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ABSTRACT 

Due to the recent raise of oil price, giant oil and gas companies have expanded their exploration 

to more than 3 kilometres under see level. In extreme conditions of deep under water 

excavation, pipe-in-pipe systems have become favourable option due to their unique structural 

capacity. Subsea pipelines and PIP systems experience large bending moments during 

installation and operation. However, unlike single-walled pipelines, the behaviour of PIPs 

under bending has been only marginally addressed. In this project, the bending response of the 

PIP systems with diameter-to-thickness ratio (D/t) of 15 to 40 is investigated. To this purpose 

Linear bifurcation analyses (LBA) and geometrically nonlinear analyses (GNA) are conducted 

on PIPs of varying lengths. For the first time, closed formed analytical solution are derived and 

provided to predict the classical and nonlinear limit moments of PIPs, and are compared to the 

existing expressions for single-walled pipelines. Ultimate bending moments of PIPs are 

obtained from physical four-point bending tests and are compared against geometrically and 

materially nonlinear analyses (GMNA). The finite element results show that in PIPs with 

centralizers, the limit moments (GNA) drop slightly, however, the ultimate moments (GMNA) 

remain unchanged. A parametric study of the effect of geometry and material properties of the 

inner and outer pipes on the ultimate moment of PIPs is presented. It is understood that the 

ultimate moments of PIPs with thick tubes are predominantly influenced by the material 

nonlinearities rather than ovalization of the tubes. Moreover, to investigate effect of external 

pressure on the bending moment capacity of PIPs, Finite Element study has been performed on 

a PIP system subject to pure bending, pure external pressure and combined actions of external 

pressure and bending. Results show that bending moment capacity of the PIP systems are more 

susceptible to the external pressure compared to that of the same single outer pipes. 
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CHAPTER 1:  INTRODUCTION 1 

The increasing demand of oil and gas productions and draining accessible oil and gas reserves 2 

have made this a non-refusable fact that oil and gas are one of the most sought after products 3 

of the 21st century. Although there are many governments that are trying to shift their attentions 4 

to other energy forms but still crude oil, natural gas and petroleum products play crucial role 5 

in providing fuels needed for sustaining vital functions such as transportation, power 6 

generation, heating supply and etc. In the past 50 years more and more offshore reservoirs have 7 

been explored in places such as the Persian Gulf, the Gulf of Mexico, the North Sea, offshore 8 

Brazil, Malaysia, Indonesia, West Africa, Northwest Australia and other places. In the past, 9 

some of these offshore oil and Gas reservoirs were uneconomical to extract; mainly because of 10 

the water depth. However, considering the recent rise in the price of oil and gas products (from 11 

2012 to 2014) and also increasing demand of petroleum products, deep and ultra-deep water 12 

reservoirs are now targeted for development. Figure 1-1 illustrates the worldwide progression 13 

of water depth capabilities for offshore drilling and production as of March 2017. According 14 

to Christopher Barton (2017) report in Offshore Magazine, the deepest sanctioned, installed 15 

and operating offshore facility reaches approximately 2900 m while exploration of offshore 16 

reserves is now happening at depth of 3350 m and below.  Figure 1-2 shows the locations of 17 

these deepwater assets and facilities around the globe as of that date. This figure shows that 18 

Brazil with 66 deep-water assets has the highest number of offshore oil and gas followed by 19 

US GOM with 55 and West Africa with 53 assets.  20 

  21 

Figure 1-1 Worldwide progression of water depth capabilities for offshore drilling and 22 

production (as of March 2019) (reproduced from “2019 Deepwater Solutions and records 23 

for Concept Solutions” Offshore magazine and Mustang Engineering) 24 



2 

 

 25 

Figure 1-2 Worldwide locations of Deepwater assets and facilities (reproduced from “2017 26 

Deepwater Solutions and records for Concept Solutions” Offshore magazine and Mustang 27 

Engineering) 28 

In all offshore oil and gas projects, tubular structures are required from exploration to extraction 29 

and transportation. This simply starts from casing necessary for oil wells, tubing for drilling 30 

purposes, flow lines for collecting oil from wells and transferring them to a central point (such 31 

as a production platform), risers for sending oil from bottom of the sea floor to the surface, 32 

subsea offshore pipeline for transferring products and many others. 33 

Offshore transmission pipelines are the most effective and safest way of transporting large 34 

volume of natural resources over a long distance. As the major trends in the oil and gas industry 35 

points towards deep and ultra-deep waters, pipeline and structural engineers have focused on 36 

the design of new unconventional pipeline systems, which can go beyond the limitations of the 37 

traditional single pipelines. 38 

Conventional single pipeline limitations 39 
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One of the main challenges that design engineers need to overcome is the flowline’s high 40 

pressure and high temperature operational conditions (HP/HT). Conventional pipeline design 41 

is mainly dominated by required capacity to resist the internal pressure. Clearly the higher the 42 

pressure that can a pipeline withstand, the higher capability in the flow rate. Consequently, this 43 

would yield higher revenue potential. Moreover, in design of hydrocarbon pipelines there are 44 

concerns regarding flowline assurance, for instance wax or product hydrates in the period of 45 

shout-downs and/or in tail production. 46 

Traditional single layer pipelines are restricted to a certain depth from installation to the 47 

operation.  This is mainly due to the required high buoyancy weight and wall thickness to 48 

overcome large external hydrostatic pressure under deep waters. Furthermore, conventional 49 

single pipelines have high temperature conductivity. The crude oil normally comes out of the 50 

ground with temperature above melting temperature but when it is transported it loses its 51 

temperature. Waxing phenomenon occurs when the temperature of hydrocarbon products drop 52 

below 50˚C. Technically, waxing is a phenome in which crude oil starts to solidify and forms 53 

paraffin wax. Paraffin wax slowly lessens the internal diameter of the pipe and eventually 54 

blocks the section of the flowline. Waxing can occur in both offshore and offshore pipeline; 55 

however, it is seen more often in offshore oil and gas subsea pipelines simply because even in 56 

hot regions of the world the sea temperature is below 30˚ C. Every year oil and gas companies 57 

spend millions of dollars to remove crude oil wax periodically. 58 

High external hydrostatic pressure may cause the subsea pipeline to collapse.  Design engineers 59 

deal with this potential failure mode with simply increasing the pipe’s wall thickness. 60 

Therefore, at deep and ultra-deep waters thick walled pipelines are needed to overcome the 61 

extensive external pressure at such depths; however, manufacturing, installing and 62 

maintenance costs of these pipelines become very expensive and uneconomical due to its 63 

weight.  64 

PIP systems and their advantages 65 

Considering limitations in use of single layered pipes at deep waters, Pipe-in-Pipe (PIP) 66 

systems are clever alternative solution in terms of providing high structural capacity and 67 

adequate thermal insulation features.  68 
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A PIP system is classified as a pipeline bundle. Pipeline bundle systems are consisted of the 69 

required flowline/s along with a steel carrier pipe. Figure 1-3 illustrates three main types of 70 

pipeline bundle systems. 71 

 72 

Figure 1-3  Bundle configurations (reproduced fromQiang Bai (2014)) 73 

A PIP system (Type B), which is the simplest bundle system, is consisting of an inner pipe, 74 

conveying the hydrocarbon products and an outer casing (or pipe) which carries the external 75 

hydrostatic pressure. Depending on the environmental conditions, the annulus between the 76 

inner and outer pipes is either left empty or can be filled by non-structural insulation material 77 

(such as mineral wool, polyurethane foam or aerogel). This prevents hydrate formation and 78 

ensures high discharge temperature at the arrival facility (Qiang Bai, 2014).  79 

PIP systems are currently the best available option for transportation of hydrocarbons with high 80 

pressure and high temperature (HP/HT) at high depths. Although the first PIP systems was laid 81 

back 1973 by Pertamina Offshore Indonesia, up until 2000 only 1% of total population of 82 

pipeline were PIP systems (Qiang Bai, 2014). Today, PIP hydrocarbon transportation systems 83 

are widely being used in the Pacific, the North Sea, Gulf of Mexico and Africa. 84 
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 85 

Figure 1-4 Deepest offshore facilities sanctioned, installed or operating as of March 2017 86 

1.1 Pipeline buckling and failure history 87 

Despite all advantages of PIP systems in conveying petroleum products, there have been 88 

number of structural failure cases around the globe. Pipelines, in general, are susceptible to 89 

various type of buckling such as upheaval buckling, lateral buckling and propagation buckling. 90 

Different types of buckling and their causes are discussed in Chapter 2 of this report. The first 91 

known upheaval buckling of a subsea, buried pipeline occurred in 1986 in the North sea in one 92 

of Maersk Olie Og Gas AS, interfiled pipelines (Nielsen, Lyngberg, & Pedersen, 1990). During 93 

routine annual pipeline inspection, a sector of pipeline was found to have protruded the seabed 94 

and was buckled in a vertical plane. This carbon steel 17 km long pipeline reported to have 95 

outer diameter of 219 mm and wall thickness of 14.3 mm (API 5L grade X 52). This pipeline 96 

was laid in 1985 and was brought to service for transport of hydrocarbon products with a 97 

temperature of up to 82 ˚C from Rolf satellite field to the central petroleum facility at Gorm. 98 

The diver inspection revealed that a localized upheaval buckling with 1.1 m amplitude occurred 99 

which left the pipeline free spanning over a 10 m section. It became evident that the crown of 100 

the upheaval buckle was subjected to a relatively high bending curvature with an estimation of 101 

the induced strain in the order of 3.5 – 8 %. This simply meant that the pipe cross section was 102 

subject to plastic deformation. Further investigations revealed that the buckle wavelength was 103 

confined to 24 m.  Although, no specific repair cost has been reported in the literature 104 

(classified information) but failure of a pipeline can potentially cause more than $2 million 105 

damage per kilometre (Stelios Kyriakides, 2007). 106 
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In 2010, a subsea inspection of a Gas flowline in MacCulloch field in the North Sea revealed 107 

several points of upheaval buckling along the pipeline. Further investigations showed that one 108 

of these upheaval buckles (Figure 1-5) was at its critical stage as the radius of curvature was 109 

less than the minimum allowable bending radius (MBR) recommended by the manufacturer. 110 

Figure 1-5 illustrates this critical upheaval buckling in MacCullah field.  111 

 112 

Figure 1-5 Critical upheaval buckling of MacCulloch Gas flowline 113 

In January 2000, a large-scale environmental incident occurred in Rio de Janeiro, Brazil, when 114 

a shallowly buried pipeline, used to transport heated oil with 95°C temperature, failed and one 115 

million litre of oil were spilled into Guanabara Bay. Detailed studies concluded that the 116 

pipeline failed by lateral buckling and became displaced 4.1 m from its original position as a 117 

result of the axial load induced by the temperature increase (Almeida et al., 2001).  118 

In the past 20 years more than 11,400 incidents were reported only in the pipeline industry of 119 

the US (DOT, 2017).  According to the past 20 years records of the US PHMSA, each year 120 

average of more than 570 pipeline incidents were reported with an average damage of more 121 

than 350 million USD per annual. Data shows that the third-party excavation, external 122 

corrosion and material failure are the three most common failure causes and responsible for 123 

over 66% of the pipeline incidents.  124 
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 125 

Figure 1-6 Number of pipeline incidents as of 9/01/2017 – 20 year trend (Data Source: US 126 

DOT pipeline and Hazardous Materials Safety Administration) 127 

 128 

Figure 1-7 Total costs of pipeline incidents as reported by PHMSA – 20 year trend (Data 129 

Source: US DOT pipeline and Hazardous Materials Safety Administration) 130 

 131 

 132 

 133 

 134 

 135 
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Table 1-1Total costs of pipeline incidents since 1997 based on PHMSA 136 

Calendar Year Number Total Cost As Reported 

1997 346 $79,757,922 

1998 389 $126,851,351 

1999 339 $130,110,339 

2000 380 $191,822,840 

2001 341 $63,092,462 

2002 642 $102,167,588 

2003 672 $139,057,814 

2004 671 $267,836,502 

2005 719 $1,245,463,189 

2006 639 $151,983,767 

2007 611 $153,903,544 

2008 659 $565,519,340 

2009 627 $179,070,183 

2010 586 $1,692,500,877 

2011 590 $426,229,970 

2012 573 $229,613,337 

2013 619 $349,961,947 

2014 707 $310,269,900 

2015 714 $344,174,142 

2016 635 $311,759,777 

Average 573 $353,057,340 

Grand Total 11,459 $7,061,146,791 

 137 

It is worth noting that above costs only include the repairmen costs of the damage on pipelines 138 

and environmental damage are not accounted for. The environmental and economic impacts of 139 

the pipeline failures are substantial. It can be seen that the transition towards deep offshore oil 140 

and gas resources is also happening in Australia (CSIRO, 2017). According to (CSIRO, 2017) 141 

only 12% of Australia’s marine territories has been properly mapped and a large offshore 142 

regions remained lightly explored. The biggest challenge of Australian oil and gas industry is 143 
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finding ways to access gas reserves in very deep water. Therefore, more investigations are 144 

required to facilitate safe and economic design practise, installation and protection of HT/HP 145 

deep and ultra-deep pipelines. 146 

1.2 Problem statement 147 

Offshore pipelines are required to operate in high pressure and high temperature conditions. 148 

Temperature rise in the pipeline leads to thermal expansion of the entire flowline. Since the 149 

friction force between the pipe and seabed restrains elongation of the pipeline along its route, 150 

pipeline becomes subjected to axial compressive stress. Due to existence of large axial 151 

compressive forces, PIP systems may experience buckling in a horizontal plane (known as 152 

lateral buckling) or in a vertical plane (known as upheaval buckling). A pipeline will buckle in 153 

direction of the smallest resistance force. Therefore, the direction of buckle depends on the 154 

installation method and pipe configuration as follow: 155 

1) If the pipeline has been installed on even seabed, it will buckle in a horizontal direction 156 

(Lateral buckling) 157 

2) If pipeline has been buried or installed on un-even seabed, it may buckle in a vertical 158 

direction (Upheaval buckling) 159 

3) In free spans, the pipeline will buckle in a downward direction. 160 

Although lateral or upheaval buckling are not necessarily failure modes of subsea pipelines, 161 

they may have significant consequences for the integrity of the pipeline if not properly taken 162 

into account. One of the primary adverse consequences of lateral or upheaval buckling is 163 

extensive bending curvature that occurs in the crown segment of the buckled region. This 164 

extensive bending curvature along with bending stress in pipeline would jeopardize structural 165 

capacity of the system against external pressure. It is worth noting that an increase in thickness 166 

as a solution for global buckling phenomena (Upheaval or Lateral buckling) could not be 167 

effectively helpful as it increases the weight and the effective axial force due to thermal 168 

expansion.  169 

Hydrostatic pressure increases about 1 atmosphere for every 10 metres of water. Excessive 170 

bending stress and curvature (due to lateral or upheaval buckling) along with axial compressive 171 

stresses (due to thermal expansion) in the presence of high hydrostatic pressure may cause 172 
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fracture, fatigue, collapse or propagation buckling at a lower initiation pressure than expected. 173 

Catastrophic propagation buckling is one of the consequences of extensive curvature in 174 

presence of external pressure. Propagation buckling may make the pipeline’s cross section into 175 

a dumb-bell shape section that is able to travel along the pipeline in presence of adequate 176 

external pressure.   177 

In meeting the technical challenges in deep water oil and gas pipelines, PIP systems have been 178 

widely developed to meet the engineering design requirements with respect to structural 179 

strength, serviceability, flow assurance and transient. A PIP systems is consisted of inner pipe, 180 

outer pipe, thermal insulation material and a series of bulkheads and centralisers (Jukes, 181 

Eltaher, & Sun, 2009). The inner pipe is kept concentric in the outer pipe by a series of 182 

centralizers or spacer. These centralizers are fixed to the inner pipe while there is a clearance 183 

between outer pipe and centralizers. Therefore, the inner pipe together with centralizers can 184 

freely move inside the carrier pipe and transfer forces and displacement through the contact 185 

between the centralizer and the outer pipe. Depending on the manufacturing precision the 186 

clearance between centralizers and outer pipe may be 1mm to 10mm (Vaz & Patel, 1999). 187 

Bulkheads are designed to connect the inner pipe to the outer pipe at each pipeline termination.  188 

Design methodology and criteria for bending, global buckling and propagation buckling of 189 

conventional single layered pipes has been comprehensively described in DNV-RP-F110 and 190 

DNV-OS-F101. However, the mechanism of bending buckling of PIPs and its interaction with 191 

external pressure is more complicated than that of single pipe systems. This phenomenon has 192 

received very limited attention and this MPhil project is going to focus on the bending buckling 193 

of PIPs and influence of external pressure on the bending response of the system. 194 

1.3 Scope of project 195 

This project tends to shed light on bending buckling of PIP systems and influence of external 196 

pressure on bending moment capacity of a PIP system. Future oil and gas offshore industry 197 

will require an increasing number of high capacity flowlines for developing its marginal fields 198 

with an emphasis on subsea completion technology. This research project is motivated by lack 199 

of design guidelines and understanding the elements affecting bending behaviour of offshore 200 

oil and gas PIP systems. 201 

The main objectives of this research project are as follow: 202 
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 Understanding the bending response of pipelines during installation and operation. 203 

 Understanding the linear elastic and nonlinear bending response of cylinders in pure 204 

bending. 205 

 Investigation of the linear elastic buckling of PIPs in bending using classical buckling 206 

moment theory. 207 

 Investigation of the the effect of ovalization on the limit moment of PIPs using total 208 

strain energy theory. 209 

 Investigation of  the ultimate moment capacity of PIPs using full plastic moment theory. 210 

 Establishing a reliable Finite Element Analysis modelling technique for parametric 211 

study on bending of PIPs. 212 

 Performing parametric study on variables affecting bending buckling of PIPs such as 213 

inner and outer pipe’s D/t ratios, yield ratios and centralizers.  214 

 Performing parametric study on the effect of external pressure on the bending response 215 

of PIPs. 216 

 Performing number of experimental tests for validation of the analytical and parametric 217 

results. 218 

1.4 Report overview 219 

This report consists of 5 chapters. Bending behaviour of pipelines during different types of 220 

installation such as S-lay, J-lay, Reeling and Towing methods are presented in Chapter 2. 221 

Chapter 2 also highlights bending of pipelines during operation due to upheaval and lateral 222 

buckling and presents a summary of previous investigations and findings. Chapter 3 illustrates 223 

methodology followed in this project to achieve its objectives. In this chapter details of 224 

analytical investigation on PIPs, finite element modelling technique and experimental test set 225 

up are presented. Chapter 4 of this report covers results of analytical, numerical and 226 

experimental investigations on the linear bifurcation analysis (LBA), geometrically nonlinear 227 

analysis (GNA) and ultimate bending capacity (GMNA) of PIPs. Results of study on the 228 

bending response of PIPs subject to external pressure are also presented in this chapter. Finally, 229 

in Chapter 5 of this report conclusion from all findings of this project are presented.  230 

1.5 Project publications 231 

Results of investigation on bending buckling of PIPs as well as influence of external pressure 232 

on the bending capacity of PIPs have been published in the following publications: 233 
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 Title: Pure bending of pipe-in-pipe systems  234 

Publication: Thin Walled Structures 2019 235 

Authors: Ali Binazir, Hassan Karampour, Adam J. Sadowski and Benoit Gilbert 236 

https://doi.org/10.1016/j.tws.2019.106381 237 

 238 

 Title: Bending Capacity of pipe-in-pipe systems subject to external pressure  239 

Publications: ACMSM25 2018 (pp. 657-666) 240 

Authors: Ali Binazir, Hassan Karampour, Gilbert Benoit, Hong Guan 241 
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CHAPTER 2: LITERATURE REVIEW 249 

Both onshore and offshore pipelines experience bending during installation and operation. 250 

