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I 

 

Abstract 

Safety and reliability are terms generally associated with offshore oil and gas industry, 

particularly regarding piping where failure could potentially cause catastrophic outcomes. 

Hence, codes and standards have been developed to ensure a level of quality and reliability 

regarding engineering practice. Such standards include methodologies and procedures with 

respect to many applications, where fatigue analysis is a central topic, especially when 

determining the design life of a structure subdued to cyclic loading. Two prominent standards 

in the field of offshore piping are ASME B31.3 and PD5500, where the former in 2018 added 

an appendix addressing the subject of fatigue analysis through an alternate method. Therefore, 

it is of great interest to perform a comparative study, in which results obtained from both codes 

were analyzed. Thus, inputs required for both methodologies were gathered through application 

of nodal piping software Caesar 2, which was used, amongst others, to calculate stress ranges 

at points of interest. For this case study, the points of interest were the elbows of an expansion 

loop between two oil platforms. These elbows were subdued to cyclic loading from a 

combination of sources, including wave displacements, slugging, and fluctuations of pressure 

and temperature. After stress ranges from all sources had been gathered and applied with fatigue 

analysis according to both codes, the results were compared and further analyzed through 

correlation studies with respect to the different sources of cyclic loading. The findings of which 

indicated that the procedure of ASME B31.3 yielded an overall more conservative output 

regarding estimated lifetime of structure when compared to methodology of PD5500 with S-N 

curve connected to weld class D. An important contributing factor of which was the constants 

associated with S-N curves, particularly in the case of high cyclic loading, where the former 

code resulted in 14 % shorter life expectancy. The most crucial factor was the method applied 

for calculating damage due to wave displacements, where ASME B31.3 resulted in average of 

5.45 times higher instances of accumulated damage. The latter point was underlined by further 

analysis where more conservative weld class from PD5500 were applied. Specifically, class F2, 

which resulted in an overall shorter life expectancy according to PD5500 with significantly less 

accumulated damage attributed to wave displacements. Lastly, results from this thesis implied 

different impact of wall thickness, where an increase resulted in more conservative output from 

ASME B31.3 relative to PD5500. The main proposed reason for which was the stress outputs 

corresponding with increasing wall thickness that showed larger stresses from wave loads, 

along with decreasing stresses from slug loads.                  
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Chapter 1 Introduction 

This chapter presents the thoughts and concepts that initially sparked the motivation 

surrounding the work involved in this thesis, in addition to general information regarding the 

example case study. Furthermore, this chapter also includes objectives, and scope of thesis.   

1.1 Background and motivation  

In offshore oil production, pipelines and risers are essential parts of the production line, where 

often multiphase flow of oil, gas, and water is transported from wells to platforms and in 

between platforms and processing equipment of the same field. For pipes and risers operating 

in offshore setting, failure due to fatigue is a limiting factor regarding estimated design life. 

There are multiple sources of loading that results in accumulated damage from cyclic loading, 

where prominent cases includes, amongst others, pressure fluctuations, changes in temperature, 

slugging, and displacements caused by wave motion (Ortega & Rivera, 2013).   

 

The mentioned sources of loading exert different impact on pipeline, wave displacements, and 

displacements caused by variation in temperature results in contractions and expansions of the 

pipeline. A natural consequence when such load cases take place, is that strain and 

corresponding localized stresses will occur as the pipeline resist deformation (Barker, 2018). 

As a result, a certain level of flexibility is advantageous for pipelines or risers that are exposed 

to this kind of loading. For topside bridges, acting as transportation pipelines between 

platforms, a solution for obtaining the required level of flexibility is to design the pipeline with 

an expansion loop, or another form of expansion compensator (Sutton, 2017). Generally, there 

are three different options of expansion compensators for pipelines, where axial joints, and 

bellows represents other methods than the mentioned expansion loop (Sutton, 2017). When an 

expansion loop experience expansion, forces and corresponding stresses are largely transmitted 

to supports, and fixed locations. Hence, the pipeline achieves more flexibility as the loop can 

expand and contract when exposed to waves or temperature variations. This yield relatively low 

instances of stress concentrations when compared to a standard pipe without any expansion 

compensator (Stewart, 2016).         
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Figure 1-1: Expansion loop 

Figure 1-1 shows a generic illustration of an expansion loop for the application of pipelines 

exposed to expansion and contraction. The red lines in the figure indicates deformed shape 

under contraction (Arveng Training and Engineering, 2021).  

 

A side effect of an expansion loop, transporting multiphase flow, are stresses caused by 

slugging propagating at elbows of loop. This is because the curvature of pipeline will function 

as an obstruction to the flow, and result in accumulation of phases on either side of the bend. 

This will affect the state of equilibrium. Additionally, the curvature will result in flow particles 

accelerating in radial direction of curve (Gundersen, Andersen, & Haakonsen, 2012). In order 

to mitigate resulting stresses caused by cyclic loading due to slugging, a certain level of restraint 

and support is required. Therefore, a compromise between structural flexibility and rigidity is 

needed to best meet requirements of the structure’s integrity in regard to fatigue from multiple 

sources.  

 

Since failure of offshore pipelines would have catastrophic environmental consequences, such 

as gas leaks and oil spill, it is important to ensure a satisfying level of security. To assure a 

consensus, regarding safety in fields of engineering, codes with methodology has been 

developed. These calculations are applicable for a vast spectrum of utilities in marine and 

offshore sector. Amongst these utilities are fatigue calculations of pipeline welds. Different 
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standards have differing methodologies and safety factors. Hence, it is natural to assume that 

two selected codes might not offer the same levels of conservatism for calculations based on 

the same load, -and geometric inputs. Thus, gaining insight into which standard will yield the 

more conservative result for varying load cases will be interesting to determine the ideal code 

for various applications. It is believed that the comparative analysis carried out through this 

thesis will result in insight regarding effect of load cases on fatigue. 

 

The codes applied for the comparative analysis of this thesis were specifically PD5500 and 

ASME B31.3. The former was developed by The British Standards Institution (BSI), which is 

the national standards body of the United Kingdom. Originally founded as engineering 

standards committee in 1901 in London, BSI is to this day involved in the production of 

technical standards (BSI Group, 2021). In addition to other services, such as supplying 

certification, and providing services relevant to codes and standards for various businesses. 

Furthermore, the institute is a non-profit body, that is operating worldwide, in 90 different 

offices in 31 countries (BSI Group, 2021). The code of PD5500 specifically provides 

specifications regarding pressure vessels manufactured from carbon, ferritic alloy and austenitic 

steel, nickel, and aluminum (BSi, 2003). The specifications addressed by this code generally 

applies to design, manufacturing, inspection, and testing. Hence, the code includes guidelines 

regarding fatigue analysis of welded pressure vessels subdued to cyclic loading. The specifics 

of these guidelines are provided in appendix C of PD5500.        

 

The latter standard was developed by the American society of mechanical engineers (ASME). 

This organization was formed in 1880 as a not for profit membership organization that currently 

have a member status of over 110 000 engineers in more than 150 countries. The organization 

generally provides codes and standards for application in vast spectrum of technical fields, such 

as, elevators, fasteners, power plan systems, and pipelines. The standard B31.3 was specifically 

developed with regard to piping found in industries such as petroleum refineries (ASME , 

2021). Within this field of application, it provides specific requirements regarding design, 

testing, construction, inspection regarding fusion welded pressure vessels for (ASME, 2018). 

Appendix W of the standard where added as an alternative methodology regarding fatigue 

analysis of pressure vessels subdued to high cyclic loading.       
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The principle this thesis followed to compare the fatigue standards were design by analysis. 

The example case for analysis was a topside piping bridge with an expansion loop between two 

offshore platforms supported by jacket foundation. The pipe section function as a transportation 

line of multiphase flow, which resulted in effects of slugging. In addition to slugging, this 

example case was subjected to other load cases, such as occurring stresses caused by waves 

displacement of platforms. Lastly, fluctuations of pressure and temperature were incorporated 

in analysis to obtain a broad representation of possible load cases relevant for this type of 

installation. Aforementioned sources of loading were utilized in combination with fatigue 

calculations from the standards of ASME B31.3 appendix W and PD5500 appendix C. In order 

to obtain a comprehensive result of the difference in utilization of standards, the analysis was 

performed under different combinations of load cases, where the results were statistically 

evaluated and compared.   
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1.2 Objective  

The main objective of this thesis was to compare methodologies and obtained results from 

performing fatigue analysis provided in the codes PD5500 and ASME B31.3. Thus, gaining 

insight in how the codes differ in levels of conservatism regarding various sources of loading.   

 

In order to achieve the main objective of this thesis, the following sub-objectives were defined 

and carried out. First, to gain understanding of methodologies and requirements of the two 

codes, a literature study of the two standards was done. Second, a model representing the 

example case of the pipeline in nodal software Caesar 2 was created, where several load cases 

relevant to fatigue calculations were specified. Third, outputs from stress analysis were applied 

to perform fatigue calculations according to methodologies from both codes. Fourth, numeric 

outputs from both fatigue calculations were compared to each other. Lastly, a correlation study 

between inputs from different load cases and outputs from fatigue analysis according to both 

codes was applied using excel.    
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1.3 Outline of thesis 

➢ Chapter 2 contains fundamental theories relevant for the various calculations that has 

been included throughout the work involved with this thesis. Such as theory of elasticity, 

crack growth and fatigue, in addition to information surrounding application of the 

standards ASME B31.3 and PD5500 for fatigue analysis.  

➢ Chapter 3 presents the methodology applied for performing stress analysis, which 

specifically entail general information of the nodal software Caesar 2, in addition to 

inputs to said software. These inputs include amongst others pipe geometry, boundary 

conditions, material, and loads.   

➢ Chapter 4 includes outputs from stress analysis performed in Caesar 2.  

➢ Chapter 5 presents the methodologies given in the two standards ASME B31.3 and 

PD5500, in addition to input parameter values to the respective methods. (in here is 

check of stresses and cycles provided by standards) 

➢ Chapter 6 contains results from fatigue calculations according to both codes, in addition 

to comparison and discussion regarding the respective results.   

➢ Chapter 7 includes correlation study of outputs from fatigue analysis, where correlation 

between load cases and fatigue output according to both codes are determined.  

➢ Chapter 8 presents a summary of the thesis, before the reached conclusion based on 

fatigue calculations and correlation studies. Furthermore follows, suggestions and 

recommendations regarding future considerations when implementing these 

methodologies in industry. Lastly, this chapter presents the authors recommendations 

for future work within the field of fatigue of marine structures.  
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Chapter 2 Theory  

2.1 Elasticity 

Stress can be categorized into two overarching categories, global/nominal and local stress, 

where global stress is the result of the loads exerted on the geometry. For a uniform cross section 

under uniaxial tension, the global stress can be described through the following formula. 

Symbol A represents cross section area, and F is axial force.  

 

𝑆 =
𝑭

𝐴
 2.1 

 

Local stress, however, is the levels of stress that occur in fragmented sections of the structure, 

which is due to various conditions, such as geometry and resulting multiaxial stresses and 

strains (Schreurs, 2013). A more thorough explanation of the concept of local stresses, first 

requires consideration regarding theory of elasticity. 

 

Elastic theory is a branch within solid mechanics regarding isotropic and linear elastic materials 

subjected to small deformations under external loading (Irgens, 2008). For an isotropic material 

subjected to isotropic elasticity, which is the case of general elasticity theory, it is implied that 

material properties are identical in all directions and that principle direction of stress and strain 

coincide (Boresi & Schmidt, 2003). Furthermore, materials with linear elastic properties defines 

that the relationship between stress and strain is linear, hence Youngs modulus E is constant 

and represent the steepness of the stress strain curve under yield, this linear relation is called 

Hooks law, and is expressed as shown in equation 2.2 (Schreurs, 2013),  

𝜀 =
𝜎

𝑬
 2.2 

where σ is stress, ε is strain, and E denotes Youngs modulus. An important factor, which is a 

consequence of linear elastic theory, is that it is only valid below yield stress of the material. 

This is the maximum stress level where all applied deformation is still reversible, which is also 

called elastic deformation (Roylance, 2001). When stresses exceeds the yield strength of 

material, plastic deformation will take place and the component will experience permanent 

changes in geometry (Callister & Rethwisch, 2011). This will cause non-linear behavior 
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between stress and strain at levels of stress exceeding the yield limit of the material. The linear 

relation between stress and strain, including the non-linear section of plastic deformation, is 

presented in the generic stress strain curve of figure 2-1.  

 

P represent the maximum level at which the relation between stress and strain is linear. The 

symbol E at curve denotes the elasticity limit, which indicate the region of which the component 

is still under reversible elastic deformation. Furthermore, Y represent the yield strength of 

material, which defines the stress level where, if exceeded, plastic deformation will take place 

(Roylance, 2001). For materials that does not have a well-defined yield point, the 0.02% offset 

method can be used (MechniCalc, 2021). Hence, Youngs modulus would represent the linear 

curve drawn from offset method, which is illustrated as dashed line on figure 2-1. The letter U 

at the figure represent ultimate tensile strength, which is the maximum stress level the material 

can endure before experiencing necking. Lastly, F represents fracture point.      

 

 

Figure 2-1: Stress-strain diagram 

For isotropic, linear elastic materials the relation between stress and strain can, as shown in 

equation 2.2, be described mathematically through Hooks law, where the elasticity modulus 

acts as the stiffness constant. However, to determine the relation between stresses and strains 

for a three-dimensional body, subdued to triaxial strains, the concept expressed in equation 2.2 

must be expanded as shown in equation 2.3 through 2.6.c, where v represents Poisson’s ratio 

(Bell, 2015).  
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𝜀𝑥𝑥 =
1

𝐸
[𝜎𝑥𝑥 − 𝑣(𝜎𝑦𝑦 + 𝜎𝑧𝑧)] 2.3 

 

𝜀𝑦𝑦 =
1

𝐸
[𝜎𝑦𝑦 − 𝑣(𝜎𝑥𝑥 + 𝜎𝑧𝑧)] 2.4 

 

𝜀𝑧𝑧 =
1

𝐸
[𝜎𝑧𝑧 − 𝑣(𝜎𝑥𝑥 + 𝜎𝑦𝑦)] 2.5 

 

𝜀𝑥𝑦 =
(1 + 𝑣)

𝐸
𝜎𝑥𝑦, 𝜀𝑥𝑧 =

(1 + 𝑣)

𝐸
𝜎𝑥𝑧 , 𝜀𝑦𝑧 =

(1 + 𝑣)

𝐸
𝜎𝑦𝑧  2.6. 𝑎 − 2.6. 𝑐  

 

Equations applied in the field of elastic theory are linear partial differential equations. 

Therefore, the superposition principle can be applied, which means that the sum of individual 

solutions to the set of equations is also a solution to the equations. Furthermore, the theory of 

elasticity also includes a theorem of uniqueness of solution and a theorem of existence of 

solution (Schreurs, 2013). The former theorem state that the solution derived from the relevant 

set of equations, with the given boundary conditions, must be the only solution to the problem. 

The latter theorem, however, merely state that a solution to the problem must exist (Irgens, 

2008).    

 

A Hookean solid subjected to strains induced by other factors than mechanic loads, such as 

strains caused by thermal expansion or contraction, requires an alteration of the previously 

presented formula as shown in equation 2.3-2.5. This alteration results in the following relation 

displayed in equation 2.3.a through 2.5.a, in the case of shear strains, the relation remains as in 

equation 2.6.a-2.6.c (Boresi & Schmidt, 2003).  

 

𝜀𝑥𝑥 =
1

𝐸
[𝜎𝑥𝑥 − 𝑣(𝜎𝑦𝑦 + 𝜎𝑧𝑧)] + 𝛼∆𝑇 2.3. 𝑎 

 

𝜀𝑦𝑦 =
1

𝐸
[𝜎𝑦𝑦 − 𝑣(𝜎𝑥𝑥 + 𝜎𝑧𝑧)] + 𝛼∆𝑇 2.4. 𝑎 

 

𝜀𝑧𝑧 =
1

𝐸
[𝜎𝑧𝑧 − 𝑣(𝜎𝑥𝑥 + 𝜎𝑦𝑦)] + 𝛼∆𝑇 2.5. 𝑎 
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Alpha is the linear thermal expansion coefficient of the material, and delta T denotes the change 

in temperature in degrees of Celsius. The relation presented in the formula depends on the 

assumptions of thermal isotropy and thermal homogeneity, which means that the longitudinal 

strain is the same for all directions of the material (Callister & Rethwisch, 2011). Hence, the 

total strains of a Hookean solid consists of three contributing factors, namely thermal strains, 

elastic strains due to solid resisting thermal deformation, and elastic strains caused by external 

loads.   

2.2 Cylindrical shell  

Hollow cylindrical structures are due to their generally high strength to weight ratio applicable 

for a variety of applications, including pressure vessels such as offshore pipelines and risers. 

These structures are often subjected to wide array of different sources of stresses, such as 

internal pressure, external pressure, changes in temperature, and bending. For cylindrical 

pressure vessels under combined loading, the acting stress components are shear stress, 

circumferential stress and longitudinal stress (Boresi & Schmidt, 2003). The shear stress 

component is a result of the torsion moment exerted on the cylinder. The relation between strain 

and stresses for cylindrical cross-section are given by formula 2.3.b through 2.5.b (Bell, 2015).  

𝜀𝑟𝑟 =
1

𝐸
[𝜎𝑟𝑟 − 𝑣(𝜎𝜃𝜃 + 𝜎𝑧𝑧)] + 𝛼∆𝑇 2.3. 𝑏 

 

𝜀𝜃𝜃 =
1

𝐸
[𝜎𝜃𝜃 − 𝑣(𝜎𝑟𝑟 + 𝜎𝑧𝑧)] + 𝛼∆𝑇 2.4. 𝑏 

 

𝜀𝑧𝑧 =
1

𝐸
[𝜎𝑧𝑧 − 𝑣(𝜎𝑟𝑟 + 𝜎𝜃𝜃)] + 𝛼∆𝑇 2.5. 𝑏 

 

Equation 2.3.b through 2.5.b can be rewritten and solved with respect to stress components, and 

thus be applied for stress calculations based on strains, and changes in temperature.  

 

For cylindrical structures applied as beams, there are, amongst other, three different types of 

stress sources of interest due to exerted mechanical loading. These sources are axial stress, 

bending stress, and torsional stress. Definitions of which is described through following 

equations respectively (Bell, 2014):  

𝜎𝑁 =
𝑭

𝐴
 2.1. 𝑏 



 

11 

 

 

𝜎𝐵(𝑟) =
𝑀𝐵

𝐼
𝑟 2.7 

 

𝜏(𝑟) =
𝑀𝜃

𝐼𝑝 
𝑟 2.8 

 

where MB is bending moment, Mθ is twisting moment, the symbols Ip and I denote second polar 

moment of area and moment of area respectively, for hollow cylindrical cross-section, given by 

equations 2.7.a, and 2.8.a. The latter two equations are both functions of stress over the cross-

section’s radius.    

2.2.1 Stress components for pressure and temperature 

Stress components due to effects of pressure and temperature can for a cylindrical pressure 

vessel be determined through the application of equation 2.9-2.14. Equation 2.9-2.11 denotes 

stress components in situations of negligible effects due to change in temperature, while 

equation 2.12-2.14 is applicable for situations where only effects of change in temperature is 

considered. Base assumption for these expressions is that the pipe is close ended and 

computation occur far from either end (Boresi & Schmidt, 2003).    

 

𝜎𝑟𝑟 =
𝑝1𝑟𝑖

2 − 𝑝2𝑟𝑜
2

𝑟𝑜2 − 𝑟𝑖2
−

𝑟𝑖
2𝑟𝑜

2

𝑟𝑚2(𝑟𝑜
2 − 𝑟𝑖2) 

(𝑝1 − 𝑝2) 2.9 

 

𝜎𝜃𝜃 =
𝑝1𝑟𝑖

2 − 𝑝2𝑟𝑜
2

𝑟𝑜2 − 𝑟𝑖2
+

𝑟𝑖
2𝑟𝑜

2

𝑟𝑚2(𝑟𝑜
2 − 𝑟𝑖2) 

(𝑝1 − 𝑝2) 2.10 

 

𝜎𝑧𝑧 =
𝑝1𝑟𝑖

2 − 𝑝2𝑟𝑜
2

𝑟𝑜2 − 𝑟𝑖2
+

𝑭

𝜋(𝑟𝑜
2 − 𝑟𝑖2) 

 2.11 

 

where rm is middle surface curvature radius, ri is inner radius, ro is outer radius of cross section. 

Furthermore, p1 and p2 represents inner and outer pressure respectively, and F is axial force.  

Following set of equations presents stress distribution for a thick-walled cylinder under linearly 

elastic behavior for steady state change in temperature (Boresi & Schmidt, 2003).  
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𝜎𝑟𝑟 =
𝛼𝐸∆𝑇

2(1 − 𝑣) ln (
𝑟𝑜
𝑟𝑖

)
[− ln (

𝑟𝑜
𝑟
) +

𝑟𝑖
2(𝑟𝑜

2 − 𝑟2)

𝑟2(𝑟𝑜
2 − 𝑟𝑖2)

ln (
𝑟𝑜
𝑟𝑖

) ]  2.12 

 

𝜎𝜃𝜃 =
𝛼𝐸∆𝑇

2(1 − 𝑣) ln (
𝑟𝑜
𝑟𝑖

)
[1 − ln(

𝑟𝑜
𝑟
) −

𝑟𝑖
2(𝑟𝑜

2 + 𝑟2)

𝑟2(𝑟𝑜
2 − 𝑟𝑖2)

ln (
𝑟𝑜
𝑟𝑖

) ]  2.13 

 

𝜎𝑧𝑧 = 𝜎𝑟𝑟 + 𝜎𝜃𝜃  2.14 

 

2.3 Primary and secondary stresses  

Primary stresses are defined as stress caused by solely mechanical loading, which mean stresses 

that are induced by forces, such as gravity and pressure. Another characteristic of primary 

stresses is that they are not self-limiting, which mean that the structure is unable to contain 

continuing deformation until stresses reach equilibrium, once stress levels of plastic 

deformation is reached. Most primary stresses tend not to by cyclic of nature, but static, 

however, some types such as pulsating in pressure can be classified as cyclic primary stress. 

