tensile or compression) and the D/t rate. But overall the ultimate stress reduces 

conservatism [23]. 

Mohd et al. [24] studied the effect of bending in pressurized pipes with different levels of corrosion. An 

API 5L X42 steel pipe is simulated and it resistance properties matches the real ones. Several degrees 

of defects (different geometries) are combined with various values of internal pressure and the ultimate 

bending moments are registered. It is concluded that the internal pressure can highly affect the bending 

limit of corroded pipes. 

Barbosa et al. [25] have also studied corroded pipes with combined loads. The results of Mohd et al. 

are confirmed with regard to internal and bending limit loads and it is also concluded that the length and 

depth of corrosion have more influence in the ultimate load than the width of the defect.  

An extensive experimental study made by Netto [26], has analyzed several pipes with 73 mm of diameter 

and 3.04 mm of thickness made of several materials and with different rectangular defects. The pipes 

were put in a pressure chamber and the bursting pressures were assessed. This and finite element 

models replication allowed the author to develop an equation to assess the limit load based on the 

geometry of the defect. The equation had good correlation with the specimens and with other samples 

of different works. In a continuation of the previous study, the author extend his equation to a new set of 

samples with defects. The equation shows again a good correlation with the limit load [27]. 

The hydrodynamic effect of a mattress on a pipeline under two scenarios is investigated in [28]. First, 

they looked in two scenarios, oscillatory and solitary wave and how the water flow behaves around a 
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pipe section. Drag, added mass and lift coefficients were estimated so that the numerical and Morrison’s 

equation are equivalent. The scenarios were run again, now with two models of concrete mattress and 

the results show that the all three coefficients were reduced, in other words, the concrete increased the 

inertia and reduced the instability of the pipe mainly in wave trains in deep waters. 

Upheaval buckling and how to avoid it was specifically explored in [29]. Some protection measures were 

presented like trenching, backfilling and mattresses. Equations for the development of buckling were 

presented and developed for each model. The buckling by thermal load is presented and a case study 

joining it and prevention measures is simulated. Use of mattress can reduce heat transfer and so 

reducing the probability of upheaval buckling. 
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4 Methodology 

4.1 Analytical Methods 

The standard DNV-OS-F101 [30] determines the creation procedure of oil/gas pipeline. It is based on 

the limit states of the pipe which are failure modes that can occur with a pipe. Depending on the design 

objective some failure modes are more relevant than others. For the wall thickness design the criteria 

considered are bursting, collapse and propagating buckling. However, it will be expanded to the 

combined load criteria and global buckling creating a more reliable design process. Recommended 

practice as on-bottom stability and structural design accounting for global buckling were also considered. 

4.1.1 Euler’s Critical Value 

The Euler critical value was developed by Leonard Euler in 1785 and it defines the critical value for 

buckling of a column. For the start of buckling it is necessary a geometric imperfection or a minor 

disturbance in the system. The form is dependent on geometrical characteristic of the column, its 

material properties, the length and the fixation mechanism. The equation for the minimum buckling force 

is described below: 

 𝑃𝑐𝑟 =
𝜋2𝐸𝐼

(𝑘𝐿)2
 1 

Pcr: Critical Load 

E: Young’s Modulus 

I: Moment of Inertia 

L: Column length 

Where k is the column effective length factor, given in Table 1: 

Boundary Condition k 

column pivoted in both ends 1 

Fixed-Fixed 0.5 

one end fixed, the other end rounded 0.7 

Fixed-Free 2 

Table 1 – Column effective length factor 

It is important to remember that it gives a conservative value and it must be the starting point of the 
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design process. 

4.1.2 On-Bottom Stability 

On-bottom stability is a criteria to confirm that the pipe will not float under any scenario. This way 

trenching will not be needed as well as mattresses, neither will it cause stress in equipment, etc. Waves 

and currents are also factors in the stability criteria. 

The DNV-RP-F109 [31] presents design methods to lateral and vertical stability of pipes. There are two 

methods for vertical stability and three for lateral. The vertical method is presented in equations 2 and 3 

and defines that the contents has to be greater than the buoyancy. 

 𝛾𝑊

𝑏

𝑤𝑠 + 𝑏
=

𝛾𝑊

𝑠𝑔

≤ 1 2 

γw: Safety factor 

sg: Pipe specific density 

b: Pipe buoyancy by unit length 

ws: Pipe submerged weight by unit length 

 𝑏 = 𝜌𝑊 ∙ 𝑔 ∙ 𝜋 ∙
𝐷2

4
 3 

D: Diameter 

g: Acceleration of gravity 

ρw: Mass density of water 

The lateral stability method is presented by the dynamic, generalized and absolute lateral static stability 

method described below: 

4.1.2.1 Dynamic lateral stability analysis; 

This method requires the transformation of the wave spectrum into a time series for time domain 

simulation. The pipe can be modelled as finite beam and at least seven simulation with different seeds 

are needed. The process is highly non-linear since the interaction present the stick-slip phenomenon. 

Depending on the objective of the simulation, the stability can be set with three approaches: Ensuring 

absolute stability, ensuring no break-out and allowing accumulated displacement. 
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4.1.2.2 Generalized lateral stability method; 

It a less onerous process since was created based on a set of previous examples/simulations of dynamic 

analysis. It also requires less inputs, so more suitable for initial phase of design. 

4.1.2.3 Absolute lateral static stability method. 

It is based on ensuring the pipe will be stable following one extreme event that induce oscillation. It is 

well suited for critical components like spool, supports, etc. 

It is recommended that the pipe will not move 10 diameters to the side in order to accumulate damage. 

The absolute lateral static stability is suitable for deep-water depth and it will be used in this project. It 

is important to remember that if the results of the criteria are inconclusive or if the water depth is shallow, 

the most suitable action is to use a finite element model in the specified sea state and do a further and 

most conclusive analysis. 