Plastic characteristics of the materials play a crucial role in bending and the limit states of 251 

typical pipe used in pipeline industry. For instance, in reeling installation method, pipeline 252 

which is spooled onto a reel, experiences extensive plastic bending. Further plastic bending 253 

deformation is applied on the pipeline when it is unspooled at an installation site. During S-lay 254 

method, pipeline undergoes significant bending and tension in vicinity of stinger region and in 255 

overbend zone on the seabed. During all major installation methods pipelines are exposed to 256 

bending and external pressure (Kaveh Arjomandi, 2012).  257 

Offshore pipelines are also subjected to bending moment during their service life. In free-spans 258 

on the sea floor, when the contact between pipe and seabed is lost over a long distance, pipeline 259 

undertakes severe bending load. This also can take place over seabeds that are endangered to 260 

washing, such as Strudel scouring in the Arctic. Pipelines in the Arctic environment might also 261 

undergo bending deformation cause by ice keel gouging (Stelios Kyriakides & Corona, 2007).  262 

Similar to offshore pipelines, onshore pipelines may practise bending due to many reasons. 263 

Figure 2-1 schematically illustrates bending of an onshore pipeline due to presence of 264 

permafrost. Moreover, foundation settlement, which causes free-spanning, might also occur 265 

due to an earthquake or other causes.    266 

 267 

Figure 2-1: Bending of a pipeline due to foundation settlement (Reproduced from Kyriakides 268 

2007) 269 

In Arctic regions, for both offshore and onshore pipelines, the foundation might contain 270 

permafrost. Therefore, rise in the temperature of pipeline due to its conveying hydrocarbon 271 

would result in “thaw bulb” around the pipe. Directional drilling method, in which a pipeline 272 

is pulled through a pre-drilled underground river crossing borehole, also induces extensive 273 
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bending load on pipe. In this case, pipeline experiences plastic bending deformation in some 274 

regions in order to conform to the curvature of river crossing (Stelios Kyriakides, 2007) (See 275 

Figure 2-2).  276 

 277 

Figure 2-2 Directional drilling method (Reproduced from Kyriakides 2007) 278 

Offshore and onshore pipelines undergo signification bending deformation when they buckle 279 

in lateral direction (lateral buckling) (Karampour, Albermani, & Gross, 2013; Vaz & Patel, 280 

1999) or in vertical plane (upheaval buckling) (Z. Wang, Chen, & Liu, 2015a).  Increase in 281 

internal pressure and the temperature of the pipe due to its conveying fluids would result in 282 

expansion of pipeline in its longitudinal direction. Longitudinal expansion is restricted due to 283 

presence of bulkhead (for PIPs) and seabed friction (on outer pipe only). Therefore 284 

compressive stress builds-up in the pipe wall that leads to pipe buckling.  285 

Therefore, action of bending on pipelines can be classified into two groups. Action of bending 286 

during (1) installation, and (2) operation. This section deals with sources of bending loads 287 

during installation and operation. Available analytical and experimental studies on pure 288 

bending of single pipe and PIPs are also presented in forthcoming sections.  289 

2.1 Bending During Installation 290 

Offshore pipelines undergo complex loading conditions during installation. Therefore, the 291 

installation of offshore oil and gas pipelines require sophisticated engineering knowledge and 292 

pipe laying has become an engineering discipline on its own. In this section, the major pipeline 293 

installation methods are described.  294 
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2.1.1 S-lay method 295 

Pipelying with S-lay method requires the pipeline to start in a horizontal position on the vessel 296 

and (as it sounds) the pipe deforms in an S-shape on the way to the seabed. In this method 297 

vessel is used as an assembly platform in which a series of pipe (12 to 24 m long) are welded 298 

to the free end of the line while vessel moves forward as shown in Figure 2-3. During S-laying 299 

the pipeline leaves the vessel through a sloping ramp and at the bottom of the ramp it goes over 300 

a long boom-like curved structure called Stinger. The stinger is an open frame V shaped section 301 

which has rollers on sides, providing a controlled-shape transition from the horizontal to the 302 

inclined suspended section. The length of stinger varies depending on water depth and the 303 

submerged weight of the line; however, this length is up to 100m for conventional S-lay. As 304 

pipe is being laid the suspended length of the pipe from stinger to the touch on point is held by 305 

tensioners that are usual placed on the ramp. In this laying method, pipe is subjected to bending 306 

combined with relatively high tension.  307 

 308 

Figure 2-3 Schematic view of S-lay pipe laying method and pipeline loadings (Reproduced 309 

from Kyriakides 2007) 310 

In S-lay method the upper curved section of the pipeline is called overbend. After this point, 311 

the pipe straightens and then changes its bend from a convex shape to a concave shape. In most 312 

of the cases maximum curvature occurs in vicinity of seabed in the sagbend region (as shown 313 

in Figure 2-3) at maximum water depth. Therefore, pipeline is subjected to combined actions 314 

of bending and external pressure. The curvature of the pipe at sagbend region can be controlled 315 
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by the tension applied to the top of pipeline from the pipe laying vessel. If after the touch point, 316 

pipe will conform to seabed shape. In flat seabed regions, pipe will be subjected to external 317 

hydrostatic pressure only when it is empty. Pipelines are normally designed based on avoiding 318 

collapse under this type of pressure loading. Figure 2-4 shows a schematic view of Castoro sei 319 

S-lay pipe laying barge. 320 

 321 

Figure 2-4 Schematic view of Castoro Sei semi-submersible S-lay vessel (Reproduced from 322 

Kyriakides 2007) 323 

One of the main challenges in laying a pipe using S-lay method is maintaining the appropriate 324 

tension which holds the line in a controlled shape. Any sudden movement of the ship would 325 

result in change of tension in the line and consequently loss of tension can cause excessive 326 

bending, local buckling and eventually collapse of pipeline (as shown in Figure 2-5). 327 
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 328 

Figure 2-5 Schematic view of a local pipe buckle during S-lay installation (Reproduced from 329 

Kyriakides 2007) 330 

Modern S-lay barges use dynamic positioning tools to control their position especially in 331 

deeper waters. It is apparent that dynamic positioning requires more thrust power (from 332 

shrouded propellers of vessel), but it increases the efficiency of the operation. Laying using 333 

dynamic positioning S-lay method can reach the speed of 4 miles per day for pipe of diameter 334 

up to 30 inches. Although modern S-lay installation vessels are able to apply large tensions, 335 

this would add to the cost of the operation. In installation design of a pipeline, buckling failure 336 

in either overbend or sagbend and material plastic limits are main limits. Although the 337 

curvature in the ovebend or sagbend is controlled by tension in the line, excessive tension can 338 

damage the pipeline over the stinger or even plasticizing the line.  339 

 340 

2.1.2 J-lay method 341 

For pipelines installed in deeper waters, more tension is required in the line to control the 342 

overbend and sagbend curvature in S-lay installation method. Moreover, longer and more 343 

complex stinger is require for deep and ultra-deep pipeline installation. Therefore S-lay 344 

installation method will be no longer efficient and economical. J-lay installation method is an 345 

alternative laying method in which the pipeline leaves the vessel with an angle between 75˚ to 346 

90˚ (Stelios Kyriakides, 2007). As J-lay installation method sounds, when pipeline reaches the 347 

seabed it acquires the characteristic J-shape. In this method, pipe requires to be in less tension 348 
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compared to S-lay installation method. This is mainly because of shorter suspended length and 349 

control curvature in the sagbend. Moreover, the less tension required during installation, the 350 

less thruster power. Positioning of pipe using this method is more precise than S-lay installation 351 

method because the touchdown point is not far behind the vessel.  Another advantage of J-lay 352 

is the fact that only small length of the pipe is subjected to the wave motion.  353 

Although J-lay installation method has some advantages to the S-lay, it is slower than S-lay to 354 

some extent. Figure 2-6 shows a schematic view of J-lay pipeline installation and associated 355 

pipeline loading.  356 

 357 
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 358 

Figure 2-6 Schematic view of a J-lay pipeline installation and applied pipeline loadings 359 

(Reproduced from Kyriakides 2007) 360 

As seen in Figure 2-6, in this installation method pipeline is subjected to high tensile force and 361 

small hydrostatic pressure close to the sea surface. Hydrostatic pressure increases gradually 362 

with depth increase whereas tension in the line drops. Pipe will be subjected to the maximum 363 

external water pressure and bending in the sagbend. Figure 2-7 illustrates schematic view of 364 

Saipem 7000 semi-submersible J-lay vessel.  365 
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 366 

Figure 2-7 Schematic view of Saipem 7000 semi-submersible crane vessel with a J-lay 367 

installation tower (Reproduced from Kyriakides 2007) 368 

2.1.3 Reeling 369 

Reeling pipeline installation method is one of the most efficient pipe laying methods. In this 370 

pipe installation method, several kilometres of pipeline is wrapped around a large diameter reel 371 

and carried to the installation site. Installation vessel spooled the line while travelling forward 372 

with a speed of up to two knots (around 10klm per day1). This method has two main advantages 373 

compared to other pipeline installation methods. Firstly, this method is much faster that other 374 

method. Moreover, since pipe is wound around a reel on-shore, most of fabrication processes 375 

are completed on-shore which result in reduction in installation time and overall cost of the 376 

project.  377 

                                                 

1 Assuming 5 hours installation per day. 
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Reeling pipe-laying method was used for laying small diameter pipes during and after World 378 

War II; however, Flour Corporation’s RB-2 (built in 1970) laid a 320 mm diameter pipe with 379 

a horizontal reel with 6.1 m radius. Generally, the spooling and unspooling processes in reel 380 

installation method requires pipe to undergo bending curvatures that are into plastic range of 381 

the materials. For instance, spooling a 406 mm pipe into an 8.22m radius reel2 will bend the 382 

line to maximum strain of 2.41%. Figure 2-8 shows the moment-curvature history experienced 383 

by a pipe during reeling installation method. During spooling a pipe into a reel, pipe plastically 384 

deforms to curvature k1. In installation site, pipeline is straightened by tension and bent again 385 

to curvature k3 as it goes over the overbend on the ramp. Close to the touchdown point pipe is 386 

bent once again (3-4), and eventually is reverse bent in the straightener (4-5), so that unloading 387 

it ends up at zero moment and curvature. 388 

 389 

Figure 2-8 Moment-curvature history of a pipe during spooling and unspooling in reeling 390 

method (Reproduced from Kyriakides 2007) 391 

This intensive bending loading history on a pipeline will have effect on the geometry and 392 

perhaps on its failure life. Although the whole process is engineered to avoid any bending 393 

buckles, these repeated bending cycles into plastic range tend to make the pipe’s cross section 394 

to ovalize and cause permanent elongations. These effects will result in changes to the 395 

mechanical properties of pipeline. In Figure 2-9 and Figure 2-10 two reeling vessel are 396 

                                                 

2 27 ft 
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schematically illustrated. Despite of all these challenges in reeling installation method, Apache 397 

reeling vessel, as an example, could successfully travel and install pipelines in all parts of the 398 

world with offshore oil and gas production. 399 

 400 

 401 

 402 

 403 

Figure 2-9 Schematic of Technip’s Apache reelship  (Reproduced from Kyriakides 2007) 404 

 405 
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 406 

Figure 2-10 Schematic Chickasaw reel pipelay barge (Reproduced from Kyriakides 2007) 407 

2.1.4 Towing 408 

Towing is another pipe installation method which is used for short pipelines and shore 409 

approaches. In this method, a section of pipeline is fabricated on-shore and then is simply towed 410 

to the installation site. Towing pipe installation method has its own types as illustrated in Figure 411 

2-11.  412 

In towing pipe with surface tow and near surface tow, pipe floats just below the sea surface 413 

using buoys. In this method two vessel will be in operation at the same time. One vessel will 414 

be in front of the pipe section (tugboat) and other ship (trailing tug) should stay behind the 415 

floating pipe section to keep the line taut. In this manner, pipe will be subjected to cross current 416 

wave which can sometimes be an issue for the operator of the vessels. Once pipe reaches the 417 

installation site, it is lowered by flooding the buoys in a controlled manner. 418 
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 419 
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Figure 2-11 Schematics of tow installation method: (a) surface tow, (b) controlled depth tow, 420 

(c) off-bottom tow and (d) bottom tow (Reproduced from Kyriakides 2007) 421 

In the controlled depth tow, section of line is held suspended between seabed and surface of 422 

the sea. The unfavourable effect of cross current wave is reduced in this method to some extent. 423 

Floating buoys and chains are usually used in this method keeping the curvature of the pipe 424 

within acceptable range.  425 

In the off-bottom towing method, the pipeline is held just above the seabed by adding some 426 

weights to it using chains that drag on seabed. Therefore, the effect of surface wave is reduced 427 

more than controlled depth tow. 428 

In the Bottom tow method, the pipeline is dragged on the seabed using a leading boat. In this 429 

method, the effect of cross current wave is minimal. However there are some challenges 430 

encounter to this method. Engineers must ensure that the coating of the pipe do not get damaged 431 

during towing and the towing route is free from obstacle. 432 

 433 

2.2 Bending During Operation 434 

A pipeline containing hydrocarbons, either offshore or onshore, may operate in high 435 

temperature/high pressure conditions. Normally oil and gas products in the pipelines are at high 436 

temperature (80 ˚C or higher) and high internal pressure (10MPa or higher).  Figure 2-12 437 

presents increase of pipeline’s design temperature from 1990 to 2003. Technically during 438 

operation of a flowline, any increase or decrease in the temperature of pipeline causes 439 

expansion or contraction in pipeline. If the expansion of pipeline is resisted, by for example 440 

the friction between seabed and pipe walls, axial compressive stress builds up in pipe wall 441 

thickness. The axial compression force in the pipeline due to change in temperature and 442 

pressure is given by: 443 

(1 2 )
4

Ap D
N EA T

t
 

 
    

 
        Eq.  2-1 444 

For instance, only 1 ˚C increase in temperature of a steel pipe with outer diameter of 650mm 445 

and thickness of 15mm will create 67kN axial compressive force on the pipe wall thickness. 446 

This is only when the internal pressure remains constant; however, 1 MPa increase in internal 447 
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pressure of the flow line will add another 133kN compressive force on the pipe wall thickness. 448 

Based on to Euler buckling theory, critical axial load is given by: 449 
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           Eq.  2-2 450 

Where 𝑃𝑐𝑟 is critical compressive load, 𝐿 is unsupported length of pipe and 𝐾 is effective length 451 

factor. Considering  𝐾 = 0.5 for fixed ends condition, 200kN axial compressive force 452 

corresponds to an effective length of just 130m whereas in a typical oil and pipelines 130m is 453 

just a small fraction of entire flowline. 454 

 455 

 456 

Figure 2-12 Pipeline design temperature trend from 1990 to 2003 457 

Single layered pipeline expansions are due to temperature, pressure, friction and reactions from 458 

the soil and adjacent tie-in structures. According to Ghoi (1995) expansion of a pipeline due to 459 

a thermal loading is: 460 
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           Eq.  2-3 461 

Where 462 
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𝛼= pipe internal thermal expansion coefficient 463 

𝐿𝑎= active length of a pipeline 464 

𝑇𝑖= inlet temperature 465 

𝑇𝑎= ambient temperature 466 

𝑘2= index of temperature 467 

Pipeline elongation due to pressure loading is: 468 

. .
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        Eq.  2-4 469 

Where 470 

𝑝= internal – external pressure 471 

𝐴𝑖= pipe flow section area 472 

𝐴𝑆= pipe steel section area 473 

𝑣= Poisson’s ratio of pipe 474 

𝐷, 𝑡 = pipe external diameter and wall thickness 475 

Pipeline elongation due to frictional resistance is: 476 
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             Eq.  2-5 477 

Where 478 

𝜇= coefficient of friction 479 

𝑊= submerge weight of the pipe 480 

Pipe elongation due to external compressive force, F is: 481 
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             Eq.  2-6 482 

If the compressive forces are large enough, a pipeline will buckle in direction of the smallest 483 

resistance force. Offshore flowline may be buried in a trench to ensure the safety of the 484 

structure and the environment as well as ensuring minimal interference with other unfavourable 485 

marine activities such as ship anchors or fishing nets (Veritas, 2007). Untrenched pipeline may 486 

undergo lateral buckling whereas trenched flowlines may buckle in vertical direction 487 

(upheaval). Another type of buckling in downward direction occurs in free spans. 488 

A buckled pipeline, regardless of its buckling type, undergoes extensive bending moment at its 489 

crown segment. As the result, action of bending during operation of flowline shall be classified 490 

into three groups: 491 

 Action of bending in upheaval buckling 492 

 Action be bending in lateral buckling 493 

 Action be bending in free spans  494 

This section is going to address bending of pipelines during operation of offshore pipelines and 495 

presents available literatures. 496 

2.2.1 Upheaval buckling 497 

Upheaval buckling (UHB) of a buried offshore pipeline occurs when the pipeline is subject to 498 

high axial compression from thermal expansion. Predicting possible upheaval buckling is key 499 

to proper design of a buried pipeline and can be complicated because of uncertainties in the 500 

soil properties and pipeline vertical profile as well as because of various project requirements. 501 

Upheaval buckling, if not predicted and mitigated, results in significant damage to the pipeline, 502 

which leads to expensive remediation and intervention work. 503 

It can be said that lateral buckling of pipeline is similar to that of train rail tracks. Therefore, 504 

most of the available studies and analyses on the buckling of railways are relevant to buckling 505 

of pipelines.  506 

2.2.1.1 Analytical studies on perfect pipelines 507 

In 1936, Martinet (1936) investigated global buckling of railway tracks by use of linear 508 

differential equation of classical beam theory. For upheaval buckling, considering a pipeline as 509 
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a beam relationship between axial compressive force and laterally distributed load can be given 510 

by: 511 

4
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dx dx
           Eq.  2-7 512 

Two main ingredients for an upheaval buckling to happen are sufficient axial compressive force 513 

in the line and initial imperfection. For instance, initial deformation for a hill-type imperfection 514 

can be given as: 515 

2 ( / )y cos x L           Eq.  2-8 516 

Considering an idealized curve for the initial deformation of the pipe: 517 

2 42 ( / ) 8 ( / )w P L EI L           Eq.  2-9 518 

Where 𝛿 is the height of the imperfection and L is the length of the imperfection.  519 

In 1950, Mishchenko (1950) debated the precision of the Martinet’s results and claimed that a 520 

nonlinear analysis is required to accurately model the global buckling of railway track. 521 

However, in 1978, Kerr (1978) rejected Mishchenko’s claim and showed that the solution 522 

derived from the differential equations and matching boundary conditions is an accurate 523 

formulation.  524 

Both Martinet (1936) and Kerr (1978) assumed that lateral resistance 𝑄0 is constant and the 525 

track is initially straight; however, these two assumptions limited their studies significantly. 526 

Later Tvergaard and Needleman (1980) addressed that issue with introducing an initial 527 

deflection in their linear elastic rail track which is resting on a foundation with bilinear force-528 

deflection behaviour.  529 

It can be said that Hobbs (1984) was first who studied global buckling of single layered 530 

pipelines subjected to axial compressive force due to change in temperature. He studied both 531 

upheaval and lateral buckling of pipelines separately. He proposed a differential equation 532 

corresponding to the buckled section of an initially straight pipe based on the assumptions that 533 

the deflection and slopes are small. He also assumed zero bending moment at the lift-off point.  534 
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2 2 2 2 2( ) / / 8(4 ) 0d y dx n y m x L          Eq.  2-10 535 

Where 536 

 𝑚 =
𝑤

𝐸𝐼
  537 

 𝑛2 =
𝑃

𝐸𝐼
  538 

𝑃= axial force in buckled region 539 

𝐸𝐼= flexural rigidity 540 

𝑤= self-weight of pipe 541 

 542 

Figure 2-13  Upheaval buckle profile and axial force distribution along the pipe (Hobbs 543 

1984) 544 

Considering that the slope at either ends of the buckle is zero, solving the above equation would 545 

produce the critical axial load of: 546 

280.76 /HobbsP EI L          Eq.  2-11 547 

Hobbs also found that the axial force well away the buckled section can be given as: 548 