Secondary stresses are normal, or shear stress usually caused by displacements, for example 

displacements due to thermal expansion, vibration, or movement of foundation. Unlike primary 

stresses, secondary stresses are generally self-limiting, which means that stress dissipate as 

structure reach yield (Rezkallah, 2021; Hexagon, 2017).    

2.4 Sources of loading   

2.4.1 Slugging  

Slugging is a phenomenon that occur in transportation pipelines of multiphase flow, where 

accumulation of either the gas or liquid phase results in sections where there is difference in 

density from the ambient fluid (Mokhatab & Towler, 2007). This phenomenon is particularly 

relevant regarding the systems integrity in piping sections with bends. Under ideal production 

conditions, the pipe is transporting a mixture of liquid and gas that have a uniform density 

throughout the pipeline, which leaves the piping system in equilibrium. However, the reality of 

the state of the multiphase flow of the system is not that simple, in fact there are many factors 

that may result in slugs. These factors can be related to events that causes change in pressure or 
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temperature, which in turn affect the density of the gas or liquid (Kansao et al, 2008). 

Additionally, changes in direction regarding flow will cause the particles of fluid to experience 

acceleration perpendicular to the direction of flow (Ortega & Rivera, 2013). Hence, when 

slugging occurs in pipeline bends, it causes the forces acting before and after each bend to 

become out of balance with respect to the state of equilibrium. When expressing slugging 

induced forces mathematically, it is easily seen that curvature of the pipe cross-section is vital, 

as presented in equation 2.15 through 2.15.b (Hou, Tijsseling, & Bozkus, 2014). Where both 

horizontal and vertical component of the slugging force is redundant for sections without 

curvature.      

𝑭 = 𝐷𝐴𝐹 ∙ 𝝆𝒗2𝜋𝑟𝑖
2√2(1 − 𝑐𝑜𝑠𝜃) 2.15 

 

𝑭𝑥 = 𝐷𝐴𝐹 ∙ 𝝆𝒗2𝜋𝑟𝑖
2(1 − 𝑐𝑜𝑠𝜃) 2.15. 𝑎 

 

𝑭𝑦 = 𝐷𝐴𝐹 ∙ 𝝆𝒗2𝜋𝑟𝑖
2𝑠𝑖𝑛𝜃 2.15. 𝑏 

DAF is acronym for dynamic amplification factor and is a dimensionless number that is used 

in equations containing expressions for static loads in order to factor in the effects of dynamic 

loading (El-Reedy, 2015). Furthermore, v represents the velocity of the flow, ri is inner diameter 

of cross-section, and the symbol ρ is density of the fluid.      

2.4.2 Waves 

In the case of marine structures, waves will cause displacements in potentially three lateral 

directions, depending on the response of the vessel. The response displacement of the vessel 

depends not only on the size and direction of the wave, but also the vessels mass and geometry 

(Journee & Massie, 2001). A floating vessel has 6 degrees of freedom, namely, heave, sway, 

surge, yaw, roll and pitch. The first three are relative to motion in 3D space, while the latter 

three are related to rotating motion among the axis of the 3 dimensional coordinate system 

(Gudmestad, 2015). Hence, the motion response of a vessel when encountering waves is a result 

of different combinations of the mentioned 6 degrees of freedom. The motion response of a 

vessel can be obtained for various angles of incoming waves combined with wave heights. This 
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is done in order to determine displacements of defined points on vessel. For the further 

determination of the incoming angle and wave heights these displacements become critical.    

 

For wave loads a comprehensive study of the area in question is necessary to establish a good 

understanding of expected wave heights. These expected values are determined through 

statistical methods, where the wave data of a certain location is recorded and analyzed over a 

long period of time (Journee & Massie, 2001). Parameters and variables, with respect to the 

wave field, required for evaluating wave induced displacements are explained further in chapter 

2.8.1.  

2.4.3 Thermal and displacement loads 

A well-known property of metallic alloys is that they expand over increase in temperatures and 

shrink during decrease, where the rate of change relative to change in temperature depends on 

the material (Callister & Rethwisch, 2011). When these displacements occur in proximity to 

restraints, it results in stresses propagating in the structure. The significance of these 

displacements depends on factors such as material temperature coefficient of expansion (α), 

ambient temperature, and in the case of pressure vessels, operating temperature of content fluid 

(Braestrup, et al., 2005). In the case of constant strain, linear displacements caused by change 

in temperature can be determined mathematically as shown in equation 2.16 (The Process 

Piping, 2021), 

𝑢(𝑥) = 𝜀𝑡 × 𝑥 = 𝛼∆𝑇 × 𝑥 2.16 

 

where x is length of subject, and εt is strain caused by thermal expansion or contraction, and T 

is temperature in degrees Celsius. Consequently, the stress range applicable for fatigue analysis 

from thermal expansion is determined based on the strain range given by the change in 

temperature. For a hollow cylindrical cross-section only subjected to stresses induced by 

changes in temperature, the stress components can be expressed as shown in equation 2.12-

2.14.   

2.4.4 Pressure  

Operating pressure within a pipeline is usually a source for fatigue loading since there will 

typically be fluctuations off the pressure level. Hence, load cycles occur from variations in 
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pressure, where one load cycle is defined as significant deviation from the steady state status of 

operating pressure.  

 

2.5 FEA 

Finite element method is a numerical approach to solving engineering problems related to topics 

such as structural mechanics. The methodology of this form of analysis includes following 

steps. The first step is to define the geometry representing the structure of analysis. After the 

geometry has been defined, it can be divided into a network of nodes with interconnecting 

elements. Once the nodal network has been defined, loads and boundary conditions can be 

assigned to the nodes for analysis. The principle of a generic FEA system can be presented in 

the following matter (Dong, 2001), 

 

[𝑭] = [𝑘] ∙ [𝑑] 2.17 

 

where the F-matrix represent the loads applied to the system, d-matrix represent nodal 

displacement, and k-matrix is the stiffness matrix of the system. To establish the systems 

stiffness matrix, it is necessary to evaluate the shape functions of the elements the system 

consists of. This can be done through interpolation, where the level of interpolation depends on 

the base element and the number of nodes it contains. For beam elements with one node on 

each end, the interpolation is done through a polynomial that represent bending, axial and shear 

forces and displacements that may occur in that element. The process of interpolation results in 

a matrix of the elements shape functions, which is presented in equation 2.18 through 2.18.b 

for the case of beam element (Zienkiewicz, Taylor, & Zhu, 2005).    

 

[𝑁] = [𝑋] ∙ [𝐴]−1 2.18 

 

where [𝑋] represents the polynomial degree of which the shape functions are interpolated. In 

the case of generic beam element, it is as follows. 

 

[𝑋] = [1  𝑥  𝑥2  𝑥3],
𝑑

𝑑𝑥
[𝑋] = [0  1  2𝑥  3𝑥2] 2.19 − 2.20 
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Furthermore, [𝐴] can be represented as shown in equation 2.18.a.  

 

[𝐴] =

[
 
 
 
𝑋(0)

𝑋𝑥(0)

𝑋(𝐿)

𝑋𝑥(𝐿)]
 
 
 

= [

1 0 0 0
0 1 0 0
1 𝐿 𝐿2 𝐿3

0 1 2𝐿 3𝐿2

]  2.18. 𝑎 

 

As a result, the shape functions matrix can be defined as follows.  

 

[𝑁] = [1  𝑥  𝑥2  𝑥3]  ∙ [

1 0 0 0
0 1 0 0
1 𝐿 𝐿2 𝐿3

0 1 2𝐿 3𝐿2

]

−1

= [1  𝑥  𝑥2  𝑥3]  ∙
1

𝐿3
∙ [

𝐿3 0 0 0
0 𝐿3 0 0

−3𝐿 −2𝐿2 3𝐿 −𝐿2

2 𝐿 −2 𝐿

]  2.18. 𝑏 

 

When deriving element matrices, it is necessary to apply certain mechanical principles, 

specifically the principle of virtual work and the principle of virtual displacement. A virtual 

displacement is defined as a small and admissible change in the systems configuration (Hughes, 

2000). In other words, change that does not break with assigned the boundary conditions. The 

principle of virtual work states that the amount of strain energy accumulated in the system is 

equal to that of the total work done by body forces in volume and traction forces on surface. 

Thus, the principle of virtual work can be described as the following equation (Cook, Malkus, 

& Plesha, 1989),  

 

∫[𝛿𝜀]𝑇 ∙ [𝜎] 𝑑𝑉 = ∫[𝛿𝑢]𝑇 ∙ [𝐹]𝑑𝑉 +∫[𝛿𝑢]𝑇 ∙ ∅𝑑𝑆  2.19 

 

where the first term of the equation represents total work exerted on geometry, the second and 

third term of the equation, however, represent work caused by body forces and surface forces 

respectively. Mathematical notation of terms in principle of virtual work are displayed in 

equation 2.20-2.22 (Zienkiewicz, Taylor, & Zhu, 2005).   

 

[𝜀] = [𝜕] ∙ [𝑢], 𝑢 = [𝑢, 𝑣,𝑤]𝑇 = [𝑁] ∙ [𝑑], [𝜎] =  [𝜀] ∙ [𝐸] 2.20 − 2.22 

 

For one element, the matrix representing strain is: 
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[𝜀] = [𝜕] ∙ [𝑁] ∙ [𝑑] = [𝐵] ∙ [𝑑] 2.20. 𝑎 

 

where [𝐵] is strain displacement matrix for the element.  

 

[𝐵] = [𝜕] ∙ [𝑁] 2.23 

 

Equation 2.20.a, 2.21, 2.22, and 2.23 can be substituted into the original expression representing 

the principle of virtual work. This is the expression that need to be solved for an arbitrary 

element in order to establish the element stiffness matrix. This expression is valid for any virtual 

displacements (Hughes, 2000).  

 

∫[𝛿]𝑇 ∙ [𝐵]𝑇 ∙ [𝑑]𝑇 ∙ [𝜀] ∙ [𝐸] 𝑑𝑉 = ∫[𝛿]𝑇 ∙ [𝑁]𝑇 ∙ [𝑑]𝑇 ∙ [𝐹]𝑑𝑉 +∫[𝛿]𝑇 ∙ [𝑁]𝑇 ∙ [𝑑]𝑇 ∙ ∅𝑑𝑆 

 

→ [𝛿𝑑]𝑇 ∙ {∫[𝐵]𝑇 ∙ [𝐵] ∙ [𝑑] ∙ [𝐸] 𝑑𝑉 − ∫[𝑁]𝑇 ∙ [𝐹]𝑑𝑉 −∫[𝑁]𝑇 ∙ ∅𝑑𝑆} = 0 

 

→ ∫[𝐵]𝑇 ∙ [𝐵] ∙ [𝑑] ∙ [𝐸] 𝑑𝑉 − ∫[𝑁]𝑇 ∙ [𝐹]𝑑𝑉 −∫[𝑁]𝑇 ∙ ∅𝑑𝑆 = 0 2.19. 𝑎 

 

Hence, by applying equation 2.19.a along with the generic expression of a FEA presented in 

equation 2.17, the expression for determining a systems stiffness matrix is obtained,  

 

[𝑘] ∙ [𝑑] = [𝐹] = ∫[𝑁]𝑇 ∙ [𝐹]𝑑𝑉 +∫[𝑁]𝑇 ∙ ∅𝑑𝑆  2.24 

 

where [𝐹] in this case represents the systems reaction forces, thus, the final expression for the 

systems stiffness matrix is defined as following,  

 

[𝑘] = ∫[𝐵]𝑇 ∙ [𝐵] ∙ [𝑬] 𝑑𝑉 2.24. 𝑎 

 

Once the systems stiffness matrix is determined, the loads and boundary conditions can be 

applied to the relevant matrices in equation 2.24.a to perform finite element analysis. The 

application of boundary conditions entails determining nodal restraints for model in accordance 
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with the system under evaluation (Hughes, 2000). The loads acting on the system is similarly 

applied at each respective node for both horizontal and vertical direction. Lastly, Support 

reactions and displacements of undefined nodes in the system can be determined through 

solving the set of equations derived from the three matrices. Naturally, for any realistic system 

this process becomes a set of equations of a magnitude so large that solving without the use of 

computer software is futile. Hence, special software packages have been developed in order to 

handle these structural calculations.      

2.6 Fatigue  

Structural failure can generally be divided into two categories, fracture caused by exceeding 

ultimate tensile limit of structures material, and fatigue induced fracture. The latter term is 

defined as cyclic loading of relatively lower stresses, usually lower than yield strength of 

material (Berge & Ås, 2017). Consequently, fatigue is cycle by cycle process of damage 

accumulation, where each cycle might be insignificant. However, with millions of such cycles, 

the damage may result in significant weakening of the structures integrity. Furthermore, fatigue 

life is generally represented through crack growth, and how crack initiate and continue to grow 

over continued load cycling until finally the size of the crack overcome the structure and causes 

final failure (Ziegler & Muskulus, 2016). Thus, total fatigue life can be generally described 

through a simple equation displaying the three stages of a component’s life before fatigue 

fracture, as shown in equation 2.25 (Berge & Ås, 2017), where N is total number of load cycles 

before fracture, NI is crack initiation and Ng is crack growth.  

 

𝑁 = 𝑁𝐼 + 𝑁𝑔 2.25 

 

Furthermore, crack initiation and growth are commonly defined through application of crack 

growth diagram, which represent the two stages, in addition to fracture as displayed in figure 

2-2.  
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Figure 2-2: Crack growth curve 

The vertical axis of the diagram represents change in crack length (a) with respect to load cycles 

(N). The horizontal axis, on the other hand, depends on change in K-value, which is a linear 

elastic parameter that is defined as the stress intensity factor. The stress intensity factor is an 

analytical approach to determine the impact of stresses located at the weld toe. Mathematically, 

K is defined as shown in equation 2.26 (Keprate et al, 2016). Hence, it is solely dependent on 

nominal stresses and geometry of crack and component of analysis. Kth indicates the threshold 

value for initiation of cracks, and is defined as equation 2.26, but with the threshold stress range 

that initiates crack growth (Ziegler & Muskulus, 2016).     

 

𝐾 = 𝑆√𝜋𝑎 × 𝒇(
𝑎

𝑤
)  2.26 

 

In this equation, S is nominal stress, the parameter a is the length of crack, w is width of 

component under evaluation, and f is a specimen factor determined through the relation between 

a and w.   
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As can be observed in the generic crack growth diagram, only a certain portion of the curve is 

approximately linear (region 2), which makes this part most ideal for consideration. This linear 

section of the crack growth curve is commonly referred to as the Paris section, and is denoted 

by equation 2.27, which defines the rate of crack growth (Paffumi, Nilsson, & Taylor, 2008). 

 

𝑑𝑎

𝑑𝑁
= 𝐶(∆𝐾)𝑚 2.27 

 

where C and m are material constants that defines the linear section of the relevant crack growth 

curve.  

 

Of the two phases, crack initiation and growth, which one is dominant depends on the physical 

characteristics of the component. These characteristics include amongst other, production 

method and whether there is a welded or bolted connection included in the structure. For a 

machined component, the number of load cycles initiating cracks represents the majority of 

fatigue cycles. For components with welded connections, however, the crack growth phase 

dominates the process (Berge & Ås, 2017). The reason for this difference is due to material 

defects in connecting joint after completed welding process (Berge & Ås, 2017; Callister & 

Rethwisch, 2011), which means that these weld defects in practice affect the component in the 

same manner as a small crack with respect to fatigue. For machined components with smooth 

surfaces, the initiation stage is most prominent. In these cases, cracks propagate in slip planes 

located at the surface of the component. Slip planes are flaws in the atomic structure of a 

metallic alloy that take the form as gaps between the planes of the atomic structure, which leads 

to dislocations more easily taking place and further lead to plastic deformation (Callister & 

Rethwisch, 2011). Due to the large number of crystalline grains, a component of a crystallin 

material is statistically bound to have slip planes located somewhere at its surface. Although a 

structure is bound to have slip planes that can cause crack initiation, the total amount of load 

cycles until fracture is still considerably higher than that of a welded connection with inherent 

defects (Berge & Ås, 2017). Hence, the concept of weldability is introduced. An important 

aspect of weldability is reducing the occurrence of weld defects as much as possible (Bjork, 

Samuelsson, & Marquis, 2008). This is achieved through good choice of materials, good 

workmanship, inspections, and quality control. However, despite efforts such as these, the 

process of welding will always cause impurities in the structure, whether it is introduction of 

slag, lack of weld penetration or porosity forming in weld (Bjork, Samuelsson, & Marquis, 
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2008). Therefore, whenever a welded connection is present in a structure, it represents a 

location of great interest considering fatigue fracture analysis. This is especially represented in 

standards such as PD5500, where fatigue calculations are largely based on weld classes that are 

defined in mentioned code (BSi, 2003).   

 

It is not only the state of structure and method of manufacturing that affect crack initiation and 

growth. There are multiple other contributing factors affecting the fatigue life of a structure. 

Firstly, corrosion is a natural process of the metal returning to its original form, in the case of 

steel alloys, iron oxide. This process is greatly accelerated when the metal is submerged in 

seawater (Berge & Ås, 2017). Chemically, the process of corrosion involves oxidation, where 

electrons transfers from the material to the environment (seawater or air), thus, degrading the 

material (Chopra, 2000). There are different ways of protecting the structure against the 

accelerating effect of corrosion when submerged. One of such method is coating the surface 

area of the structure with protective layer of paint, which insulates the structure and protects it 

against seawater (Braestrup, et al., 2005). The second contributing factor is the frequency of 

load cycles. Since failure caused by fatigue is defined as the number of load cycles that causes 

fracture in structure, the frequency of the cyclic loading is highly relevant for the structure’s 

lifespan. High frequent loading will reduce the design life relative to low frequent loading, 

which will have the same number of cycles over a longer period. Thirdly, the orientation of 

loading will influence the fatigue life, whether it is uniaxial loading, bending or torsion (Berge 

& Ås, 2017). Fourthly, the operating temperature is an important factor also regarding 

estimation of a structures design life. All metallic alloys experience increasing brittleness and 

hardening under low temperatures. This ductile to brittle transition temperature is a threshold, 

that varies with different materials. However, change in temperature will usually result in an 

alteration of the materials Youngs modulus, even if the material has yet to reach the transitional 

phases of ductile to brittle (BSi, 2003; Callister & Rethwisch, 2011). Generally, increase in 

temperature lead to decrease in magnitude of Youngs modulus, and oppositely for decrease in 

temperature, an increase in Youngs modulus is experienced. Hence, relevant temperatures 

regarding design of structure is highly relevant for estimation of fatigue. Lastly, resulting stress 

range from applied load cycle, these ranges are considered as a sinusoidal function, which is 

shown in equation 2.28 (Berge & Ås, 2017), 

 

𝑆𝑟 = 𝑆𝑚𝑎𝑥 − 𝑆𝑚𝑖𝑛  2.28 
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where Smax is the largest instance of nominal stress caused by applied external loading. 

Furthermore, Smin is lowest nominal stress acting on the same component before returning to 

equilibrium. Thus, one load cycle is defined as an applied load resulting in the occurrence of an 

individual stress range. However, load cycles are not always stress ranges of identical 

amplitude. On the contrary, it is often the case that there is varying amplitude, depending on 

different sources of loading. For marine structures that is exposed to harsh environment and 

irregular loading from various sources, it is necessary to account for all relevant loadings and 

incorporating them into the fatigue analysis. A method for handling these irregular loading 

amplitudes, is through rain flow counting (Lee & Tjhung, 2012; Berge & Ås, 2017). This is a 

counting method that can be applied through the following steps. First, present all the load 

cycles as stress ranges with peaks and valleys, this stress cycle plot is to represent a pagoda 

rooftop when rotated 90 degrees. Secondly, each stress peak is to be imagined as a source of 

rain that run down the rooftop off the edge. The occurrences of half cycles are counted when; 

the rain flow reaches the end of the time history, intersect with a past flow of greater magnitude, 

or it continue to flow, but there are peaks of greater size at later stage. Thirdly, this process is 

repeated for the valleys of the plot. Fourth, all half-cycles get a stress value equal to the 

difference in stress from initiation to termination of cycle. Lastly, matching half-cycles, same 

magnitude, but opposite orientation, are paired up and counted as whole load cycles (Lee & 

Tjhung, 2012).   

 

The rain flow method is not the only way of handling load cycles of varying amplitude. This 

can also be achieved through minor summation, which is a simple and precise method of 

addressing the problem of variable stress amplitude through load history. This method is based 

on the premise that damage inflicted on structure is constant for each load cycle for a given 

stress range, which is given by equation 2.29 (Berge & Ås, 2017), 

 

𝑑 =
1

𝑁
 2.29 

 

where N is the estimated number of load cycles until failure for a source of loading with constant 

amplitude. Hence, for a series of varying stress ranges, the sum of cumulated damage is 

determined through equation 2.29.a (ASME, 2018; BSi, 2003). 
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𝑑 = ∑
𝑛𝑖

𝑁𝑖

𝑛

𝑖=1

 2.29. 𝑎 

 

In this case, Ni is calculated number of load cycles until failure for a given source of loading, 

and ni is the actual amount of load cycles for the same source. 

The definition of minor sum can be expanded further to an expression for equivalent stress 

range. This expression entail combining the damage caused by all loadings and combining them 

into one nominal stress range that is equivalent to that estimated damage. The equivalent stress 

range is determined through the following formula (Paffumi, Nilsson, & Taylor, 2008). 

 

∆𝜎𝑒𝑞 =
1

𝑛
∑[(∆𝜎𝑖)

𝑚]
1
𝑚  

𝑛

𝑖=1

 2.30 

 

Fatigue data is normally presented in a stress-life diagram (SN-diagram), where S denotes the 

nominal stress range and N is the number of cycles to failure. The SN-diagram is generally 

related to the linear Paris section of a crack growth diagram (Berge & Ås, 2017), which makes 

constants representing crack growth curve relevant for corresponding SN-diagrams .  