 𝛾𝑆𝐶

𝐹𝑌
∗ + 𝜇 ∙ 𝐹𝑍

∗

𝜇 ∙ 𝑤𝑠 + 𝐹𝑅

≤ 1 4 

Fy: Horizontal dynamic displacement 

μ: Coefficient of friction 

Fr: Passive soil resistance 

γsc: Safety factor 

Fz: Vertical hydrodynamic load 

 𝛾𝑆𝐶

𝐹𝑍
∗

𝑤𝑠

≤ 1 5 

4.1.3 Bursting 

Bursting is a failure mode described by the excessive pressure inside the tube, leading to an elastic 

then plastic failure in a section along the pipeline, as shown in equation 6. 

 𝑝𝑙𝑖 − 𝑝𝑒 ≤ 𝑀𝑖𝑛 (
𝑝𝑏(𝑡1)

𝛾𝑚𝛾𝑆𝐶

;
𝑝𝑙𝑡

𝛼𝑠𝑝𝑡

− 𝑝𝑒;
𝑝ℎ𝛼𝑈

𝛼𝑚𝑝𝑡

) 6 

pli: Local incidental pressure 

pe: External pressure 

pb: Pressure containment resistance  
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plt: Local test pressure 

ph: Mill test pressure 

αU: Material strength factor 

αspt: System test pressure factor 

αmpt: Mill pressure test factor 

t1: thickness 

γm: Material resistance factor 

In other words, the local incident pressure minus the external pressure should be smaller than the 

pressure containment criterion, system pressure test and mill pressure test, equation 7. 

 𝑝𝑙𝑡 − 𝑝𝑒 ≤ 𝑀𝑖𝑛 (
𝑝𝑏(𝑡1)

𝛾𝑚𝛾𝑆𝐶

; 𝑝ℎ) 7 

4.1.4 Collapse 

Collapse can be seen as the inverse of the bursting. The thickness of the pipe and its internal pressure 

cannot sustain the pressure associated with the water column and related stress. The pipe collapse in 

a way, which comprises the flow and/or breaches the material. Equation 8 is used to predict the collapse 

pressure pc of the pipe. 

 𝑝𝑒 − 𝑝𝑚𝑖𝑛 ≤
𝑝𝑐(𝑡1)

𝛾𝑚𝛾𝑆𝐶

 8 

pc: Characteristic collapse pressure 

pmin: Minimal internal pressure that can be sustained 

The collapse pressure is function of the elastic capacity, plastic capacity and ovality and is given in 

equation 9. 

 (𝑝𝑐(t) − 𝑝𝑒𝑙(t)) ∙ (𝑝𝑐(t)2 − 𝑝𝑝(t)2) = 𝑝𝑐(t) ∙ 𝑝𝑒𝑙(t) ∙ 𝑝𝑝(t) ∙ 𝑓0 ∙
D

𝑡
 9 

pel: Elastic collapse pressure 

f0: Ovality 

pp: Plastic collapse pressure 

Pp and Pel are the plastic and elastic capacity and f0 is the ovality. The three terms are defined in 
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equations 10, 11 and 12 below. 

 
𝑝𝑒𝑙(t) ≥

2𝐸 (
𝑡
𝐷

)
3

1 − 𝜈2
𝐿𝑎𝑡𝑒𝑟𝑎𝑙 𝐵𝑢𝑐𝑘𝑙𝑖𝑛𝑔 

10 

 
𝑝𝑝 = 𝑓𝑦𝛼𝑓𝑎𝑏

2t

𝐷
 

11 

ν: Poisson’s Ratio 

fy: Yield stress 

αfab: Fabrication factor 

 𝑓0 =
𝐷𝑚𝑎𝑥 − 𝐷𝑚𝑖𝑛

𝐷
 12 

Dmax: Maximum diameter 

Dmin: Minimum diameter 

The collapse equation is a polynomial equation that is not further detailed in this project but it is easily 

solved by Solver. 

4.1.5 Propagating Buckling 

The propagating buckling criteria is a development of the collapse criteria. After the local buckling occurs, 

it can propagate if the pipe section has the same characteristics as the point where it collapses. The 

addition of collapse arrestors may be necessary throughout the line. A propagating buckling will stop 

when the pressure is below than the propagation pressure. Equations 13 and 14 summarizes the 

condition. 

 𝑝𝑝𝑟 = 35. 𝑓𝑦𝛼𝑓𝑎𝑏 (
𝑡2

𝐷
)

2.5

 13 

 𝑝𝑒 − 𝑝𝑚𝑖𝑛 ≤
𝑝𝑝𝑟

𝛾𝑚𝛾𝑆𝐶

 14 

ppr: Propagating pressure 

4.1.6 Combined Load Criteria 

It is another limiting state in which the pipe structural response is governed by load or displacement. In 

this project a displacement criteria for the combination of the bending moment and axial force is set as 

a design premise. The criteria encompass section D 600 of [30] and is described by the equation 15 
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below: 

 𝜀𝑐(t, 𝑝𝑚𝑖𝑛 − 𝑝𝑒) = 0.78 ∙ (
𝑡

𝐷
− 0.01) ∙ (1 + 5.75

𝑝𝑚𝑖𝑛 − 𝑝𝑒

𝑝𝑏(𝑡)
) ∙ 𝛼ℎ

−1.5 ∙ 𝛼𝑔𝑤 15 

εc: Characteristic bending strain resistance 

αh: Strain hardening 

αgw: Girth weld factor 

 (
𝜀𝑆𝑑

𝜀𝑐(𝑡2, 0)
𝛾𝜀

)

0.8

+
𝑝𝑒 − 𝑝𝑚𝑖𝑛

𝑝𝑐(𝑡2)
𝛾𝑚𝛾𝑆𝐶

≤ 1 16 

εsd: Design compressive strain 

γε: Resistance factor strain resistance 

4.1.7 Global Buckling 

Global buckling is a response in the geometrical state of a bar in compression. It reduces the carrying 

capacity of the pipe (if that is the case) and can take it to a limit state. To avoid global buckling two 

measures can be taken:  

 Restraining the pipeline, while the compressive forces still acting. 