( 5) 5 2

0 / ((1.597 10 0.25( ) ))×HobbsP P wL EI EAwL EI       Eq.  2-12 549 

Where 𝜇 is the pipe-foundation frictional coefficient. 550 
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Hobbs also proposed equations for the size of slipping length adjacent to buckle 𝐿𝑆 and distance 551 

between the centres of two adjacent and independent buckles (𝐿 + 2𝐿𝑆) as: 552 
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           Eq.  2-13 553 
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           Eq.  2-14 554 

Assuming large frictional coefficient he suggested another equation for the axial force away 555 

from buckle region as: 556 

2 ( 5) 2 6 2

0 80.76 / 1.597 10 ( ) ( )× /P EI L w AEL EI       Eq.  2-15 557 

Hobbs’ main two assumptions limited his investigations to a great extent. He only considered 558 

an initially straight pipe and did not account for initial deflection. He also limited his analysis 559 

to small deflection theory only.  560 

2.2.1.2 Analytical studies on imperfect pipelines 561 

In 1988, Ju and Kyriakides (1988) studied upheaval buckling of single pipes caused by thermal 562 

loads. In their investigation they covered limitations of Hobbs (1984) studies and modelled a 563 

pipe as a long heavy beam resting on a rigid base. In their investigation they considered three 564 

imperfection shapes and calculated the corresponding response. Referring back to their earlier 565 

studies on frictionless models (Yun & Kyriakides, 1985), they claimed that the response to be 566 

characterized by a local buckling temperature ∆𝑇𝑐 and an initial temperature rise ∆𝑇𝑢. 567 

Ju and Kyriakides (1988) considered three main seabed imperfections as “Point imperfection”, 568 

“Partially contacting imperfection” and “Fully contacting imperfection”; however, they only 569 

suggested solutions for point imperfection and fully contacting imperfection. They modelled 570 

the foundation as a rigid surface. This was due to the reason that their previous study (Yun & 571 

Kyriakides, 1985) they showed that the foundation stiffness does not have much effect on the 572 

response of the imperfect structure.  573 

For “Fully contacting imperfection”, they considered initially stressed and unstressed pipes 574 

depending on pipe laying method. They showed that the buckling response of pipe will change 575 

from a snap through buckling shape to a stable response. They also showed that the first uplift 576 
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temperature ∆𝑇𝑢 is highly imperfection sensitive for both stressed and unstressed conditions. 577 

They also claimed that ∆𝑇𝑐 and ∆𝑇𝑀 decrease for pipes with lower yield stress.  578 

Although, Ju and Kyriakides (1988) had a great contribution in finding buckling response of 579 

pipelines, they did not account for the effect of localized shell buckling at the crown which will 580 

affect the inelastic results.  581 

Many researchers have investigated the upheaval buckling of imperfect pipelines such as 582 

Taylor and Gan (1986), Boer, Hulsbergen, Richards, Klok, and Biaggi (1986), Friedmann 583 

(1986), Pedersen and Jensen (1988), Richards and Andronicou (1986), J. Ballet and R. Hobbs 584 

(1992), Taylor and Tran (1993), Taylor and Tran (1996), Maltby and Calladine (1995), Maltby 585 

and Calladine (1995), Croll (1997), Hunt and Blackmore (1997).  586 

Among all these, Taylor and Tran (1996) summarized three main types of initial imperfections 587 

for subsea trenched pipeline as shown in Figure 2-14. In their study, amplitude of initial 588 

imperfection is 𝑣𝑜𝑚 and wavelengths are 𝐿0 or 𝐿𝑖. The difference between two wavelengths is 589 

𝐿0 is based on engineering judgement while 𝐿𝑖 is determined from simple static equilibrium. 590 

Taylor and Tran (1996) assumed rigid seabed and small deflection theory with linear elastic 591 

properties for all three types of imperfection.  592 

 593 
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 594 

Figure 2-14  Upheaval buckle profile and axial force distribution along the pipe (Hobbs 595 

1984) 596 

In basic contact imperfection, the system remains in full contact with the seabed which based 597 

on a mathematically worst case scenario used for column stability and perfect upheaval 598 

buckling studies. In their study, the fully contact imperfection shape is given by: 599 

2 2 2

0 0 0 0[0.707 0.26176( ) / ( ) 0.293 (286 / )]v v m x L cos x L       Eq.  2-16 600 

In accordance with the requirement of potential energy theorem, the pipe buckling force 𝑃𝑒 is 601 

given by: 602 

2

1[1 / 75.6( / ) ]e oP P L L          Eq.  2-17 603 

Where; 604 

𝑃 = Idealized buckle force
280.76 /EI L  605 
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Therefore, corresponding axial force in the upheaval state for the empathetic model is given 611 

by: 612 

0

1.5848 [ ]e

EIw
P

v m
          Eq.  2-19 613 

In all above numerical calculations, it has been assumed that buckling is completely symmetric. 614 

Therefore, J. Ballet and R. Hobbs (1992) studied the probability of asymmetric buckling in the 615 

prop case. Hunt and Blackmore (1997) investigated the influence of asymmetric seabed 616 

imperfection, typified by a step and adopted shooting method to solve the standard 4th-order 617 

linear ordinary differential equation (as shown in Figure 2-15).  618 

 619 

Figure 2-15 Step imperfection (Hunt & Blackmore, 1997) 620 

Comparison between two typical types, the prop and the step, implied that a more profound 621 

destabilizing role can be attributed to the step than the prop. 622 

Maltby and Calladine (1995) suggested a formula for the axial load which the localization of 623 

buckling happens based on sinusoidal imperfection assumption shown in Figure 2-16.  624 
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           Eq.  2-20 625 

Where 𝑝 is compressive force; 𝑄0 is maximum value of soil resistance per unit length and 𝑌0 626 

is amplitude of initial imperfection.  627 

 628 

Figure 2-16 Sinusoidal imperfection (Hunt & Blackmore, 1997) 629 

 630 

In recent years, Karampour et al. (2013) studied the upheaval buckling and presented a 631 

tabulated analytical solution using three different types of initial imperfections – Fully contact 632 

imperfection, point imperfection and infilled prop. They investigated effect of local geometric 633 

imperfection, longitudinal friction and the effective weight of the pipe on upheaval buckling of 634 

single layered pipelines. As part of Karampour et al. (2013) studies, they investigated 635 

characteristic temperatures (uplift, critical and minimum temperatures) for upheaval buckling 636 

of pipelines for initially stressed pipe and initially unstressed pipe. For this purpose, they 637 

similar normalised imperfection amplitude of 0.2 and found that their solution for the initially 638 

unstressed condition provides conservative results for uplift and critical temperatures whereas 639 

minimum temperature remains constant. They also found that characteristic temperatures 640 

response of initially unstressed pipe with normalised imperfection of 1 is stable and beyond 641 

minimum temperature, the response is stiffer for larger imperfection amplitudes. For the similar 642 

imperfection amplitude, the initially unstressed response is stiffer than the initially stressed 643 

one. They found that their results for initially unstressed pipe are different from previously 644 

published results (Ju and Kyriakides 1988). They have also found that during post buckling 645 

response particularly in upheaval, pipe is subjected to excessive bending stress and the 646 

excessive bending stress might eventually result in catastrophic failure such as propagation 647 
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buckling. They showed that coefficient of friction has a stabilising effect that is only evident 648 

in the post-buckling response. 649 

Karampour et al. (2013) proved that characteristic buckling temperature are increased as the 650 

effective weight is increased. They also looked at the difference in the response of initially 651 

stressed and initial unstressed pipes. Results showed that the initially unstressed assumption 652 

would yield conservative results.  653 

2.2.1.3 Experimental studies 654 

Experimental studies on upheaval buckling can be categorized into two classes. First, 655 

experimental studies on the geotechnical structural interface characteristics associated with 656 

pull-out and friction tests which is out of the scope of this project. The other is full 657 

thermomechanical pipeline buckling experimentation.  658 

Allan (1968) studied the buckling response of a shim steel strip with 5 inches wide and 8 inches 659 

length and variable thickness from 0.002 inch to 0.01 inch. His steel beam was subjected to a 660 

distributed transverse load of ω caused by a number of weights that were placed on the top of 661 

the beam. Allen showed that abrupt localised buckle with a small wavelength occurs at random 662 

location as the axial force is incremented. He then introduced an initial imperfection to control 663 

the location of buckle. Considering free body diagram of half-length of the pipe and the 664 

equilibrium conditions:  665 

2 2 2( ) / ( ) / 2EI d y dx Lx x Py           Eq.  2-21 666 

Where 𝜔 is distribiuted load and 𝑦 is uplifted coordinate. Allen found that the axial load P that 667 

causes buckling is: 668 

15.6
Allen

EI
P





         Eq.  2-22 669 

 670 
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 671 

He found good agreement between his experimental studies and the values obtain from his 672 

proposed equation.  673 

Baldry (1973) did a number of experiments on a similar general type and to initate buckling 674 

inserted a small prop imperfection between the flat base and the strip. In his tests, flat base is 675 

used and friction is eliminated by supporting the strips on many uniform rollers. He obtained 676 

experimental confirmation of Allan’s buckling formula down to imperfections of 3% of the 677 

strip’s thickness.  678 

Maltby and Calladine performed an experimental study of some aspects of upheaval buckling 679 

of long buried pipelines by means of a small scale model apparatus (Maltby & Calladine, 1995). 680 

Their experimental set up consisted of a thin walled steel pipe with diameter of 6 mm and 681 

length of 5 m which was buried in a bed of artificial soil. The horizontal and vertical profiles 682 

of the pipe were measured by an electrical remote-sensing device. Axial load was imparted to 683 

the pipe by a screw and/or by interior oil pressure, and transverse horizontal loading was 684 

applied through a string and pulley. Their test employed a slender tube rather than strip, and 685 

the model pipe was embedded in some sort of soil rather than supported on rigid foundation. 686 

Their results showed that the upheaval buckling is sensitive to the small imperfection and the 687 

force displacement relation of the soil is nonlinear. They related the localization buckling with 688 

the reaching of a maximum axial load and presented a simple formula to estimate the 689 

localization criterion as shown in Figure 2-17. 690 

2" ( ) ( ) / 2 0mEIy p v y M wx              for       
2 2

iL L
x     Eq.  2-23 691 
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𝑦 
Δ 
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 692 

Figure 2-17 Verical displacement versus applied axial load (Baldry, 1973) 693 

It was probably Raoof and Maschner (1993) who performed the first full thermomechanical 694 

pipeline buckling experimental work in 1993. They constructed a small scale testing rig with 695 

the capability of heating a 7m long pipe up to 100˚ C temperature. Their testing rig was able to 696 

test both lateral and vertical buckling of pipelines. As it has been reported in their published 697 

work, some of their tests were performed on 16mm diameter pipe made up of copper/nickel 698 

with various initial point imperfection with increasing temperature. Figure 2-18 shows a 699 

comparison between their test data and theoretical results. They drew a number of conclusions 700 

on the shortcoming of the available theories. 701 

 702 

Figure 2-18 Comparison of test data with theory (Raoof & Maschner, 1993) 703 

Taylor and Tran (1996) also performed an experimental study on upheaval buckling. In their 704 

experimental study they a 6 m long steel pipe with outer diameter of 9.53 mm and wall 705 

thickness of 1.6 mm.  They used a break electrical contact in order to measure the upheaval 706 

length and buckle amplitude. Their experimental test was performed on a pipe restricted 707 
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between sand fill and compacted sand the action of a pull out force. In contrast to other previous 708 

studies which assumed folly mobilized condition, their results showed that the friction is 709 

deformation-dependant. However, it was also shown that the effect of friction is negligible and 710 

fully mobilised assumption yields reliable results. They induced axial force in their pipe by 711 

passing hot water through the pipe. To restrict the upheaval buckling only in vertical plane they 712 

used alignment gates and steel blades in the middle for establishing isoprop imperfection.  713 

 714 
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 715 

Figure 2-19 Upheaval buckling experimental test (a) test set up used (b) control and 716 

monitoring (Taylor and Tran 1996) 717 

Tran (1994) also investigated the some main mitigation requirements for upheaval buckling. 718 

He studied four physical mitigation provisions for each imperfection scenario. He found that 719 

burying the pipe in soil will increase the critical buckling temperature. Dumping rock in 720 

discreet pattern or intermittent burial is another cheap mitigation option which he studied.  He 721 

showed that the post buckling of pipes can be improved from a snap buckling to a stable 722 

buckling response relative to the discreet dumpling intervals.  723 

In all the preceding calculations, the buckle has been assumed to be completely symmetric. J. 724 

P. Ballet and R. E. Hobbs (1992) investigated the possibility of asymmetric buckling in the 725 

prop case. Hunt and Blackmore (1997) studied the effects of asymmetric bed imperfections, 726 

typified by a step and adopted a shooting method to solve the standard 4th-order linear ordinary 727 

differential equation. Comparison between two typical types, the prop and the step, implied 728 

that a more profound destabilizing role can be attributed to the step than the prop. Maltby and 729 

Calladine (1995) proposed a simple formula for the axial load at which the localization of 730 

buckling occurs based on sinusoidal imperfection assumption: 731 
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           Eq.  2-24 732 

Where 𝑃 is compressive force in the pipe, 𝑄0 is maximum value of soil resistance per unit 733 

length and 𝑌0 is amplitude of initial imperfection. 734 

In overall, thermal buckling modes of pipelines with necessary experiential data and verify 735 

theoretical attempts from different aspects were studied experimentally. Experimental studies 736 

on upheaval buckling of pipelines also showed the shortcomings of the available theories. The 737 

results of experimental studies also proved that the theoretical studies are valid only to some 738 

extent.  739 

2.2.1.4 Numerical studies  740 

It can be seen in open literature that in the past 30 years researchers and engineers have taken 741 

the advantages of using some numerical tools for pipeline global buckling analysis. Finite 742 

element software such as PIPLIN-III, PlusOne, PIPSOL, ABP and UPBUCK have been widely 743 

used by researchers (Klever, Van Helvoirt, & Sluyterman, 1990). 744 

Shaw and Bomba (1994) performed a numerical finite element study on both nonlinear 745 

geometry and material effects of pipelines on upheaval buckling response. In their numerical 746 

study they showed that in comparison to linear case, for nonlinear material behaviour, the 747 

temperature difference related to the upheaval buckling is much smaller.  748 

Villarraga, Rodriguez, and Martinez (2004) conducted a numerical analysis on 2D buried 749 

pipeline with initial imperfection and presented a formulation for analysing underground 750 

pipelines with initial imperfection. They showed that pipeline imperfections have been 751 

addressed only as perturbation in the buckling analysis.  752 

In all of these numerical programs beam elements were used for pipe and springs for elastic-753 

plastic soil. However, these simplified approaches can sometimes be overly conservative and 754 

can be unsuccessful to finding the vulnerable features and underlying risk of upheaval buckling 755 

(Zhang & Tuohy, 2002). Therefore, Zhang and Tuohy (2002) used ANSYS to perform an 756 

analysis on a case study of an unburied trenched pipe with 152mm diameter for upheaval 757 

buckling. They showed that FE software can be used to produce more realistic picture of the 758 

behaviour of offshore pipelines subjected to upheaval buckling.  759 
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Jukes, Eltaher, and Sun (2009) reported the latest developments in advanced finite elemtn 760 

analysis tools for subsea pipeline simulations. They reported that a highly nonlinear FE 761 

program is developed, called SIMULATOR which uses ABAQUS as the FE engine. They 762 

showed that this program can be used to undertake complex design cases such as global 763 

analysis, local modelling of pipelines, components and pipeline route selection. Moreover, 764 

James Wang, Eltaher, Jukes, Sun, and Wang (2009) reported a FE tool that has been developed 765 

as part of SIMULATOR, J. P. Kenny’s in-house pipeline analysis package, which was 766 

developed over ABAQUS platform and can simulate pipeline upheaval buckling for different 767 

pipeline configuration under various conditions.  768 

2.2.1.5 Numerical and analytical studies on PIP systems 769 

All mentioned reviewed literatures on upheaval buckling, had focused only on upheaval 770 

buckling of single layered pipelines. However, as the number of easy to extract oil reserves 771 

diminished, oil exploitation moved from shallow water to deep ocean. As PIP systems provide 772 

advanced structural and thermal insulation features, they consider to be the best alternative 773 

options to be used in deep subsea pipelines. 774 

Harrison, Kershenbaum, and Choi (1997) studied expansion of subsea pipe-in-pipe systems 775 

using and analytical approach. They considered temperature change, pressure, soil resistance 776 

and interaction forces between the outer pipe and inner pipe.  777 

Konuk, Fredj, and Yu (2005) investigated complex global buckling response of PIP systems. 778 

They used explicit and implicit 3D finite element models to study structural response of a PIP 779 

system under common loading scenarios. They showed that a PIP system can be designed to 780 

avoid upheaval buckling without any external support. They also showed that PIPs have better 781 

structural response in terms of strains experienced by the carrier pipe compare to the same size 782 

single pipe under some extreme axial and lateral loadings.   783 

Liu, Zhang, Meng, and Zhang (2008) investigated the upheaval buckling of a PIP systems in 784 

shallow water and developed and verified relationships between critical temperature, initial 785 

imperfection, and downward restraints of the pipeline. In PIP systems, the outer pipe normally 786 

maintain ambient temperature, while the inner pipe assumes the same temperature as carrying 787 

hydrocarbon products. Any temperature change in inner pipe causes axial deformation of the 788 

PIP system around the pipe ends or around the bend where a pipeline changes direction. This 789 

axial deformation can be divided into two parts as: relative axial deformation between the outer 790 
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pipe and the seabed and relative axial deformation between inner and outer pipe. Axial 791 

compressive force of inner pipe due to temperature change is partially transferred to the outer 792 

pipe at the ends. Therefore, axial compressive force decreases towards the pipe end or bend as 793 

axial deformations develop. 794 

In PIP pipelines, locations away from ends are susceptible to upheaval buckling on an uneven 795 

seabed. In these regions the outer pipe does not take any axial thermal loads and only leads to 796 

increases in bending rigidity. Liu et al. (2008) proposed the following equations for the forces 797 

affecting a PIP system: 798 

2 42 ( / ) 8 ( )( / )inner outerw P L E I I L            Eq.  2-25799 

   800 

max . . . innerP T E A           Eq.  2-26 801 

Where 𝛼 is the thermal expansion coefficient and Δ𝑇 is the temperature rise of the inner pipe. 802 

They studied the difference between critical temperature of a PIP and the same diameter single 803 

outer pipe. Their results showed that critical temperature increases due to the high bending 804 

stiffness of the PIP system in comparison with the single pipe. They compared their results 805 

with a numerical analysis and showed that their analytical solutions match reasonably well with 806 

numerical solutions; however, Equation (17) has some limitations. It requires an initial 807 

deformation 𝛿 of the pipeline in a PIP system comparable to the initial imperfection of the 808 

seabed.  809 

Liu et al. (2008) proposed the following equation for the critical compressive load leading to 810 

upheaval buckling of partially or fully buried PIP systems under a given imperfection: 811 
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   Eq.  2-27 812 

where 𝐿𝑚𝑖𝑛 is the minimum length of the initial imperfection for which the pipeline is 813 

conformal with the hill-type seabed and can be calculated as: 814 

4
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w

 
         Eq.  2-28 815 
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Sun and Jukes (2009) and Sun, Shi, and Jukes (2011) used ABAQUS based in-house FE 816 

analysis engine in order to simulate a PIP system under upheaval buckling on basis of beam 817 

elements. In their analysis pipe-soil interaction elements were used to produce the relationship 818 

between the soil resistance and the pipe displacement for the buried PIPs. 819 

Jukes, Eltaher, Sun, and Harrison (2009) studied global buckling of PIPs using shell elements 820 

in a number of finite element models. In their studies they investigated the effects of soil cover 821 

height, vertical seabed imperfection and submerged weight on the upheaval buckling response. 822 

However, they did not address the critical upheaval buckling load in the PIP systems. 823 

Moreover, the influence of the clearance between the inner and outer pipes, clearance between 824 

centralizer and outer pipe and the stiffness ratio of inner and outer pipes remains unclear. 825 

In order to fill this gap, Z. Wang et al. (2015a) developed a 2D finite element model in 826 