 

A conventional SN-diagram consists of two zones, namely low-cycle fatigue (LCF) and high-

cycle fatigue (HCF). The former denotes structures undergoing less than 107 load cycles before 

failure, which imply relatively high nominal stress range, a result of which is that cyclic plastic 

behavior can be detected for LCF. However, cases falling in the classification of LCF are not 

generally considered by standards regarding marine structures. HCF is relevant for structures 

exposed to cyclic stress ranges exceeding that of 107 load cycles (ASME, 2018; BSi, 2003). 

Furthermore, in HCF range, the relationship between number of cycles and nominal stress range 

is log-linear, which mathematically be described as shown in equation 2.31 (Berge & Ås, 2017). 

𝑁(∆𝑆)𝑚 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 2.31 

Another mathematical method of considering fatigue is through probability, specifically 

through the application of a Weibull distribution function. The two parameter Weibull 

distribution is often applied to represent stress spectrum for cyclic loads in marine conditions, 

particularly regarding structures subjected to wave loads. In this approach, a maximum 

allowable stress range is determined and considered proportional to the maximum allowable 
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wave height of a wave spectrum with defined Weibull parameters (ASME, 2018; Berge & Ås, 

2017). Hence, probability of exceeding stress range over defined period can be calculated, the 

Weibull method is expressed as shown in equation 2.32,  

 

𝑷 = exp [−(
∆𝑆

𝑞
)

ℎ

]  2.32 

 

where h is shape parameter, and q is scale parameter of the Weibull distribution, which can be 

determined through various methods of statistical inference, more of which is described in 

chapter 2.8.1.  

 

Welded connections exposed to cyclic loading requires consideration about stress 

concentrations, in particular hot-spot stress and notch stress. The former term is defined by 

stress concentrations occurring because of the nominal shape of the structure, such as curves, 

holes, and edges (Berge & Ås, 2017), whilst the latter is a result of stress concentrations due to 

weld geometry which results in local stresses (Boresi & Schmidt, 2003). In the case of notch-

stress, the outcome due to weld geometry is increasing local stresses as distance to the weld 

decreases, where max notch stress is at the weld toe. Notch-stress at the weld toe, and hot-spot 

stress will typically be higher than that of the stress due to the nominal geometry of the 

component (Boresi & Schmidt, 2003). The effect of stress concentrations can be determined 

through relation described in equation 2.33, 

𝑆𝐶𝐹 =
𝜎𝑚𝑎𝑥

𝑆
 2.33 

 

where S is nominal stress exerted on structure, and σmax is maximum local occurring stresses. 

Thus, it is important to consider concentrations of stress when performing fatigue analysis, 

since the local stresses occurring at these hot spots are bound to be of greater magnitude than 

the nominal stresses. Stress concentrations are factored into fatigue estimations as shown in 

equation 2.31.a.  

 

𝑁(𝑆𝐶𝐹 × ∆𝑆)𝑚 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 2.31. 𝑎 

 

→ 𝑁(∆𝜎)𝑚 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
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Therefore, when conducting a fatigue analysis with respect to local stresses obtained from 

analysis, it is the weak spots with high occurring stresses that are of interest, and the main 

subject of fatigue calculations.  

2.7 Standards  

2.7.1 Theory fatigue PD5500 

The PD5500 standard describes, amongst others, a simplified fatigue analysis where designed 

curves are applied in correspondence with simple calculations. This process is divided in to 

three steps. Firstly, the number of different cases which may result in cyclic loading is 

determined, along with corresponding frequency and expected number of cycles. Secondly, 

these variables are used to establish the various maximum stress ranges occurring at the given 

cases, examples of this is temperature and mechanical loading.   

 

𝑁 = 𝐴 ∙ 𝜎𝑟
−𝑚 2.34 

 

Once acquired, stress range values can be utilized along with SN-curve from standard, based 

on weld class. This is represented in equation 2.34, which determines expected load cycles (N) 

for given stress range. Weld classes used to determine appropriate SN-curve, is based on factors 

such as quality of workmanship, type of weld (butt, fillet etc), and for what type of application 

the weld is intended. Table 2-1 presents values for SN-curve parameters corresponding with 

the different weld classes (BSi, 2003).  

  



 

26 

 

Table 2-1: S-N curve coefficients for various weld classes. 

Class 
Constants of S-N curve Stress range 

at N=107 

cycles 

 

N/mm2 

For N < 107 cycles For N > 107 cycles 

m Aa m Aa 

Cb 

D 

E 

F 

F2 

G 

W 

3.5 

3 

3 

3 

3 

3 

3 

4.22 × 1013 

1.52 × 1012 

1.04 × 1012 

6.33 × 1011 

4.31 × 1011 

2.50 × 1011 

1.58 × 1011 

5.5 

5 

5 

5 

5 

5 

5 

2.55 × 1017 

4.18 × 1015 

2.29 × 1015 

1.02 × 1015 

5.25 × 1014 

2.05 × 1014 

9.77 × 1013 

78 

53 

47 

40 

35 

29 

25 

a For E=209 000 N/mm2 

b If Sr > 766 N/mm2 or N < 3 380, use class D curve 

  

The last step of the procedure is to check whether the number of estimated cycles of each case 

(ni) has a satisfactory relation to the number of cycles obtained through calculations and curves 

provided by standards (Ni). This last step is performed through the following calculation (BSi, 

2003),  

 

∑
𝑛𝑖

𝑁𝑖
≤ 0.6 (

22

𝑒
)
0.75

 2.35 

 

where e is component wall thickness. PD5500 annex C does not include methods that explicitly 

factor in the effects of corrosion. For structures in corrosive environment, where adequate 

protection against corrosion is not apparent, the code accounts for the effects of corrosion 

through the application of an adjusting factor. Furthermore, the code specifies that under such 

conditions frequent and comprehensive inspection and testing is necessary in order to ensure 

that the stress levels are conservative (BSi, 2003).  

 

Regarding operating temperatures, this code is only applicable for temperatures below creep 

for aluminum and steel, which results in maximum design temperatures of 350 C, 430 C and 
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100 C for ferritic steel, austenitic stainless steels and aluminum respectively (BSi, 2003). 

Furthermore, given that the structure follows the requirements given by code about sub-zero 

temperatures, the code does not offer any restrictions regarding application of SN-curves for 

structures operating at sub-zero temperatures. The mentioned requirements are in place to 

ensure that the structure is protected against brittle fracture (BSi, 2003).   

 

Factors such as wind loads and pulsation of pressure in piping can lead to vibrations in the 

pipeline, since vibration results in a high frequency in cycling loading affecting the structure it 

can accelerate the fatigue process, even in cases of low stress amplitude (Ortega & Rivera, 

2013). This is especially the case for welded joints. Since vibrations are generally hard to 

predict at design stage, the standard recommends inspection of plant at initial startup, followed 

by further alterations of design in case of vibrations (BSi, 2003). Thus, effects of vibrations are 

prevented in design instead of accounted for in fatigue calculations.   

 

The code specifies conditions for when a detailed analysis is necessary, which is the case when 

the previously described simplified method is valid, or when the total number of stress 

fluctuations from all load cases exceed the number derived from equation 2.36 (BSi, 2003),   

 

𝑁 ≤
6 ×  109

𝑓𝑓
3 (

22

𝑒
)

0.75

(
𝑬

2.09 ×  105
)

3

 2.36 

 

where ff is maximum design stress. 

 

For a detailed fatigue analysis, the assessment is generally performed for weak links in the 

pressure vessel structure, such as welds and bolt connections. The code supply SN-curves for 

various weld classes which are based on test specimens. Tests comparing the test specimens to 

actual welded connections of pressure vessels under cyclic loading show that the obtained 

curves are conservative to a satisfactory level (BSi, 2003). Furthermore, when applying the 

fatigue curves presented in the standard, it is important to account for all operational load cycles. 

This is conducted similarly to the simplified method through application of formula 2.34 in 

combination with SN-curves. In situations where the variation in stress does not start and end 

at the same place, or when the superposition of a combination of loads result in a higher stress 

amplitude than that of individual load sources, a counting technique is required (Berge & Ås, 
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2017). The standard acknowledges the rainflow method, which explained in section 2.6, as 

acceptable for this purpose. The SN-curves presented in PD5500 is based on a material with a 

Youngs modulus of 209 000 N/mm2, however, it is applicable for all ferritic and austenitic 

steels, in addition to aluminum (BSi, 2003). As a result, adjustments to the initial formula need 

to be made to account for the effects of material. This is executed through inclusion of equation 

2.37 to the general expression of the SN-curve:  

 

𝜎 =
𝜎𝑟 × 2.09 × 105

𝑬
 2.37 

 

where Sr is the obtained stress range from stress analysis.  

 

In addition to the criteria for allowable damage caused by fatigue, the parameter of plate 

thickness needs to be incorporated in analysis. For plates containing surface welds, these is 

generally a correlation between increase in plate thickness with decease in fatigue life (BSi, 

2003). The S-N curves of the standard cover plate thicknesses up to 22 mm, and as for plates 

thicker than this, it is necessary to perform adjustments to the calculations through application 

of an adjustment factor as shown in equation 2.36.a.  

 

𝑁𝑖 = 𝐴 (
22

𝒆
)

𝑚
4

(
𝜎𝑟 × 2.09 × 105

𝑬
)

−𝑚

 2.36. 𝑎 

 

The stresses to be considered in a fatigue analysis according to PD5500 are those who fall into 

the category of primary and secondary stresses. These stress categories are defined by the 

standard as those caused by pressure, other mechanical loads and thermal effects (BSi, 2003). 

Application of the SN-curves require the full stress range, and these design curves factors in 

stress concentrations that occur in welds, depending on type and shape of the weld (BSi, 2003).  

2.7.2 Theory fatigue ASME B31.3 

ASME 31.3 appendix W contains methodology relevant for fatigue design, in this methodology 

the code differentiates between two categories of cyclic loading. Specifically, loading that can 

be portrayed as a series of stress range cycle pairs, through the principle of minor sums, and 

load cycles that are required to be portrayed through application of statistical methods. The 
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former category includes all cyclic stress, except those induced by wave loads, the latter 

method, however, is meant only for wave loads, and specifically applies a 2-parameter Weibull 

distribution function for this purpose.    

 

In the case of loading from all other sources than waves, the fatigue life, expressed as number 

of allowable cycles for given load case, is determined through the application of equation 2.38 

(ASME, 2018),  

 

𝑁𝑡𝑖 =
𝑓𝐼
𝑓𝐸

(
𝐶𝐹 ∙ 𝑓𝑀,𝑘 ∙ 𝑓𝑡

𝜎𝐸𝑖 ∙ 𝑇𝐸
𝑘 )

𝑚

 2.38 

 

where CF, k and m are material constants dependent on number of load cycles, parameter value 

and further explanation is provided in table 2-3 and 2-4, information from which was extracted 

from the code (ASME, 2018).  

Table 2-2: Coefficients applicable for fatigue analysis for stress range sources of corresponding load cycles less 

than 10 000 000. 

Fatigue material coefficients (-3σ) 

Material CF (SI Units) m k 

Ferritic steels and 

austenitic stainless 

steel 

 

14 137 

 

3.13 

 

0.222 

Aluminum  2 303 3.61 0.222 

 

Table 2-3: Coefficients applicable for fatigue analysis for stress range sources of corresponding load cycles more 

than 10 000 000. 

Fatigue material coefficients when Nti > 107 

Material CF (SI Units) m k 

Ferritic steels and 

austenitic stainless 

steel 

 

𝐶𝐹𝑎[(𝑓𝐸/𝑓𝐼  )107]𝑎𝑥 

 

5 

 

0.222 
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where CFa is CF from table 2-3, and variable ax is determined through equation 2.47, 

 

𝑎𝑥 =
1

𝑚2
−

1

𝑚1
 2.47 

 

where m1 is selected m value from table 2-3, and m2 is the m coefficient from table 2-4.  

 

Furthermore, fE is environmental correction factor, for structures located in air, in absence of 

effects of corrosion, this factor is 1 (ASME, 2018). Next, TE denotes the thickness factor, which 

follow specified guidelines provided in the standard, where the factor is equal to the wall 

thickness for thicknesses between 16 mm and 150 mm, and equal to 16 mm or 150 mm for 

anything less or above. The standard accounts for effects of temperature by implementation of 

the temperature correction factor ft, which mathematically is the ratio between the Youngs 

modulus of the material at reference temperature and relevant temperature of load case, given 

by equation 2.39 (ASME, 2018). 

  

𝑓𝑡 =
𝐸

𝐸𝐶𝑆𝐴
 2.39 

 

In cases where a load results in a combination of maximum and minimum stress ranges which 

exceed the materials yield stress, the factor fM,k is applied to account for this effect, which is 

done as displayed in equation 2.40, for load cases where stress range is below yield stress, 

fM,k=1 (ASME, 2018).   

 

𝑓𝑀,𝑘 = (1 −
𝜎𝐸𝑖,𝑚𝑖𝑛

𝜎𝐸𝑖,𝑚𝑎𝑥
)

0.2778

 2.40 

 

Lastly, σEi is obtained stress range from analysis for given cycles of loading, which shall not 

exceed the defined maximum allowable stress range, which is determined in accordance with 

guidelines presented in paragraph 319 of the standard, allowable maximum stress range is 

defined through equation 2.41 (ASME, 2018),  

 

𝜎𝐴 = 𝑓𝑟(1.25𝜎𝑐 + 0.25𝜎ℎ) 2.41 
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where σc is basic allowable stress at the lowest temperature expected through displacement 

cycle, σh is basic allowable stress at the maximum temperature expected throughout 

displacement cycle. Furthermore, fr is stress range factor, which is calculated through equation 

2.42 (ASME, 2018).  

𝑓𝑟 = 6.0(𝑁)−0.2 ≤ 𝑓𝑚  2.42 

 

N is expected total number of load cycles through the design life of the structure, and fm is the 

maximum allowable value for stress range factor, which is 1.2 for ferrous alloys with SMTS 

less than 517 MPa for temperature below 371 degrees Celsius. For other conditions, the 

maximum allowable stress range factor is 1. However, the appendix regarding fatigue 

calculations specifically state that the calculations shall be done based on a maximum allowable 

stress range factor of 1 (ASME, 2018).   

 

In cases where σh is larger than stresses from sustained loads σL, equation 2.43 shall be applied 

for maximum allowable stress range instead of equation 2.41 (ASME, 2018). 

   

𝜎𝐴 = 𝑓𝑟[1.25(𝜎𝑐 + 𝜎ℎ) − 𝜎𝐿] 2.43 

 

The code applies table A1 in appendix A for determining magnitude of basic allowable stress 

range for given temperatures (ASME, 2018). Once allowable load cycles from every source 

relevant to fatigue (except wave) is calculated, the accumulated damage is calculated through 

the following formula, where Ni represents design value for number of load cycles for given 

load case. 

 

𝑑𝑡 = ∑
𝑛𝑖

𝑁𝑡𝑖

𝑛

𝑖=1

 2.44 

 

Loads caused by waves is represented statistically through a 2-parameter Weibull distribution. 

The characteristics regarding application of this distribution is that it is suitable for random 

processes, such as natural phenomena (Walpole et al, 2012). The two parameters that define 

this distribution are those representing shape and scale of the probability density function. 

Shape parameter reflect the failure rate of the observed phenomena and how it changes over 

time, a shape parameter larger than 1 suggest that the failure rate increase over time, while a 



 

32 

 

shape parameter less than 1 indicate the opposite. In the case of wave loads, increasing failure 

rate mean that, as time goes by, the probability of the measured wave heights to be above the 

accepted criteria increases (Journee & Massie, 2001).   

 

For shape parameter equal to 1, constant failure rate is suggested, and the distribution is reduced 

to an log-normal distribution with one parameter (Journee & Massie, 2001). The scale 

parameter determines the steepness and width of the probability density function, where 

increasing value yields a wider curve. This indicates a higher level of uncertainty regarding 

prediction of outcome. In order to utilize a Weibull distribution in the case of wave loads, it is 

necessary to gather a large amount of relevant wave height data (Journee & Massie, 2001). 

From this data the Weibull distribution is fitted through statistical inference, where the 

mentioned parameters are determined. Statistical inference methods include amongst others, 

method of moments and maximum likelihood estimator (Walpole et al, 2012). This initial 

statistical process is something that needs to be performed by the user as the standard does not 

address this through the guidelines. Therefore, a method for defining this parameter is described 

in detail in chapter 2.8.1.   

 

The procedures described in this section of the code is primarily intended for floating structures. 

However, the standard also states that it can be utilized for other situations that fit the 

application of a Weibull distribution (ASME, 2018). Furthermore, the significant wave height 

and zero up crossing period of the field is to be presented in a scatter diagram, where the shape 

parameter h and zero up crossing period of the distribution function is determined. As a 

probability function of a long-term stress range, the distribution can be described 

mathematically as in equation 2.32.a (ASME, 2018),  

𝑷 = 𝑒𝑥𝑝 [− (
𝜎𝐸𝑊

𝑞
)

ℎ

]  2.32. 𝑎 

 

where P is probability of exceeding the measured stress range σEW, which is deemed to be 

proportional to wave height, specifically the stress range is derived from displacement caused 

by waves. According to the code, this stress range shall not exceed the allowable maximum 

probable stress range (ASME, 2018).  
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𝜎𝑎𝑤 = (
𝑑𝑤𝑓𝑎
𝑁𝑑

)

1
𝑚

×
[ln(𝑁𝑤)]

1
ℎ

[𝛤 (1 +
𝑚
ℎ

)]

1
𝑚

 2.45 

 

 

Furthermore, the parameter q is determined through equation 2.46 (ASME, 2018),  

 

𝑞 =
𝜎𝑎𝑤

[ln(𝑁𝑤)]
1
ℎ

 2.46 

 

where the maximum allowable stress range during wave load cycles and design storm wave 

height associated cycles is determined through equation 2.47.a, and 2.47.b respectively (ASME, 

2018).  

𝑁𝑤 = 3.156 × 107 × 𝑉0  ×  𝐿𝑤  2.47. 𝑎 

 

𝑁𝑑 = 3.156 × 107 × 𝑉0  ×  𝐿𝑑 2.47. 𝑏 

 

V0 is average zero-up crossing frequency, which is a parameter determined through statistical 

analysis of the wave spectrum, by method described in chapter 2.8.1.  

 

Equation 2.45 can be rewritten with respect to dw to estimate damage caused by wave 

displacements, where maximum measured stress range is set equal to, or less than the maximum 

allowable stress range (ASME, 2018).   

 

𝑑𝑤 =
𝜎𝑎𝑤

𝑚 × 𝑁𝑑

𝑓𝑎
×

𝛤 (1 +
𝑚
ℎ)

[ln(𝑁𝑤)]
𝑚
ℎ

 2.45. 𝑎 

 

The parameter fa is determined through equation 2.49, which is calculated similarly to the 

former category that is based on application of fatigue curves through equation 2.38 (ASME, 

2018).  

𝑓𝑎 = (
𝑓𝐼
𝑓𝐸

) × (
𝐶𝐹 ∙ 𝑓𝑀,𝑘 ∙ 𝑓𝑡

𝑇𝐸
𝑘 )

𝑚

 2.49 
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As with other sources of fatigue than waves, values for the material parameters CF, m and k 

that are required for equation 2.49 were extracted from ASME B31.3 appendix W and are 

presented in table 2-2 and 2-3. Furthermore, the code defines the parameter f1=1, unless 

otherwise is specified in engineering design. Total fatigue damage caused by cyclic loading of 

all sources are calculated and summed through following relation, where a combined value of 

1 indicate failure (ASME, 2018).  

𝑑𝑤 + 𝑑𝑡 ≤ 1 2.50 

2.7.3 Code stress 

Standards offer methodology of calculating stresses based on obtained stress components from 

analysis, such method offered in ASME B31.3 takes the form of equation 2.51 (ASME, 2018; 

Hexagon, 2017).  

𝜎𝐸 = √(|𝜎𝐴| + 𝜎𝐵)2 + (2𝜏)2 2.51 

 

The symbol σA of the equation is axial stress range, σB is bending stress range, and τ is torsional 

stress range. This stress is defined as code stress and is relevant for obtaining stress ranges 

applicable for fatigue analysis.   

2.8 Statistics  

2.8.1 Wave statistics 

When performing statistical analysis of wave fields, there are certain parameters that are 

particularly useful regarding fatigue. Two of such are shape parameter h for a 2-parameter 

Weibull distribution, and mean zero up crossing period (ASME, 2018). The former can be 

determined through statistical inference of gathered wave data, in which the following 

methodology is applied. First, mean wave height μ is set equal to the equation for first moment 

according to method of moments, shown in equation 2.52. Second, variance from wave data is 

set equal to second equation from method of moments, as shown in equation 2.53 (Walpole et 

al, 2012). Thus, parameter h can be determined through assistance of the two equations, as 

shown in equation 2.53.a.  

𝜇 = 𝑞 × 𝛤 (1 +
1

ℎ
)  2.52 
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𝑆𝐷2 = 𝑞2 × [𝛤 (1 +
2

ℎ
) − 𝛤2 (1 +

1

ℎ
)]  2.53 

 

→ 𝑆𝐷2 = (
𝜇

𝛤 (1 +
1
ℎ)

)

2

× [𝛤 (1 +
2

ℎ
) − 𝛤2 (1 +

1

ℎ
)]  2.53. 𝑎 

 

Zero up crossing period is defined as the average period of a wave crossing the mean water line 

going up, from through to crest (Gudmestad, 2015). The mathematical definition of mean zero 

up crossing period is described through equation 2.54,  

 

𝑉0 = 2𝜋√
𝑠𝑚0

𝑠𝑚2
 2.54 

 

where sm0 and sm2 denote spectral moments of 0 and 2nd order, that are calculated based on the 

wave spectrum, the following equation is used to determine these moments (Journee & Massie, 

2001).  

𝑠𝑚𝑛 = ∫ 𝜔𝑛
∞

0

𝑆𝑧𝑧(𝜔)𝑑𝜔 2.55 

 

where S(ω) represent the mathematical interpretation of the wave spectrum, several different 

formulas are applicable for this, where one viable candidate is the Pierson-Moskowitz spectrum. 