 Leave the pipe and let it locally buckle. It will create a curvature in the pipe. 

Several factors contribute to the increase of buckle resistance and should be studied to avoid such: 

structural response modelling; route modelling; soil-pipe interaction; specific details as ovalization 

imperfections, girth weld, etc. 

The recommended practice covers global buckling limited by local buckle. It also impose lower and 

upper limits for strains that may lead to a fracture. 

The recommended practice DNV-RP-F110 [32] gives details regarding the details of design of pipe to 

limit the global buckling of pipe in three scenarios: global buckling on even seabed, global buckling on 

uneven seabed and upheaval buckling of buried pipes. In this project only the first two scenarios will be 

studied because the pipe is not buried and the only difference between cases are some other factor. 

This recommended practice has a high input volume of real world data for precise results. This project 
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being theoretical, some standard values will be used. 

4.1.8 Exposed Pipeline on Even Seabed 

Imperfections in the horizontal plane will be the governing imperfections. Attention to axial and lateral 

pipe-soil interaction. 

The design process of this scenario is based on global buckling assessment, pipe integrity check and 

mitigation measures. The global buckling assessment step is concerned whether the axial force can 

affect the pipe and cause buckling. Pipe integrity check is the analysis of the pipe if it reaches some 

failure mode. If so it is necessary to implement mitigation measures. 

The global buckling assessment is based on two triggering mechanism, according to DNV RP F110. 

The pipe can buckle by external interference such as trawl or by imperfection, such as some sort of 

displacement, etc. In this project, the second mechanism will be analyzed. 

This design check consists on pipe weight hydrodynamic forces and return period of sea conditions. It 

investigates the minimum axial force to reach lateral buckling. The check is based on Hobbs infinity 

mode capacity and the equations are shown in equation 17, 18 and 19 below  

 𝑆∞ ≥ 2.29
𝐸𝐼

�̅�2
 17 

S∞: Effective axial force for infinite buckling mode 

L: Buckle length 

 �̅� = (
(𝐸𝐼)2

𝑓𝐿
𝐿𝐵2

∙ 𝐸 ∙ 𝐴𝑠

)

0.125

 18 

 𝑓𝐿 = min (𝑓𝐿
𝐿𝐵;

𝑓𝐿
𝐵𝐸(𝑤 − 𝐹𝐿) − 𝐹𝐷

𝑤
) 19 

fLBE: Best estimate lateral soil resistance 

fLLB: Lower bound lateral soil resistance 

w: Submerged pipe weight 

FD: Hydrodynamic drag force per unit length 

FL: Hydrodynamic lift force per unit length 
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 �̅�∞ = 2.41(D − t)√
𝐸𝑡

𝑓𝐿
𝐿𝐵 20 

R∞: Radius of imperfection 

The pipe integrity check is made according to other rules shown in Figure 5 below. 

 

Figure 5 – Pipe integrity check overview. Source: [32] 

The mitigation of buckling can be made by a combination of one or more of the following factor: increase 

soil resistance, reduction in driving force, radical change in pipeline structure, mitigate the development 

of unacceptable bending, snake laying, and pre-bend sections. 

4.1.9 Exposed Pipeline on Uneven Seabed 

The governing imperfections are in the vertical plane. A pipeline that has been designed for even seabed 

will be acceptable for uneven seabed since the moment caused by the unevenness is negligible. 

Like the previous section, the pipe is also designed in three steps: global buckling assessment, pipe 

integrity check and mitigations measure check. In the assessment step the pipe can be in the following 

situations: free spans touching the seabed; uplift at crests and pipe expansion increasing the bending 
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of the buckled pipe and it is important to identify to apply the correct mitigation measures. 

The assessment is made with elements of the Euler column theory as seen in equations 21 and 22 

below: 

 𝑆𝑅(𝑝𝑙𝑖 , 𝑇1,𝑚𝑎𝑥) ≥
4𝜋2𝐸𝐼

(𝐿𝑢𝑝𝑙𝑖𝑓𝑡𝑆𝑅)
2 𝐿𝑎𝑡𝑒𝑟𝑎𝑙 𝐵𝑢𝑐𝑘𝑙𝑖𝑛𝑔 21 

SR: Effective axial force in the uplifted span section 

Luplift: Length of pipeline length lifted off at free span crests 

 𝑆𝑅(𝑝𝑙𝑖 , 𝑇1,𝑚𝑎𝑥) ≤
𝜋2𝐸𝐼

(𝐿𝑢𝑝𝑙𝑖𝑓𝑡𝑆𝑅)
2 𝑁𝑜 𝐿𝑎𝑡𝑒𝑟𝑎𝑙 𝐵𝑢𝑐𝑘𝑙𝑖𝑛𝑔 22 

Further assessment can be made with finite element models for more precise results. The design and 

check proceeds with the same steps as in the even seabed. 

If the first equation is fulfilled, a simple 2D analysis is enough, however if the second equation is fulfilled 

a further 2D or even 3D analysis shall be made for precise results. 

Like the previous section, the integrity check goes through the steps shown in Figure 5 

Mitigation measures is equal as the pipeline on even seabed. 

4.2 Input Data 

For this project, the conditions that the pipe will be subjected will be the closest as possible to real ones. 

Some real data from a gas and oil company is retrieved and based on this and design rules previously 

presented the pipe will be created. 

Data from a study of a pipeline between Italy and Malta that ENI was responsible was available and is 

used [33]. The document indicates the following inputs for the design: Pressure, temperature, diameter, 

function, gas composition, costs, etc. 

The pipeline application, or its function, is a fundamental input for the engineer since pressure, 

temperature and pH can vary drastically. For instance, Oil production (OP) pipes can have high pressure, 

high temperature and high content of Sulphur acid while and gas export pipes generally have low 

temperature and pressures. 