ABAQUS and studied the influence of some typical imperfections, clearance and stiffness on 827 

the upheaval buckling response of PIPs. In their study, they used a practical project in the South 828 

China Sea as the basic model. They investigate three different symmetric full-contact 829 

imperfection profiles and found that similar to single layered pipelines, the out-of-roundness 830 

significantly influences the critical buckling load of PIP.  831 

Z. Wang et al. (2015a) also studied the influence of clearance between centralizers and outer 832 

pipe on upheaval buckling response of the system. They divided the buckling process of PIPs 833 

into two stage. In stage one, inner pipe buckles in vertical plane until it become in contact with 834 

outer pipe. In second stage, contact between inner pipe and outer pipe triggers the buckling of 835 

outer pipe and PIP system as a whole. They took the axial force in stage two as their critical 836 

buckling load. They found that critical buckling force decreases with the increase in clearance. 837 

They also claimed that the clearance hardly influenced the buckling force of the inner pipe in 838 

the first stage. However, they did not explain why the inner pipe would buckle in vertical plane 839 

in the first stage. General understanding is inner pipe should buckling in horizontal direction 840 

in the first stage as it buckles toward direction where there is less resistance forces.  841 

They also investigated the influence of stiffness ratios of inner and outer pipes. They considered 842 

five stiffness ratio in which the total stiffness of PIP remains constant. They found that buckling 843 

displacement decreases, when stiffness ratio increases which mitigates the buckling response. 844 

They also found that the critical buckling force increases with the increase of stiffness ratio.  845 
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Z. Wang et al. (2015a) validated their FE model using an analytical model on upheaval 846 

buckling of single layered pipelines proposed by Karampour et al. (2013). However, it is 847 

believed that their method of modelling PIP systems should have been verified against an 848 

experimental model or at least a numerical model of upheaval buckling of PIP systems. They 849 

also did not account for pipe-soil interaction in upheaval buckling of buried pipelines.   850 

Literature review shows that FE analysis for the upheaval buckling of offshore pipelines has 851 

been developed quickly over the last few years. However, it seems that a FE analysis for PIP’s 852 

thermal buckling which can account for pipeline temperature field, stress field, the pipe initial 853 

imperfections and interacting forces between outer and inner pipes in PIPs, is underdeveloped. 854 

Moreover, none of these studies address the influence of upheaval buckling on the buckle 855 

initiation pressure of a PIP system. 856 

2.2.2 Lateral buckling 857 

Pipelines that are neither trenched nor buried are more susceptible to a different but related 858 

mode of buckling, in which the pipeline snakes laterally across the seabed.  859 

Similar to upheaval buckling, lateral buckling of a pipeline is similar to that of train rail tracks. 860 

Therefore, most of the available studies and analyses on the buckling of railways are relevant 861 

to buckling of pipelines.  862 

2.2.2.1 Analytical and numerical studies 863 

Martinet (1936)  was probably the first who investigated global buckling of railway tracks by 864 

use of linear differential equation of classical beam theory. In his study, he used the linear 865 

differential equation of classical beam theory with considering appropriate boundary 866 

conditions and use of Q0 parameter for lateral soil resistance as follow: 867 

4 4 2 2

0( ) / ( ) /tEI d v dx P d v dx Q         Eq.  2-29 868 

A. Palmer and Baldry (1974) studied the lateral buckling of axially constrained pipeline by 869 

analytical analysis and experiment. They correctly interpreted the reason why the pipe can 870 

buckle and obtained an analytical solution of the critical pressure. 871 

Tvergaard and Needleman (1980) performed an analytical study on buckling of a linear elastic 872 

column resting on surface which provides a bilinear for-deflection resistance. They found that 873 
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there is a bifurcation point in their load versus lateral deflection amplitude which is highly 874 

sensitive to the initial imperfection as shown in Figure 2-20.  875 

 876 

Figure 2-20 Load - lateral deflection amplitude for a column on a softening founation 877 

(Tvergaard & Needleman, 1980) 878 
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 879 

Figure 2-21 The periodic lateral deflection pattern at the bifurcation point for L=5𝜋 (b) the 880 

bifurcation mode (c) an arbitrary linear combination of the periodic mode and the 881 

bifurcation mode 882 

Their lateral buckling mode was revealed to be a linear mixture of the periodic mode from the 883 

initially straight column and the bifurcation form. This lateral buckling mode showed to have 884 

tendency of localization of the buckling mode. They showed this using a steel plate strip subject 885 

to axial compression force and suggested that this phenomenon is valid for a large number of 886 

structures for which the load deflection curve reaches a maximum.  887 

Hobbs (1984) was probably the first who studied the lateral buckling phenomenon in pipelines. 888 

Hobbs’ analytical solution was based on simplifying assumptions of Martinet (Eq. 2-29) and 889 

considering linear coulomb friction behaviour. In Hobbs’ study, there are two main 890 

assumptions. Firstly he assumed that the deflections and slopes are small and also bending 891 

moment at lift off point is zero. Therefore, he suggested: 892 

2 2 2 2 2( ) / / 8(4 ) 0d y dx n y m x L          Eq.  2-30 893 

Where 894 

 𝑚 =
𝑤

𝐸𝐼
  895 
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 𝑛2 =
𝑃

𝐸𝐼
  896 

𝑃= axial force in buckled region 897 

𝐸𝐼= flexural rigidity 898 

𝑤= self-weight of pipe 899 

Solving Equation (2-30) would yield: 900 

4 2 2 2 2/ ( / / 2 ( ) / 2 ( ) / 8 1)y m n cosnx cosnL n x n L         Eq.  2-31 901 

Considering Hobbs’ initial assumption that slope at the end of the buckle is zero, then 902 

280.76 /HobbsP EI L          Eq.  2-32 903 

He also proposed some possible buckling modes using compatibility equations as shown in 904 

Figure 2-22. He showed that mode 1 needs two concentrated lateral forces at each ends to 905 

maintain equilibrium. However, this is not always the case when considering lateral forces on 906 

a seabed in reality.   907 

 908 

Figure 2-22 Lateral buckling mode shapes (Hobbs, 1984) 909 

He also suggested that modes 2 and 4 need a similar temperature to initiate which is lower 910 

than temperature needed for mode 3 to start. However, he showed that stresses in mode 3 911 
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may go up to 98% of yield stress which is much higher than those for mode 2 and 4. Except 912 

mode 1 which needs two concentrated loads at each ends, modes 2, 3 and 4 might occur in 913 

actual long pipelines depending on the shape of imperfections.  914 

Hobbs also proposed the following equation for lateral buckling of pipelines: 915 

Axial force in buckled region: 2

1 /P k EI L       Eq.  2-33916 

     917 

Axial force far from buckled region: 918 

5 2

3 2[ (1 ( ) / ( ) ) 1)]N P k wL k AE wL EI          Eq.  2-34 919 

Crown lateral displacement:  920 

4

4
ˆ ( ) /y k wL EI          Eq.  2-35 921 

Crown bending moment:  922 

2

5M̂ k wL           Eq.  2-36 923 

 924 

Figure 2-23 Constants for lateral buckling modes (Hobbs, 1984) 925 

In 1995, Maltby and Calladine (1995) proposed a simplified formulations which can capture 926 

the main features of lateral buckling of a beam on a rigid frictional foundation with nonlinear 927 

soil-resistance. They investigated the nonlinear behaviour of soil-resistance by considering two 928 

different soil types being as bilinear and exponential. They considered the same plateau value 929 

for both Q0 in order to study the influence of general shape of soil-resistance shape of the curve. 930 

They showed that localization of buckle depends on plateau value of the soil only and is not 931 

sensitive to the general shape of the curve. They proposed an exponential model for Q: 932 
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           Eq.  2-37 933 

In which 934 

Q = Lateral restoring force per unit length 935 

𝑌0 = Amplitude of lateral initial imperfection 936 

𝑌 = Amplitude of lateral displacement 937 

𝐴 = Cross-sectional area of pipe 938 

One year later, Kershenbaum, Harrison, and Choi (1996) proposed an analytical model for the 939 

lateral deviation of a single subsea pipeline due to thermal expansion. They applied energy 940 

method to determine the lateral deviation and natural wave lengths which are used to determine 941 

the pipeline sinusoidal shape, resultant pipeline stresses and a more realistic pipeline expansion 942 

length. 943 

Soreide, Kvarme, and Paulsen (2005) applied analytical and numerical simulations to 944 

investigate the different modes of deformation and design parameters of lateral buckling. The 945 

effects on allowable feed-in from soil resistance, pipeline weight and initial geometry are 946 

discussed also in their analyses.  947 

Recently, Karampour et al. (2013) studied lateral buckling of single layered pipelines using 948 

analytical and numerical FE approach based on isolated half wavelength model. They adopted 949 

Maltby and Calladine’s equation (Equation (25)) for soil resistance considering Q0 as 3.2N/m 950 

and (𝑌0 − 𝑌) as 1.7mm. Their sinusoidal lateral displacement y is shown in Figure 2-24 and 951 

given as: 952 

sin( )
x

y Y



           Eq.  2-38 953 

Considering the equation for the beam under a compression force P as 954 
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0'''' ''''( ) '' 0EI y y Py Q            Eq.  2-39 955 

And substituting sin( )
x

y Y



         956 

  Eq.  2-38 into 0'''' ''''( ) '' 0EI y y Py Q         957 

   Eq.  2-39: 958 

2 2 2 2

0( / )( / ) ( / ) (1 / )P Q Y EI Y Y            Eq.  2-40 959 

In which: 960 

𝑦 = lateral position of the pipe 961 

𝑦0 = lateral initial imperfection 962 

𝑃 = compressive force in the buckled region of the pipe 963 

𝜆 = half-wavelength of lateral buckle 964 

 965 

Figure 2-24 Isolated half-wavelength model of lateral buckled pipe under axial load P and 966 

lateral soil resistance Q (Karampour et al., 2013) 967 

They then performed a numerical FE analysis in ANSYS with the same geometric and material 968 

properties used by Maltby and Calladine (1995) and found perfect agreement between their FE 969 

results and 2 2 2 2

0( / )( / ) ( / ) (1 / )P Q Y EI Y Y           970 

 Eq.  2-40. The contact between the pipe and the foundation is modelled using 971 

CONTA177 elements and one rigid TARGE170 element. They plotted half wavelength against 972 
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axial force (from 2 2 2 2

0( / )( / ) ( / ) (1 / )P Q Y EI Y Y          973 

  Eq.  2-40 using a fixed amplitude of imperfection 0.5mm) in order to find the 974 

most critical initial wavelength and the axial force as shown in Figure 2-25. In this figure P is 975 

normalized by the corresponding Euler buckling load 𝑃𝑒. They found that Tvergaard and 976 

Needleman (1980) condition of localisation at vanishing peak in P corresponds to 𝑃 𝑃𝑒⁄ = 1 in 977 

the isolated half wavelength model.  978 

 979 

Figure 2-25 Normalized axial force against normalized lateral buckle amplitude (Karampour 980 

et al., 2013) 981 

In order to investigate the localization effect in a long pipe, Karampour et al. (2013) developed 982 

another set of models in ANSYS. In these models, they replaced the rigid contact between pipe 983 

and foundation with an axially sliding nonlinear spring elements with lateral frictional drag 984 

adopted from exponential force-displacement relation similar to 0'''' ''''( ) '' 0EI y y Py Q   985 

        Eq.  2-39.  986 
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 987 

Figure 2-26 Amplified lateral profile at mid-span of a long pipeline model (Karampour et al., 988 

2013) 989 

 990 

Figure 2-27 Axial force P response in the central and flanking lobes under lateral buckling of 991 

a long pipeline model (Karampour et al., 2013) 992 

They showed that localization of the central lobe starts early in the pre-bifurcation path while 993 

the growth in the flanking lobes only emerges after bifurcation. They reported that although 994 

the isolated half wavelength model do not account for growth in wavelength, a lower bound 995 

estimate of the critical load P can still be obtained by finding the critical 𝜆 which makes 𝑃 𝑃𝑒⁄ =996 

1. Their results showed that some of the previously published results do not agree with their 997 

proposed analytical and numerical results.  998 
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The greatest uncertainty in assessing lateral-buckle formation and subsequent loading on the 999 

pipe is in predicting the resistance provided by the soil to lateral movement of the pipeline. 1000 

Therefore, many pipeline engineers and researchers used numerical FE analysis in order to 1001 

investigate the pipe-soil interaction in pipelines subjected to lateral buckling. Pipe-soil 1002 

interaction in lateral buckling is out of the scope of this study. 1003 

2.2.2.2 Experimental 1004 

In 1999, Miles and Calladine (1999) performed an experimental study on lateral buckling of a 1005 

2m long silicon-rubber strip. In their test set up they used an axially reinforced silicon-rubber 1006 

strip resting on base slab made up of expanded polystyrene. The axial forces was applied to the 1007 

strip through friction while the slab was longitudinally contracted. Their investigation showed 1008 

that three different lobes are generated after the start of lateral buckling. Lobe 1 is shaped at 1009 

location where the initial imperfection was imposed and spread rapidly with rise of 1010 

temperature. However, it growth speed goes down gradually and the adjacent lobes formed. 1011 

Further rise in temperature would lead to a cease on the growth of all lobes. The occurrence of 1012 

this phenomenon can be justified by the fact that insufficient axial force developed in each lobe 1013 

to overcome the axial friction.  1014 

2.2.2.3 Analytical studies on PIP systems 1015 

All above reviewed literature have focused on the lateral buckling behaviour only in single 1016 

layered pipelines. However, it can be seen that these researchers provided a foundation for 1017 

lateral buckling of PIP systems. 1018 

Harrison et al. (1997) studied the thermal expansion phenomenon in insulated PIP system. They 1019 

presented an analytical method, investigation results and application of thermal expansion of 1020 

subsea PIP systems. In their analysis, temperature gradient, pressure, soil resistance and 1021 

interaction forces between inner pipe and outer pipe are considered. But they mainly focused 1022 

on the calculation of pipe elongation, stresses and strains.  1023 

Vaz and Patel (1999) presented an analytical formulation of the coupled buckling instability of 1024 

a PIP system on the basis of beam theory. They found that the stiffness ration of the inner and 1025 

outer pipes as well as the number of centralizers affect the global buckling form on ideal PIP 1026 

system. They found that the stiffness ratio of the inner and outer pipes as well as the number 1027 

of centralizers affect the global buckling form in ideal PIP systems. However, since they only 1028 
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focused on PIP buckling problem, the presence of seabed friction and the axial constants 1029 

between inner and outer pipe as well as initial imperfections are ignored.  1030 

2.2.2.4 Experimental and numerical studies on PIP systems 1031 

Carr, Matheson, Peek, Saunders, and George (2004) studied lateral buckling of PIP systems 1032 

using a composite model of PIP which ignores the relative movement between the outer and 1033 

inner pipe. Konuk et al. (2005) and Zhao, Duan, Pan, and Feng (2010) proposed an analysis 1034 

method for the buckling of PIP systems with a global imperfection using shell elements which 1035 

takes non-linear pipe-soil interaction into consideration. However, using shell elements is a 1036 

time consuming practise for capturing the pipeline behaviour because of the large number of 1037 

elements and convergence problems. Moreover, since in lateral buckling the global behaviour 1038 

dominates the local response, beam element models are more efficient and inexpensive 1039 

methods to be utilised. 1040 

Haq and Kenny (2014) performed a numerical parameter study on lateral buckling response of 1041 

PIP systems. They investigated pipe embedment, out of straightness, soil shear strength, soil 1042 

peak and residual forces and displacements, variation in soil properties distributed along the 1043 

pipeline route and external pressure with the installation depth. However, they did not address 1044 

the interaction between lateral buckling and propagation buckling of PIP systems. They 1045 

reported the pipe’s response to be a complex relationship with these parameters and kinematic 1046 

boundary conditions.  1047 

Che, Duan, Zeng, Gao, and Pang (2014) performed an experimental study on lateral buckling 1048 

of PIP systems. They constructed a PIP pipeline using PMMA (acrylic glass) which is a 1049 

transparent thermoplastic. In their experimental study, PIP is laid an 8 m long experimental 1050 

bench while axial force is incremented on the inner using a screw jack as shown in Figure 2-28.  1051 
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 1052 

 1053 

Figure 2-28 experimental apparatus used by Che et al. (2014) 1054 

Che et al. (2014) found that the overall buckling of PIP systems is similar to a single layered 1055 

pipe; however the axial buckling force is greater than the critical axial force in single layered 1056 

pipes. They also showed that when the stiffness of the outer pipe is much larger than the inner 1057 

pipe, sinusoidal or helical buckling of the inner pipe might occur. Sinusoidal buckling occurs 1058 

when compressive stress on the inner pipe become much larger than those in outer pipe, 1059 

resulting in a snake like bending of inner pipe inside outer pipe. While sinusoidal buckling is 1060 

still in 2D plan, helical buckling is an extreme form of buckling in 3D in which compressive 1061 

stress goes over sinusoidal buckling and exceed the helical buckling limit. 1062 
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 1063 

Figure 2-29 Sinusoidal vs. helical buckling 1064 

Among all numerical studies on lateral buckling of PIP systems Z. Wang, Chen, and Liu 1065 

(2015b) study is notable. They investigated lateral buckling of PIP systems using ABAQUS in 1066 

2D and 3D. They used SPRING1 elements to simulate the axial and lateral interaction between 1067 

the outer pipe and seabed. They considered two pipe-soil interaction models as bi linear and tri 1068 

linear. Initial imperfection and nonlinear material behaviour are also taken into consideration.  1069 

 1070 

Figure 2-30 PIP modelling method used by Zhao et al. (2010) 1071 

They verified their model with the small scale test on global buckling of PIP systems performed 1072 

by Che et al. (2014). They proposed a simplified analysis method for lateral buckling of PIP in 1073 

which an equivalent single pipe can be used for capturing the buckling response of PIP system. 1074 

The proposed equivalent single pipe is given as: 1075 
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eq i oEI EI EI           Eq.  2-41 1076 
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           Eq.  2-42 1077 

Where 1078 

𝐸𝐼𝑒𝑞 = Equivalent bending stiffness of single pipe 1079 

𝐸𝐼𝑖 = Bending stiffness of inner pipe 1080 

𝐸𝐼𝑜 = Bending stiffness of outer pipe 1081 

𝑇𝑐𝑟 = Critical buckling temperature 1082 

𝐹𝑟 = Axial force in equivalent pipe 1083 

𝛼𝑑𝑖𝑠 = Discount expansion coefficient = 
𝐴𝑒𝑞

𝐴𝑖
𝛼𝑖 1084 

𝐴𝑒𝑞 = Equivalent cross sectional area 1085 

𝐴𝑖 = Cross sectional area of inner pipe 1086 

They found that it is the resultant axial force of the inner and outer pipe which governs the 1087 

lateral buckling phenomenon in PIP systems. They showed that with the rise of temperature 1088 

the resultant axial force decreases and then remains steady once the temperature become higher 1089 

than critical buckling temperature. They also showed that lateral buckling of PIP systems is 1090 

significantly affected by imperfection and pipe-soil interaction. They reported that nonlinear 1091 

material properties, such as temperature depended expansion coefficient and plastic 1092 

constitutive model have minimal impact on the lateral buckling phenomenon in PIP systems. 1093 

However, plastic constitutive model should be considered in pipeline subjected to occurrence 1094 

of plastic strain in the post buckling stage.   1095 

2.3 Pure Bending Of Pipelines 1096 

It can be said that a long cylinder that is bent into plastic range, behaves like a beam. If so, 1097 

integrating the pipes material stress-strain response over the undeformed cross section shall 1098 

produce its moment-curvature behaviour. However, in fact tubes behave differently. In 1099 
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cylindrical sections, bending induces ovalization of the cross and in turn, it reduces bending 1100 

rigidity progressively that eventually leads to a moment maximum (Brazier, 1927). 1101 