This representation is valid for fully developed sea states. The Pierson-Moskowitz spectrum is 

described as shown in equation 2.56 (Journee & Massie, 2001), 

 

𝑆𝑧𝑧(𝑓) = 0.3125ℎ𝑠
2𝑡𝑝

−4𝑓−5𝑒𝑥𝑝[−1.25𝑡𝑝
−4𝑓−4] 2.56 

 

where tp is spectral peak period and represents hs significant wave height. Significant wave 

height is defined as the average wave height of the highest one-third of the recoded waves, 

which can be calculated through equation 2.57 (Gudmestad, 2015).  

 

ℎ𝑠 = 4𝑆𝐷 2.57 
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Lastly, the conversion between the Pierson-Moskowitz spectrum with respect to frequency to 

angular frequency is done through the following relation.  

 

𝑆𝑧𝑧(𝑓) = 2𝜋 × 𝑆𝑧𝑧(𝜔) 2.56. 𝑎 

2.8.2 Correlation 

Statistical analysis is generally described as the method of collecting data and uncover patterns 

and trends (Løvås, 2013), naturally this is of great importance whenever conducting scientific 

research or performing comparative analysis. The toolbox of statistics is vast and include 

various methods and theorems, one such tool is Pearson correlation factor. This factor is a 

method of conducting correlation studies of multivariable data. More specifically, the Pearson 

correlation factor is a way of determining the extent of which the outcome of two variables 

change with respect to each other (Walpole et al, 2012).  The magnitude of the correlation 

parameter indicates the percentage of which the variations of variable Y is accounted for by a 

linear relationship to the variable X. Thus, a correlation parameter value of 1 would indicate a 

perfect linear relationship between the two variables (Artusi, Verderio, & Marubini, 2002). 

Hence, a change in one parameter would be paired with a proportional increase in the other 

variable. For a correlation parameter value of -1, it would be the same linear relationship, 

however, with a decreasing trend. A correlation approaching 0 indicate that there is a 

completely random relationship between the variables. A more precise categorization of 

correlation factor values with assigned correlation implications was extracted from (Kent state 

University, 2021; Artusi, Verderio, & Marubini, 2002) and is presented in table 2-4.    

Table 2-4: Values correlation parameters. 

Correlation value 
Correlation implication 

0 ≤ ρ < 0.2 Little to no correlation 

0.2 ≤ ρ < 0.4 Small correlation 

0.4 ≤ ρ < 0.6 Moderate correlation 

0.6 ≤ ρ < 0.8 High correlation 

0.8 ≤ ρ ≤ 1.0 Very high correlation 
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Mathematically, Pearson correlation factor can be expressed as displayed in equation 2.58 

(Walpole et al, 2012). 

𝜌𝑿,𝒀 =
𝑐𝑜𝑣(𝑿, 𝒀)

𝑆𝐷𝑿 × 𝑆𝐷𝒀
 2.58 

 

The factor cov(X, Y) represents covariance of variable X and Y, which is a measure of the joint 

variability of a set of statistical variables. This is mathematically defined as shown in equation 

2.59 (Walpole et al, 2012). Furthermore, SD represents standard deviation of sample of variable 

X and Y respectively. Generally, standard deviation can be defined as a way of expressing the 

spread of the collected sample of data, where a low value for standard deviation suggests that 

the gathered data is centered around the mean value. Oppositely a large value implies a large 

dispersion in sample, the expression for standard deviation is defined as equation 2.60 (Løvås, 

2013).   

 

𝑐𝑜𝑣(𝑿, 𝒀) =
1

𝑛
∑(𝒙𝑖 − 𝜇(𝑿))

𝑛

𝑖=1

(𝒚𝑖 − 𝜇(𝒀)) 2.59 

 

𝑆𝐷 = √
1

𝑛
∑(𝒙𝑖 − 𝜇(𝑿))

2
𝑛

𝑖=1

 2.60 

In equations above, n represents the sample number and μ(X) represents expected value from 

sample of the variable X, and is expressed through equation 2.61 (Løvås, 2013). Similarly, μ(Y) 

is expected value with respect to variable Y and is expressed, as with variable X, through 

application of equation 2.61, but with respect to variable Y.      

 

𝜇(𝑿) =
1

𝑛
∑𝒙𝑖

𝑛

𝑖=1

 2.61 
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Chapter 3 Method stress analysis 

The purpose of this thesis is to compare the two standards ASME and PD5500 with respect to 

fatigue analysis. Therefore, utilizing the procedures regarding fatigue listed in the standards is 

a large part of the work that needs to be performed. The remaining main tasks that this thesis 

consisted of was to determine the parameters required to perform the fatigue analysis and to 

further examine the difference in fatigue analysis results. In order to secure valid and reliable 

results for both tasks, it is imperative to make a good selection of applied methods. Method 

chosen for these tasks are further explained in this chapter.  

3.1 Numerical software  

When applying the methods described in the standards it is important to supply a reliable and 

conservative estimation of stress due to different load cases. Since complicated piping cases 

such as the example case of this project pose a challenge regarding precise calculations, it was 

necessary to use numerical software. Throughout the work on this thesis the piping software 

Caesar 2 was utilized.  

 

Caesar 2 is a nodal based software that is specifically developed for stress and displacement 

calculation for pipe systems. Unlike other FEA software that utilizes a mesh of elements and 

nodes to determine local stress and displacements of the entire structure, a nodal based software 

only evaluate the nodes of the system (Zienkiewicz, Taylor, & Zhu, 2005). These nodes 

represent locations of interest along the pipeline, which include welded areas, locations with 

structural support or loads, amongst others. Load cases are assigned to the piping system model, 

which are series of loads that occur in the system at the same time, which mean that these loads 

must be analyzed simultaneously. Caesar 2 recognizes three different kinds of load cases, 

namely operating load cases, sustained load cases and expansion load cases (Hexagon AB, 

2021). Operating load cases incorporate loads under hot operations, which mean that primary 

loads such as weight, pressure and other forces are included. In addition to the primary loads, 

operating load cases also include secondary loads, which mainly involve loads caused by 

displacements or thermal expansion (Hexagon, 2017). Sustained load cases, on the other hand, 

represent the load cases after initial installation before start of operations (Hexagon AB, 2021). 

Hence, these load cases involve only primary loads such as weights and pressure. Lastly, 

expansion load cases represent the range between the displacement extremes, usually between 
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the operating and sustained cases. These load cases are used to meet expansion stress 

requirements, in addition to application in fatigue calculations, for cases such as wave 

displacements and thermal expansion (Hexagon AB, 2021).   

 

After assigning material and geometric properties to all the elements in the pipeline system, the 

software automatically generates stiffness matrix for the entire system (Hexagon, 2017). In 

order to assure conservative result from analysis, the software have incorporated in its algorithm 

a procedure for assigning stress concentration factors to exposed nodes, such as bends. 

However, the software also allows for customized inputs in this regard.   

 

Once the model was defined and assigned with geometry and material properties, as well as 

load cases representing all operational loads, the analysis could be performed. The software 

generally gives nodal solutions in terms of displacements, moments, forces, reaction forces and 

stresses, where the focus of this analysis was stress outputs. Solutions were obtained for all load 

cases relevant for fatigue analysis.   

3.2 Procedure stress analysis   

The methodology involved in this thesis was divided into three different stages, stress analysis, 

fatigue life analysis and statistical comparison of results.  

 

Regarding stress analysis, the following step by step procedure was applied for obtaining the 

required data needed for fatigue life calculations. First, a model of the piping system was created 

in Caesar 2 with assigned loads, which is elaborated in chapter 3.3 through 3.4. Secondly, 

several load cases, representing the different load combinations occurring in operating 

conditions were generated, and a full overview of which is presented in table 3-9. Thirdly, 

analysis of piping system for load cases relevant to fatigue was performed, in addition to cases 

from sustained loads, which was applied to estimate allowable stress range according to ASME 

B31.3. Output stresses with corresponding nodes were recorded for all respective load cases 

once results had been obtained. Lastly, nodes of highest occurring stresses located at elbows 

were identified and selected for further fatigue analysis. It was important to include all elbows 

since these locations were exclusively exposed to slugging loads, which was anticipated to 

cause a substantial part of the systems fatigue damage, along with the wave displacements. 

Additionally, nodes representing supports in expansion loop were evaluated for further fatigue 
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analysis with respect to different weld class. Furthermore, to broaden the understanding of how 

methodology impact design, additional simulations were performed for changes in pipe 

diameter. However, this was primarily done in order to collect data for correlational studies 

with respect to design and fatigue. For the alternate simulations of variations in diameter, all 

relevant data regarding load cases were the same as the original simulation. More information 

about specifics regarding values of changes in diameter is displayed in appendix.   

3.3 Geometry and material input  

The example case of this study was a pipe bridge, with an expansion loop, between two 

platforms, named here Platform 1 and Platform 2. 

 

Generally, when two anchors are applied to a marine system consisting of pipeline bridge, such 

as the example case of a pipeline between two platforms, an expansion loop is advised (Barker, 

2018). Furthermore, expansion loops should preferably be situated in the middle of the piping 

section that is under exposure of wave displacements and thermal expansion (DST Group 

Limited, 2021). Thus, enabling desired flexibility as pipe expands.   

 

Restraints were assigned to act as guides for loop, which was generally beneficial to focus the 

direction of expansion in longitudinal direction of the bridge (Engineers Edge, 2021; Spirax 

Sarco, 2021). Hence, the expansion loop of this case had been equipped with restraints acting 

in lateral direction of bridge before and after the loop, which was the x-direction with respect 

to model. Additionally, to further prevent unwanted displacements of bridge, a restraint in x-

direction was placed at node 350, in order to support and guide loop by preventing lateral 

displacements from occurring. Figure 3-1 shows the location of nodes where guiding restraints 

were modelled. Further detailed information of boundary conditions and modelling of 

displacements and pipe geometry follows later in chapter.      
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Figure 3-1: Expansion loop with guiding nodes 

The bridge between platform 1 and 2 consists of two different types of pipes, where the former 

was a duplex stainless-steel ranging from node 10 to 105, while the latter was of super duplex 

stainless steel, spanning the remaining section of bridge from node 105 to 700. The main 

difference of the two pipe sections, other than the material properties, was the wall thickness, 

which were of 38.89 mm and 24.61 mm respectively. Specifics regarding geometric 

specifications and material properties are listed in table 3-1 and 3-2 respectively. The 

intersecting point of the different pipes was located shortly off the deck of platform 1, at the 

start of bridge span, which is illustrated in figure 3-1. Therefore, the main pipe segment of study 

was that of the super duplex material. The entire bridge span from the deck of platform 1 to the 

deck of platform 2 was modelled in zx-plane and divided into 23 elements. Every element starts 

and ends at either an elbow or support. All nodes of relevance regarding stress analysis are 

illustrated in figure 3-2, which portray a top view of the expansion loop.   
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Figure 3-2: Top-view of pipe showing intersecting point of the two pipes, locations of slug loads, and locations 

of fixed nodes. 

 

 

Figure 3-3: Top-view of expansion loop with nodes relevant for analysis. 

Table 3-2 displays geometric specifications of the two pipe sections, in addition to information 

such as mill tolerance and corrosion allowance.  
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Table 3-1: Geometric specifications for both pipe cross-sections applied in simulation. 

Pipe 
Nominal 

Size (in) 

Outer 

diameter 

(mm) 

Wall 

thickness 

(mm) 

Schedule Corrosion 

allowance 

Mill 

tolerance 

(mm) 

Section 1 24 610 38.89 100 0 0.3 

Section 2 24 610 24.61 60 0 0.3 

 

Through assigning the aforementioned geometric and material specifications to piping input 

section of software, the following model, presented in figure 3-3 and 3-4, was created.  

 

 

Figure 3-4: Model of bridge 
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Figure 3-5: Expansion loop 

3.3.1 Material data 

Table 3-2 displays the two material types used in model, where A790 S31803 was assigned to 

pipe section 1 between node 10 and 105, whereas material of type A790 S32760 were applied 

to the section 2 spanning from node 105 to node 700.  

Table 3-2: Material properties for both sections of piping applied to model. 

Properties  
Material 

A790 S31803  A790 S32760  

SMYS (MPa) 448  552  

SMTS (MPa) 620  752  

Youngs modulus  

(GPa) 

201. 370 201. 370 

Density (kg/m3) 8027.1997  8027.1997  
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3.4 Load inputs used in calculations   

Relevant load cases regarding stress cycles resulting in fatigue for this example case is slugging, 

wave motions and changes in temperature and internal pressure. Each of these loads needs to 

be evaluated and determined at the initial stage of the process through a stress analysis.  

3.4.1 Slugging 

The reason why slugging poses a threat to the structural integrity of the bridge is mainly due to 

two reasons. Firstly, the dynamic nature of slugs. Forces caused by slugging typically occur 

over short time periods, which substantially increase the impact forces (Ortega & Rivera, 2013). 

In a static analysis, however, the dynamic effects are factored into the simulation through 

application of dynamic amplification factor (DAF). In this case the value for DAF was set at 2, 

which is a common value applied for marine situations (El-Reedy, 2015). Second, the design 

of the loop is mainly to mitigate stresses due to longitudinal displacements of bridge caused by 

wave motions. Hence, a certain flexibility is required in order to let the loop serve its purpose, 

and a result of which is naturally a lack of restraint, which in turn reduce the strength of the 

joint. The result of these two factors is that there need to be made a compromise between 

flexibility and rigidity regarding slugging and wave displacements. Loads due to slugging were 

applied to nodes 250, 300, 340, 410, 430, 470 and 620. The resultant slug force was decomposed 

into a radial and axial component of equal magnitude that were exerted on every elbow of the 

loop.  

 

The slugging data applied for this study was categorized into four different classes based on 

frequency and magnitude of force. Class A is the highest occurring class, but of lowest force, 

followed by class B, then C and finally class D, which is the class of highest slug force, but 

lowest occurrence. Points of interest at this bridge regarding slugging are the bends, and it is at 

those locations that slugging can cause displacements in the structure. The occurrences of the 

different classes of slugs with belonging force at the seven different sections are represented in 

table 3-3. Since there were four different categories of slug loads occurring alternately occurring 

at each elbow, four different Caesar files had to be created, where each file represented a 

category of slugs.  
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Table 3-3: Slug loads with connecting load cycles, assigned with category and node at which it appear.  

Slug 

category 

Branch 50 years cycles Slug 

force 

(N) 

F Axial = F 

Radial (N) 

Caesar Node 

No. 

A F1          291 981 750  4707 3328 250 

B          117 165 000  6315 4465 

C            19 162 500  8129 5748 

D               1 752 000  9781 6916 

A F2            88 421 250  4396 3109 300 

B            61 265 250  8355 5908 

C            68 820 750  11966 8461 

D            30 441 000  14736 10420 

A F3            22 283 250  6551 4632 340 

B            65 535 750  11353 8028 

C          117 548 250  15127 10696 

D            14 289 750  18595 13149 

A F4          162 114 750  7675 5427 410 

B          124 665 750  11216 7931 

C            85 464 750  16323 11542 

D            17 629 500  20437 14451 

A F5          116 234 250  2393 1692 430 

B            89 571 000  5092 3600 

C            32 466 750  7657 5415 

D               4 653 750  9911 7008 

A F6               7 719 750  6126 4332 470 

B            19 764 750  9453 6684 

C          149 303 250  12559 8881 

D            48 837 000  14157 10011 

A F7            24 582 750  9092 6429 620 

B            81 851 250  12674 8962 

C          244 842 000  15877 11226 

D            41 938 500  18888 13356 
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3.4.2 Waves 

The displacements of platforms, which causes the cyclic strain and corresponding stress on the 

piping system was in a large degree caused by waves. For the purpose of modelling 

displacements caused by waves at a specific field in a fatigue analysis, it was necessary to 

statistically evaluate the relevant field over an extended time period in order to obtain wave 

heights. In addition, a response analysis needs to be performed to determine displacements of 

vessel when exposed to the measured waves from different angles. Table 3-4 presents data 

representing bridge displacements due to both 100-year wave and 1000-year wave.   

Table 3-4: Bridge displacements from 100-year, and 1000-year wave. 

Return 

period 

(years) 

Wave 

angle 

(from 

North) 

Wave 

height 

(m) 

 

Wave 

period 

(s) 

Platform 1 – 

Max Movement 

(m) 

Platform 2 – 

Max Movement 

(m) 

Max Relative 

Movement 

(m) 

100 235 deg 27.1 16.3 +0.314 /+0.002 +0.250 /-0.017 +0.331 /-0.239 

100 245 deg 27.1 16.3 +0.314 /+0.002 +0.251 /-0.017 +0.331 /-0.241 

100 255 deg 27.1 16.3 +0.307 /+0.003 +0.247 /-0.017 +0.322 /-0.239 

10 000 235 deg 34.5 18.3 +0.489 /-0.027 +0.407 /-0.046 +0.520 /-0.433 

10 000 245 deg 34.5 18.3 +0.491 /-0.028 +0.409 /-0.046 +0.522 /-0.436 

10 000 255 deg 34.5  18.3 +0.481 /-0.027 +0.402 /-0.045 +0.504 /-0.426 

 

Since 10 000-year wave is defined as an accidental load case, it will not be considered in the 

fatigue analysis, as the case would not give a good representation of the cyclic loading taking 

place. Hence, what is left of the wave displacement data are those caused by the 100-year return 

wave. These displacements will serve as maximum on a range that is the summation of the 

largest positive, and largest negative relative movements between Platform 1 and Platform 2. 

Hence, the maximum displacement range becomes 0.572 m. When modelling wave 

displacements, the bridge was defined as fixed at the platform 1 and pinned at platform 2. This 

was an approximation that was applied to simplify the modelling. Thus, all displacements were 

simulated through movements of only Platform 2. Furthermore, the positive direction of 

displacement was defined in the direction of Platform 2, where the bridge was moving away 
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from Platform 1. Negative direction of displacement occurred when the bridge moved towards 

Platform 1. Hence, the displacements are exerted on the restraints at Platform 2 in east-west 

direction. Since parts of the pipe was defined through boundary conditions as fixed at deck of 

Platform 2, it was necessary to take special consideration when modelling the mentioned wave 

displacements. There is a simple application in Caesar that allows for moving anchors, where 

fixed nodes are assigned connecting nodes that are then assigned the desired displacements, 

which in this case was 0.331 m in the positive direction, and 0.241 in the negative direction. 

The specific nodes that was assigned with the aforementioned longitudinal displacements was 

590 and 700, which were the only nodes with restraints in this direction, other than nodes 10 

and 100 at Platform 1. Placement of platforms and fixed nodes relative to bridge is illustrated 

in figure 3-6. 

 

 

Figure 3-6: Locations of the two platforms joint by bridge, N100 and N590 represent fixed points at deck of each 

platform. 

For expansion load cases, such as wave displacements and thermal expansion, stress analysis 

was performed with and without effects of friction on supports. In analysis where frictional 

effects were considered, it was however, only considered in horizontal directions relative to 

bridge. The reason for this was that only longitudinal movements was considered, not rotational. 

Hence, vertical motion would be negligible. Frictional force at supports are modelled in Caesar 

2 by simply assigning relevant nodes with a coefficient of friction corresponding to surface 

layer of support and pipe, then the software calculates frictional response at these nodes based 

on normal force multiplied with coefficient. In this particular case, the magnitude of friction 

coefficient was 0.15, which is representing that of stainless-steel surface towards another 
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surface of stainless-steel (Engineering toolbox, 2021). After frictional forces has been inserted 

into piping model, it is necessary to specify in load cases whether friction should be neglected 

or included in analysis. To ensure a conservative result, the higher stress value of the two were 

applied in further analysis. 

3.4.3 Pressure and temperature variations 

Stress ranges caused by changes in temperature were applied in stress analysis, where two 

instances were considered. First, maximum change in temperature, which was the range 

between maximum and minimum design temperature. Second, partial change in temperature, 

which was the range between maximum operating temperature and installation temperature.  

 

Stress cycles due to changes in pressure that were apt for consideration in further fatigue 

analysis were mainly those that were estimated to occur on a regular basis. In order to both 

increase conservatism, and to gain additional data for correlational studies, full pressure range 

cycles on weekly basis were incorporated as well. Hence, an approximation of a 10 percent 

change in design pressure, and full design pressure change were included in the stress analysis. 

Specifics regarding these load cases are shown in table 3-5.   

   

Table 3-5: Design parameters regarding stresses caused by changes in processing pressure and temperature. 

Max design pressure 
202 barg 

Max operating pressure 15 barg 

Max design temperature + 90 oC 

Min design temperature - 29 oC 

Max operating temperature + 80 oC 

Installation temperature  + 4 oC 

 

3.4.4 Code stress  

The code that has been considered when performing stress analysis is ASME B31.3. Hence, 

code stress and allowable stress were calculated in Caesar based on formulas provided in said 

code, and these equations are provided in chapter 2.6.3 as equation 2.50. 
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3.4.5 Allowable stress 

Table 3-6: Maximum allowable stress for both sections of pipes, for maximum and minimum design 

temperature. 

Pipe material 
Allowable stress cold Allowable stress hot 

A790 S32760 206.850 MPa 206.850 MPa 

A790 S31803 250.288 MPa 247.696 MPa 

 

3.5 Boundary conditions  

Boundary conditions with relevant nodes are listed in table 3-7. Locations of nodes with 

restraints are additionally displayed in figure 3-6 and 3-7, where figure 3-6 shows the section 

starting at Platform 1 until midsection of bridge, whilst figure 3-7 shows location of nodes for 

bridge leading up to platform 2. Lastly, figure 3-8 presents the entire bridge with all restraint 

nodes.   

 

 

Figure 3-7: Restraint nodes from Platform 1 until mid-point of loop. 
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Figure 3-8: Location of restraint nodes from mid-point of loop until Platform 2. 

 

 

Figure 3-9: Bridge with all restraint nodes. 