With real data, also some assumptions were made to fill the necessary inputs for the design rules. The 
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data are the closest to real scenarios as possible. The data used are shown in Table 2. 

The material for the pipe is API 5L X 42 seamless and its data are provided by Thyssen Krupp [34]. 

Symbol Parameter Value Unit 

  Material API 5L X 42 seamless 

  Pipeline Contents Oil   

D Pipeline Diameter 36 inch 

D Pipeline Diameter 914.4 mm 

pd Design pressure 5.4 MPa  

hw Maximum water depth 1300 m 

ρw Density seawater 1025 kg/m3 

SMYS Minimum yield strength 290 MPa  

SMTS Minimum tensile strength 415 MPa  

E Elasticity @ 20℃ 210 GPa  

ρs Steel density 7850 kg/m3 

ν Poisson ratio 0.3   

href Elevation of the reference point 20 m 

tcorr Corrosion allowance 1.58 mm 

ρcont Contents density 0.779 kg/m3 

Pint Minimum internal pressure 0 MPa  

εinst Max. installation bending strain 0.004  

εin place Max. in-place bending strain 0.004  

α Thermal expansion coefficient 1.24512E-05 1/K 

L Length 100 m 

k Thermal conductivity 51 W/mK 

c Specific therm. Capacity @ 20℃ 461 J/kgK 

Table 2 – Pipeline design inputs 

The soil data are used in 5.4 and is relevant to better represent the interaction between pipe and the 

medium. Data from soil is retrieved from ENI’s study and [35]. A combination of clay and sand is used 

to encompass all the properties needed for a proper simulation, check Table 3. 
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Property Value Unit 

Density 1800 kg/m3 

Isotropic Elasticity  

Derive from Young's Modulus  

Young's Modulus 4.00E+07 Pa 

Poisson's Ratio 0.4  

Bulk Modulus 6.66E+07 Pa 

Shear Modulus 1.43E+07 Pa 

Compressive Yield Strength 1.50E+08 Pa 

Table 3 – Sand properties used in ANSYS 

In this project the standard concrete mattress properties is compiled from several sources [36]–[39] and 

are shown in the Table 4 below. In this project, the buckle initiator is laid at every hundred meters so it 

will be the maximum length modelled of the pipe when necessary. 

Maker Linear Density (t/m) Length (m) 

PipeShield 6.55 6.00 

Maccaferri 1.31 4.73 

J2 0.16 6.00 

Apache 1.79 4.47 

Table 4 – Mattress properties comparison between makers. 

4.3 Numerical Analysis 

With all the inputs and outputs, the data are organized in Microsoft Excel and the dependencies between 

equations are carefully set up. Values can be checked in 4.2 and 5. 

From this, the pipe can be designed in ANSYS’ design modeler [40]. To change the inputs easily the 

data as thickness, length, outside diameter is defined as variable in parameter set section. Only half of 

the pipe and the foundation (soil) is made since the reaction will be symmetrical. The pipe is created in 

the origin so the length is equal from the center line (CL). The superior edge of the pipe is divided in 

sections for the load input afterwards. The length of the divisions varies since a parametric study is 

conducted to test the buckling and ovalization variation. The cross section is extruded and the solids 

are exported to the mechanical interface of the software. Figure 6 shows the soil and pipe cross section 

with parameter editor panel and geometries linked. 
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Figure 6 – Design Modeler interface with variables linked with geometry. Source: author 

In the Mechanical interface the symmetrical condition is created and the contact between soil and pipe 

is checked. The type of contact is bonded and it is of fundamental importance for the simulation since 

non-linearities are created and the computational time can be highly increased. The soil properties are 

attributed to the base solid and the steel properties to the pipe. The soil is fixed (no movement) by the 

bottom face. Figure 7 shows a section of the pipe and soil, besides the symmetry faces. 

 

Figure 7 – ANSYS Mechanical interface with showing soil and pipe symmetry. Source: 

author 

For the buckling analysis, the Eigenvalue Buckling analysis mode of ANSYS is used and for the 
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ovalization the Static Structural is used. In Table 5, the properties of the materials used in the simulations 

are shown. 

Object Property Type/Value 

Pipe Element type SOLID 186, Hex 20 

Pipe Element size 0.30 m 

Pipe Stiffness Behavior Flexible 

Pipe Nonlinear Effects Yes 

Pipe - Soil Contact type Bonded 

Soil Element type SOLID 186, Hex 20 

Soil Element size 0.90 m 

Soil Stiffness Behavior Flexible 

Soil Nonlinear Effects Yes 

Mattress Load Line Pressure 

Table 5 – Properties of solids used in ANSYS 
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5 Results 

5.1 Pipeline and Mattress Design 

All the inputs and equations from 4.1 are organized in a Microsoft Excel worksheet. The constant and 

some factors are select as high safety/priority from [30]–[32]. Initial value for thickness is chosen for 

mathematical purposes. Then, conditions from the limit states are created (e.g. if pressure 1 is greater 

than pressure 2, an “ok” message is given). To simplify a panel with all messages, for fulfilling and not 

fulfilling the criteria is organized.  

Data as outside diameter and design pressure are constant while the variable is the pipe thickness, so 

the equations shown in section 4.1 must be solved. 

The software Microsoft Excel has an add-in called Solver, which uses the GRG algorithm to find the 

correct input for an equation. Rules referring to all those limit states are added in the Solver interface 

and also a criteria that the output be the minimum possible. The variable is the thickness of the pipe. 

Solver is run and the results are sorted out. 

The algorithm gives 47.94 mm as the thickness to make all the conditions true, adding to this the 

corrosion allowance and size standardization, the size selected will be 50 mm. 