Generally, the failure modes of elastic-plastic tubes subjected to bending may categorize into 1102 

two groups (Stelios Kyriakides & Corona, 2007): 1103 

The first mode of failure belongs to the thick pipes (D/t<40) which exhibit a limit moment due 1104 

to cross sectional flattening (ovalization). Ovalization in cylinders in bending is caused by the 1105 

radial components of the tensile and compressive stresses. With the increase of curvature 1106 

ovalization increases and subsequently it reduces the lever arms between longitudinal 1107 

components of the compressive and tensile stresses. In indefinitely long moderately thick to 1108 

thick pipes, the cross sectional deformation in bending gradually reduces the flexural rigidity 1109 

of the system and eventually the pipeline collapses at a limiting moment/curvature (Brazier, 1110 

1927). Brazier (1927) proposed a well-known closed-formed equation for the limiting moment 1111 

due to ovalization using nonlinear ring kinematics as 1112 

2

2

2 2

9 1
Br

E rt
M







         Eq.  2-43 1113 

On the other hand, thin elastic-plastic tubes in bending exercise wrinkling and shell-type 1114 

buckling which eventually results in a localised collapse. For this group of pipes the localised 1115 

collapse may come before the Brazier limit moment. Local buckling may occur in circular 1116 

pipes under compression in form of diamond shape shell buckling. Similarly, the localised 1117 

collapse starts with the development of wavy wrinkles at the compression side of the system 1118 

and grows with the increase of the bending moment, then concentrates in a local kink. For even 1119 

thinner cylinders (D/t>120 steel) localised collapse occurs in the elastic region that results in a 1120 

diamond shaped shell buckling mode. 1121 

For the case of the PIP systems within the range of the offshore pipeline applications 1122 

(15<D/t<40) bending buckling may occur in the inelastic range. To be more specific, the 1123 

offshore pipelines would experience ovalization deformation to a certain degrees but the 1124 

ultimate moment is reached close to the full plastic capacity of the PIP with appearance of a 1125 

localized buckle. The moment at which the section of a PIP system becomes full plastic is given 1126 

as: 1127 

2 2( ) ( )PIP o i

P y o o o y i i iM f D t t f D t t           Eq.  2-44 1128 
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This section presents history of the studies on the bending behaviour of pipelines.  1129 

2.4 Linear Elastic Response of Cylinders in Bending 1130 

An initially straight beam subjected to an arbitrary moment M, will deform into a curved beam 1131 

with radius of curvature of R. According to Euler-Bernoulli’s beam theory: 1132 

2 21/ ( ) / / /R d y dx d dx M EI           Eq.  2-45 1133 

and,  1134 

2 2( ) ( ) / .M x EI d y dx EI           Eq.  2-46 1135 

where y is deflection of beam under bending, R is the radius of curvature,   is curvature. In 1136 

this equation EI is called flexural stiffness with E being the Young modulus and I being the 1137 

moment of inertia of the cross section of the beam. Flexural stiffness (EI) is a constant which 1138 

describes the linear relationship between M and k. Hence, based on the beam theory 1139 

relationship between M and   is always linear. By integrating this equation two times and 1140 

considering boundary conditions, the deflection of the beam can be obtained. It is worth noting 1141 

that when the beam is straight   is small and when beam deforms in a sharp curve,   becomes 1142 

indefinite. 1143 

 1144 

Figure 2-31 Beam subject to an arbitrary bending moment (a) tube geometry and (b) loading 1145 

conditions in initially bent tube (Karamanos, 2001) 1146 

Following graph shows the linear correlation between curvature and applied moment based on 1147 

the beam theory.  1148 

M 
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 1149 

 1150 

 1151 

 1152 

 1153 

This linear correlation is based on the assumption that cross section of the beam remains 1154 

undeformed at all times. In other words, there is a linear relationship between curvature and 1155 

applied moment as long as second moment of area I remains constant. However, the actual 1156 

response of a single pipe subjected to pure bending differs from the prediction of beam theory.  1157 

Elastic linear bending respond of a single cylinder has been extensively studied in the past. 1158 

Knowing that the critical buckling stress of a cylinder under uniaxial compression with 1159 

modulus of Elasticity E, Poisson’s ratio  , wall-thickness t, and mid-surface radius r, is 1160 

(Timoshenko & Woinowsky-Krieger, 1959) 1161 

23(1 )
cr

Et

r






         Eq.  2-47 1162 

It is worth noting that Eq. 2-47 is plate buckling stress formula. The classical buckling moment 1163 

Mcl of a tube under bending can be calculated from (Seide & Weingarten, 1961)  1164 

2
2

23(1 )
cl cr

E rt
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        Eq.  2-48 1165 

Seide and Weingarten (1961) showed that short cylinders with large D/t ratios (D is the mid-1166 

surface diameter) would buckle under bending, once the first finite portion of the section 1167 

reaches the critical buckling stress of the same cylinder under uniform axial compression (1168 

2
2

23(1 )
cl cr

E rt
M r t


 


 


        Eq.  2-48). 1169 

Using modified shell theory (Donnell, 1935) and considering a linear pre-buckling membrane 1170 

stress state with no geometric nonlinearities, Seide and Weingarten (1961) investigated 1171 

bending of short tubes with length-to-diameter (L/D) ratio of less than 0.15, and reported the 1172 

E

I 

Figure 2-32 Linear moment vs. curvature graph 
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development and growth of short wavelength wrinkles in the longitudinal direction of the tubes 1173 

with large D/t. They observed that the depth of such wrinkles increase with the corresponding 1174 

increase in the bending curvature, until the section collapses catastrophically at a moment, 1175 

known as the bifurcation buckling moment. The studies conducted by Karman (1911) and 1176 

Brazier (1927) on long tubes, aimed to explain the difference between the bending response of 1177 

the tubes observed in the physical tests, and expectations from the classical linear beam theory, 1178 

the St. Venant’s theory (De St Venant, 1871). Brazier (1927) showed that the ovalization in the 1179 

cross-section of a curved long cylinder, which is induced by the applied bending, is the source 1180 

of the difference between actual behaviour of a tube and beam theory. 1181 

2.5 Nonlinear Respond of Cylinders in Bending 1182 

Undeformed cross section assumption, is an impractical assumption for pipes in bending. This 1183 

is due to the reason that when a tube is bent, the tensile and compressive stresses at bottom and 1184 

top, respectively, tend to flatten the section. Flattening of the pipes’ cross section due to 1185 

bending is known as “Ovalization”.  1186 

 1187 

Figure 2-33 Bending of cylinder; normal stress components, responsible for ovalization 1188 

(reproduced from (Sotiria Houliara 2011)) 1189 

As the pipe ovalizes, its cross sectional moment of inertia becomes smaller. As a results of the 1190 

nonlinear effects of ovalization, the cylinder becomes more flexible; in another word, since the 1191 

“lever arm” between tension and compression reduces, bending resistance (or flexural 1192 

stiffness) is lessened. The more increase in curvature, the larger reduction in I. This 1193 

phenomenon continues to a point where ovalization becomes dominant and section reaches its 1194 

maximum bending capacity. This point is known as “Ovalization moment” or “Limit moment” 1195 

and its corresponding curvature is “Ovalization curvature” or “Limit curvature”. Furthermore, 1196 

when a circular tube ovalizes the axial compressive stress at the compression side increases 1197 
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and may cause bifurcation instability (buckling). Bifurcation buckling usually happens before 1198 

limit moment in the form longitudinal wrinkles. 1199 

 1200 

Figure 2-34 Schematic of ovalization and bifurcation buckling 1201 

Brazier (1927) was probably the first who studied the nonlinear response of initially straight 1202 

pipe in bending. Assuming isotropic elastic material and by taking the advantage of simple 1203 

nonlinear kinematics, he derived a doubly symmetric solution for displacement of cross section 1204 

considering both longitudinal and ovalization deformation. Brazier also introduced a quadratic 1205 

equation for ovalization, in terms of the applied curvature. According to Brazier’s study the 1206 

ultimate moment of a tube subjected to bending is equal to: 1207 

2 20.987( ) / (1 )BrM Ert           Eq.  1208 

2-49 1209 

where r is the cross sectional radius, t is thickness of tube and E is modulus of elasticity.  1210 

Considering moment calculate by Eq. 2-49 the corresponding curvature would: 1211 

2 20.471 / ( (1 ))Br t r           Eq.  2-50 1212 

However, the Brazier critical moment is never reached because local bifurcation seems to occur 1213 

when the local maximum compressive stress on top fibre of tube reached the classical elastic 1214 

buckling stress for axial compression. Therefore the corresponding buckling moment is given 1215 

as: 1216 
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2 20.93( ) / (1 ) 0.94 BGNc rrM Ert M         Eq.  2-51 1217 

It had been widely accepted for a long time that the maximum longitudinal bending stress that 1218 

can be sustained by a finite length cylindrical tube before buckling is about 1.3 times the 1219 

classical elastic critical stress for uniform axial compression based on the undeformed radius 1220 

(Rotter, Sadowski, & Chen, 2014). This misconception was perused by engineers until Seide 1221 

and Weingarten (1961) studied the buckling of short cylinders L/r < 0.3 in bending assuming 1222 

a simple linear pre-buckling membrane stress state and small deflection theory. They were the 1223 

first to show that buckling under uniform bending without ovalisation occurs at almost exactly 1224 

the classical critical buckling stress of axial compression. The corresponding classical elastic 1225 

critical moment is given as: 1226 

2 2 21.813( ) / (1 ) 1.901 rcl c BlM r t Ert M           Eq.  2-52 1227 

This equation clearly shows how ovalization affects the bending resistance of long cylinders.  1228 

Calladine (1989) suggested that this approximation might be made due to the circumferential 1229 

half wavelength of an axial compression buckle is very small compared to the perimeter of the 1230 

cylinder in compression. However, this observation is more precisely valid for a very thin shell 1231 

than for thicker tubes. 1232 

Seide and Weingarten (1961) analysis appears to be the first to suggest that boundary 1233 

conditions in very short cylinder restrain the development of the buckling so much that the 1234 

critical buckling stress significantly exceeds the classical value of stress.  1235 

The fact that the critical buckling moments for infinitely long and very short cylinders differ 1236 

by a factor of approximately two suggested that there ought to be a transitional zone between 1237 

these two lengths (Rotter et al., 2014) which requires further investigations. 1238 

The effect of length on the limit moment of tubes under bending action has been studied by 1239 

many researchers (Fajuyitan, Sadowski, Wadee, & Rotter, 2017; Li & Kettle, 2002; Rotter et 1240 

al., 2014). One of the significant studies conducted by Rotter et al. (2014), investigates the 1241 

bending response of elastic pipes with D/t ≥ 100. Rotter et al. (2014) used dimensionless 1242 

parameters ω and Ω  1243 
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L

rt
            Eq.  2-53 1244 

L t

r r
            Eq.  2-54 1245 

and defined four distinctive length domains for the buckling behavior of tubes under bending; 1246 

namely, short, medium, transitional and long cylinder, as represented in Table 1. Their findings 1247 

will be discussed in details later in this manuscript.  1248 

Table 2-1 Classification and characterisation of elastic isotropic cylindrical pipes in bending 1249 

– for D/t ≥ 40  1250 

Pipe class 𝜔 range Ω range 

Short 3 4.8   n/a 

Medium 4.8 0.5 r
t

   0.5  

Transitional r0.5 
t

   0.5 7.0  

Long n/a 7.0  

 1251 

In civil and mechanical engineering applications, the circular hollow sections may have 1252 

diameter-to-thickness ratios (D/t) as large as 1000. However, in offshore pipelines, the collapse 1253 

under external pressure and burst due to the internal pressure (Stelios Kyriakides & Corona, 1254 

2007) are main design criteria. Thus, the D/t of the pipelines ranges between 15-40. Stelios 1255 

Kyriakides and Corona (2007) investigated bending response of long pipes with length to 1256 

diameter ratio L/D>20 and 19.5≤ D/t ≤60.5, using experimental, numerical and analytical 1257 

studies. They found that in thick pipelines D/t ≤25, the cylinders ovalise and fail at moments 1258 

slightly larger than the full plastic capacity Mp 1259 

2

P yM D t           Eq.  2-55 1260 

In thin pipelines (D/t >35), wrinkles were observed on the compression side of the pipeline and 1261 

ultimate moments reached at values slightly lower than Mp. The intermediary range, known as 1262 

relatively thick pipelines, showed significant ovalization before reaching the plastic moment 1263 

Mp. 1264 
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All aforementioned studies were performed on single tubes and to the knowledge of the 1265 

authors, the bending response of double cylindrical tubes have been marginally addressed so 1266 

far. In this report, the behaviour of PIP systems under the action of pure bending is investigated 1267 

numerically, analytically and experimentally.  1268 

  1269 
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CHAPTER 3: METHODOLOGY 1270 

Collapse of cylindrical tubes in bending can be divided into three classes depending on the 1271 

geometrical and material properties as elastic behaviour, ovalization plateau (limit) and full 1272 

plastic structural collapse. Therefore, this research project is divided into three sections in 1273 

which it investigates different behaviours of PIPs in bending. As mentioned in previous section, 1274 

many researchers have attempted to model collapse of cylindrical tubes merely by focusing on 1275 

moment-rotation relationship. However, in this project different factors influencing each 1276 

collapse stage is addressed.  1277 

Elastic buckling moment of single pipes may be obtained by Eq. 2-48. In this research project, 1278 

similar approach assuming a linear cross sectional stress distribution in the PIP systems subject 1279 

to bending, has been adopted to develop an analytical equation for predicting elastic buckling 1280 

moment of PIP systems. Further to the analytical investigation, a series of numeral analyses 1281 

are performed using FE analyses package, ANSYS. Eq. 2-48 implies that the elastic buckling 1282 

moment of pipe systems depends on material properties and cross sectional geometry (r and t). 1283 

However, previous studies show that elastic buckling moment of short of pipe can be 1284 

significantly higher than that of long pipes. Therefore, influence of length on elastic buckling 1285 

moment of PIPs has been investigated through extensive number of FE analyses.  1286 

Nonlinear elastic buckling of PIPs in bending and effects of ovalization on bending behaviour 1287 

of PIPs has been investigated using analytical and numeral approach. For this purpose a series 1288 

of analytical equations using strain energy approach and small deflection theory have been 1289 

developed. Numerical analyses using FE package ANSYS are performed to investigate factors 1290 

influencing ovalization plateau of PIPs in bending and also validating equations proposed using 1291 

analytical investigations. 1292 

Full nonlinear analyses of PIPs in bending including nonlinear material and geometry has been 1293 

performed to achieve ultimate bending moment of PIPs using FE and experimental 1294 

investigation. 1295 

Since offshore PIP systems are subjected to external hydrostatic pressure, numerical 1296 

investigation on the effect of external pressure on the ultimate moment capacity of PIPs has 1297 

also been presented in this report.  1298 
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This chapter explains different method used in this project to investigate bending response of 1299 

PIPs.  1300 

3.1 Analytical method  1301 

3.1.1 Elastic behaviour of PIPs in bending 1302 

In the absence of imperfections or dents in the pipe wall, a tube under increasing curvature may 1303 

develop buckles in the form of local short-wave wrinkling on the compression side, 1304 

theoretically at compressive axial stresses equal to the critical stress cr defined in Eq. 2-47. 1305 

These wrinkles have opposite curvatures in both longitudinal and hoop directions. This type of 1306 

instability, also known as bifurcation buckling, will typically occur in thin-walled tubes with 1307 

large D/t (Seide & Weingarten, 1961). Assuming a linear cross sectional stress distribution in 1308 

the PIP system, it can be predicted that bifurcation buckling in PIPs will take place when the 1309 

longitudinal compressive stress on either the inner or outer pipe reaches the classical buckling 1310 

stress cr (Eq. 2-47), as shown in following figure. 1311 

 1312 

Based on this assumption, a series of analytical equations are developed and presented in the 1313 

next chapter to predict elastic buckling moment of PIPs.  1314 

3.1.2 Ovalization Plateau of PIPs (limit moment) 1315 

Previous studies have shown that in single cylinders under bending, cross sectional ovalization 1316 

occurs due to the formation of radial components of the tensile and compressive stresses (Rotter 1317 

et al., 2014). With the increase of cross sectional curvature, ovalization is amplified and the 1318 
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Figure 3-1 Stress distribution in the inner and outer pipes of PIPs in 

elastic range 
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lever arm between longitudinal components of tensile and compressive stresses is reduced. 1319 

Subsequently, the flexural rigidity of the system is reduced and instability is observed at a 1320 

moment much smaller than classical elastic buckling moment Mcl. The moment at which the 1321 

section collapses due to ovalization is known as the Brazier moment. 1322 

Brazier (1927) used an energy approach to predict the elastic nonlinear buckling moment of an 1323 

infinitely long tube due to ovaliazation (Figure 3-2).  1324 

 1325 

 1326 

 1327 

 1328 

 1329 

 1330 

 1331 

He suggests an equation for the radial deformation 𝑤(𝜃) of a bent single pipe in terms of its 1332 

curvature   as 1333 

2 5
2 2
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w v vr

t


            Eq.  3-1 1334 

Using small deflection theory and plane strain conditions, the condition that the radial 1335 

displacement (w) and tangential displacement (v) are inextensional is that  1336 

2 3
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dv d w d v
w r

d d d
 

  
         Eq.  3-2 1337 

By neglecting the shear terms, Brazier (1927) derived the following expression for the total 1338 

strain energy per unit length of a bent single tube with cross sectional curvature   1339 
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       Eq.  3-3 1340 

In this project, a series of equations similar to Brazier analytical approach are developed to 1341 

predict limit moment of PIPs in bending due to cross sectional ovalization. 1342 

𝜃 𝐷𝑀𝑎𝑥 
𝐷

𝑀
𝑖𝑛
 

𝑤(0) 

𝑤(𝜋) 

Figure 3-2 Ovalization of pipes 
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3.1.3 Ultimate moment capacity of PIPs (plastic moment capacity) 1343 

Ultimate moment capacity of PIPs is generally affected by the combination of ovalization and 1344 

stress distribution of the section. By neglecting the effect of ovalization, stress distribution in 1345 

PIP’s cross section at full plastic capacity is shown in Figure 3-3.  1346 

 1347 

Figure 3-3 Stress distribution in PIP system at plastic moment 1348 

Considering quarter of a pipe 1349 
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    Eq. 3-4 1350 

Where r is outer radius of the pipe. Knowing that 
2

0
4( )

t

r t



 and considering D as mean 1351 

diameter of pipe ( oD D t  ) then 1352 

2D
y


            Eq. 3-5 1353 

Plastic moment of PIP system when the entire section reaches yield stress is 1354 

2 2P PIP i i o oM F y F y               Eq. 3-6 1355 

Where F is resultant of forces on the pipe wall thickness as follow 1356 
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                 Eq. 3-7 1357 

Therefore, substituting Eq. 3-5 and 3-7 into Eq. 3-6 would result in 1358 

2 2
2 2
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PIP i o
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D D
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           Eq. 3-8 1359 

2 2PIP

P yo o o yi i iM D t D t            Eq. 3-9 1360 

Generally, a PIP system subject to bending will eventually collapse due to combination two 1361 

factors namely ovalization of the cross section and reduced slope in the stress-strain curve. As 1362 

the results of cross sectional ovalization moment of inertia reduces. Reduction of the moment 1363 

of inertia is counter balanced by increase of pipe’s wall stress because of strain hardening up 1364 

to a certain limit. The point at which reduction of moment of inertia can no longer be 1365 

compensated by increase of stress in the pipe’s wall thickness is the ultimate moment capacity. 1366 

Any additional bending moment after this point may cause catastrophic cross-sectional collapse 1367 

depending of pipe’s D/t ratio. Therefore, the ultimate moment capacity of PIP system is slightly 1368 

less than plastic moment capacity of the system obtained by Eq. 3-9. 1369 

3.2 Finite Element Analysis (FEA) 1370 

In order to investigate different parameters influencing bending response of PIP, extensive 1371 

number of finite element analysis are performed using the commercial finite element package 1372 

ANSYS (2017). For linear bifurcation analysis (LBA) and Geometrically nonlinear analysis 1373 

(GNA) three PIPs with various geometrical properties are defined to capture three groups of 1374 