The boundary conditions in table 3-7 represent six directions in total. Y-axis was defined as 

vertical; x-axis was oriented in the longitudinal direction of the pipe and z-axis was horizontal 

and perpendicular to x-direction. 
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Table 3-7: Boundary conditions for restraint nodes. 

Boundary 

conditions: 

+X -X +Y -Y +Z -Z 

Nodes: 10, 20, 40, 

100, 170, 

210, 350, 

510, 590, 

680, 700    

10, 20, 40, 

100, 170, 

210, 350, 

510, 590, 

680, 700    

10, 40, 

100, 150, 

170, 190, 

210, 260, 

305, 320, 

350, 390, 

450, 490, 

510, 520, 

540, 590, 

645, 680, 

700   

20, 100, 

590   

10, 100, 

590, 700  

10, 100, 

590, 700   

3.6 Load cases 

Table 3-9 presents the total of load cases applied in initial stress analysis. Out of these load 

cases L17 through L27 and L34 through L37 were utilized in further fatigue analysis, while L1 

and L2 were relevant for determining allowable stress. For cases where friction multiplier is 

equal to 1, it is implied that frictional forces at supports has been accounted for in calculations. 

Designations for load cases is presented in table 3-8.  

Table 3-8: Designations relevant for load cases. 

W 
Deadweight  

P1 Maximum design pressure 

P2 Maximum operating pressure 

P3 10% deviation of maximum design pressure 

T1 Maximum design temperature 

T2 Minimum design temperature 

T3 Maximum operating temperature 

T4 Installation temperature 



 

53 

 

   

Table 3-9: Load cases for stress analysis. 

Case 

No. 

Load Case Stress 

Type 

Combination 

method 

Elbow 

stiffening 

pressure 

Case description Friction 

multiplier 

L1 W+P1 SUS  PMax Sustained stress 

with max design 

pressure 

0 

L2 W+P2 SUS  P2 Sustained stress 

with max operating 

pressure 

0 

L3 W+D1+P1 OPE  None Sustained stress 

with positive 100-

year wave 

displacement  

0 

L4 W+D2+P1 OPE  None Sustained stress 

with negative 100-

year wave 

displacement 

0 

L5 W+T1+P1 OPE  PMax Max design 

temperature with 

max design 

pressure 

0 

D1 Longitudinal displacement from positive 100-year wave  

D2 Longitudinal displacement from negative 100-year wave 

F1 Slugging force at node 250 

F2 Slugging force at node 300 

F3 Slugging force at node 340 

F4 Slugging force at node 410 

F5 Slugging force at node 430 

F6 Slugging force at node 470 

F7 Slugging force at node 620 
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L6 W+T2+P1 OPE  PMax Min design 

temperature with 

max design 

pressure  

0 

L7 W+T3+P2 OPE  PMax Max operating 

temperature with 

max operating 

pressure   

0 

L8 W+T4+P2 OPE  PMax Installation 

temperature with 

max operating 

pressure   

0 

L9 W+T3+P3 OPE  P2 Max operating 

temperature with 

10% design 

pressure drop 

0 

L10 W+P2+T3+F1 OPE  P2 Max operating 

pressure and 

temperature with 

slug force F1 

0 

L11 W+P2+T3+F2 OPE  P2 Max operating 

pressure and 

temperature with 

slug force F2 

0 

L12 W+P2+T3+F3 OPE  P2 Max operating 

pressure and 

temperature with 

slug force F3 

0 

L13 W+P2+T3+F4 OPE  P2 Max operating 

pressure and 

temperature with 

slug force F4 

0 
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L14 W+P2+T3+F5 OPE  P2 Max operating 

pressure and 

temperature with 

slug force F5 

0 

L15 W+P2+T3+F6 OPE  P2 Max operating 

pressure and 

temperature with 

slug force F6 

0 

L16 W+P2+T3+F7 OPE  P2 Max operating 

pressure and 

temperature with 

slug force F7 

0 

L17 L10-L7 OCC Algebraic PMax Stress amplitude 

due to slug force F1 

 

L18 L11-L7 OCC Algebraic PMax Stress amplitude 

due to slug force F2 

 

L19 L12-L7 OCC Algebraic PMax Stress amplitude 

due to slug force F3 

 

L20 L13-L7 OCC Algebraic PMax Stress amplitude 

due to slug force F4 

 

L21 L14-L7 OCC Algebraic PMax Stress amplitude 

due to slug force F5 

 

L22 L15-L7 OCC Algebraic PMax Stress amplitude 

due to slug force F6 

 

L23 L16-L7 OCC Algebraic PMax Stress amplitude 

due to slug force F7 

 

L24 L3-L4 EXP Algebraic  None Max displacement 

range due to 100-

year wave (without 

friction) 

 

L25 L5-L6 EXP Algebraic None Full thermal 

displacement range 

(without friction) 
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L26 L7-L8 EXP Algebraic None Partial thermal 

displacement range 

(without friction) 

 

L27 L7-L9 OPE Algebraic PMax 10% variation in 

design pressure 

 

L28 W+D1+P1 OPE  None Sustained stress 

with positive 100-

year wave 

displacement  

1 

L29 W+D2+P1 OPE  None Sustained stress 

with negative 100-

year wave 

displacement 

1 

L30 W+T1+P1 OPE  PMax Max design 

temperature with 

max design 

pressure 

1 

L31 W+T2+P1 OPE  PMax Min design 

temperature with 

max design 

pressure  

1 

L32 W+T3+P2 OPE  PMax Max operating 

temperature with 

max operating 

pressure   

1 

L33 W+T4+P2 OPE  PMax Installation 

temperature with 

max operating 

pressure   

1 

L34 L28-L29 EXP Algebraic None Max displacement 

range due to 100-

year wave (with 

friction) 
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L35 L30-L31 EXP Algebraic None Full thermal 

displacement range 

(with friction) 

 

L36 L32-L33 EXP Algebraic None Partial thermal 

displacement range 

(with friction)  

 

L37  OPE Algebraic PMax Full pressure range   
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Chapter 4 Results stress analysis 

Results from stress analysis in Caesar, for each respective load case is displayed in table 4-1 

through 4-7, and the stresses that were included in outputs were namely axial, bending, 

torsional, hoop and code stress. The code stress was determined by the software, through 

application of equation 2.50 from chapter 2.7.3, 

𝜎𝐸 = √(|𝜎𝐴| + 𝜎𝐵)2 + (2𝜏)2 

 

where the three elements of the equation represent axial stress, bending stress, and torsional 

stress.  

 

Since code stress was the most relevant output for further fatigue analysis, it was the only output 

that was presented in aforementioned tables. The output from Caesar included stresses from 

three nodes of every elbow, from which the largest stress at the three nodes was chosen for 

further fatigue analysis of each elbow. Additionally, to the elbows, node 305, 320, and 510 

representing locations of pipe supports within loop were included in analysis. In the case of 

thermal expansion and wave displacements, load cases both with and without friction were 

applied, where the higher output of the two were utilized in the fatigue assessment.    

Table 4-1: Obtained stresses from all slug loads under category A, both elbow nodes and support nodes have 

been included in the presented results. 

Node 
F1 F2 F3 F4 F5 F6 F7 

250 4.192 1.694 5.218 0.129 0.214 0.1994 0.0794 

300 2.615 5.8318 5.04 0.882 0.415 0.1374 0.0446 

305 0.5615 
2.0332 1.9414 0.8103  0.2194 0.0301 0.0038 

320 
0.4479 0.45 0.3056 1.288 0.2534 0.0642 0.0385 

340 1.8416 3.3328 3.711 2.052 0.527 0.3 0.1494 

410 0.6126 1.7668 2.093 1.613 0.888 1.2488 0.5108 

430 0.7564 1.935 2.261 5.3122 2.503 0.9796 0.3676 

470 0.6056 0.9914 1.079 11.1534 2.437 2.537 0.9112 

510 
0.0696 0.0286 0.0564 3.7897 0.4146 0.7665 1.1764 
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Table 4-2: Slug load category B output from stress analysis. 

Node 
F1 F2 F3 F4 F5 F6 F7 

250 5.6242 3.219 9.0442 0.1886 0.4554 0.3076 0.1108 

300 3.5084 11.082 8.7344 1.289 0.8834 0.212 0.0622 

305 
0.7533 3.8637 3.364 0.8103 0.4668 0.0464 0.0249 

320 
0.6009 0.8552 0.5296 1.288 0.5392 0.0991 0.0054 

340 2.4708 6.3332 6.432 2.9988 1.1216 0.4628 0.2082 

410 0.8218 3.3574 3.6272 2.3574 1.8892 1.927 0.712 

430 1.0148 3.677 3.9186 7.7632 5.3254 1.5114 0.5124 

470 0.8126 1.8842 1.8706 16.2994 5.1856 3.9144 1.2704 

510 
0.0933 0.0543 0.0977 3.7897 0.8821 1.1827 1.6398 

 

Table 4-3: Slugging category C stress range output for all relevant nodes for further fatigue analysis. 

Node 
F1 F2 F3 F4 F5 F6 F7 

250 7.2404 4.61 12.05 0.2744 0.685 0.4086 0.1388 

300 4.5166 15.8708 11.64 1.8758 1.329 0.2818 0.078 

305 
1.5646 7.846 5.7944 0.9379 0.7021 0.0617 0.0067 

320 
0.9698 5.5334 4.4829 1.1793 0.811 0.1317 0.0673 

340 3.1808 9.07 8.569 4.364 1.687 0.615 0.2608 

410 1.0578 4.8082 4.833 3.4306 2.842 2.5604 0.8918 

430 1.3064 5.266 5.221 11.298 8.01 2.0082 0.6418 

470 1.0462 2.6984 2.492 23.7206 7.8 5.201 1.5912 

510 
0.1201 0.0777 0.1302 5.5152 1.3269 1.5714 2.0541 
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Table 4-4: Stress ranges obtained from output due to slugging category D. 

Node 
F1 F2 F3 F4 F5 F6 F7 

250 8.7116 5.6772 14.8134 0.3436 0.8866 0.4606 0.1652 

300 5.4344 19.5454 14.306 2.3486 1.7196 0.3176 0.0926 

305 
2.3336 13.629 11.022 2.953 1.8174 0.1392 0.008 

320 
1.8614 3.0166 1.735 4.6936 2.0992 0.2968 0.0801 

340 3.8272 11.17 10.5348 5.464 2.1836 0.6932 0.3104 

410 1.2728 5.9214 5.941 4.2952 3.6774 2.886 1.061 

430 1.572 6.4852 6.4184 14.1454 10.3666 2.2636 0.7636 

470 1.2586 3.323 3.0638 29.6992 10.0948 5.8628 1.8932 

510 
0.289 0.1914 0.3202 13.8104 3.4344 3.5426 2.4438 

 

Table 4-1 through 4-4 presents the results from stress analysis with regards to slug loads 

category A through D respectively. The higher instances of stress ranges occurred for category 

D slugs, while the lowest stress ranges were the case for category A. Furthermore, node 470 

was the elbow that was exposed to the highest instances of stress concentrations throughout this 

analysis.  

Table 4-5: Stress ranges due to 100-year wave displacements, obtained from nodal analysis of both elbow nodes 

and nodes at support locations of loop 

Node 
With friction Without friction 

250 46.5228 47.31725479 

300 77.639 78.06023249 

305 60.967 
61.2535 

320 74.932 
75.0176 

340 108.975 108.4722624 

410 166.306 164.1873164 

430 165.497 163.252389 

470 25.4929 24.71007598 

510 21.9907 20.236 
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Stress ranges applicable as inputs for fatigue analysis, regarding load cases both with and 

without effects of friction, should be the output with the largest stress range from each node. 

Hence, for 100-year wave, further fatigue analysis of node 250 and 300 were performed for 

stress ranges without frictional forces. For the remaining nodes, however, stress ranges from 

outputs that included friction, were utilized. For maximum displacements due to change in 

temperature, stress ranges from analysis that included effects of friction was applied for fatigue 

analysis for all nodes except node 470. Lastly, as can be seen in the right section of table 4-6, 

displacements caused by minor fluctuations in temperature resulted in generally higher stresses 

when effects of friction were included. The only two exceptions were node 410 and 470, that 

experienced slightly higher stress ranges from simulations without frictional effects on 

supports.         

 

Table 4-6: Obtained stress ranges due to thermal expansion and contraction, table display both the case of 

maximum displacement and that of partial displacements. Both cases have been evaluated with and without 

effects of friction. 

Node 
Full range 

(with friction) 

Full range 

(without friction) 

Partial range 

(with friction) 

Partial range 

(without friction) 

250 14.29 13.93 7.72 7.70 

300 22.35 22.16 10.55 10.52 

305 
17.7253 

17.65 13.1035 13.05 

320 
20.5688 

20.52 
15.1722 

15.12 

340 29.65 29.44 13.96 13.95 

410 47.71 47.46 23.12 23.15 

430 46.91 46.70 22.74 21.63 

470 8.26 8.33 3.88 3.90 

510 
9.3159 

9.32 
6.6672 

6.67 
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Table 4-7: Stress ranges obtained from analysis due to fluctuations in pressure. 

Node 
Full range 10% fluctuations 

250 106.23 11.02 

300 106.23 11.02 

305 106.23 11.02 

320 106.23 11.02 

340 106.23 11.02 

410 106.23 11.02 

430 106.23 11.02 

470 106.23 11.02 

510 106.23 11.02 

 

Since the input of stress analysis software based the calculations on a section of pipe with 

uniform cross-section, of the same material. That additionally were undergoing the identical 

changes in pressure over the entire length of pipe, the output would naturally be the same for 

all nodes.      

 

As can be seen in tables presented in this chapter, the hot spot regarding this set of load cases 

were 470. However, for stress ranges induced by causes of expansion, such as wave 

displacements and temperature variations, node 410 was the node under exposure to the highest 

instances of stress concentrations. Furthermore, since the number of load cycles associated with 

the four slug categories varied to a great extent, a full fatigue analysis of all elbows was 

warranted.   
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Chapter 5 Method fatigue analysis   

5.1 Stress and load cycle input  

Once stresses had been obtained from software, the fatigue analysis of selected the nodes could 

be performed. Two different codes were compared, which meant two different paths to follow. 

However, inputs such as number of load cycles, and magnitude of stress ranges are shared by 

both methods. Hence, this section of the chapter includes a presentation of such. Another 

general element for both standards was that the global hot spot of the pipeline was defined as 

the elbow node that would experience the shortest fatigue life due to high cases of local stresses. 

This spot will act as the structures weak link and will ultimately determine the overarching 

fatigue life of the structure. The dominating load cases, regarding fatigue, were those caused by 

wave displacements and slugging. Thus, the elbow nodes located in the loop of the bridge will 

all be considered in the fatigue analysis. All elbows as modelled in Caesar consists of three 

nodes, one at each end and one in center. In this analysis, all three nodes of each bend were 

evaluated, where the node of highest occurring stresses represented the elbow in further fatigue 

calculations. These nodes included the following, 248, 249, 250, 298, 299, 300, 338, 339, 340, 

408, 409, 410, 428, 429, 430, 468, 469 and 470. Additionally, node 305, 320 and 510 were 

selected to represent fatigue calculations for support locations.        

5.1.1 Temperature and pressure variations  

Load cycles with paired load cases caused by fluctuations in temperature and pressure is 

presented in table 5-1, where the two values for load cycles are derived from. To be specific, 

one cycle every day for 50 years, and one cycle every week for 50 years. Stress ranges valid for 

each of the load cases presented in table 4-6 and 4-7, where the higher instance between the 

cases with or without friction were selected. The cycle numbers were applied in accordance 

with each code, presented in chapter 5.2 and 5.3, to determine accumulated damage due to 

cyclic loading from these sources, and corresponding design life.    
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Table 5-1: Load cycles applicable for variations in pressure and temperature. 

Load cases 
Cycles Description 

Maximum temperature range 2 600 Max design temperature to 

min design temperature (with 

and without friction) 

Partial temperature range 18 300 Max operating temperature to 

installation temperature (with 

and without friction) 

Full pressure range 2 600 Design pressure to operating 

pressure 

Partial pressure range 18 300 10% fluctuation of design 

pressure 

 

5.1.2 Slugging 

Stresses determined from Caesar analysis with respect to slugging load cases can be considered 

as the amplitude of a single load cycle under given conditions. However, for a fatigue analysis 

in accordance with both ASME B31.3 and PD5500, the full stress range is required in the 

calculations (ASME, 2018; BSi, 2003). Hence, assumptions need to be made in order to convert 

the result to a corresponding stress range from each respective amplitude. A conservative 

assumption is simply to multiply the stress amplitude with 2, hence implying that every time a 

slug load is exerted on an elbow, the tension created will be followed by compression stresses 

of equal magnitude.  

Table 5-2: Load cycles relevant for fatigue calculations, in regard to slug loads, which are values that are 

relevant for both codes. The stress ranges corresponding to the respective load cycles are presented in table 4-1 

through 4-4. 

Slug Category 

Name 

Slug 

Category 

Branch 50 Years Cycles 

  5380_to_ 8032 A F1          291 981 750  

  8032_to_ 10683 B          117 165 000  

 10683_to_ 13334 C            19 162 500  
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 13334_to_ 15985 D               1 752 000  

  4257_to_ 9441 A F2            88 421 250  

  9441_to_ 14625 B            61 265 250  

 14625_to_ 19808 C            68 820 750  

 19808_to_ 24992 D            30 441 000  

  5794_to_ 12273 A F3            22 283 250  

 12273_to_ 18753 B            65 535 750  

 18753_to_ 25232 C          117 548 250  

 25232_to_ 31711 D            14 289 750  

  6269_to_ 13284 A F4          162 114 750  

 13284_to_ 20300 B          124 665 750  

 20300_to_ 27315 C            85 464 750  

 27315_to_ 34330 D            17 629 500  

  1561_to_ 5465 A F5          116 234 250  

  5465_to_ 9370 B            89 571 000  

  9370_to_ 13274 C            32 466 750  

 13274_to_ 17178 D               4 653 750  

  6543_to_ 10867 A F6               7 719 750  

 10867_to_ 15190 B            19 764 750  

 15190_to_ 19514 C          149 303 250  

 19514_to_ 23837 D            48 837 000  

  9802_to_ 15051 A F7            24 582 750  

 15051_to_ 20300 B            81 851 250  

 20300_to_ 25550 C          244 842 000  

 25550_to_ 30799 D            41 938 500  

 

5.1.3 Wave 

The scatter diagram of the met ocean analysis report shows the amount of wave cycles for the 

various heights; however, it does not divide into categories for the different directions. Since 

waves of same height but different direction will result in a large difference in relative 

longitudinal displacements, it was necessary to make appropriate adjustments with respect to 

this aspect.  
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Table 5-3: This table represents how difference in incoming wave angle will result in difference in displacement 

of bridge. 

Bridge movement with respect to wave direction 

Global angles 

(degrees) 

Original max 

bridge 

movement 

(mm) 

Platform 1  

max  

movement 

(mm) 

Platform 2 

 max  

movement 

(mm) 

Adjusted max 

bridge 

movement 

(mm) 

335 and 155 133 52 -42 94 

20 and 200 658 257 -206 463 

65 and 245 803 314 -251 565 

110 and 290 520 203 -163 366 

 

𝐵𝑟𝑖𝑑𝑔𝑒 𝑚𝑣𝑚𝑡(𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛) =
𝑂𝑟𝑖𝑔 𝑚𝑜𝑣𝑒𝑚𝑒𝑛𝑡 (𝑤𝑎𝑣𝑒 𝑎𝑛𝑔𝑙𝑒) × 𝐴𝑑𝑗 𝑚𝑜𝑣𝑒𝑚𝑒𝑛𝑡 (245𝑜)

𝑂𝑟𝑖𝑔 𝑚𝑜𝑣𝑒𝑚𝑒𝑛𝑡 (245𝑜)
 

 

The relation above was applied to determine the adjusted max bridge movement for all eight 

directions based on the originally obtained max bridge movements.  

 

Table 5-3 displays the result of initial response analysis, regarding bridge displacements 

subjected to 100-year wave, where the assumed maximum displacement range were as shown 

in the column “original max bridge movement”. Furthermore, adjusted max bridge movements 

was considered proportional to the values obtained from previous analysis, described through 

forementioned relation. However, it was centered around the adjusted maximum longitudinal 

bridge displacement value, of the 100-year wave, of 565 mm. With defined angles of incoming 

waves, data representing distribution between wave number with respect to direction could be 

evaluated to determine the number of load cycles of each direction. Thus, scatter diagram 

displayed in table 5-4 was applied to estimate distribution of wave numbers between directions, 

which is ultimately presented in table 5-5.    
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Table 5-4: Scatter diagram with respect to significant wave height and direction. 

Hs 

(m) 

Wave direction 

335o 20o 65o 110o 155o 200o 245o 290o Omni 

0-1 3.79 2.45 0.45 0.81 1.17 1.45 1.77 2.89 14.77 

1-2 8.60 5.34 0.81 2.48 3.66 3.92 4.52 6.30 35.63 

2-3 5.18 2.77 0.26 1.91 2.68 2.95 3.74 4.17 23.65 

3-4 2.44 1.06 0.07 1.32 1.72 1.86 2.45 2.33 13.25 

4-5 1.19 0.46 0.02 0.86 1.04 0.97 1.22 1.12 6.87 

5-6 0.57 0.18 0.00 0.43 0.48 0.49 0.61 0.56 3.32 

6-7 0.29 0.08 0.00 0.24 0.22 0.19 0.26 0.26 1.53 

7-8 0.14 0.04 0.00 0.09 0.09 0.06 0.09 0.12 0.64 

8-9 0.05 0.01 0.00 0.04 0.02 0.01 0.03 0.05 0.21 

9-10 0.02 0.01 0.00 0.02 0.00 0.00 0.01 0.03 0.08 

10-11 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.04 

11-12 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 

12-13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

14+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Total % 22.28 12.40 1.62 8.20 11.07 11.89 14.70 17.83 100.00 

 

Calculations of incoming waves regarding angles resulted in the following distribution of wave 

cycles for all applied directions. The percentages of each direction were applied to the total 

number of every wave height, in order to obtain load cycle number with respect to both direction 

and height.  