The concrete mattress size is the mean of the ones provided in Table 4 

After that, the values can be input in ANSYS for simulation. The values are shown in Table 6 

Object Property Value 

Pipe External Diameter 914.4 mm 

Pipe Thickness 50 mm 

Pipe Length 100 m 

Soil Width 1.2 m 

Soil Height 0.4 m 

Mattress Weight 2.45 t/m 

Table 6 – Simulation objects property values 

5.2 Mattress Effects with Buckling 

In this section, the interaction between concrete mattress and global buckling will be studied. In principle, 

the buckling is a radial deformation caused by axial perturbation, so the mattress as a radial load can 
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curb its development. 

As only a fraction of a pipeline will be assessed, the pipe will be idealized as having both ends fixed. In 

physical terms, this is an Euler’s column buckling mode with a k of four (see Table 1) and the model can 

be idealized like so. 

In ANSYS Mechanical the soil will be suppressed since the non-linearities and its induced geometrical 

errors do not create a useful result. Moreover, the Eigenvalue Buckling System in ANSYS won’t 

comprehends the soil and pipe as different solid bodies. 

A line pressure load is created and applied in each line created in modeler. The unit is N/m and can be 

axis-oriented downwards. The design pressure is applied in the inner part of the pipe and linear 

displacements conditions are applied on the edges of the pipe. The pipe is represented in Figure 8. 

 

Figure 8 – Pipe section with buckling loads and mattress load. Source: author 

5.3 Linear Eigenvalue Buckling and Nonlinear Buckling Analysis 

For a linear eigenvalue problem, the following equation, 23, must be solved: 

 ([𝐾] + 𝜆𝑖[𝑆]){ψ𝑖} = 0 23 

K: Stiffness matrix (constant) 

S: Stress stiffness matrix (constant) 

λi: ith buckling load factor 

Ψi: Buckling mode shape 

For the solution, ANSYS assumes that the material is linear elastic, it is under small deflection theory 
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and all nonlinearities are ignored. 

The mode shape, Figure 9, indicates in which harmonic and the geometrical deformation that the object 

will become. Mode shapes are extensively studied in the vibrations field. 

 

Figure 9 – Buckled pipe section (3rd mode). Source: author 

The output of the eigenvalue buckling in ANSYS is the load multiplier. If unit is applied, the load multiplier 

will be the buckling load. To comprehend check equations 24 and 25. The nonlinear real response of a 

buckling structure is shown in the graph in Figure 10. 

 𝑆𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔 = 𝑆𝑎𝑝𝑝𝑙𝑖𝑒𝑑 ∙ 𝑓𝑙𝑜𝑎𝑑 24 

 𝑆𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔 = λ ∙ 𝑆𝑢𝑛𝑖𝑡 25 

The load multiplier is useful to obtain the bucking load and the safety factor of the system 27: 

 𝑆𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔 = λ ∙ 𝑆𝑢𝑛𝑖𝑡 26 

 𝑆𝐹 =
𝑆𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔

𝑆𝑎𝑐𝑡𝑢𝑎𝑙

 27 
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Figure 10 – Snap through response. Source: [41] 

As the object deforms, a smaller load is needed to buckle it. After the buckle, the structure gets to a new 

equilibrium state. In ANSYS an object can be simulated by the snap through with a displacement load 

(instead of a force) being controlled. Force controlled method if used with Arc-length solution method 

also achieve useful results. Nonlinear stabilization using energy and damping methods is another option 

to pass the snap through and obtain the critical load. 

In this project case, the first input was 0.1 m and then by the multiplication factor it is understandable 

that the buckle will happen with a displacement of 0.018 m. If the value of the reaction in the edges is 

added, it will be the same if the Euler’s column buckling equation is solved: 10.5 MN. 

The model is run with the scenarios in Table 7 to obtain differences in the buckling load. Table 8 and 

Figure 11 show the load multiplier through several modes with different lengths of mattress. 

Mode Number No mattress 1xWeight 2xWeight 3xWeight 5xWeight 

1 0.18467 0.18465 0.18465 0.18447 0.18484 

2 0.37712 0.37701 0.37696 0.37674 0.37646 

3 0.73576 0.73558 0.73547 0.73483 0.73366 

4 1.1088 1.1086 1.1079 1.1073 1.104 

5 1.6446 1.6438 1.6419 1.6391 1.6303 

6 2.1919 2.1903 2.1864 2.1799 2.1602 

Table 7 – Buckling scenarios with different mattress Weights 
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Mode Number No mattress 6 m 10 m 12 m 14 m 16 m 18 m 20 m 

1 0.18467 0.18465 0.18492 0.1846 0.18459 0.185 0.18473 0.18464 

2 0.37712 0.37701 0.37714 0.37697 0.37705 0.37695 0.37697 0.37693 

3 0.73576 0.73558 0.73563 0.73536 0.73535 0.73534 0.73536 0.73503 

4 1.1088 1.1086 1.108 1.1081 1.108 1.1079 1.1079 1.1077 

5 1.6446 1.6438 1.6432 1.6426 1.6428 1.6432 1.642 1.642 

6 2.1919 2.1903 2.1887 2.188 2.1873 2.1873 2.1868 2.1868 

Table 8 – Buckling scenarios with different mattress sizes 

 

Figure 11 – Buckling modes comparison 

5.4 Ovalization due to Concrete Mattress  

Besides the little effect on the buckling load, the mattress interacts with the pipe and due to its weight, 

it will deform the pipe. The effect can be imperceptible if the mattress weight is low or if the pipe material 

has a high Young’s Modulus. 

The ovalization is an inherent characteristic of the fabrication process that can be somewhat controlled 

by the process. Tight tolerances and cutting edge machinery with low dimensions pipe are the perfect 

scenario to create a circular pipe. But, a high dimension pipe made with normal equipment will have 

some ovalization. It is a job for the engineer to control the received pipe and evaluate if the out-of-

roundness is acceptable and suitable for the application. 

As shown in 4.1.4 the ovalization is taken as input for the design and it affects the collapse pressure of 

the pipe. Therefore, the effect of a concrete mattress on the steel pipe is investigated to define the 
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ovalization and where in the pipe the critical point is. 