PIPs as Table 3-1. 1375 

Table 3-1 Geometrical properties of the PIPs used in LBA and GNA 1376 

ID Do/to Di/ti Di/Do 
o i

o i

D D

t t
 

to 

[mm] 

ti 

[mm] 
  

PIP-1 40 25 0.50 1.6 2.0 1.6 0.3 

PIP-2 25 40 0.50 0.6 3.2 1.0 0.3 

PIP-3 20 25 0.63 0.8 4.0 2.0 0.3 

PIP-1 represents a PIP system with thin outer pipe compare to the inner pipe. A real-life 1377 

example of PIP-1 is the Penguins pipelines in the Northern North Sea where the outer pipe has 1378 
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Do/to  ratio of 35.15 whereas Di/ti is 19. PIP-2 represents a system with opposite configuration 1379 

where the outer pipe is thicker than the inner pipe and lastly in PIP-3 both pipes have almost 1380 

the same D/t ratios.  1381 

Effect of length on the elastic buckling moment of these PIPs are investigated simply by 1382 

incrementally increasing length of the systems. For this purpose, extensive number of Finite 1383 

element model are established in ANSYS and Eigen buckling analysis is performed to obtain 1384 

Eigen buckling mode shapes and buckling moments. Similar procedure is followed for capture 1385 

effect of length on ovalization of PIP systems and results are presented and compared. 1386 

Moreover, effect of centralizers on limit moment of PIPs due to ovalization are presented. 1387 

Results of investigation on the effect of length on LBA and GNA are used to establish a full 1388 

nonlinear analysis on bending response of PIPs. In this section length of system is determined 1389 

according to the results of effect of length on GNA such that length of the system does not 1390 

influence effect of ovalization. In full nonlinear geometrical and material analysis (GMNA) 1391 

effect of different parameters such as centralizers, Di/Do and ti/to ratios as well as yield stress 1392 

ratios are investigated and results are discussed.  1393 

3.3 Experimental method 1394 

In order to capture the ultimate moment capacity of a PIP in practice, one of the PIPs used in 1395 

LBA and GNA analysis was constructed and tested in laboratory. As in real life, most of the 1396 

PIP systems have thinner outer pipe, PIP-1 was selected for the test. This PIP system was 1397 

constructed by two aluminum tubes and tested in four point bending test machine. In order to 1398 

prove the validity of experimental results, three identical PIP samples were constructed in the 1399 

lab. Length of the test samples were chosen according to the results of FE analysis such that 1400 

length of the system did not have any effect on ultimate bending response of the system. To 1401 

replicate bulkheads, the ends of the samples were filled with fast hardening epoxy resin. During 1402 

the test, applied moment, PIPs curvature and ovalization were recorded and presented in this 1403 

report. Results of experimental study are discussed and compared to the results of analytical 1404 

and numerical investigations. 1405 

  1406 
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4.1 The finite element model and validation 1447 

Parametric numerical analysis is conducted using the commercial finite element package 1448 

ANSYS (2017). A schematic view of a PIP system is shown in Fig. 4-1 together with the 1449 

boundary conditions and the adopted Cartesian coordinate system. Due to symmetry, only half 1450 

cross-section of the PIP system with full length L is modelled. 1451 

 1452 

End bulkhead configuration PIP’s sectional view 

 1453 

Figure 4-1 Schematic view of the FEA model 1454 

In a typical PIP system, bulkheads are placed at both ends or several intervals in the pipeline 1455 

to maintain the structural integrity of the system during installation and operation. As shown 1456 

in Figure 4-1, bulkheads are welded to the both the inner and outer pipes. In order to replicate 1457 

the bulkheads in FEA at either ends of the PIP system (x = 0 and x = L), the nodes on the inner 1458 

and outer tubes (slave nodes) are coupled to the centroid of the cross-section (the master node) 1459 

using MPC184 rigid link elements ANSYS (2017). Equal moments of magnitude M were 1460 

simultaneously imposed onto the master nodes as shown in Fig. 4-1. Due to existence of the 1461 
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rigid links, the PIP system is restrained from ovalization at the ends. Simply supported 1462 

boundary conditions are imposed on the PIP system, by releasing the rotation (x) of the master 1463 

nodes about x axis and restraining rotations about y and z axes. All translational degrees of 1464 

freedom of the master node at x = 0 are constrained, but the translation in z direction of the 1465 

master node at x = L is released. Sadowski and Rotter (2013) found that a thick 4 noded shell 1466 

element with 6 degrees of freedom at each node would reasonably produce accurate estimations 1467 

of the elastic-plastic strain hardening buckling moment under uniform bending for tubes as 1468 

thick as D/t ratio of 20 (r/t = 10). Therefore, the outer and inner pipes are modelled using four-1469 

nodded Shell181 elements, with 6 degrees of freedom at each node. To obtain accurate results 1470 

and to overcome convergence issues, 9 integration points in the pipe wall-thickness are 1471 

designated. Based on the works of Rotter, Sadowski (2013) a square mesh with 10 elements 1472 

per local bending half-wave length 2.44 rt  in the circumferential and longitudinal 1473 

directions was adopted for each tube. 1474 

An experimental result on bending of a single aluminium tube was used to validate the current 1475 

FE model. In the experimental tests conducted by S Kyriakides and Ju (1992), an aluminium 1476 

pipe with D = 30.12 mm, t = 1.63 mm, (D/t = 19.5), E = 68.7 GPa and yield stress Y = 309 1477 

MPa was used. In the current FEA, a bilinear isotropic material definition with E ′= 0.01E is 1478 

used (E΄ is post-yield linear strain hardening modulus) and results are shown in Figure 4-2. In 1479 

this figure, the moment is normalized to the plastic moment Mp (Eq. 2-55) and curvature, 1480 

2 x L  , is normalised by the critical curvature c  1481 

2c

t

D
            Eq.  4-1 1482 
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 1483 

Figure 4-2 Comparison between experimental results of Kyriakides and Ju (1992) and FE 1484 

results of aluminium pipe with D/t=19.5 1485 

Since the imperfection amplitude is not reported in the original study by Kyriakides and Ju 1486 

(1992), an imperfection sensitivity analysis is conducted herein. For this purpose an initial 1487 

mesh perturbation in the form of the first corresponding eigen buckling mode shape was 1488 

imposed on the model using Eigen buckling analyses and upgeom command. This produces a 1489 

localised wrinkle imperfection   similar to axisymmetric initial imperfection given by 1490 

 0 cos cos
2

i

D x x
a a

N

 


 

    
            

      Eq.  4-21491 

      1492 

where   is the imperfection half-wave length, 0a  is the base amplitude and ia  is biasing 1493 

imperfection. In these analyses various base amplitudes of 2.50%, 1.25% and 0.25% 1494 

corresponding to 0.03D, 0.015D and 0.003D were imposed on the models and results are 1495 

presented in Fig. 4-2. 1496 

Results shows that the FE model with the base amplitude of 0.003D (  = 0.25%) is in good 1497 

agreement with the experimental results of Kyriakides and Ju (1992). The deformed shape of 1498 

the FE model with imperfection of 0.003D (shown in Fig. 4-2) is similar to the experimental 1499 
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deformed shape. The negligible discrepancies at the yield curvatures, are known to be related 1500 

to the inherent anisotropic behaviour of the aluminium and steel tubes in the hoop and 1501 

longitudinal directions, due to the manufacturing process (Corona, Lee, & Kyriakides, 2006). 1502 

Moreover, as aluminium is known to be inherently nonlinear material, use of bilinear law to 1503 

model the tube in FE is another source of error in the results.  1504 

To investigate elastic behaviour (LBA) and nonlinear elastic behaviour (GNA) of PIPs three 1505 

classes of PIPs are defined, as presented in Table 3-1, using the same FE modelling technique. 1506 

Moreover, the effect of the centralizers on the limit moment of PIPs 1-3 as defined previously 1507 

is investigated.  To do so, in the FE model, two centralizers are mounted onto the inner pipes 1508 

of PIPs 1-3. To investigate the possible interaction between the centralizers and the outer tube, 1509 

the centralizers are positioned at locations where with the maximum ovalization occurs. To 1510 

understand the effect of the centralizer’s clearance, the length of the centralizers are kept 1511 

constant (25mm) while the height varies. The centralizer’s clearance is defined as the gap 1512 

between centralizers and the outer pipe, divided by the gap between inner and outer pipes 1513 

(annulus). Mechanical properties of the centralizers are taken as E = 2.7 GPa, σy = 90 MPa 1514 

("Thermoplastic components for the Oil & Gas industry," 2018). The centralizers are meshed 1515 

using solid 185 elements, with 3 elements along the wall-thickness of the centralizer. Figure 1516 

4-3 presents an example of a PIP  model with centralizer used in ANSYS to perform numerical 1517 

analyses. 1518 

 1519 

Figure 4-3 Example PIP model with centralizer in ANSYS 1520 

 1521 

4.2 Linear bifurcation analysis of PIPs (LBA) 1522 

4.2.1 Classical buckling moment of PIPs 1523 

In the absence of imperfections or dents in the pipe wall, a tube under increasing curvature may 1524 

develop buckles in the form of local short-wave wrinkling on the compression side, 1525 

theoretically at compressive axial stresses equal to the critical stress cr defined in Eq. 2-47. 1526 

These wrinkles have opposite curvatures in both longitudinal and hoop directions. This type of 1527 
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instability, also known as bifurcation buckling, will typically occur in thin-walled tubes with 1528 

large D/t (Seide & Weingarten, 1961). Assuming a linear cross sectional stress distribution in 1529 

the PIP system, it can be predicted that bifurcation buckling in PIPs will take place when the 1530 

longitudinal compressive stress on either the inner or outer pipe reaches the classical buckling 1531 

stress cr (Eq. 2-47), as shown in following figure. 1532 

 1533 

Thus, assuming that  is the stress in the mid-surface of the shell, the following critical stress 1534 

conditions for bifurcation buckling of a PIP system can be obtained 1535 

      outer pipe buckleso
cr o cr i

i

D

D
         Eq.  4-3 1536 

      inner pipe buckleso
cr o cr i

i

D

D
         Eq.  4-4 1537 

where subscripts o and i, correspond to the outer and inner pipe, respectively. By substituting 1538 

Eq. 2-47, into Eq.s 3-1 & 3-2 general conditions for elastic buckling to form in a PIP system is 1539 

obtained as, 1540 

o o i i

2 2

o i

E t E t
<   outer pipe buckles

r 3(1 ) r 3(1 )o i  
     Eq.  4-5 1541 

 o o i i

2 2

o i

E t E t
>   inner pipe buckles

r 3(1 ) r 3(1 )o i  
     Eq.  4-6 1542 
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Figure 4-4 Stress distribution in the inner and outer pipes of PIPs in 

elastic range 



80 

 

Now, assuming the same material properties (E and ) in the outer and inner tubes, the 1543 

following geometric conditions for bifurcation buckling of PIP system can be obtained 1544 

/
           outer pipe buckles

/

i o o

o i i

D D t

D D t
       Eq.  4-7 1545 

/
           inner pipe buckles

/

i o o

o i i

D D t

D D t
       Eq.  4-8 1546 

Knowing that the contribution of moments in the outer and inner tubes is linearly proportional 1547 

to their second moment of area as, 1548 

1 1i o
PIP o i

o i

I I
M M M

I I

   
      
   

       Eq.  4-9 1549 

the following classical elastic buckling moments for bifurcation buckling of PIP system are 1550 

derived as follow: 1551 

1         if    

1

The outer pipe buckles

The inner pipe   buckle     s if    

oi i o o
cr

o o i iPIP

cr

io i o o
cr

i o i i

I D D t
M

I D D t
M

I D D t
M

I D D t

 
  

 
 

 
  

 

 

Eq.  4-10 

Eq.  4-11 

4.2.2 Effect of length on linear critical buckling moment of PIPs (LBA) 1552 

Previous studies (Fajuyitan & Sadowski, 2018; Ju & Kyriakides, 1992; Li & Kettle, 2002; 1553 

Rotter et al., 2014) have shown that the linear elastic buckling moments and shape and number 1554 

of the wrinkles at the onset of buckling of the tubes, are significantly influenced by their 1555 

lengths. Using Eigen-buckling analysis in ANSYS (2017) and assuming isotropic linear 1556 

material definition with parameters shown in Table 3-1 (Ei = Eo = 67 GPa), the elastic buckling 1557 

moments of PIPs 1-3 with various lengths are calculated and presented in Figs. 4-5a to 4-5c, 1558 

respectively.  1559 
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1560 

1561 

 1562 

Figure 4-5 Influence of dimensionless length parameter on the linear elastic buckling moment 1563 

of (a) PIP-1 21.82 ,  13.80o imm mm    , (b) PIP-2 27.60 ,  10.91o imm mm     and (c) 1564 

PIP-3 30.86 ,  17.25o imm mm    1565 
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The critical LBA moments are normalized by the classical buckling moment of PIPs proposed 1566 

in Eq. 4-10 and 4-11. The abscissa is the non-dimensional length group, ωo and o of the outer 1567 

pipe of the PIP system defined in Eq. 2-53 and 2-54, respectively. Referring to Eq. 4-10, in all 1568 

long studied PIPs the buckling shall occur in the outer pipe. Therefore, the length groups ω and 1569 

 of the outer pipe are introduced herein. The linear meridional bending half-wavelength of 1570 

the inner and outer tubes are calculated from 2.44 rt   (A. Sadowski, Pototschnig, & 1571 

Constantinou, 2018), and are displayed with dashed and solid vertical dividers in Figure 4-5, 1572 

respectively. The buckling mode shapes of PIP1-3 and corresponding normalised lengths ωo, 1573 

are depicted in Figure 4-6, and show the formation of buckling in the outer or in the inner tube 1574 

of the PIP system.  1575 

 1576 

  1577 
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(a) (b) (c) (d) 

  
  

(e) (f) (g) (h) 

   
 

(i) (j) (k) (l) 

Legend 1578 

PIP-1 PIP-2 PIP-3 

a) 1.40o   e) 1.10o   i) 0.99o   

b) 1.68o   f) 1.86o   j) 1.66o   

c) 2.80o   g) 2.92o   k) 1.98o   

d) 4.02o   h) 3.98o   l) 3.95o   

Figure 4-6 Linear elastic buckling modes for PIP-1, 2 and 3 with different lengths subjected 1579 

to global bending 1580 
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 1581 

In very short PIP, where the length of the system is of the order of the bending half wave length 1582 

of the outer pipe, the critical buckling moment is significantly higher than the classical buckling 1583 

moment of the system proposed in Eq. 4-10. A similar trend is known to exist in the bifurcation 1584 

buckling of very short single cylinders and, is related to the effect of boundary conditions on 1585 

development of membrane stresses (Li & Kettle, 2002). In the vicinity of boundaries, larger 1586 

moments are required to cause a finite segment of the shell to reach its critical membrane stress 1587 

(Fajuyitan & Sadowski, 2018; Ju & Kyriakides, 1992; Li & Kettle, 2002; Rotter et al., 2014; 1588 

Seide & Weingarten, 1961; Jie Wang, Sadowski, & Rotter, 2018). However, as the length of 1589 

the system increases, the critical buckling moments converge towards the classical buckling 1590 

moments of the PIPs (Eq. 4-10). This can be predicted from geometric dependency of elastic 1591 

buckling outlined in by Eq. 4-10. 1592 

With regards to Figs 4-5 and 4-6 it can be understood that in PIP-1, in which the outer pipe is 1593 

thinner than the inner pipe, buckling occurs in the outer pipe regardless of the length. In PIP-1594 

2, in which the outer pipe is thicker than the inner pipe, buckling occurs in the inner pipe when 1595 

the length of the PIP system is smaller than bending half wave length of the outer pipe (o). At 1596 

lengths longer than the bending half wave length of the outer pipe, buckling moves into the 1597 

outer pipe. In PIP-3, with relatively thick inner and outer pipes, the buckling is confined within 1598 

the inner tube when the length of the PIP is shorter than the bending half wave length of the 1599 

inner pipe (i) and, moves to the outer pipe as the length of PIP increases. Results of linear 1600 

bifurcation analyses (LBA) suggest that in PIPs within the transitional-to-long class (o > 0.5) 1601 

defined in Table 2-1, the classical elastic buckling moment Mcl proposed in Eqs 4-10 and 4-11, 1602 

can correctly predict bifurcation buckling of the PIP system.   1603 

 1604 

4.3 Geometrically Nonlinear Analysis of PIPs (GNA) 1605 

4.3.1 Limit moment of PIPs (Energy approach assuming plane-strain condition) 1606 

As explained in Chapter 3 of this report, the cross sectional ovalization occurs due to the 1607 

formation of radial components of the tensile and compressive stresses in pipe subject to 1608 

bending (Brazier, 1927). As ovalization increases the lever arm between longitudinal 1609 

components of tensile and compressive stresses is reduced and conseqeuntly the flexural rgidity 1610 
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of the system reduces. This would cause the system to collapse at a moment which is smaller 1611 

than classical buckling moment, known as Brazier moment.   1612 

Brazier (1927) proposed a well-known closed-formed equation for the limiting moment due to 1613 

ovalization using nonlinear ring kinematics (Eq. 2-43). 1614 

It has been seen in the FE analyses that the curvature of the inner and outer pipes are identical 1615 

up to the appearance of wrinkles. Thus, adopting a similar approach and assuming that the 1616 

radial and tangential displacements in the outer and inner tubes are in-extensional, the 1617 

curvatures of the inner and outer pipes of the bent PIP are identical and equal to  , then the 1618 

total strain energy per unit length of a PIP system is  1619 

4 2 2 4 2 2

2 3 3

2 2

(1 ) (1 )3 3
1 1

2 4 4

o i

PIP o o i i

o i

r rE
U r t r t

t t

   


     
       

     

    Eq.  4-12 1620 

The moment curvature relationship becomes 1621 

7 7

3 3 2 23
( ) (1 )

2

o iPIP
o o i i

o i

r rdU
M E r t r t

d t t
  



  
       

   

    Eq.  4-13 1622 

The limit curvature and the corresponding limit moment of the PIP system are calculated at the 1623 

maximum ( 0
dM

d
 ). Limit curvature and limit moments of a single pipe can be calculated 1624 

from Eqs (4-14 and 4-15), if the radius of the inner pipe (ri) is reduced to zero. 1625 

3 2 3 2

0

2 7 7

2

9(1 )

PIP o o i i i
Br

o i i o

r t t r t t

r t r t







 
       Eq.  4-14 1626 

3 32
( )

3

PIP PIP

Br Br o o i iM E r t r t         Eq.  4-15 1627 

4.3.2 Limit moment of PIPs (3D nonlinear geometric FEA) 1628 

The influence of length on buckling moment of single cylinders is well-understood (Fajuyitan 1629 

& Sadowski, 2018; Li & Kettle, 2002; Jie Wang et al., 2018). To account for the effect of 1630 

length and possible non-uniform ovalization of the cross-section in the limit moment and limit 1631 

curvatures of the PIP system, FE models of PIPs 1-3 are created. Using isotropic linear material 1632 

definition with parameters shown in Table 3-1, geometrically nonlinear FE analysis (GNA) 1633 
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were performed, which account for geometric nonlinearities including large rotations, large 1634 

deformations and stress stiffening, by forcing the solver to perform an iterative solution with 1635 

an updated stiffness matrix according to the incremental nodal displacements at each 1636 

equilibrium iteration (ANSYS, 2017). To control the nonlinear analysis, an initial mesh 1637 

perturbation in the form of the corresponding first Eigen-mode shape with maximum amplitude 1638 

of δo = 0.003D is imposed on all the PIPs. Figure 4-7 illustrates an enlarged view of the initial 1639 

imperfection imposed on the outer pipe of the PIP system.  1640 

 1641 

 1642 

 1643 

Figure 4-7 Enlarged mesh of the PIP system used in the GNA, showing the imposed mesh 1644 

perturbation 1645 

Normalised critical (LBA) and limit (GNA) moments of PIPs 1-3 are plotted against 1646 

dimensionless length factors ωo and Ωo, in Figs. 4-8a to 4-8c, respectively.  1647 
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 1648 