Table 5-5: Breakdown of waves with respect to angles. 

Global angles 

(degrees) 

Wave distribution 

(percentage) 

Wave distribution 

(total number of cycles) 

335 and 155 33.36 168831563 

20 and 200 24.29 122929217 

65 and 245 16.32 82593858 

110 and 290 26.04 131785789 

 



 

68 

 

With wave numbers distributed over angles determined, along with new values for maximum 

movements for each direction, displacements for smaller wave heights could be calculated. This 

was conducted through the assumption of proportional relation equivalent to that of the 

following equation,  

 

𝑅𝐵𝑀 = [(
𝑊𝐻

𝑀𝑊𝐻
)
1.7

] × 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 

 

where RBM is an acronym for relative bridge movements, WH denote wave height from 1 to 

28 m, MWH is maximum wave height (in this case 28 m). Lastly, maximum relative deflection 

represents the value of maximum longitudinal displacement range, which was applied in stress 

analysis.  

 

The foregoing expression is an estimation of wave displacements for marine fixed leg steel 

jacket structures, where the exponent number 1.7 is the constant representing this feature. This 

specific value was obtained from DNV-RP-D101 Appendix J. Thus, the mentioned relation was 

applied between the different wave heights for each respective direction. Furthermore, for every 

wave height, it was assumed that the displacement relation with respect to directions would be 

proportional to that of the displacements of different directions of the 100-year wave, which 

can be described with the following equation, 

 

𝑆𝑡𝑟𝑒𝑠𝑠 𝑟𝑎𝑛𝑔𝑒 = (𝑅𝐵𝑀/𝑀𝑅𝐵𝑀) × 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑠𝑡𝑟𝑒𝑠𝑠 𝑟𝑎𝑛𝑔𝑒  

 

where RBM is relative bridge movement for a specific direction, MRBM is maximum relative 

bridge movement for the same direction, and maximum stress range was that obtained from 

stress analysis. With the established displacements and defined relation with stress ranges, 

stresses for all wave heights could be calculated for every direction. This was highly applicable 

for PD5500 in particular, since minor sum principle was applied for wave loads, as shown in 

detail in chapter 5.2. For ASME B31.3, which is displayed in chapter 5.3, another approach was 

applied, however, acquired data was still utilized. Example of output values from this 

methodology can be found in the appendix, where stress ranges at all elbow nodes for wave 

heights ranging from 1 to 28 m, for the 4 main directions are presented, for load case without 

friction.     
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5.2 Fatigue calculations according to PD5500 

Before initiating the fatigue analysis according to PD5500, it was necessary to determine if a 

simplified analysis could be performed, or if the code require a detailed analysis. This was 

conducted through utilization of equation 2.36. 

 

𝑁 ≤
6 ×  109

𝑓𝑓
3 (

22

𝑒
)

0.75

(
𝑬

2.09 ×  105
)

3

 2.36 

 

In this case, maximum design stress range from any source is that of maximum displacement 

range due to 100-year wave, which is a stress range of 166.306 MPa. Furthermore, Youngs 

modulus for operating temperature is 195 000 N/mm2, and thickness e is 24.61 mm. Hence, the 

expression becomes:  

 

𝑁 ≤
6 ×  109

166.3063
(

22

24.61
)

0.75

(
195000

2.09 ×  105
)

3

= 974 

 

Since the total number of load cycles from all sources far exceed the result from equation 2.36, 

a detailed consideration of fatigue calculations according to PD5500 was required.  

 

The next step when applying fatigue calculations in accordance with PD5500 was to determine 

weld class of the structure and apply corresponding SN-curve for further calculations. The 

standard includes specifications and definitions regarding the different weld classes. Generally, 

since the concern of a fatigue analysis is the weak link of the structure, the SN-curve 

representing an appropriate weld class of the hot spot of the structure is applied. The welded 

connections of the pipe elbows, were defined as fully penetrated butt welds of class D. 

However, additional analysis was performed on the basis of weld class F2, which corresponds 

with welded supports. This extra analysis was performed on nodes representing supports 

located in expansion loop and were mainly performed in order to establish comparative data 

regarding multiple S-N curves from PD5500.  
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Table 5-6: Numeric values for coefficients representing the SN-curve of a class D and F2 weld. 

Class 
Constants S-N curve Stress range 

at N = 107 

cycles 

(MPa) 

For N < 107 cycles For N > 107 cycles 

m A m A 

D 3 1.52 × 1012 5 4.18 × 1015 53 

F2 3 4.31 × 1011 5 5.25 × 1014 35 

 

Hence, constants from selected weld class could be assigned to equation 2.36.a, as displayed 

below, for stress ranges of both over and under 10 000 000 cycles. In addition to constants from 

S-N curve, values for wall thickness (e), and Youngs Modulus (E) were defined as 24.61 mm 

and 195 000 N/mm2 respectively. In the case of maximum displacement due to change in 

temperature, Youngs modulus was set as 204 100 N/mm2.   

 

𝑁𝑖 = 𝐴 (
22

𝒆
)

𝑚
4

(
𝜎𝑟 × 2.09 × 105

𝑬
)

−𝑚

 2.36. 𝑎 

Under 10 000 000 load cycles: 

→ 𝑁 = 1.04 × 1012 × (
22

24.61
)

3
4
(
𝑆𝑟 × 2.09 × 105

195 000
)

−3

 2.36. 𝑏 

 

Over 10 000 000 load cycles: 

→ 𝑁 = 2.29 × 1015 × (
22

24.61
)

5
4
(
𝑆𝑟 × 2.09 × 105

195 000
)

−5

 2.36. 𝑐 

 

The next stage of the fatigue analysis included implementation of all relevant stress ranges to 

obtain allowable load cycles from the two instances of equation 2.36.a, which are noted as 

2.36.b and 2.36.c. For the load cases related to variation in pressure or temperature, the 

implementation of stress ranges was straight forward. Obtained stress ranges from Caesar 

analysis was applied directly to equation 2.36.a for all relevant elbow nodes. Similarly, the 

process of determining fatigue induced by slugging was based on applying stresses obtained at 

elbow nodes, from all slug loads for each category, where every stress range was multiplied 

with 2 before inserted into equation, as explained in chapter 5.1.2. Regarding wave loads, the 
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applied method for PD5500 was according to methodology in chapter 5.1.3. A full list of stress 

ranges for all wave heights and directions with corresponding number of cycles are presented 

in appendix. Last stage of methodology included summation of accumulated damage from all 

viable stress ranges according to equation 2.35, where right side of equation represent allowable 

fatigue and ni represents occurring load cycles.    

 

∑
𝑛𝑖

𝑁𝑖
≤ 0.6 (

22

𝑒
)
0.75

 2.35 

 

→ ∑
𝑛𝑖

𝑁𝑖
≤ 0.6 (

22

24.61
)

0.75

= 0.5516 

5.3 Fatigue calculations according to ASME B31. 

The initial step of the fatigue analysis according to ASME B31.3 included a check of various 

factors and parameters. While some of the parameters listed in methodology are restricted to 

either accumulated damage caused by waves, or all other sources of loading than waves, there 

are some that overlap. Hence, these factors were determined in the first stage of the analysis. 

First, there was the fatigue improvement factor fI, which remained 1, since nothing in design 

indicated that a reduction in conservatism should be considered for fatigue calculations. Second, 

since the structure of the case study is located entirely above sea level, the environmental factor 

fE, was set equal to 1, for the purpose of all calculations in this analysis. Third, pipe cross-

sectional geometry was uniform for all nodes considered in analysis, hence, following 

requirement from standard was accounted for (ASME, 2018). 

 

16 𝑚𝑚 < 𝑇 < 150 𝑚𝑚 → 𝑇𝐸 = 𝑇𝑛 = 24.61 𝑚𝑚 

 

Fourth, since both materials used in model were steel, the fatigue material coefficients were 

determined based on two conditions, for stress ranges with an amount of corresponding cycles 

less than 10 000 000, information from table 2-2 were applied. For stress ranges that had 

corresponding load cycles that exceeded 10 000 000, table 2-3 was used. This resulted in the 

following values for the different coefficients.  

 

Less than 10 000 000 cycles: 
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𝐶𝐹 = 14 137, 𝑚 = 3.13, 𝑘 = 0.222 

 

More than 10 000 000 cycles: 

 

𝐶𝐹 = 𝐶𝐹𝑎[(𝑓𝐹/𝑓𝐼)107]
(

1
𝑚2

−
1

𝑚1
)
= 14 137 × [(1/1)107]−0.1195 = 2060.32 

 

𝑚 = 5.0, 𝑘 = 0.222 

 

Fifth, fatigue factor for stress ratio was controlled based on the following requirement listed in 

code (ASME, 2018). 

 

(𝜎𝐸𝑖,𝑚𝑎𝑥 + 𝜎𝐸𝑖,𝑚𝑖𝑛) > 𝜎𝑦𝑖  

 

Since wave displacements, by far represent the largest instances of stresses of any of the load 

cases and is the only stress range that is remotely close to yield strength of structure, the control 

was performed on the basis of only that stress range.  

 

(166.306 + 2.82) = 169.126 𝑀𝑃𝑎 

 

→ 169.126 𝑀𝑃𝑎 < 𝑆𝑦𝑖 = 448 𝑀𝑃𝑎 

 

Hence, the factor fM,k will be equal to 1 throughout the fatigue analysis, for all load cases. Lastly, 

temperature correction factor ft was determined for the relevant temperatures and corresponding 

load cases. For all load cases other than full temperature displacement range, the factor was 

based on operational temperature, shown in equation 2.39.a, while the factor for full 

temperature displacement was determined as shown in equation 2.39.b.   

 

𝑓𝑡 =
𝐸

𝐸𝐶𝑆𝐴
=

201370

195430
= 1.0304 2.39. 𝑎 

 

𝑓𝑡 =
𝐸

𝐸𝐶𝑆𝐴
=

201370

204100
= 0.9866 2.39. 𝑏 
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With coefficients and factors applicable for stress ranges from all other sources than waves 

determined, the next step was to go through the relevant obtained stress ranges from analysis, 

and corresponding load cycles, in order to determine whether they met criteria from code. First, 

a check needed to be conducted to determine whether the basic allowable stress at maximum 

temperature exceeded the stress due to sustained loads. This was represented in load case 1 and 

2 of Caesar analysis. The output from stress analysis indicated a basic allowable stress range, 

representing equation 2.43, of 206.850 MPa, which was above the highest occurring stress 

ranges from analysis. Second, determine whether number of load cycles is within maximum 

requirement for every stress range. This step was performed through application of equation 

2.38. 

 

𝑁𝑡𝑖 =
𝑓𝐼
𝑓𝐸

(
𝐶𝐹 ∙ 𝑓𝑀,𝑘 ∙ 𝑓𝑡

𝜎𝐸𝑖 ∙ 𝑇𝐸
𝑘 )

𝑚

 2.38 

 

When inserting numeric values for factors and coefficients in equation, it yields the following 

two equations, 2.38.a for stress ranges less than 10 000 000 load cycles, and 2.38.b for stress 

ranges with more than 10 000 000 load cycles. 

 

𝑁𝑡𝑖 =
1

1
(
14 137 ∙ 1 ∙ 1.0304

𝑆𝐸𝑖 ∙ 24.610.222
)

3.13

 2.38. 𝑎 

 

𝑁𝑡𝑖 =
1

1
(
2060.32 ∙ 1 ∙ 1.0304

𝑆𝐸𝑖 ∙ 24.610.222
)

5

 2.38. 𝑏 

 

For the specific load case of full temperature range, the number of load cycles indicate equation 

2.38.a, however, temperature correction factor is different. Hence, a third expression is defined 

as equation 2.38.c.  

 

𝑁𝑡𝑖 =
1

1
(
14 137 ∙ 1 ∙ 0.9866

𝑆𝐸𝑖 ∙ 24.610.222
)

3.13

 2.38. 𝑐 

 

Third, summation of accumulated damage caused by all stress ranges, other than wave loads, 

is performed through equation 2.44. 
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𝑑𝑡 = ∑
𝑛𝑖

𝑁𝑡𝑖

𝑛

𝑖=1

 2.44 

 

The fourth step of fatigue methodology according to ASME B31.3 included the evaluation of 

wave loads. When utilizing fatigue analysis in accordance with ASME B31.3, stress range 

caused by wave induced longitudinal displacements, which as previously mentioned was 

applied through a Weibull cumulative distribution function. This function was utilized to 

describe the probability of exceeding the relevant stress range under the conditions of the wave 

spectrum, over a given design period. Furthermore, the stress range appearing in the equation 

is deemed to be proportional to the parameter representing wave height of a standard Weibull 

cumulative function.  

 

Hence, the application of this method provides the probability of exceeding a prescribed 

maximum stress range over a defined period, which in this case corresponds to the probability 

of a 100-year wave height occurring during the lifetime of structure, of 50 years. Furthermore, 

the stress output from Caesar software regarding maximum displacement range caused by said 

100-year wave will serve as maximum allowable probable stress range. This means that the 

expression for fatigue induced by wave displacements, according to ASME B31.3, can be 

reduced to equation 2.45.a,          

 

𝑑𝑤 =
𝜎𝑎𝑤

𝑚 × 𝑁𝑑

𝑓𝑎
×

𝛤 (1 +
𝑚
ℎ)

[ln(𝑁𝑤)]
𝑚
ℎ

 2.45. 𝑎 

 

where parameter fa is determined through equation 2.49 with respect to both cases of low cyclic 

loading and high cyclic loading.  

 

𝑓𝑎 = (
𝑓𝐼
𝑓𝐸

) × (
𝐶𝐹 ∙ 𝑓𝑀,𝑘 ∙ 𝑓𝑡

𝑇𝐸
𝑘 )

𝑚

 2.49 

 

Low cyclic loading: 

𝑓𝑎 = (
1

1
) × (

14 137 ∙ 1 ∙ 1.0304

24.610.222
)

3.13

= 1.161 × 1012 
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High cyclic loading: 

𝑓𝑎 = (
1

1
) × (

2060.32 ∙ 1 ∙ 1.0304

24.610.222
)

5

= 1.232 × 1015 

 

To account for wave heights with number of occurrences exceeding 10 000 000 cycles, and 

those below said number, the equation for fatigue damage needed to be utilized twice. 

Furthermore, parameters Nw and Nd were defined based on recorded cycles in scatter diagram, 

which accounted for 100 years of data. As a result, Nw was assigned the total number of 

recorded wave heights, and Nd was defined as half that number. Thus, Nw was 504960000, and 

Nd 252480000.  

Table 5-7: The Weibull shape parameter h was extracted from wave statistics based on met ocean data. A 

summary of this study with respect to this parameter is presented in table. 

Direction 
Sector 

Prob. 

Weibull parameters 

Shape Scale Location 

- (%) - (m) (m) 

0o 18.46 1.104 1.44 0.72 

30o 1.65 1.263 1.03 0.54 

60o 0.93 1.384 1.20 0.49 

90o 1.32 1.284 1.19 0.59 

120o 8.19 1.584 2.83 0.46 

150o 7.43 1.739 2.65 0.36 

180o 7.19 1.469 2.13 0.52 

210o 8.46 1.685 2.65 0.31 

240o 8.72 1.560 2.48 0.43 

270o 13.08 1.396 2.33 0.53 

300o 11.18 1.166 1.67 0.65 

330o 13.40 1.216 1.88 0.62 

0o – 360o 100.00 1.324 2.07 0.55 

 

As presented in table 5-7, the analysis resulted in numerous values of Weibull parameters 

depending on direction of incoming waves. For the purpose of fatigue calculations utilized in 

this thesis, the value representing the entire spectrum of incoming waves will be applied. Thus, 

shape parameter h=1.324. Hence, accumulated damage from wave heights from the four 
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different directions could be performed. Table 5-8 and 5-9 summarize stress ranges with respect 

to different nodes and angles applied to the relevant equations regarding high cycle, or low 

cycle load. Additionally, the presented stress ranges were subtracted from load cases with and 

without frictional effects, where the higher stress range from the two scenarios were chosen.    

Table 5-8: Maximum stress range with load cycles less than 10 000 000 for every direction. 

Node 
Direction 

65 and 245 20 and 200 335 and 155 110 and 290 

Stress Cycles Stress Cycles Stress Cycles Stress Cycles 

250 39.45 8131245 30.03 4914302 

 

4.33 5268364 

 

29.40 6748554 

300 78.61 59.83 8.63 58.57 

305 61.25 
46.62 6.72 45.64 

320 
75.01 57.09 8.23 55.90 

340 109.24 83.14 11.98 81.40 

410 166.30 126.57 18.25 123.92 

430 165.50 125.95 18.16 123.32 

470 25.50 19.40 2.80 19.00 

510 22.00 
16.74 2.41 16.39 
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Table 5-9: Maximum stress range with load cycles more than 10 000 000 for every direction. 

Node 
Direction 

65 and 245 20 and 200 335 and 155 110 and 290 

Stress Cycles Stress Cycles Stress Cycles Stress Cycles 

250 0.44 40427310 

 

0.67 56550306 

 

0.10 59320364 

 

0.66 71709775 

300 0.88 1.34 0.20 1.31 

305 0.15 1.02 0.69 1.05 

320 0.18 1.25 0.84 1.28 

340 1.23 1.86 0.27 1.83 

410 1.86 2.82 0.41 2.76 

430 1.85 2.81 0.40 2.75 

470 0.28 0.42 0.06 0.42 

510 0.05 0.37 0.25 0.38 

 

The last step of this fatigue analysis was to sum the two expressions for accumulated damage, 

and check if it fulfilled requirement for all elbow nodes, in addition a calculation of estimated 

design life of hot spot node was executed.  

 

𝑑𝑤 + 𝑑𝑡 ≤ 1 2.49 
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Chapter 6 Results fatigue analysis 

6.1 Comparison of the two results  

The following chapter includes a portrayal of the obtained results from the fatigue analysis that 

were made according to PD5500 and ASME B31.3. These calculations were performed on 

elbow nodes located at expansion loop of the bridge, in addition to analysis of nodes located at 

supports of the loop. A summary of fatigue calculations according to PD5500 and ASME B31.3 

is presented in table 6-1 through 6-10, where the nodes representing elbows of expansion loop 

was 250, 300, 340, 410, 430 and 470, while nodes 305, 320 and 510 represented selected 

supports at the loop. The cells marked “years” represents the number of years until fatigue 

related failure.   

Table 6-1: Fatigue caused by pressure variations; results are based on both load cases. 

10% Pressure change 

Node Max stress range PD5500 ASME B31.3 

di di 

All 11.0238 

 

2.16E-05 3.41E-05 

Full pressure range 

Node Max stress range PD5500 ASME B31.3 

di di 

All 106.2284 

 

0.002746 0.005816 

 

Table 6-1 shows the results from fatigue calculations from the load cases related to variations 

in pressure. All nodes in expansion loop were subjected to the same levels of accumulated 

damage for both cases of pressure fluctuations.  
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Table 6-2: Fatigue outputs from both cases of temperature displacements, according to both codes. 

Maximum temperature variation 

Node Max stress range PD5500 ASME B31.3 

di di 

250 14.2903 

 

6.68506E-06 1.0908E-05 

300 22.3553 

 

2.55931E-05 4.4261E-05 

340 29.6495 

 

5.97081E-05 0.00010712 

410 47.7144 

 

0.000248846 0.00047493 

430 46.9123 

 

0.000236506 0.00045039 

470 8.33023 

 

1.3242E-06 2.0143E-06 

Partial temperature variation 

Node Max stress range PD5500 ASME B31.3 

di di 

250 7.7234 

 

7.42822E-06 1.1189E-05 

300 10.55 

 

1.89329E-05 2.9697E-05 

340 13.9618 

 

4.38817E-05 7.1385E-05 

410 23.1543 

 

0.000200149 0.00034772 

430 22.7395 

 

0.000189584 0.0003286 

470 3.9014 

 

9.5746E-07 1.3196E-06 
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Table 6-2 represents the results from fatigue analysis based on changes in temperature, the 

results regarding design life across the different nodes are approximately the same between the 

two methods. Nodes 410 and 430 were hot spot nodes for both temperature ranges, however, 

the total fatigue caused by the two load cases was not substantial.   

 

Table 6-3: Fatigue caused by instances of slug category A at elbows. 

Node 
Max stress range PD5500 ASME B31.3 

di di 

250 5.2184 

 

0.000181232 0.000378001 

300 5.8318 

 

0.000274321 0.000572094 

340 3.711 

 

2.51467E-05 5.26281E-05 

410 2.0928 

 

1.49111E-05 4.45378E-05 

430 5.3122 

 

0.000279268 0.000588882 

470 11.1534 

 

0.011006879 0.023066762 

 

Table 6-4: Fatigue due to all slugs from category B at elbows. 

Node 
Max stress range PD5500 ASME B31.3 

di di 

250 9.0442 

 

0.001808629 0.003771766 

300 11.082 

 

0.005307376 0.011068153 

340 6.432 

 

0.000539848 0.001125813 

410 3.6272 3.079E-05 6.42104E-05 
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430 7.7632 

 

0.001557391 0.003247827 

470 16.2994 

 

0.055966623 0.116714385 

 

Table 6-5: Fatigue caused by slugging category C on elbow nodes. 

Node 
Max stress range PD5500 ASME B31.3 

di di 

250 12.05 

 

0.011829252 0.024669058 

300 15.8708 

 

0.03675522 0.07665038 

340 9.07 

 

0.00381415 0.007954137 

410 4.8328 

 

0.000214083 0.000446456 

430 11.298 

 

0.006828747 0.014240864 

470 23.7206 

 

0.250433359 0.522260833 

 

Table 6-6: Fatigue caused by accumulated damage on elbows from slugging category D. 