According to DNV the ovalization is calculated as: 

 𝑓0 =
𝐷𝑚𝑎𝑥 − 𝐷𝑚𝑖𝑛

𝐷
 28 

It is the ratio between the maximum and minimum diameter against its nominal diameter. In a full test 

the roundness in several points along the pipe (or any circular object) is taken to get an average 

ovalization. Appropriate rules for measuring out-of-roundness can be found in ISO 12181-1:2011. In this 

project the ovalization in the most critical point will be analyzed. 

Different sets and different weights of mattress will be simulated to identify how and how much 

ovalization there is. 

The scenarios and the changes in the radial dimensions are shown in Table 9. 

Pipe length (m) 40 40 40 80 80 80 80 80 

Mattress Length (m) 5 5 5 5 5 5 5 5 

Mattress Quantity 6 4 2 2 14 12 10 8 

Maximum Vert. Diameter (m) 0.9125 0.9125 0.9127 0.9127 0.9126 0.9126 0.9126 0.9126 

Maximum Hor. Diameter (m) 0.9146 0.9146 0.9146 0.9146 0.9146 0.9146 0.9146 0.9146 

Ovality 0.0023 0.0023 0.0021 0.0021 0.0023 0.0022 0.0022 0.0022 

Ovality (%) 0.23% 0.23% 0.21% 0.21% 0.23% 0.22% 0.22% 0.22% 

Table 9 – Scenarios and ovalization of pipe 

In ANSYS, the soil will be active this time and its function is to interact with the pipe to represent the 

stress and reaction between them caused by the mattress. The soil is fixed by its inferior part so the 

central part can “flow” sideways when interacting. The design pressure is applied in the inner part of the 

pipe and the edges are made fixed, since there is pipe “before and after”. A line pressure load is applied 

in the superior edge of the pipe and they are chosen avoiding the edges. The loads can be seen in 

Figure 12. 
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Figure 12 – Pipe section with vertical mattress load. Source: author 

The output selected are the directional deformation in X- and Y-axis only for the pipe. The results are 

exported as text file for treatment. Table 10 summarizes the results. 

Pipe length (m) 40 40 40 80 80 80 80 80 80 80 80 

Mattress Length (m) 5 5 5 5 5 5 5 5 17 3.7 1.9 

Mattress Quantity 6 4 2 2 14 12 10 8 2 14 10 

Location of Mattress 

Edge from CL (m)  
15 10 5 5 35 30 25 20 23 25.2 11.5 

Location of Maximum 

Deformation from CL (m) 
6.30 0.04 0.21 0.07 26.15 21.38 16.13 11.27 14.35 16.40 2.04 

Table 10 – Scenarios and deformation of pipe section 

 

Figure 13 – Location of maximum deformation for each scenario 

y = 0.9096x - 6.5332
R² = 0.9756

0.00

5.00

10.00

15.00

20.00

25.00

30.00

5 10 15 20 25 30 35 40

Lo
ca

ti
o

n
 o

f 
M

ax
im

u
m

 D
ef

o
rm

at
io

n
 (

m
) 

-
x m

ax

Location of Mattress Edge (m) - xmatt

Maximum Deformation Position



 

35 

6 Discussion 

6.1 Buckling Response 

As shown in Table 7 and Table 8, the load multiplier of 15 different scenarios were compared. The 

standard cement mattresses show almost no effect on the buckling load of a pipeline. Table 11 compares 

the extreme values of load multiplier between different size mattress and even the greatest difference 

does not reach 1%. 

Mode number Maximum Minimum Difference (%) 

1 0.185 0.18459 -0.22 

2 0.37714 0.37693 -0.06 

3 0.73576 0.73503 -0.10 

4 1.1088 1.1077 -0.10 

5 1.6446 1.642 -0.16 

6 2.1919 2.1868 -0.23 

Table 11 – Buckling load multiplier differences 

Pipelines are huge and complex systems made of steel. Its inertia is so large that cement will not prevent 

a failure that can jeopardize the environment and multi-million dollar investment. There are other useful 

ways to avoid buckling that should be deeply investigated by the designers. 

6.2 Ovalization Response 

After all scenarios have been run and their outputs saved, they were put together and the following 

observations can be made: 

 The greatest vertical deformation is aligned with the greatest horizontal deformation, 

 This greatest deformation occurs about nine meters behind mattress’ edges, 

 When the mattress is too short, it will affect each other so the deformation will not follow the previous 

point, 

 The deformation is linear 

The ovalization assessed corresponds to 0.23% on average, which is about two millimeters for a 914.4 

mm pipes. 

If combined with the standard value of 0.5% of DNV, the ovalization can reach 0.75% and can reduce 
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the collapse pressure in 3%. In ENI’s study [33] the acceptable ovalization can be 1.5%, so the 

ovalization can reach 1.75%, meaning a 15 millimeters difference in the diameters and 13% variation of 

the collapse pressure! 

As said before, the point of highest deformation (xmax) is around nine meters from the end of the mattress 

(xmatt). So, the location can be determined by regression analysis. After assessing the previous scenarios 

and trying a few more, with mattress with 17, 3.7 and 1.9 meters, the location of highest deformation is 

calculated and determined by the following equation: 

 x𝑚𝑎𝑥 = 1.03x𝑚𝑎𝑡𝑡 − 9.74 29 

Figure 14 shows results without the shortest mattress sizes and present a good correlation for mattress 

position and mattress maximum deformation. Figure 15 shows the convention to find the maximum 

ovalization of the pipe from the position of the mattress. 

 

Figure 14 – Location of maximum deformation without two-meter mattresses 
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Figure 15 – Convention for pipeline deformation from center line 
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7 Conclusion 

In this thesis, the effect of concrete mattresses inter-acting with a pipe section was studied. It was 

focused on rigid pipelines, which are common to gas and oil transport in low pressure across seas or 

between an oil field and a refinery. This kind of piping is fundamental since it generally contains already 

processed products and the flow can be continuous for months. The pipe dimensions were used to 

develop a finite element model for numerical analysis using ANSYS. 