 1649 

 1650 

Figure 4-8 Influence of dimensionless length parameter on the linear (LBA) and nonlinear 1651 

(GNA) elastic buckling moment of (a) PIP-1 (b) PIP-2 (c) PIP-3  1652 
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The elastic nonlinear moments derived in Eq. 4-15 are shown with the solid lines. As shown in 1653 

Figure 4-8, in short PIPs (Ωo<0.5) the GNA moment is larger than the predicted elastic 1654 

nonlinear moment. This is because in very short PIP systems a circumferential fold appears on 1655 

the compression side of the outer or inner pipe (whichever buckles first). This fold becomes 1656 

progressively deeper and the tangent stiffness increases as the analysis progresses. However, 1657 

as the length of the PIP system grows the limit moment drops and converges to a constant 1658 

moment at the plateaus in Figure 4-8. In PIP-3 with relatively thick inner and outer pipes, the 1659 

plateau in the GNA response is observed at Ω > 2, whereas in PIPs- 1 and 2 with thin outer and 1660 

inner pipes, respectively, the plateau is observed in significantly longer PIPs. The GNA 1661 

moment of the long PIPs 1-3 are 48.3%, 51.5% and 48.62% lower than the LBA moment, 1662 

respectively. 1663 

The GNA, classical (Eqs 4-10 and 4-11) and Brazier (Eq. 4-15) moments of PIPs are 1664 

represented in Table 4-1. While the Brazier moments of PIPs (Eq. 4-15) slightly overestimate 1665 

(3-8%) the GNA, they are both about half of the classical moment (Eqs 4-10 and Eq 4-11).  1666 

Table 4-1 Comparison between the GNA, LBA and Brazier moments of long PIPs (Ω >7)   1667 

ID / PIP

GNA clM M  / PIP

GNA BrM M  
/PIP PIP

Br clM M  

Eq. 4-15/Eq. 4-10 

PIP-1 0.537 0.97 0.553 

PIP-2 0.485 0.92 0.526 

PIP-3 0.502 0.95 0.528 

 1668 

The difference between the Brazier moment of PIP and GNA result is because of occurrence 1669 

of local buckling on the flatted compressed side which imposes a limit point failure through 1670 

ovalization, consistent with single tubes (Stelios Kyriakides & Vogler, 2002; Xu, Gardner, & 1671 

Sadowski, 2017). Moreover, the accountability of Brazier moment formulation for PIPs is 1672 

affected by the limitations of the formulation including assumption of plane strains and uniform 1673 

ovalization across the length of the PIP system. While for cylinders with Ω ˂ 5 maximum 1674 

ovalization occurs in the midspan, in fact for tubes longer than Ω ≈ 5 the value of the ovalization 1675 

at the midspan drops and the location of the maximum ovalization travels away from the 1676 

midspan to the sides. This would result in a longer zone of full ovalization and consequently 1677 

increases the bending resistance slightly (Xu et al., 2017). Distribution of ovalization along the 1678 
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length of PIPs 1-3 with Ωo = 6.7 (in the plateau regions of responses shown in Fig. 4-8), are 1679 

plotted for the inner and outer pipes in Figure 4-9. The ovalization f0 (see Figure 3-2) at the 1680 

limit curvature (Eq. 4-14) of the inner or outer tube of each PIP is calculated from 1681 

4 2
2max min

0 2
2 (1 )

D D r
f r

D t


 

 
    

 
      Eq.  4-16 1682 

and is shown with solid and dashed-lines in Figure 4-8. The graphs clearly indicate that in PIPs 1683 

with Ωo = 6.7 the maximum ovalization occurs away from the midspan and therefore 1684 

ovalization along the length of inner and outer pipes are not uniform along the length. In PIPs 1685 

1 and 2 the maximum ovalization is observed almost at a quarter length away from the ends. 1686 

Similar observation in single tube has been reported by other researchers (Ju & Kyriakides, 1687 

1992). The constant Brazier ovalization calculated from Eq. 4-16 fail to predict the non-1688 

uniform ovalization patterns of the PIPs.  1689 

 1690 

  1691 
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 1692 

 1693 

 1694 

 1695 

Figure 4-9 Ovalization along the length of (a) PIP-1 (b) PIP-2 (c) PIP-3 with Ωo = 6.7 1696 

obtained from GNA  1697 
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The normalised moment-curvature response of PIPs from the geometrically nonlinear finite 1698 

element analyses (GNA) and the proposed Brazier expression for PIPs given in Eq. 4-15 are 1699 

compared in Figure 4-9. The proposed expression, Eq. 4-15 seems to predict the moment 1700 

curvature behaviour of PIPs correctly. This is more apparent in PIP-3, where both outer and 1701 

inner pipes are relatively thick. In all PIPs, the limit curvature obtained from Eq. 4-14, is 1702 

smaller than that of the GNA. 1703 

4.3.3 Limit moment of PIPs with centralizers (3D nonlinear geometric FEA) 1704 

The effect of the centralizers on the limit moment of PIPs 1-3 was investigated.  To do so, in 1705 

the FE model, two centralizers were mounted onto the inner pipes of PIPs 1-3. To investigate 1706 

the possible interaction between the centralizers and the outer tube, the centralizers were 1707 

positioned at locations with the maximum ovalization (see Figure 4-9). To understand the effect 1708 

of the centralizer’s clearance, the length of the centralizers are kept constant (25mm) while the 1709 

height varies. The centralizer’s clearance is defined as the gap between centralizers and the 1710 

outer pipe, divided by the gap between inner and outer pipes (annulus). Mechanical properties 1711 

of the centralizers were taken as E = 2.7 GPa, σy = 90 MPa ("Thermoplastic components for 1712 

the Oil & Gas industry," 2018). The centralizers were meshed using solid 185 elements, with 1713 

3 elements along the wall-thickness of the centralizer.  1714 

Table 4-2 represents the normalised limit moments and limit curvatures of PIPs 1-3, with 1715 

centralizer clearances of 12.5% and 25%. For sake of comparison, the results of PIPs without 1716 

centralizers are also presented. In all PIPs, the normalised limit moments get smaller as the 1717 

centralizer clearances get larger. The limit curvatures of the PIPs with centralizers are smaller 1718 

than those without centralizers. Analysis of deformed shapes (not shown here) reveals that, 1719 

similar to PIPs with no centralizers, in PIPs with centralizers, the maximum ovalizations occur 1720 

closer to the ends of the PIPs. However, upon the contact between the outer pipe and the 1721 

centralizers, the maximum ovalization moves towards the mid-span of the outer pipe. From 1722 

this point ovalization continues to grow in the middle of the system, until the limit moment is 1723 

reached.  1724 

Table 4-2 Effect of centralizers on limit moment and limit curvature of PIPs 1-3 (GNA) 1725 

ID 

without centralizer Clearance 12.5% Clearance 25% 

GNA

PIP

cl

M

M
 / o

c   
GNA

PIP

cl

M

M
 / o

c   
GNA

PIP

cl

M

M
 / o

c   
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PIP-1 0.537 1.950 0.491 1.497 0.484 1.509 

PIP-2 0.485 1.755 0.483 1.669 0.469 1.564 

PIP-3 0.502 1.745 0.464 1.394 0.460 1.404 

 1726 

4.4 Ultimate bending capacity of PIPs (GMNA) 1727 

4.4.1 Geometric and material nonlinear analysis of PIPs (GMNA) 1728 

Previous studies on the ultimate moment capacity of offshore pipelines with 15 < D/t < 40 (7.5 1729 

< r/t < 20) have shown that the failure mode in bending is dominated by the material plasticity 1730 

(Stelios Kyriakides & Vogler, 2002; Rotter et al., 2014; Tatting, Gürdal, & Vasiliev, 1997). Jie 1731 

Wang et al. (2018) found that, in contrast to the thin cylindrical shells, ovalization of thick 1732 

cylinders due to bending is only responsible for a very minor reduction (less than 5%) in the 1733 

full plastic moment capacity. In order to investigate the effects of material plasticity on the 1734 

bending response of PIPs, materially nonlinear but geometrically linear analysis (MNA) and 1735 

geometrically and materially nonlinear analysis (GMNA) were performed on PIP-1, 2 and 3. 1736 

A bilinear isotropic material definition with the stress-strain relation shown in Figure 4-10 was 1737 

assumed. The inner and outer pipes were assumed to have similar material properties,1738 

67i oE E GPa  , 670i oE E MPa    and 0.3i o   , 170o i

y y MPa   . The 1739 

MNA and GMNA results are shown in Figure 4-11, where the moments are normalised to the 1740 

plastic moment of the PIP system; 1741 

2 2PIP o i

P y yo o i iM D t D t           Eq.  4-17 1742 
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 1743 

Figure 4-10 Stress-strain relationship of the pipe with D = 80 mm and t = 2 mm (outer pipe 1744 

of PIP-1 in Table 4) obtained from a unidirectional tensile test and the bi linear model 1745 

adopted in the FEA 1746 

The GMNA moments of PIPs 1-3 are 20%, 12% and 10% of the corresponding GNA moments, 1747 

respectively. In PIP-1, with the thinnest outer pipe, the largest PIP

GMNA clM M  ratio is observed 1748 

which is almost twice the ratio in PIPs 2 and 3. It is shown that similar to thick single tubes (Jie 1749 

Wang et al., 2018) there is a negligible difference between results of GMNA and MNA 1750 

analyses of PIPs in bending. All PIPs fail by plastic collapse with a very limited influence of 1751 

cross sectional ovalization at a moment which is close to the plastic moment capacity of the 1752 

system (Eq. 4-17). In all PIPs, the GMNA follows the MNA path up to a certain plastic 1753 

curvature. In PIPs 1 and 2, a clear drop in the capacity following the ultimate GMNA moment 1754 

is observed. The drop is more pronounced in PIP-1 with thin outer pipe.   1755 
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 1756 

 1757 

 1758 

Figure 7  1759 

Figure 4-11 Normalised moment vs. normalised curvature of GNA, MNA and GMNA of (a) 1760 

PIP-1 (b) PIP-2 (c) PIP-3 1761 
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However, in PIP3, (with relatively thick outer and inner pipes), at the ultimate GMNA moment 1762 

the implicit FE solver fails to converge. This is mainly due to the reason that PIP3 with D/t 1763 

ratio of 20 is at the limit of what can be modelled using a thick shell treatment (A. J. Sadowski 1764 

& Rotter, 2013). It is worth noting that as it is expected, in all PIPs the curvature at the ultimate 1765 

GMNA is also smaller than the corresponding limit curvature (GNA). 1766 

4.4.2 Effect of centralizers on the GMNA of PIPs 1-3  1767 

The effect of centralizer on the bending responses of PIPs 1-3 was investigated using FE with 1768 

geometric and material nonlinearities. One centralizer with properties defined in section 4.3.3 1769 

was mounted onto the inner pipe and at the mid-length of the PIP system (where the maximum 1770 

deformation at the ultimate moment of the PIPs without centralizers was observed). Schematic 1771 

deformed shape of the PIP-1 with centralizer clearance of 5% at normalised curvature of 1.5 is 1772 

shown in Figure 4-12a. The moment curvature response of PIPs 1-3 with difference centralizer 1773 

clearances are shown in Figure 4-12. It is evident that the ultimate moments of the PIPs are not 1774 

affected by the addition of the centralizers. As shown in Figure 4-12a, in PIP-1, the centralizers 1775 

have a stabilizing effect on the post-buckling response of the system. In PIPs 2 and 3, the 1776 

curvature at ultimate moment of the PIP system becomes smaller as the centralizer clearance 1777 

gets larger. However, the curvature at the ultimate moment of PIP-1 seems to be unaffected by 1778 

the centralizer clearance. 1779 

 1780 

  1781 
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 1782 

 1783 

 1784 

 1785 

Figure 4-12 Effect of centralizers with different clearances on the nonlinear geometry and 1786 

nonlinear material analyses (GMNA) of (a) PIP-1 (b) PIP-2 (c) PIP-3  1787 
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4.4.3 Experimental investigations 1789 

4.4.3.1 The test specimens 1790 

Three identical PIPs (PIP-1) were constructed using aluminum (AL-6060-T5) inner and outer 1791 

pipes with geometrical parameters represented in Table 4-3. Three coupon samples were water 1792 

jet cut from the inner and outer tubes of each PIP sample according to the specifications of AS 1793 

1391 (Standard, 2007) and were tested in a unidirectional tensile test. The stress-strain curve 1794 

of the outer pipe is shown in Figure 4-13. In a typical PIP system bulkheads are placed at both 1795 

ends or several intervals in the pipeline to maintain the structural integrity of the system during 1796 

installation and operation. Bulkheads are welded to the both the inner and outer pipes. In order 1797 

to replicate the bulkheads in experimental study the inner and outer tubes were coupled by 1798 

means of epoxy resin bulkheads. The PIP samples were fabricated by inserting the inner pipe 1799 

inside the outer pipe and holding them concentrically using a fast curing two parts Epoxy resin 1800 

at both ends. Two acrylic diaphragms were placed on either ends of the PIP sample in order to 1801 

confine the Epoxy fillings, as shown in Figure 4-14. All samples were cut into 550 mm long 1802 

specimens leaving a 400 mm free span between the restrained Epoxied regions. Considering 1803 

that the ultimate moment of PIP-1 was not influenced by the centralizer (this will discuss in 1804 

details in upcoming chapter), no centralizer was installed on the test samples. 1805 

Table 4-3 Properties of the PIP-1 used in the experimental study 1806 

D [mm] D/t 
E [GPa] 

(Avg) 

𝜎𝑦[MPa] 

(Avg) 

80 40 66.9 180 

40 25 65.5 169 
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 1807 

Figure 4-13 Tensile testing results according to AS 1391-2007 1808 

 1809 

Figure 4-14 Schematic view of PIP specimens Do=80mm Di=40mm 1810 
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Figure 4-15 Preparation of samples 1811 

According to DNV F101, the residual flattening due to bending and point loads, together with 1812 

the out-of-roundness tolerance from fabrication of the pipe, was not to exceed 3% as follow: 1813 

max min
0 0.03

D D
f

D


          Eq.  4-18 1814 

In order to the check the initial out-of-roundness of pipe samples due to fabrication, 2 laser 1815 

transducers were engaged to scan the outer diameters of samples. A pipe and laser stand was 1816 

constructed for this purpose.  The laser transducers were placed on either sides of the pipe,  1817 

allowing the sample to freely rotate around its centre. Variations in the diameter of samples 1818 

showed that the maximum out-of-roundness of pipe samples was 0.7% which was well below 1819 

the maximum allowable ovalization from the guideline. Figure 4-16 illustrates the device used 1820 

for measuring ovalization of samples from fabrication.    1821 

 1822 

Figure 4-16 Pipe out-of-roundness scanning device 1823 
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 1824 

4.4.3.2 Four point bending test set-up 1825 

Free body diagram, shear force diagram and bending moment diagram of bending test using 1826 

four point bending test set up is shown in Figure 4-17.  In this test set up, the test specimens 1827 

were subjected to four forces so that the central region of the samples was subject to pure 1828 

bending.  1829 

 1830 

Figure 4-17 Schematic view of four point bending test 1831 

A schematic view of the four-point bending set-up is shown in Figure 4-18a and the test rig 1832 

showing the failed sample is depicted in Figure 4-18b. The vertical load (F) was applied by a 1833 

hydraulic jack (1) onto a spreader beam (2) (a wide-flange steel beam with web-stiffeners) 1834 

which rests on two steel rectangular hollow sections (RHS) (3). To release rotations, a wedge 1835 

and a roller shaft were used to equally transfer the load F from the spreader beam into the steel 1836 

RHS profiles. Hinged and roller connectors were located 455mm away from the roller and 1837 

hinged supports, respectively. The PIP sample was mounted on two steel end-plates (7) bolted 1838 

to the steel RHS profiles. The assembly was simply supported at both ends, by steel RHS (3) 1839 

profiles on vertical posts using pinned joint and slotted-hole mechanisms. As shown in Figure 1840 

4-19, the test rig applied a constant moment of F/2×455mm to the PIP system. 1841 

The curvature of the PIP system during bending was measured using three linear variable 1842 

differential transducers (LVDTs) (9) located under the PIP and at mid-span and quarter-span. 1843 



101 

 

Bending of the samples caused linear motion in the core of LVDT transducers which created 1844 

relative change in the output voltage. Change of the LVDTs’output voltage was converted to 1845 

displacement in a LabView software (5) which is developed for viewing and recording the test 1846 

data.  1847 

  

(a) (b) 

Figure 4-18 Four point bending rig: (a) testing rig and data acquisition system (b) device for 1848 

measuring ovalization and LVDTs 1849 



102 

 

 1850 

Figure 4-19 Schematic view of four-point bending testing apparatus 1851 

To monitor the ovaliztion of the samples, an ovalization recorder device was manufactured and 1852 

mounted on the outer pipe of the PIP system. The ovalization recorder is shown in Figure 4-20 1853 

and consists of 4 laser detectors placed on two fixed jaws and one mobile jaw using two 8 mm 1854 

steel rods and two springs. The ovalization recorder could move freely with the sample as it 1855 

underwent curvature (Figure 4-20). The top and bottom laser detectors measured the flattening 1856 

of the cross-section (Dmin), while the side laser detectors measured the horizontal extension 1857 

(Dmax). Laser transducers were mounted on a chassis which held them within 90˚ relative to 1858 

one another. The chassis was made up of three fixed acrylic plates (jaw) and one mobile jaw. 1859 

While top and bottom fixed jaws held two lasers in fixed position in the vertical plane, mobile 1860 

jaw enabled the other two lasers to move down in the vertical direction as the samples ovalized. 1861 

Therefore, lasers in horizontal plane recorded the maximum diameter at all times. Knowing the 1862 

maximum and minimum diameters, the ovaliztion in the outer tube f0 may be calculated from 1863 

Eq. 4-16.  1864 
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 1865 

 1866 

Figure 4-20 Schematic view of the ovalization recorder used to measure ovality of the outer 1867 

pipe during the bending test and photo of the ovalization recorder in use 1868 

LabView software was used to monitor and record all data through the data loggers. Figure 1869 

4-21 shows a screenshot of the LabView software used in experimental study. On front panel 1870 
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of LabView software results of ovalization, strain gauges, LVDTs and stroke displacement 1871 

were closely monitored using state of the art monitoring techniques. This enabled the operator 1872 

to terminate the testing procedure whenever there was an issue with recording results.  1873 

 1874 

  

(a) (b) 

Figure 4-21 LabView software (a) main display (b) data processing platform 1875 

4.4.3.3 Testing procedure 1876 

The overall test process involves the application of an increment of load on spreader beam 1877 

using the hydraulic jack and recording the corresponding strains, change in diameter, LVDT 1878 

displacements and applied force. The outputs of all instruments used in the testing procedure 1879 

were recorded through a computer-operated data acquisition system which was programmed 1880 

to record all outputs continuously while testing. The loading rate was set on 4mm/min so that 1881 

an accurate picture of the moment-curvature relationship could be plotted. During the loading 1882 

procedure, strain values were closely monitored so that the collapse moment is known. The 1883 

values of LVDT readings along with displacement of stroke and strain values were used in the 1884 

processing stage for computing the curvature while testing.  1885 

4.4.3.4 Processing of experimental results  1886 

The computer based data acquisition system continuously recorded the outputs of all measuring 1887 

instruments used in the test. While deformation of samples were uniform, a simple algebraic 1888 

algorithm was used for converting LVDT readings to curvature of the sample. As shown in 1889 

Figure 4-22 one LVDT was positioned in the middle of the sample (point O) whereas two other 1890 

LVDT transducers were located on points A and B with equal distance of 140mm (0.35L) from 1891 

the middle LVDT.  While the horizontal distance between LVDTs were constant, each LVDT 1892 
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captures vertical displacement of the sample. This algorithm considered three points A, O and 1893 

B with the x and y coordinates. While point O was taken as the reference point (0,0), relative 1894 

displacements of points A and B were used for yA and yB coordinates, as shown in Figure 4-22. 1895 