Node 
Max stress range PD5500 ASME B31.3 

di di 

250 14.8134 

 

 

0.005058164 0.011592927 

300 19.5454 

 

0.037382085 0.078273641 

340 11.17 0.002902298 0.006272509 



 

82 

 

 

410 5.941 

 

0.000145693 0.000936677 

430 14.1454 

 

0.004307043 0.022697343 

470 29.6992 

 

0.158896243 0.344050405 

 

The results from fatigue analysis regarding slugging is presented in table 6-3 through 6-6, where 

the slugging categories are presented separately, from A to D respectively. As can be seen in 

all four tables, the methodology related to ASME B31.3 resulted in a more conservative output 

than PD5500.     

Table 6-7: Accumulated damage caused by all categories of slugging. 

Node 
Max stress range PD5500 ASME B31.3 

di years di years 

250 14.8134 

 

0.018877 1461.05 0.04041175 1237.2639 

300 19.5454 

 

0.079719 345.9734 0.16656427 300.18443 

340 11.17 

 

0.007281 3787.801 0.01540509 3245.681 

410 5.941 

 

0.000405 68020.19 0.00149188 33514.752 

430 14.1454 

 

0.012972 2126.095 0.04077492 1226.2441 

470 29.6992 

 

0.476303 57.90568 1.00609238 49.697225 

 

Table 6-5 shows the total accumulated damage due to all stress ranges caused by slugging, of 

all four categories. The table also presents expected lifetime of specific node when subjected to 

the prescribed levels of fatigue. As indicated by results in table, the node exposed to the highest 

degree av fatigue was 470, in which PD5500 yielded an expected design life of 57.9 years, 
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whereas the method of ASME B31.3 resulted in a design life of 49.7 years. The difference in 

outcome between the codes is visualized in figure 6.1, which shows how level of accumulated 

damage vary from node 250 to node 510.     

 

Figure 6-1: Comparison fatigue slugging, all categories 

Table 6-8 contains results from fatigue analysis based on wave loads according to both codes, 

where node 410 and 430 represents the elbows that are under highest exposure regarding fatigue 

induced by wave displacements. In addition, the results obtained through ASME B31.3 is 

significantly more conservative than PD5500.    

Table 6-8: Fatigue of elbows caused by wave displacements according to both codes. 

Node 
Max stress range PD5500 ASME B31.3 

di di 

250 47.31725479 

 

0.000263 0.00264339 

300 78.06023249 

 

0.001182 0.02286699 

340 108.975 

 

0.003215 0.06355402 

410 166.306 

 

0.011428 0.23864465 

430 165.497 

 

0.011262 0.23502984 
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470 25.4929 

 

4.12E-05 0.0006736 

 

The different levels of conservatism evident in the outputs from fatigue analysis with respect to 

wave displacements is presented in figure 6-2. In this graph, fatigue output for node 250 through 

510 is plotted with respect to outcome from both standards.  

 

Figure 6-2: Comparison between wave fatigue output from both standards, for all nodes 

Design life were calculated based on allowable damage criteria from codes, presented in table 

6-9.  

Table 6-9: Allowable damage according to both codes, which were applied in determining total fatigue and 

design life of all nodes included in analysis. 

Standard 
PD5500 ASME B31.3 

Max damage (d) 0.5516 1 

 

The total sum of accumulated damage from all sources is presented in table 6-10, in addition to 

design life (years), which were based on information in table 6-9. The results show that it is 

mainly slugging that poses a threat to the structural integrity of the pipe. This is evident when 

considering node 470, which were exposed to large stress ranges from slugging. A secondary 
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cause for fatigue were wave displacements. This is evident for node 410 which experienced the 

most fatigue from displacements due to waves and thermal changes.  

Table 6-10: Design life and total accumulated damage caused by all sources of loading according to 

methodologies of both codes. 

Node 
PD5500 ASME B31.3 

di years di years 

250 0.022 
 

1258.5 0.0431113 1159.788 

300 0.081 
 

340.7 0.1895393 263.7975 

340 0.011 
 

2590.2 0.0791717 631.5389 

410 0.012 
 

2208.3 0.2409918 207.476 

430 0.025 
 

1111.3 0.2765703 180.7858 

470 0.491 
 

56.2 1.0068034 49.66213 

 

Figure 6-3 contains a comparison between accumulated damage from all sources of loading 

according to both ASME B31.3 and PD5500. Calculations based on ASME B31.3 generally 

resulted in a more conservative output. This was particularly evident for nodes where wave 

displacements and high cycle loading such as slugging were prominent.  

 

Figure 6-3: Comparison fatigue combined loading 

Table 6-9 through 6-11 present calculated ratio between the two codes with regard to design. 

The reason for this was the fact that the codes have difference in allowable accumulated 

damage, as shown in table 6-9.  
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Table 6-11: Fatigue output ASME B31.3 to PD5500 ratio, slugging fatigue. 

Node 
Category A Category B Category C Category D Sum 

250 2.08 
2.08 

2.08 
2.30 2.14 

300 2.08 
2.08 

2.08 
2.10 2.09 

340 2.09 
2.08 

2.08 
2.16 2.12 

410 2.98 
2.08 

2.08 
6.43 3.68 

430 2.11 
2.08 

2.08 
5.27 3.14 

470 2.09 
2.08 

2.08 
2.16 2.11 
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Table 6-12: Fatigue output ASME B31.3 to PD5500 ratio, all sources except slugging. Only elbow nodes. 

Node 
Wave Thermal 

(Partial) 

Thermal 

(Max) 

Pressure 

 

Combined Design 

life 

250 
10.04 1.03 1.11 

1.85 
2.23 0.81 

300 
19.35 1.07 1.18 

1.85 
2.34 0.77 

340 
19.76 1.11 1.23 

1.85 
7.48 0.24 

410 
20.88 1.19 1.30 

1.85 
18.95 0.10 

430 
20.87 1.19 1.30 

1.85 
10.95 0.16 

470 
16.66 0.94 1.04 

1.85 
2.11 0.86 

 

When evaluating the results from fatigue analysis according to both methodologies, the 

overarching pattern is clearly that ASME B31.3 gave a more conservative result than that of 

PD5500. The method of the former code resulted in an estimated life of 49.6 years, which is 

approximately 7 years shorter than what were obtained with PD5500, and more importantly, a 

couple of months shy of the desired lifetime of 50 years. However, closer inspection of fatigue 

outputs from various sources showed varying degree of conservatism in comparison to PD5500. 

Table 6-2, which represents the results from accumulated damage due to two cases of 

temperature fluctuations, shows that the method of ASME B31.3 did not result in much higher 

results of fatigue than that of PD5500, especially when factoring in allowable damage. Similar 

differences were found when observing results from fatigue caused by both instances of 

pressure variations. Slugging showed a larger difference in outcome compared to both pressure 

and temperature, in which results from ASME B31.3 were more conservative. However, the 

biggest difference in outcome regarding the two standards where that of fatigue caused by wave 

loads.  
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Table 6-13: Average ratio between the codes, with respect to all sources of loading, in addition to combined 

loading and design life. 

Fatigue ASME B31.3 to PD5500 ratio 

Slugging 

All 

categories 

Wave Thermal 

(partial) 

Thermal  

(max) 

Pressure 

 

Total 

fatigue 

Design 

life 

2.55 
17.93 1.20 1.09 

1.85 
7.34 0.49 

 

As presented in table 6-13, there are generally not significant differences between outputs when 

considering fluctuations in temperature, and to a certain degree pressure, where ASME B31.3 

comparatively gave 1.85 times higher accumulation of damage. Results such as these could 

simply suggest variations due to difference of integrated safety factors. However, the relatively 

high average ratio of the two code outputs regarding slugging and waves deserved further 

inspection. Especially interesting was the fact that slugging induced fatigue showed such a gap 

in ratio, when compared to thermal or pressure variations, considering that fatigue from 

slugging was calculated through the same methodology in ASME B31.3. The two mentioned 

observations suggested the following implications. Firstly, the specific methods for determining 

damage caused by waves show vast variation in results. Secondly, what mainly separated slug 

loads from pressure and temperature variation, as mere stress ranges with load cycles, was the 

number of cycles. The load spectrum from temperature and pressure fluctuations solely stayed 

within the range of 10 000 000 load cycles. This was not the case for slugging, where oppositely 

the majority of stress ranges occurred over vast amounts of load cycles, mostly exceeding 

10 000 000 cycles. This observation would suggest that the methodology of ASME B31.3 

regarding high cyclic loading includes coefficients of proportionally higher levels of 

conservatism when compared to S-N curves of low cyclic loading. In other words, the data 

suggest that with application of ASME B31.3, the degree of conservatism increase when 

structures are subjected to stress ranges of high accounts of corresponding load cycles. 

However, unlike ASME B31.3, PD5500 supply multiple S-N curves for various weld classes, 

where the range of connecting curve coefficients vary greatly. Which is highly relevant since 

any practical comparison of the two codes would to a great extent depend on the assumption of 

applied weld class. Hence, further fatigue analysis of nodes located at supports in the extension 

loop was included, in order to investigate the relation between weld class in PD5500 and output. 
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The supports were selected due to increase in margin of safety regarding weld class. While fully 

penetrated butt welds belong to weld class D, welds meant for supports belong to class F2. 

Since the supports of the expansion loop were located exclusively at straight sections, the 

effects of slug loads were expected to be much lower than of the elbows. The results of which 

is displayed in table 6-14 through 6-17.  

Table 6-14: The table presents fatigue caused by wave displacements on support nodes of expansion loop, where 

calculations were conducted according to both codes. For PD5500, weld class F2 were utilized. Furthermore, 

estimated design life based on wave displacement alone have been calculated with ratio. 

Max stress 

range 

Node PD5500 ASME B31.3 Ratio 

di di di Years 

305 61.25 0.00201 0.01047 5.2003 0.3486074 

320 75.20 0.00369 0.01975 5.33914 0.3395421 

510 22.00 9.3E-05 0.00042 4.5519 0.3982635 

 

Table 6-15: Fatigue calculations due to fluctuations in temperature of support nodes in expansion loop. Both 

maximum thermal displacements and partial displacements are presented.  

Max temperature displacement  

Max stress range Node PD5500 ASME B31.3 Ratio 

di di di Years 

17.7253 305 4.5E-05 2.14E-05 0.47580 3.8101011 

20.5688 320 7.0E-05 3.41E-05 0.48509 3.7371154 

9.3159 510 6.5E-06 2.86E-06 0.43763 4.1424230 

Partial temperature variation  

Max stress range Node PD5500 ASME B31.3 Ratio 

di di di Years 

17.7253 305 0.000128 5.85E-05 0.45748 3.96271942 

20.5688 320 0.000199 9.26E-05 0.466281 3.88792036 

9.3159 510 1.69E-05 7.06E-06 0.41901 4.32654296 
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Table 6-16: Fatigue analysis based on all sources of slug loads exerted on support nodes in expansion loop. For 

calculation according to PD5500, weld class F2 were applied.   

Max stress range 
Node PD5500 ASME B31.3 Ratio 

di di di Years 

13.629 305 0.108547 0.037113 0.341904 5.3022681 

4.6936 320 0.000539 0.000187 0.347364 5.2189247 

13.8104 510 0.072229 0.024718 0.34222 5.2973698 

 

Table 6-17: Fatigue analysis based on all sources of cyclic loading exerted on support nodes in expansion loop. 

For calculation according to PD5500, weld class F2 were applied. The results are displayed in table as total 

accumulated damage, design life and ratio between the two codes.    

Node 
PD5500 ASME B31.3 Ratio 

damage Years damage Years damage Years 

305 0.120495 228.8954 0.053514 934.3289 0.444122 4.08190345 

320 0.014268 1933.066 0.025914 1929.47 1.816243 0.99814004 

510 0.082106 335.9163 0.031002 1612.809 0.377584 4.80122474 

 

As can be seen in table 6-17, when applying weld class F2 and methodology of PD5500, the 

results of fatigue calculations becomes relatively more conservative for all sources of loading 

than that of class D. The difference in outputs compared to ASME B31.3 was more conservative 

for all load cases except wave loads. For wave loads, the outcome was approximately a third of 

the design life of that estimated by PD5500.  

 

Fatigue analysis resulted in several observations, which can be summarized through the 

following points. Firstly, constants representing S-N curve resulted in variation in outputs from 

calculations according to the two codes. The most noticeable change in ratio took place in the 

shift from low cyclic loading to high cyclic loading. This was particularly evident when 

comparing results from slugging, which were mostly stress ranges over cycles extending 

10 000 000 cycles, to results from variations in temperature and pressure. Where the ratio for 

low cyclic loading were approximately 1.05, with respect to estimated fatigue life from load 

case. Average ratio with respect to design life for high cyclic loading were 0.75, when not 

including wave loads. The specifics surrounding the mentioned outputs were based on weld 
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class D for PD5500, but a similar trend was observed when conducting the same comparisons, 

but for weld class F2. However, in this instance, the relation was reversed, in which the 

increasing degree of conservative output were for the results based on PD5500. Thus, the S-N 

curve constants representing ASME B31.3 have an approximate level of conservatism that 

leaves it somewhere in the middle of the S-N curves representing weld class D and F2 from 

PD5500. 

 

Secondly, regarding obtained outputs from fatigue caused by waves, there were significant 

differences between results from ASME B31.3 and PD5500 for the elbows, and the supports. 

The change in weld class resulted in a change of ratio from ASME B31.3 having, on average, 

17.93 times more accumulated damage from waves, to 5 times more for weld class F2. This 

large occurring difference over a change in weld class heavily suggested that the applied method 

of Weibull distribution for determining damage from waves were in this case a lot more 

conservative than the method of minor sums. This was likely due to the methodology of PD5500 

based the analysis on fatigue contribution from exact measured wave cycles for all recorded 

wave heights. A statistical distribution function for the wave field in question, represents the 

frequentist probability that the distribution of wave heights over number of wave cycles will 

correspond with the curve of a cumulative density function (Walpole et al, 2012). This mean 

that for a Weibull model applied for stress range, the shape and scale parameters from obtained 

wave data will determine the expected number of stress ranges over corresponding load cycles. 

However, since the approach was through expected values, and not the actual reported wave 

heights, a certain degree of deviance from recorded data was to be expected. For example, the 

probabilistic approach accounted for the 100-year wave height coming from all four directions, 

admittedly through low levels of probability, but were nevertheless accounted for. For minor 

sum approach of PD5500, however, the only incoming angle that were accounted for in regard 

to the 100-year wave was 65/245. To summarize the difference in applying the two methods 

for wave loads, was that PD5500 only accounted for fatigue due to stress ranges of recorded 

load cycles, with the precise number of cycles. While the method of ASME B31.3 left open 

possibility of all stress range within limit occurring with a corresponding expected number of 

load cycles. In addition, since a big portion of stress ranges caused by waves occurred during 

load cycles exceeding the criteria of high cycle loading, the difference in S-N curve would also 

influence the difference in results.  
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Chapter 7 Correlation study 

The following chapter presents methodology of correlation study, in addition to the results that 

were performed for fatigue outputs from both codes. The meaning of correlation study were to 

assess how different loading impact the outcome comparatively between codes.  

7.1 Methodology   

With obtained results from fatigue analysis, the next step was to perform statistical analysis of 

the acquired data in order to gain a good comprehension of the differences between the two 

codes. The specific technique that was applied to evaluate these differences was a Pearson 

correlation matrix, which is a tool to determine impact of parameters on both outcome and other 

parameters. In this particular study, eight Pearson matrices was constructed, first portrayed the 

correlations between wave height, direction, number of cycles, displacements, stress range, and 

fatigue according to both codes. The second matrix determined the correlation between 

slugging loads and axial stress, bending stress, torsional stress, code stress, and fatigue 

according to both codes. The third Pearson matrix determined the correlation between 

displacements due to thermal fluctuations and axial stress, bending stress, torsional stress, code 

stress, and fatigue according to both codes. The fourth, and fifth matrix were utilized to 

determine correlation, for both codes, between each load case relevant to fatigue and total 

fatigue damage through design period. Matrix six provided the correlation between the same 

factors, however, with respect to weld class F2 according to PD5500. Lastly, matrix seven and 

eight presents result from correlation between sources of cyclic loading and design life, with 

respect to the additional factor of varying wall thickness.  

 

Correlation parameters for relevant stress components, such as bending-, axial-, and torsional 

stress were in the cases of thermal expansion and slugging included in correlation study. This 

were partly to observe whether the fatigue outputs from codes resulted in significant difference 

in that regard; but also, to verify whether the outputs from stress analysis of an expansion load 

case, and occasional load case corresponds with fatigue output in an expected manner. In the 

case of slugging, number of load cycles were also included, due to it being a prevalent factor 

with a varying range. This were not the case with thermal expansion, where applied number of 

cycles varied between two numbers. Hence, cycles were excluded from correlation matrix of 

temperature variations.   
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The correlation factor which the Pearson matrix is based on is determined mathematically 

through equation 2.57, where variance and covariance of the parameters were determined 

through equation 2.59 and 2.58 respectively. Appliance of the formula for correlation factor 

will yield a result between -1 and 1, where a correlation factor of 1 or -1 will indicate full 

correlation, which mean that every change in one variable will be followed by a consistent 

change in corresponding variable (Walpole et al, 2012). An output of 0, however, means no 

relation between the variables, which can be interpreted as complete randomness between 

selected parameters. Negative sign of correlation factor indicates a decreasing trend, while 

positive sign shows an increasing trend of correlation between parameters (Kent state 

University, 2021). Table 2-4, from chapter 2.8.2, presents the categorization of correlation 

factors that were used during thesis along with paired coloring code, which is shown in figure 

7-1, where output values are assigned definition based on how significantly the parameters 

affect other parameters.  

 

By applying the Pearson correlation matrix for the mentioned scenarios, it was the intention to 

discover patterns and deviations regarding the application of different codes. Thus, gaining 

better comprehension of tendencies such as levels of conservativity integrated in the respective 

methods, and what level of conservatism applies for which specific load cases. Naturally, use 

of software is advantageous when handling large quantities of data, hence, correlation study 

was conducted through application of excel. 

7.2 Effect of load cases 

The following chapter includes results obtained from correlation study between various factors 

and the fatigue outputs from methodology according to both PD5500 and ASME B31.3. Figure 

7-1 shows how correlation factor was categorized into coloring codes, based on both level of 

correlation and trend.  
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Figure 7-1: Coloring code correlation parameter 

The main focus of study was that of load cases, and how factors associated with each respective 

load case affected the fatigue output from both codes. However, factors such as change in wall 

thickness, and weld class (for PD5500) were also taken into consideration.  

 

7.3 Wave loads 

 

Figure 7-2: Correlation wave displacements 

Figure 7-2 shows the results from correlation study regarding different variables relevant to 

waves and fatigue. Specifically, wave heights for all directions with corresponding load cycles 

and stress ranges were evaluated against each other and fatigue output from both codes in regard 

to correlation parameter. Generally, there were a significant positive correlation between wave 

height and stress range, in addition to a significant negative correlation between wave height 

and cycles. This mean that as wave heights increase so does displacement range, furthermore, 

an increase in wave height also bring a reduction in number of wave cycles, which is a result 

that naturally makes sense and corresponds well with recorded wave data. When comparing the 

Colouring code
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Height Direction Cycles Code stress range Fatigue PD5500 Fatigue ASME

Height 1.000 -0.026 -0.513 0.782 -0.532 0.558

Direction -0.026 1.000 0.017 -0.454 -0.075 -0.232

Cycles -0.513 0.017 1.000 -0.312 -0.122 -0.143

Code stress range 0.782 -0.454 -0.312 1.000 -0.433 0.811

Fatigue PD5500 -0.532 -0.075 -0.122 -0.433 1.000 0.000

Fatigue ASME 0.558 -0.232 -0.143 0.811 0.000 1.000

Wave loads
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factors of correlation related to calculated fatigue according to both codes, the table shows 

several noticeable differences. Firstly, regarding wave height, the magnitude of correlation 

factor is almost identical, however, PD5500 have a negative trend while ASME B31.3 have a 

positive trend. This indicates that the former experience a reduction in accumulated damage 

with increasing wave heights, and the latter oppositely experience an increase in damage with 

increasing wave height. This difference was likely due to the fundamental difference in 

executing the fatigue calculations with respect to wave loads. Thus, the damage caused by load 

cycles associated with every wave height and direction is determined individually and then 

added together, which means that 100-year waves, that by definition is estimated to only occur 

once every 100 year, have relatively few load cycles, thus lead to relatively low fatigue damage. 

The method of ASME B31.3, however, took the parameters derived from wave spectrum into 

consideration, and these parameters represented the tendencies of the wave field. Thus, an 

increase in wave height meant an increase in the maximum wave height representing field in 

calculation. A natural consequence of increase in wave height under mentioned considerations 

would be an increasing trend in fatigue. Secondly, the correlation between stress range and 

corresponding fatigue for the respective code is substantial, as with wave height, there is a 

difference in trend. Increased stress range resulted in a decrease in fatigue damage according to 

PD5500, and oppositely an increase for ASME B31.3, which could be explained similarly as 

the case with wave heights. However, more importantly was the difference in magnitude of 

correlation factor, where the matrix shows high correlation between stress range and fatigue 

according to ASME B31.3, while the correlation between stress range and PD5500 is merely 

moderate. Thirdly, ASME B31.3 shows a greater correlation between wave direction and 

estimated fatigue than that of PD5500, where the difference was -0.23 to -0.07. Lastly, both 

codes show a significantly low correlation between cycle number and fatigue, of -0.12 and -

0.14, which are values of negligible difference. A possible reason for this might simply be the 

fact that a large number of the wave spectrum consists of waves of heights ranging from 1-3 

meters and have low corresponding stress range. Furthermore, high stress ranges of the 

spectrum were generally paired with relatively low number of load cycles. Both situations 

mentioned will result in low accumulation of damage.      
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7.4 Slug loads 

 

Figure 7-3: Correlation slug loads 

Figure 7-3 displays the result from correlation study of various components related to slugging 

and fatigue. In this case, the included components were the loads exerted on elbows by slugging. 

The loads from all seven locations, and of all four categories were included for all elbow nodes 

in expansion loop. Furthermore, major stress components caused by the loading were also 

evaluated in study, in addition to the obtained code stress from these components. The last 

component that were considered in this correlation study were the number of load cycles paired 

with the different slug loads.  