Data regarding mattress characteristics were gathered and an average mattress was created and then 

applied on the pipe. Several types of responses between mattress, steel pipe and the soil underneath 

were studied. 

It was found that the pipe buckling load does not change in a significant way in relation to the mattress. 

Different lengths and loads of mattress were tested and the buckling load kept unchanged. 

The pipe ovalization due to the mattress is 0.23%, in the worst scenario. This deformation occurs around 

nine meters behind the mattress’ edge. Visual inspections by ROV or divers should be focused on these 

areas since the ovalization reduces the collapse resistance of the pipe  

In future works this project can be enhanced with better models for pipe and mattress and other kinds 

of interactions between them such as temperature gradients, waves, spans, different mattress materials, 

etc. The effect of the ovalization is pipes with different D/t can also be studied. Environment conditions 

can be better applied using specific software like Orcaflex and Deeplines that account for waves, 

currents, seabed characteristics, etc. In Pipesim the flow of a well can be simulated with all related 

equipment and fluid properties. 



 

39 

8 References 

[1] H. Liu, “Pipeline Technology,” Encyclopædia Britannica, inc., 2015. [Online]. Available: 

https://www.britannica.com/technology/pipeline-technology. [Accessed: 01-Oct-2018]. 

[2] S. Flood, “Aqueducts and the Trevi Fountain,” University of Washington, 2004. [Online]. 

Available: 

https://depts.washington.edu/hrome/Authors/floods/TheTreviFountain/pub_zbarticle_view_print

able.html. [Accessed: 01-Oct-2018]. 

[3] AOPL, “The History of Pipelines,” Pipeline 101, 2016. [Online]. Available: 

http://www.pipeline101.org/the-history-of-pipelines. [Accessed: 01-Oct-2018]. 

[4] S. S. T. B.V., “The TurkStream Pipeline.” [Online]. Available: http://turkstream.info/project/. 

[Accessed: 20-Sep-2018]. 

[5] T. AG, “Trans Adriatic Pipeline.” [Online]. Available: http://www.tap-ag.com/. [Accessed: 20-Sep-

2018]. 

[6] L. Eriksen, “Polarled: Record-breaking subsea pipeline crosses the Arctic Circle,” Ramboll, 2014. 

[Online]. Available: https://ramboll.com/projects/rog/polarled. [Accessed: 01-Oct-2018]. 

[7] R. McCulley, “Anchor issues,” Upstream Technology, 2017. [Online]. Available: 

http://www.upstreamonline.com/upstreamtechnology/1365119/anchor-issues. [Accessed: 15-

Sep-2018]. 

[8] F.-P. Gao, S. Yan, B. Yang, and Y. Wu, “Ocean Currents-Induced Pipeline Lateral Stability on 

Sandy Seabed,” Journal of Engineering Mechanics, vol. 133, no. 10, pp. 1086–1092, Oct. 2007. 

[9] D. DeGeer and M. Nessim, “Arctic Pipeline Design Considerations,” Pipeline and Riser 

Technology; Ocean Space Utilization, vol. 3, pp. 583–590, 2008. 

[10] J. Godbold, N. Sackmann, and L. Cheng, “Stability Design for Concrete Mattresses,” in 

International Ocean and Polar Engineering Conference, 2014, vol. 3, pp. 302–308. 

[11] M. Naseri, P. Baraldi, M. Compare, and E. Zio, “Availability assessment of oil and gas processing 

plants operating under dynamic Arctic weather conditions,” Reliability Engineering and System 

Safety, vol. 152, pp. 66–82, 2016. 

[12] O. M. Kaustinen, “A polar gas pipeline for the Canadian Arctic,” Cold Regions Science and 

Technology, vol. 7, pp. 217–226, 1983. 

[13] M. R. U. Kawsar, S. A. Youssef, M. Faisal, A. Kumar, J. K. Seo, and J. K. Paik, “Assessment of 

dropped object risk on corroded subsea pipeline,” Ocean Engineering, vol. 106, pp. 329–340, 

2015. 

[14] Y. Liu, “Effect of Pipeline-Soil Interaction on Subsea Pipeline Lateral Buckling Analysis,” 5th 

International Conference on Mechatronics, Materials, Chemistry and Computer Engineering, vol. 



 

40 

141, no. Icmmcce, pp. 706–710, 2017. 

[15] T. D. O’Rourke and C. H. Trautmann, “Lateral Force-Displacement Response of Buried Pipe,” 

Journal of Geotechnical Engineering, vol. 111, no. 9, pp. 1077–1092, 1985. 

[16] N. M. Newmark and W. J. Hall, “Pipeline Design to Resist Large Fault Displacement,” in 

Proceedings of the U.S. National Conference on Earthquake Engineering, 1975, p. 9. 

[17] S. Iimura, “Simplified mechanical model for evaluating stress in pipeline subject to settlement,” 

Construction and Building Materials, vol. 18, no. 6, pp. 469–479, 2004. 

[18] H. Karampour, F. Albermani, and J. Gross, “On lateral and upheaval buckling of subsea 

pipelines,” Engineering Structures, vol. 52, pp. 317–330, 2013. 

[19] A. Cosham and P. Hopkins, “The effect of dents in pipelines - Guidance in the pipeline defect 

assessment manual,” International Journal of Pressure Vessels and Piping, vol. 81, no. 2, pp. 

127–139, 2004. 

[20] M. Zheng, J. H. Luo, X. W. Zhao, G. Zhou, and H. L. Li, “Modified expression for estimating the 

limit bending moment of local corroded pipeline,” International Journal of Pressure Vessels and 

Piping, vol. 81, no. 9, pp. 725–729, 2004. 