This algorithm drew two lines AO and BO. Another two lines were drawn perpendicular to AO 1896 

and BO at the middle points A̕ and B̕. Interception of these two perpendicular lines was C and 1897 

therefore curvature can be determined by: 1898 

1 1 1

r A C B C
   

 
         Eq.  4-19 1899 

Where R is radius of curvature and   is curvature of the sample.  1900 

 1901 

 
 

(a) (b) 

Figure 4-22 Algorithm for converting LVDT readings to the curvature in bending test 1902 

Above algorithm was able to capture curvature of the sample for as long as deformation was 1903 

uniform. After appearance of the first wrinkle, all deformation would concentrate in that area 1904 

and therefore LVDT A and B would no longer show the same values. For instance, if the first 1905 

wrinkle appears closer to LVDT A, then displacement at A will be faster and consequently 1906 

larger than displacement at B. For this reason, displacement of the stroke of MTS machine was 1907 

used for estimating curvature of the samples when deformation was no longer uniform.  1908 

 1909 

 1910 

A B O 
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 1911 

4.4.3.5 Comparison between experimental and GMNA results 1912 

The normalised moment-curvature response and the failed PIP-1 samples from three repeats 1913 

are shown in Figure 4-23. For sake of comparison the GMNA response from the FEA and its 1914 

deformed shape are also depicted on the figure. As shown in the failed deformed shapes in PIP-1915 

1, test #1 and PIP-1, test #3, the local buckling does not occur in the mid-length. However, in 1916 

test #2 the failure is closer to the middle of the sample. The GMNA moment-curvature response 1917 

(Figure 4-23a) and failed deformed shape (Figure 4-23b) are in better agreement with test #2. 1918 

As expected in PIP-1 with thin outer pipe, the ultimate moments found from the experimental 1919 

tests and the GMNA, are lower than the plastic moment (Eq. 4-17).  1920 

The moment-ovalization response of PIP-1, test #2 and that of GMNA are plotted in Figure 1921 

4-24. Only results of test#2 are plotted, since the ovaliztion in that test was measured at the 1922 

mid-length where the local failure occurred. A good agreement between the moment-curvature 1923 

response and moment-ovaliztion behaviour from the experiments and GMNA results are 1924 

observed in Figure 4-23 and Figure 4-24. 1925 

 1926 

  1927 
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 1928 

 1929 

 

 

 

 

 

 1930 

Figure 4-23(a) Experimental and FEA (GMNA) bending response of PIP-1 samples in pure 1931 

bending, (b) the failure modes from experiments and FEA 1932 
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 1935 

Figure 4-24 Normalised moment-ovalization response of the outer pipe of PIP-1 from 1936 

experiment and GMNA 1937 
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4.4.4 Effect of Di/Do and ti/to on the ultimate moment and curvature capacity of 1940 

PIPs using FEA (GMNA) 1941 

To investigate the effect of Di/Do and ti/to ratios on the ultimate moment and curvature 1942 

capacities of the PIPs, two sets of PIPs with Do / to ratios of 26.7 and 40 were modelled using 1943 

GMNA. The inner and outer pipes were assumed to be of the same material, 67i oE E GPa 1944 

, 670i oE E MPa    and 0.3i o   , 170o i

y y MPa   . Do/to ratios were kept 1945 

constant, and the diameter and thickness of the inner pipes were varied. The results are shown 1946 

in Figure 4-25a and 4-25b for Do / to of 26.7 and 40 respectively. In all figures, regions at which 1947 

condition of Eqs 4-8 is met and therefore the onset of buckling occurs in the inner pipe, are 1948 

marked. Results of parametric FE analyses show that all PIPs conform well to the conditions 1949 

of Eqs 4-7 and 4-8. In PIP with thin outer pipe (Figure 4-25b) the ultimate moments are slightly 1950 

less than the plastic moment. At small Di / Do, an increase in ti / to appears to have no significant 1951 

influence on the ultimate moment capacity of the system, whereas at small ti / to  ratios the 1952 

ultimate moment capacity drops with the increase of Di / Do . As shown in Figure 4-25a, in 1953 

PIPs with a thicker outer pipe, ultimate moments are slightly larger than the plastic moment. 1954 

The ultimate moment capacity of the PIP system decreases with the corresponding increase in 1955 

thickness ratios. Similar to the PIPs with thinner outer pipe, in PIPs with thicker outer pipe as 1956 

Di / Do  ratio grows while ti / to < 0.8  ultimate moment capacity reduces. This is mainly due to 1957 

the reason that the onset of failure occurs in the inner pipe. Results also show that in PIP with 1958 

thinner outer pipe (Do/to=40) ultimate curvature capacity is less than the critical curvature of 1959 

the outer pipe in a single pipe system. The opposite is true for the PIPs with thicker outer pipe 1960 

(Do/to=26.7). In both group of PIPs when ti / to > 0.8 increase of Di / Do  ratio would marginally 1961 

influence the ultimate curvature capacity of the system, whereas increase of Di / Do  in PIPs 1962 

with ti / to < 0.8 results in the drop of ultimate curvature capacity significantly. Among all PIPs 1963 

shown in Figure 4-25 the ultimate moments and curvatures capacities are minimums when the 1964 

failure occurs in the inner pipe. 1965 

  1966 
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 1968 

Figure 4-25 Effect of Di/Do and ti/to on ultimate moment and curvature capacities of (a) PIP 1969 

with Do/to=26.7 and, (b) PIP with Do/to=40 1970 
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4.4.5 Effect of yield stress ratios on the ultimate moment and curvature 1971 

capacities of PIPs using FEA (GMNA) 1972 

The API (2004) provides specifications of the pipeline material appropriate for conveying oil, 1973 

gas and water in oil and gas industry. API (2004) recommends the use of different steel grades 1974 

(X52 to X70) with yield strength ranging from 359 to 483 MPa (52 to 740 ksi). For a typical 1975 

PIP system the i o

y y   ratio might vary. For example, the Shell Penguins 60 km long PIP 1976 

system is comprised of an inner pipe with i

y = 420 MPa and an outer pipe with o

y = 450 MPa 1977 

(Carr et al., 2004). Therefore, the effect of i o

y y  on the ultimate moment and curvature 1978 

capacities was investigated in PIPs with outer and inner pipes of different diameter-to-thickness 1979 

ratios. In all models, the yield stress of the inner pipe was alternated while the yield stress of 1980 

the outer pipe was held constant. The results are presented in Figure 4-26a for PIPs with inner 1981 

pipe almost as thick as the outer pipe (ti/to=1) and in Figure 4-26b for PIPs with outer pipe 1982 

thinner than the inner pipe (ti/to<1). The largest variation in the normalised moment capacity 1983 

(up to 15%) is observed in PIPs with thin outer pipe (Figure 4-26a) whereas the largest change 1984 

in the normalised ultimate curvature occurs in PIPs with thicker inner pipe (Figure 4-26b). In 1985 

PIPs with thick outer pipes (Figure 4-26b), the ultimate moment is less affected by the 1986 

corresponding change in the yield ratio while ultimate curvature increases with the growth of  1987 

i o

y y  . Results show that in PIPs with thin outer pipe any growth in the i o

y y  ratios results 1988 

in larger ultimate curvature up to 1i o

y y   . After this point any increase of i o

y y  ratio 1989 

reduces ultimate curvature of the system. As shown in the bottom of Figure 4-26b, in PIP with 1990 

relatively thick inner and outer pipes and small annulus (Di/Do=0.75), failure always occurs in 1991 

the inner pipe and the ultimate moments are consistently close to the plastic moment capacity.  1992 

  1993 
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Figure 4-26 Effect of i o

y y   ratio on the ultimate moment capacity of PIP systems with (a) 1994 

inner pipe almost as thick as the outer pipe and (b) outer pipe thinner than the inner pipe 1995 
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4.5 Bending Response of PIPs subjected to external pressure 1996 

During operation the offshore flowlines may practice combined actions of considerable 1997 

bending moment and external pressure at the crown segment of an uncontrolled lateral or 1998 

upheaval buckling. The excessive external pressure may cause local collapse in the 1999 

neighborhood of a local dent or ovality in the outer pipe. This local collapse may propagate 2000 

along the pipeline in a fraction of time as long as the external pressure is large enough to 2001 

maintain the propagation (Alrsai, Karampour, & Albermani, 2018a; Karampour, 2018; 2002 

Karampour & Albermani, 2016; Stephan, Love, Albermani, & Karampour, 2016). Moreover, 2003 

existence of the external pressure would influence bending response of the pipeline systems.  2004 

This section of this report tends to shed light on the mechanical behavior of the PIPs subjected 2005 

to combined actions of bending and external pressure. For this purpose, a PIP system is 2006 

established in a commercial Finite Element program ANSYS as explained in section 4.1. The 2007 

behavior of the PIP system under the action of pure external pressure is discussed and lastly, 2008 

the influence of external pressure on bending response of the PIP system is addressed. All 2009 

results are also discussed and compared with the results of the same analysis on the single outer 2010 

system without an inner pipe. 2011 

4.5.1 Collapse of PIP systems due to external pressure 2012 

Pipelines exposed to the extensive external pressure are susceptible to cataclysmic failure in 2013 

the form of a local collapse accompanied by the propagation collapse. This snap-through 2014 

phenomenon may occur in the vicinity of a local buckle, dent, ovality or even corrosion in the 2015 

pipe wall thickness (Stelios Kyriakides & Corona, 2007). The pressure at which the section of 2016 

a tube collapses due to external pressure is known as initiation pressure (𝑃𝐼). Ideally an initially 2017 

perfect elastic cylinder collapses once the external pressure reaches a maximum pressure, 2018 

known as elastic collapse pressure (𝑃𝑒𝑙). Elastic collapse pressure for the single pipes is given 2019 

as (A. C. Palmer & Martin, 1975): 2020 

3

2

2

(1 )
el I

E t
P P

D

 
  

  
        Eq.  4-20 2021 

However, due to existence of material and geometrical imperfections collapse of circular tubes 2022 

starts earlier and therefore 𝑃𝑒𝑙 only characterises an upper limit for the initial collapse pressure.  2023 

It is shown that collapse pressure of pipes within D/t ratios of interest to the offshore pipelines 2024 

are strongly sensitive to initial ovality (Yeh & Kyriakides, 1986) where ovality is given as: 2025 
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max min
0

D D
f

D


          Eq.  4-21 2026 

In order to investigate the buckling response of the PIP an initial ovalization of Ωo=1% is 2027 

imposed on the outer pipe of the PIP using localised pressure at the mid span of the PIP-1. 2028 

After inducing the initial ovalization on the model, the local pressure is removed and uniformly 2029 

distributed external pressure is applied on the outer skin of the outer pipe. Results of the 2030 

normalised pressure vs. ovalization is presented in Figure 4-27. In this figure, o

elP  (Eq. 4-20) is 2031 

classical collapse pressure of the outer pipe while o is ovalization of the outer pipe (Eq. 4-2032 

21). 2033 

 
 

Figure 4-27 External pressure respond of the PIP system - 1%o   length 1.6m 2034 

It is apparent that the pressure of the PIP system increases abruptly until local collapse occurs 2035 

at collapse initiation pressure (𝑃𝐼). Occurrence of the local collapse is accompanied by a sharp 2036 

drop in the magnitude of pressure. Results show that the collapse pressure of the PIP system 2037 

with 1% initial ovalization is 0.93𝑃𝑒𝑙
𝑜 , where 𝑃𝑒𝑙

𝑜  is the classical collapse pressure of the outer 2038 

pipe (Eq. 4-20). Drop in the pressure continues until the outer pipe comes in contact with the 2039 

inner pipe (point I). From I to II the outer pipe continues to flatten over the inner pipe leaving 2040 

the inner pipe intact. At point II inner pipe starts to deform until III at which collapse of the 2041 

inner pipe initiates. From III to IV buckle propagates along both pipes resulting in a drop in the 2042 

magnitude of the pressure. At point V the PIP is fully flattened and external pressure continues 2043 

to increase due to the existence of bulk-heads at the ends of the PIP system. 2044 

Knowing that there is no contact between the inner and outer pipes when collapse of the outer 2045 

pipe starts (at 𝑃𝐼), collapse pressure (𝑃𝐼) of the PIP system is similar to that of single outer pipe 2046 

(Stelios Kyriakides, 2002). The minimum pressure that is required to maintain the propagation 2047 
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is known as propagation pressure (pressure at point I). It is worth noting that the propagation 2048 

pressure of PIPs has been recently studied thoroughly by Alrsai et al. (2018a) and Alrsai, 2049 

Karampour, and Albermani (2018b). Therefore it is out of the scope of the present project.  2050 

4.5.2 Bending response of pips subjected to external pressure 2051 

 In order to investigate the mechanical response of the PIP-1 under the combined actions of the 2052 

external pressure and bending moment, external pressure is incremented up to the values of 2053 

0.5𝑃𝐼, 0.75𝑃𝐼 and 0.9𝑃𝐼 on the same PIP model with initial ovalization of 1%. While the external 2054 

pressure is kept constant, two equal moment with opposite direction are applied at the reference 2055 

points on both sides of the model. Results of the normalised moment vs. normalised curvature 2056 

are presented in Figure 4-28. The same analysis is performed on the single outer pipe and 2057 

results of the bending moment capacities are compared in Table 4-4. It has to be noted that 𝑃𝐼 2058 

is the initiation pressure of the PIP system with 1% ovalization obtained in the previous section 2059 

(see Figure 4-27).  2060 

 2061 

Figure 4-28 Moment curvature response of the PIP subjected to combined actions of external 2062 

pressure and bending 2063 

Table 4-4 Results of ultimate moment capacity for pressurized PIP 2064 
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0.9 PI 0.649 34.2% 0.713 28.2% 

Results show that the ultimate moment capacity of the selected PIP system (when P=0) is 2065 

reached just before the section reaches its full plastic capacity and the cross sectional 2066 

deformation (ovalization) has minimal impact on the moment capacity of the system. Similar 2067 

to the single tubes, collapse pressure of the PIP systems are influenced by the initial ovalization 2068 

of the outer pipe. However, results of the present study show that the external pressure of 0.5PI, 2069 

0.75PI and 0.9PI would result in 7.9%, 12.7% and 34.2% reduction in the ultimate moment 2070 

capacity of the PIP, respectively, whereas reduction of the moment capacity due to the same 2071 

external pressures on the same system without the inner pipe is only 2.4%, 5.8% and 28.2%, 2072 

respectively. These results have clearly shown that bending moment capacity of the PIP 2073 

systems are more susceptible to the external pressure compared to that of the same single outer 2074 

pipes. Thus, further investigations are required to fully address the sensitivity of the moment 2075 

capacity of the PIPs subjected to external pressure and the deriving factors. 2076 

 2077 
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CHAPTER 5: CONCLUSION AND RECOMMENDATION 

FOR FUTURE WORK 

5.1 General summary 

The objectives of this project are to investigate the bending buckling response of PIP systems 

as well as the effect of external pressure on the bending capacity of the system. 

A comprehensive study has been conducted on bending of pipelines during installation and 

operation. Furthermore, different analytical methods for analysing bending response of a single 

pipe have been reviewed and presented in this report.  

Previously developed analytical solution for bending buckling of single pipe have been 

expanded for PIP systems and results are presented in Chapter 3 and 4 of this report. 

A number of experimental tests have been performed to investigate ultimate moment capacity 

of PIP systems and validate the findings of analytical study. 

Finally, the Finite Element (FE) method has been employed to model PIP systems under 

various loading conditions such as pure bending, pure external pressure as well as combination 

of external pressure and bending. Results of these extensive number of Finite Element models 

have been used to investigate various factors influencing response of PIP systems subject to 

different loading scenarios. 

5.2 PIPs subject to pure bending 

In this project the flexural response and instability moments in a PIP system with 15 < D/t < 

40 were investigated experimentally and numerically. The classical buckling moment of the 

PIP system was calculated and the condition of its occurrence in the outer or inner tube was 

defined. The proposed expression was compared to results of the FE linear bifurcation analysis 

(LBA). It was shown that in long PIPs, the proposed algebraic expression almost matches the 

classical moment found from a linear bifurcation analysis. It was shown that, a geometric 

criterion can correctly predict the occurrence of the linear buckling failure in the outer or inner 

pipe. Using a strain energy approach with plane strain conditions, equations for limit moments 

and curvatures of PIPs were developed. These expressions were shown to be able to predict the 

GNA moment-curvature response of PIPs with good accuracy. It was shown that in long PIPs, 

the GNA and Brazier moments are 45% to 50% lower than the corresponding classical (LBA) 
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moments. The effect of centralizers on the limit moments of PIPs was studied by introducing 

centralizers at locations with maximum ovalization. It was understood that, compared to PIPs 

without centralizers, in PIPs with centralizers, both the limit moments and limit curvatures 

drop. 

Ultimate bending moments of PIPs were obtained from physical four-point bending tests and 

geometrically and materially nonlinear analyses (GMNA). The flexural response, ovalizations 

and ultimate moments predicted by GMNA were shown to be in good agreement with the 

experimental results. The results showed that for the investigated PIPs with thick tubes, 

ovalizations at the ultimate moment were almost negligible. Moreover, finite element GMNA 

studies of PIPs with centralizers showed that the ultimate moments are not affected by the 

existence of the centralizers. Results of the parametric study on ultimate moments of PIPs 

revealed that, similarly to single-walled pipelines, PIPs with thick outer tubes exhibit ultimate 

moments slightly larger than the full plastic moment. It was understood that the ultimate 

moment capacity of the PIPs decreases with the corresponding increase in thickness ratios as 

long as ti/to<1. Minimum ultimate moments were observed in PIPs at which the inner pipe 

failed. In PIPs with thick outer pipes, the ultimate moments were less affected by the 

corresponding change in the yield ratio of the outer to inner pipe. Whereas, in PIPs with a thin 

outer pipe, variation in the yield ratios showed up to 15% difference in the moment capacity of 

the PIP system.  

5.3 PIPs subject to external pressure and bending  

In this project Finite Element study has been performed on a PIP system subject to pure 

bending, pure external pressure and combined actions of bending and external pressure. Results 

of this numerical investigation shows that the ultimate moment capacity of the selected PIP 

system subject to pure bending is just below its full plastic capacity and cross sectional 

deformation (ovalization) has minimal impact on the moment capacity of the system. In PIP 

systems, similar to the single tubes, collapse pressure of the system is affected by the initial 

ovalization of the outer pipe. However, results of the investigation show that the external 

pressure of 0.5PI, 0.75PI and 0.9PI would reduce the ultimate moment capacity of the system 

by 7.9, 12.7 and 34.2% respectively. However, reduction of the moment capacity due to the 

same external pressures on the same system without the inner pipe is only 2.4, 5.8 and 28.2%, 

respectively. Results of this project show that bending moment capacity of the PIP systems are 

more susceptible to the external pressure compare to that of the same single outer pipes.  
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5.4 Recommendation for future work 

Although design methodology and criteria for upheaval/lateral buckling of conventional single 

layered pipes has been comprehensively described in DNV-RP-F110 and DNV-OS-F101, the 

mechanism of buckling of PIPs and their interaction with propagation buckling is more 

complicated than that of single pipe systems. Considering results of this project, further 

investigation is required to shed light on the interaction between upheaval/lateral buckling and 

propagation buckling.  

The author of this report suggest an investigation on the upheaval and lateral buckling of PIP 

system resulting in curvatures at crown segment of a buckled PIP. The curvature of buckled 

PIP system at the crown segment shall then be used as an initial curvature in a FE model. While 

this curvature is kept constant external pressure shall be increased till occurrence of 

propagation buckling. To validate the FE model, an experimental study is required in 

laboratory. A properly scaled bent PIP system with curvature similar to curvature of crown 

segment of a buckled PIP system shall be placed in pressure chamber. External pressure shall 

then be increased till propagation buckling occurs. Once FE model is developed and validated 

with results of experimental study, a comprehensive parametric studies could be undertaken on 

influence of buckling curvature on the external pressure capacity of PIP system.  

The investigation on the interaction between upheaval/lateral buckling and propagation 

buckling of PIPs will generate useful information for design methodology and criteria for 

offshore PIP systems. 
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