[21] T. Muruganandam, “Numerical analysis of interference between an otter trawl board and a pipe-

in-pipe system,” University of Stavanger, 2017. 

[22] F. P. Gao, N. Wang, and B. Zhao, “Ultimate bearing capacity of a pipeline on clayey soils: Slip-

line field solution and FEM simulation,” Ocean Engineering, vol. 73, pp. 159–167, 2013. 

[23] Y. J. Kim, C. K. Oh, C. Y. Park, and K. Hasegawa, “Net-section limit load approach for failure 

strength estimates of pipes with local wall thinning,” International Journal of Pressure Vessels 

and Piping, vol. 83, no. 7, pp. 546–555, 2006. 

[24] M. H. Mohd, B. J. Lee, Y. Cui, and J. K. Paik, “Residual strength of corroded subsea pipelines 

subject to combined internal pressure and bending moment,” Ships and Offshore Structures, vol. 

10, no. 5, pp. 554–564, 2015. 

[25] A. A. Barbosa, A. P. Teixeira, and C. Guedes Soares, “Strength analysis of corroded pipelines 

subjected to internal pressure and bending moment,” Progress in the Analysis and Design of 

Marine Structures, C. Guedes Soares and Y. Garbatov, Eds. Taylor and Francis Group, London, 

pp. 803–812, 2017. 

[26] T. A. Netto, U. S. Ferraz, and A. Botto, “On the effect of corrosion defects on the collapse 

pressure of pipelines,” International Journal of Solids and Structures, vol. 44, no. 22–23, pp. 

7597–7614, 2007. 

[27] T. A. Netto, “A simple procedure for the prediction of the collapse pressure of pipelines with 

narrow and long corrosion defects - Correlation with new experimental data,” Applied Ocean 



 

41 

Research, vol. 32, no. 1, pp. 132–134, 2010. 

[28] M. G. Gaeta, A. Lamberti, F. Ricchieri, and M. Zurlo, “Articulated Concrete Mattress for 

Submarine Pipeline Protection: Evaluation of the Wave-Induced Forces and Stability Analysis,” 

in Coastal Structures 2011, 2013, pp. 1116–1125. 

[29] R. Liu, W. G. Wang, S. W. Yan, and X. L. Wu, “Engineering measures for preventing upheaval 

buckling of buried submarine pipelines,” Applied Mathematics and Mechanics (English Edition), 

vol. 33, no. 6, pp. 781–796, 2012. 

[30] Det Norske Veritas, “DNV-OS-F101: Submarine Pipeline Systems,” no. October, p. 2017, 2017. 

[31] Det Norske Veritas, “DNV-RP-F109: On-bottom stability design of submarine pipelines,” no. May, 

2017. 

[32] Det Norske Veritas, “DNV-RP-F110: Global Buckling of Submarine Pipelines Structural Design 

Due To High Temperature / High Pressure,” no. October, pp. 1–64, 2007. 

[33] ENI, “Enemalta commissioned studies on gas infrastructure,” 2009. 

[34] Thyssenkrupp Materials, “Steel pipes for pipelines for combustible fluids,” pp. 1–3, 2011. 

[35] T. Zhu, “Some Useful Numbers on the Engineering Properties of Materials (Geologic or 

Otherwise),” Geol 615. p. 6, 2010. 

[36] Pipeshield, “Concrete Mattresses.” [Online]. Available: http://pipeshield.com/products/concrete-

mattresses. [Accessed: 08-Aug-2018]. 

[37] Maccaferri, “Pipeline Protection.” [Online]. Available: 

https://www.maccaferri.com/us/solutions/pipeline-protection/. [Accessed: 08-Aug-2018]. 

[38] J2, “WeSubsea Concrete Mattresses/Lifting Frames,” 2015. [Online]. Available: 

https://www.j2subsea.com/. 

[39] Apache, “Julimar Development Project Pipeline Installation Environment Plan Summary,” Perth, 

2014. 

[40] ANSYS, “ANSYS 17.2.” Canonsburg, 2016. 

[41] G. Hrinda, “Snap-Through Instability Patterns in Truss Structures,” 51st 

AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials 

Conference&lt;BR&gt; 18th AIAA/ASME/AHS Adaptive Structures Conference&lt;BR&gt; 12th, 

pp. 1–12, 2010. 

 


	Acknowledgements
	Abstract
	Resumo
	Contents
	List of Tables
	List of Figures
	Lists of Abbreviations
	1 Introduction
	1.1 Overview
	1.2 Objectives
	1.3 Structure

	2 Subsea Pipeline Systems
	2.1 Pipelines System
	2.2 Pipeline Failure Modes
	2.3 Subsea Protective Equipment
	2.3.1 Buckle Initiator and Sleeper
	2.3.2 Concrete Mattress


	3 Previous Research Works
	3.1 Pipeline Safety and Stability
	3.2 Pipeline Modelling and Analysis

	4 Methodology
	4.1 Analytical Methods
	4.1.1 Euler’s Critical Value
	4.1.2 On-Bottom Stability
	4.1.2.1 Dynamic lateral stability analysis;
	4.1.2.2 Generalized lateral stability method;
	4.1.2.3 Absolute lateral static stability method.

	4.1.3 Bursting
	4.1.4 Collapse
	4.1.5 Propagating Buckling
	4.1.6 Combined Load Criteria
	4.1.7 Global Buckling
	4.1.8 Exposed Pipeline on Even Seabed
	4.1.9 Exposed Pipeline on Uneven Seabed

	4.2 Input Data
	4.3 Numerical Analysis

	5 Results
	5.1 Pipeline and Mattress Design
	5.2 Mattress Effects with Buckling
	5.3 Linear Eigenvalue Buckling and Nonlinear Buckling Analysis
	5.4 Ovalization due to Concrete Mattress

	6 Discussion
	6.1 Buckling Response
	6.2 Ovalization Response

	7 Conclusion
	8 References