 

The following trends were gathered from this analysis. Axial stress had second highest 

correlation of the stress components, with a factor of 0.38 to code stress and 0.6 to fatigue 

according to both standards. However, bending stress were the stress component that 

represented the most significant influence on both code stress and fatigue due to slugging, 

which were the case for both ASME B31.3 and PD5500, where the factors of correlation 

between bending stress and fatigue for both standards were similar. The last stress component 

mentioned in the matrix, torsional stress, showed signs of negligible influence on accumulated 

damage. All these three mentioned parameters of correlation aligned reasonably with what 

could be expected for stresses caused by slug loads. This was because the slug causes the loop 

to leave its state of equilibrium which results in high cases of bending and axial stresses at 

bends. Furthermore, the number of load cycles showed a correlation that was equivalent to 

negligible with fatigue for both standards, which was a result that might seem counter intuitive. 

However, when comparing to data output from fatigue analysis, it was observed that most slug 

loads had a high load cycle number. This led to low accumulation of damage regarding stress 

ranges of low significance, even though these stress ranges were paired with high number of 

Loads Axial Stress    KPa    Bending Stress   Torsion Stress Cycles Code Stress    KPa    Fatigue PD5500 Fatigue ASME B31.3

Loads 1.000 0.246 0.169 -0.189 -0.158 0.171 0.275 0.272

Axial Stress  0.246 1.000 0.390 0.544 -0.030 0.386 0.608 0.598

Bending Stress    0.169 0.390 1.000 -0.110 -0.148 1.000 0.662 0.672

Torsion Stress -0.189 0.544 -0.110 1.000 0.110 -0.121 0.075 0.078

Cycles -0.158 -0.030 -0.148 0.110 1.000 -0.150 0.036 0.028

Code Stress  0.171 0.386 1.000 -0.121 -0.150 1.000 0.662 0.671

Fatigue PD5500 0.275 0.608 0.662 0.075 0.036 0.662 1.000 0.000

Fatigue ASME 0.272 0.598 0.672 0.078 0.028 0.671 0.000 1.000

Slugging
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load cycles. Additionally, significant stress ranges, which resulted in high instances of fatigue 

through analysis, were also generally paired with a large amount of load cycles, exceeding 

10 000 000. Hence, for the scope of the analysis, it was mainly the magnitude of stress ranges 

that affected the fatigue with respect to slug loads.   

7.5 Temperature 

 

Figure 7-4: Correlation changes in temperature 

Figure 7-4 representing maximum temperature variation, shows that, similarly to the case of 

slug loading, there was little difference in correlation factors regarding outputs from the two 

standards. The factors included in this matrix were absolute values of displacement ranges 

caused by change in temperature, where the applied temperature range were both partial 

fluctuations and full range from maximum to minimum design temperature. As with slug loads, 

stress components representing axial, bending, and torsion stress were included in analysis, in 

addition to code stress, and fatigue output according to both codes. The results from figure 7-4 

shows a high correlation between increase in displacement range due to thermal expansion and 

decreasing fatigue, which indicates that nodes under less restraint had lower instances of code 

stress and fatigue. Correspondingly, axial stress component was shown to have a small negative 

correlation with code stress. As with slugging the largest correlation between stress components 

and fatigue were due to bending.    

Displacement range Axial Stress    Bending Stress  Torsion Stress  Code Stress    Fatigue PD5500 Fatigue ASME B31.3

Displacement range 1.000 -0.071 -0.397 -0.452 -0.392 -0.617 -0.622

Axial Stress -0.071 1.000 -0.246 0.134 -0.261 -0.225 -0.225

Bending Stress -0.397 -0.246 1.000 0.139 1.000 0.946 0.942

Torsion Stress -0.452 0.134 0.139 1.000 0.118 0.156 0.155

Code Stress -0.392 -0.261 1.000 0.118 1.000 0.946 0.942

Fatigue PD5500 -0.617 -0.225 0.946 0.156 0.946 1.000 0.000

Fatigue ASME B31.3 -0.622 -0.225 0.942 0.155 0.942 0.000 1.000

Temperature changes
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7.6 Combined loading  

 

Figure 7-5: Correlation combined loading for PD5500, weld class D 

 

Figure 7-6: Correlation combined loading for ASME B31.3 

Figure 7-5 and 7-6 present correlation parameters obtained from fatigue analysis according to 

PD5500 and ASME B31.3 respectively. Both tables show the correlation between fatigue 

caused by all four sources of stress ranges, and the total accumulated damage on each node, 

with corresponding design life.  

 

Since fatigue due to pressure variations were the same over pipeline of the same geometry, the 

slot in the correlation matrix regarding fatigue and pressure were performed differently from 

the other load cases. While the other load cases represented fatigue damage from each 

respective load case on different node of the pipeline, correlation analysis regarding pressure 

change were conducted in the following way. Several analyses in Caesar were performed over 

different cases of pressure variations that deviated slightly from the 10 % pressure change. The 

reason for doing this was simply because variation in parameter was required to calculate 

correlation. For each range fatigue was calculated for fluctuations based on one load cycle per 

day. Hence, data relevant for pressure fluctuations was generated and applied in correlation 

study, which is presented in figures for correlation with regard to fatigue and all sources of 

loading. Pressure change was not considered separately with a correlation matrix presenting 

different components related to pressure change input and fatigue output. The reason for this 

Wave di Slug di Thermal di Pressure di Fatigue damage Years

Wave di 1 0 0 0 -0.395870669 0.017890282

Slug di 0 1 0 0 0.995327039 -0.677258004

Thermal di 0 0 1 0 -0.387120872 -0.002739505

Pressure 0 0 0 1 -0.340017798 0.239025362

Fatigue damage -0.395870669 0.99532704 -0.38712087 -0.340017798 1 -0.708279747

Years 0.017890282 -0.677258 -0.00273951 0.239025362 -0.708279747 1

Fatigue PD5500

Wave di Slug di Thermal di Pressure di Fatigue damage Years

Wave di 1 0 0 0 -0.201733495 -0.385697541

Slug di 0 1 0 0 0.959721252 -0.47301635

Thermal di 0 0 1 0 -0.19290498 -0.390881685

Pressure 0 0 0 1 -0.433542112 0.753422539

Fatigue damage -0.201733495 0.959721252 -0.19290498 -0.433542112 1 -0.64739143

Years -0.385697541 -0.47301635 -0.39088168 0.753422539 -0.64739143 1

Fatigue ASME B31.3
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was the direct relation between internal pressure and resulting stress components. Hence, 

multiple pressure changes over the same cross section were expected to yield a perfectly linear 

result regarding correlation parameter.  

 

The element of pressure variations was distributed randomly amongst different nodes, in which 

random fluctuations within the prescribed range were assigned. Thus, it was also random 

whether the higher or lower instances of fatigue due to pressure variation were paired with 

nodes exposed to high cases of accumulated fatigue from other sources. Hence, only the 

magnitude of correlation was considered, and not whether trend was positive or negative. This 

magnitude of correlation factor was high (0.75) for design life according to ASME B31.3, and 

low (0.24) for design life according to PD5500. Furthermore, fatigue from thermal expansion 

had similar pattern regarding correlation factor. To be specific, ASME B31.3 showed a 

moderate (-0.39) relation between thermal expansion and design life, whilst thermal expansion 

had negligible effect on outcome according to PD5500. The fact that fatigue outputs from both 

sources of loading had results that did not deviate that much from one another makes the outputs 

curious. One possible explanation, however, could be that the codes experienced different 

outcome regarding slugging and waves on design life. Hence, this factor would be participating 

in reducing the relative effect of pressure and temperature.  

   

When comparing parameter output of damage caused by wave displacements between the two 

figures, the method of ASME B31.3 experienced a much greater impact from waves in regard 

to design life. This was an observation that were already made through evaluation of fatigue 

outputs. The correlation parameter from PD5500 indicated that the relation between design life 

and wave displacements were negligible. This low correlation could possibly be explained by 

the fact that nodes applied in study had varying exposure to the different sources of loading. 

For instance, node 470 experienced the largest instances of slug related fatigue but relatively 

little damage caused by waves. Comparatively, node 340 and 410 both experienced more wave 

related fatigue, and lower instances of slugging. However, damage from slugging were 

generally more evenly distributed amongst nodes, in addition to contributing to higher instances 

of fatigue. When combining this observation with the fact that slug loads had overall the greatest 

impact on design life of structure, it is more understandable that wave loads showed such low 

correlation with design life of weld.       
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Both methods gave a high correlation between slug loading and the total damage caused by 

cyclic loading, with 0.99 and 0.95 for PD5500 and ASME B31.3 respectively. The differences 

between these two values were basically negligible, especially considering the magnitude of 

correlation in both cases approaches that of perfect linear relation. However, when considering 

the difference in correlation, between the two codes, regarding slug induced fatigue and design 

life, the difference increased, where the correlation was -0.63 and -0.45 for PD5500 and ASME 

B31.3 respectively. This was not a difference of particular significance (Walpole et al, 2012), 

and likely due to the code’s differences in conversion from accumulated damage to design life. 

PD5500 factor in wall thickness, due to the reason that fatigue strength of a component could 

decrease with increasing thickness (BSi, 2003). A reasonable assumption, based on the 

aforementioned point, would be that the method of PD5500 would be more conservative 

regarding design life output from slugging. However, when comparing outputs from fatigue 

analysis, it was found that the method of ASME B31.3 resulted in a shorter design life. It should 

also be noted that since fatigue outputs based on ASME B31.3 were generally more affected by 

wave displacements, this would impact the correlation between load case and fatigue output.  

7.6.1 Effect of weld class 

 

Figure 7-7: Correlation combined loading for PD5500, weld class F2 

As were discovered in fatigue analysis of supports in expansion loop, appliance of weld class 

F2 in accordance with PD5500 gave a more conservative output relative to that of ASME B31.3 

for the same nodes. However, when comparing obtained results from correlation study 

regarding F2 weld class with that of class D, there were only slight differences. The most 

prevalent were the reduction of correlation between damage from slugging and design life from 

-0.677 to -0.37. This was likely due to low instances of stresses at supports relative to those 

estimated at elbows.    

Wave di Slug di Thermal di Pressure di Fatigue damage Years

Wave di 1 0 0 0 -0.277914175 0.037205464

Slug di 0 1 0 0 0.999940719 -0.373499787

Thermal di 0 0 1 0 -0.314870421 0.136887974

Pressure 0 0 0 1 -0.268564454 -0.192366945

Fatigue damage -0.277914175 0.99994072 -0.31487042 -0.268564454 1 -0.3735251

Years 0.037205464 -0.37349979 0.13688797 -0.192366945 -0.3735251 1

Fatigue PD5500 (weld class F2)
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7.6.2 Effect of wall thickness 

Figure 7-8 and 7-9 displays the correlation between change in wall thickness and fatigue for 

different sources, in addition to design life. The results from this study display tendencies 

coherent with an initial assumption, which states that a piping system subjected to both 

slugging, and expansion loads, such as wave displacements and thermal expansion, must 

compromise between rigidity and flexibility. The occurrence that support this assumption were 

the close to perfect linear relation shown between increasing wall thickness and increasing 

fatigue from both waves and effects of temperature. There was also a strong correlation between 

increasing wall thickness and a reduction in fatigue from slugging. Naturally, since a limited 

amount of simulations were done with different wall thicknesses, the resulting correlation were 

higher than if a wide range of values had been applied.  

 

An interesting result from correlation study over wall thickness was that increasing wall 

thickness was connected by a decreasing trend of design life, according to both codes. Where 

PD5500 had a correlation parameter of -0.194, and ASME B31.3 showed the largest trend of -

0.838. There were mainly two reasons for what causes the mentioned correlation factors. 

Firstly, as previously established, increased wall thickness led to increase in fatigue due to wave 

and temperature changes, and a decrease in fatigue from slugging. Hence, once the wall 

thickness went beyond a threshold, where stress ranges caused by expansion exceeded stress 

ranges from slugging, the structures design life would start to decrease. Secondly, the large 

difference in correlation factor for the two codes could be explained by the fact that results from 

ASME B31.3 generally were more effected by both wave loads and changes in temperature 

than PD5500. Thus, amplifying the described effect of increasing stress ranges due to expansion 

as a result of added structural stiffness.          

 

 

Figure 7-8: Correlation combined loading for PD5500, weld class D, with respect to wall thickness 

 

Wall thickness Slug fatigue Wave fatigue Temperature fatigue Design life

Wall thickness 1 -0.69669507 0.998084473 0.997588382 -0.193618411

Slug fatigue -0.696695071 1 0 0 -0.556127576

Wave fatigue 0.998084473 0 1 0 -0.250284885

Temperature fatigue 0.997588382 0 0 1 -0.243741977

Design life -0.193618411 -0.55612758 -0.250284885 -0.243741977 1

PD5500
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Figure 7-9: Correlation combined loading for ASME B31.3, with respect to wall thickness 

  

Wall thickness Slug fatigue Wave fatigue Temperature fatigue Design life

Wall thickness 1 -0.690330595 0.998088219 0.997588382 -0.83813339

Slug fatigue -0.690330595 1 0 0 0.231590762

Wave fatigue 0.998088219 0 1 0 -0.86830489

Temperature fatigue 0.997588382 0 0 1 -0.87323386

Design life -0.838133394 0.231590762 -0.868304891 -0.87323386 1

ASME B31.3
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Chapter 8 Conclusion 

8.1 Summary and conclusion 

In this study, comparisons between the piping standards of PD5500 and ASME B31.3 were 

performed with respect to fatigue analysis. The execution of this study relied on an example 

case, where the methodologies from each standard were applied to estimations of design life. 

The example case of this thesis was specifically a bridge, constructed as an expansion loop 

between two platforms mounted at jack structures. This made it a highly relevant case study 

due to its exposure to different sources of loading relevant for fatigue, such as wave loads and 

slugging.  

 

The applied method of processing loads was through the nodal software package Caesar 2. In 

this software, stress ranges from selected load cases were obtained and further applied for 

fatigue analysis. Additional statistical evaluation of fatigue outputs was also performed, through 

the utilization of a Pearson correlation matrix in the software excel. The work involved with 

this thesis resulted in the following observations regarding differences between codes.  

 

Firstly, design life estimated solely from the effects of wave loads resulted in a ASME B31.3 

to PD5500 ratio of 0.11. This result was much more conservative than results obtained from 

other load cases, such as variations in temperature and pressure. A suggested reason of which 

was that the method of ASME B31.3 relied on a probabilistic approach, based on expected 

values of both wave heights and number of cycles. As apposed to the methodology of PD5500, 

which applied actual recordings equivalent to design period. This was further emphasized when 

S-N curves for more conservative weld class were applied for different nodes of expansion 

loop. The results of which were an overall lower estimated design life than by ASME B31.3, 

which was mainly due to an increase in accumulated damage caused by slugging. However, 

damage caused by waves was still estimated to be lower by PD5500 than of ASME B31.3, by 

a ratio of 0.36.      

    

Secondly, changes in wall thickness and diameter affected the codes differently. This was 

largely due to the fact that variation in wall thickness and diameter would impact both the 

influence of expansion load cases, and occasional loads such as slugging. In general, increased 

rigidity would cause higher stresses due to expansion, and correspondingly, less stresses due to 
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slugging. Since ASME B31.3 yielded in particular more conservative results regarding wave 

loads, thus change in wall thickness had more significant effect on said code, than to PD5500.  

 

Lastly, an effect that showed large influence on the outcome of fatigue analysis, both from 

slugging and wave loads, was the constants representing the applied S-N curve. The difference 

in these coefficients resulted in a noticeable difference regarding design life, especially in the 

case of high cycle loading, which accounted for most of the slug loads. Coefficients of ASME 

B31.3 resulted in average design life corresponding to 85 % of PD5500, when solely 

considering the effect of stress ranges due to slugging. However, when applied with a more 

conservative weld class, such as F2, the ratio between the two codes regarding fatigue output 

changed in favor of a more conservative output for PD5500. It should also be noted that there 

were inconsistencies in ratios of fatigue outputs when estimations were based on high cyclic 

loading opposed to low cyclic loading. This might suggest that the codes have included different 

margins of safety for the transition between these states of load cycling. Specifically, the ratio 

between codes, with respect to PD5500, decreased from 1.05 to 0.85, for weld class D, and 

increased from 3.89 to 5.27 for weld class F2, when transitioning from low cyclic loading to 

high cyclic loading.            

 

In conclusion, the analysis comparing codes generally resulted in more conservative outputs 

from ASME B31.3. This was particularly the case for wave loads, in addition to stress ranges 

with number of load cycles exceeding 10 000 000 cycles. The reason for the latter result was 

difference in S-N curves, where the curve constants of ASME B31.3 were more conservative 

than weld class D of PD5500. This was particularly the case for high cyclic loading.   
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8.2 Recommendation for future work 

This thesis covered extensively the effect of load cases such as slugging and wave 

displacements, along with effects of change in pressure and temperature. Other than the impact 

of load cases included in this thesis, there are several additional factors that would be beneficial 

to include in further analysis.  

 

Firstly, effects of corrosion. The example case of this thesis was a bridge located in air, thus 

making effects of corrosion negligeable. However, the standards take different approaches to 

incorporating effects of corrosion into the fatigue calculations. PD5500 does not allow for 

effects of corrosion, hence the standard demands that in order to use the presented steps, 

measures need to be taken to ensure that the structure is protected against corrosive effects. 

These measures include cathodic protection of pipeline in addition to routinely inspection of 

crack propagation. Unlike PD5500, ASME B31.3 actually factors in effects of corrosion 

through application of the environment factor, which specifies three different situations, in air, 

in seawater with cathodic protection and in seawater with free corrosion, where the environment 

factor is 1, 2.51 and 3 respectively. When applied with equation 2.38, the environment factor 

has large influence on number of load cycles until failure. Hence, a comparison study between 

the codes, where the case is a pipeline in sea water with cathodic protection would be one way 

to further evaluate the difference between the standards.    

 

Secondly, effect of material. The evaluated bridge consisted of two different pipelines that had 

different materials, where one was duplex steel and the other was super duplex steel. Since the 

focus of this thesis was on the expansion loop, which solely consisted of the latter material type, 

choice of material and corresponding impact on fatigue was not explored. In addition, the 

standards have different approaches of incorporating material in calculations, where ASME 

B31.3 divide into two categories, namely ferritic steels and austenitic stainless steels, and 

aluminum, where the standard offers different SN-curve constants for the two categories. 

Furthermore, the equation for allowable cycles also includes an effect of temperature on 

material. In PD550, however, the presented SN-curves are also valid for the same categories of 

materials as with ASME B31.3, but there are no alterations to constants of the curves. The 

influence of material according to PD5500 is summed up as an adjustment of stress range with 

respect to measured stress and Youngs modulus of applied material under relevant conditions. 
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Hence, an analysis where both aluminum and steels of different properties are applied to fatigue 

calculations and further correlation studies could prove to be interesting.    

 

Thirdly, further analysis regarding effect of pressure. Since effect of pressure fluctuations 

results in stress ranges that were homogenous, in accordance with geometry and material of 

pipe, numerous simulations were required to acquire large amounts of data. A result of which 

was that the analysis regarding pressure variation was somewhat limited throughout this thesis. 

Hence, a more thorough analysis specifically directed towards change in pressure could result 

in further insight.      

 

Lastly, additional load cases. The work associated with this thesis included longitudinal 

displacements caused by waves. However, rotational displacements from waves was not 

considered. Hence, this could be an interesting addition to further comparison of the codes.  
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Appendix  

Table 0-1: Estimated displacement ranges with corresponding stress ranges and load cycles, for all elbow nodes. 

Method relevant for PD5500.  

Wave 

height 

and 

directi

on 

Displacem

ent range 

(mm) 

Cycles 

No. 
Node 

250 

Node 

300 

Node 

340 

Node 

410 

Node 

430 

Node 

470 

28 m at 

65o and 

245o 

572 1 47.317

25 

78.060

23 

108.47

23 

164.18

73 

163.25

24 

24.710

08 

28 m at 

20o and 

200o 

435.32743

36 

0 36.011

36 

59.408

67 

82.554

11 

124.95

67 

124.24

52 

18.805

9 

28 m at 

335o 

and 

155o 

62.768141

59 

0 5.1923

36 

8.5659

02 

11.903

15 

18.017

02 

17.914

42 

2.7115

48 

28 m at 

110o 

and 

290o 

426.21592

92 

0 35.257

64 

58.165

24 

80.826

23 

122.34

13 

121.64

47 

18.412

29 

27 m at 

65o and 

245o 

537.70710

44 

0 44.480

46 

73.380

32 

101.96

91 

154.34

39 

153.46

5 

23.228

64 

27 m at 

20o and 

200o 

409.22841

57 

0 33.852

39 

55.846

97 

77.604

78 

117.46

52 

116.79

64 

17.678

44 

27 m at 

335o 

59.005027

38 

1 4.8810

42 

8.0523

53 

11.189

53 

16.936

85 

16.840

41 

2.5489

84 



 

112 

 

and 

155o 

27 m at 

110o 

and 

290o 

400.66316

98 

1 33.143

85 

54.678

08 

75.980

49 

115.00

67 

114.35

18 

17.308

42 

26 m at 

65o and 

245o 

504.29198

66 

1 41.716

28 

68.820

19 

95.632

33 

144.75

24 

143.92

81 

21.785

13 

26 m at 

20o and 

200o 

383.79744

11 

1 31.748

67 

52.376

43 

72.782

13 

110.16

55 

109.53

82 

16.579

83 

26 m at 

335o 

and 

155o 

55.338235

69 

1 4.5777

16 

7.5519

5 

10.494

17 

15.884

33 

15.793

88 

2.3905

8 

26 m at 

110o 

and 

290o 

375.76447

14 

1 31.084

17 

51.280

18 

71.258

78 

107.85

97 

107.24

55 

16.232

81 

25 m at 

65o and 

245o 

471.76464

43 

1 39.025

54 

64.381

22 

89.463

95 

135.41

57 

134.64

46 

20.379

97 

25 m at 

20o and 

200o 

359.04211

87 

2 29.700

85 

48.998

1 

68.087

61 

103.05

97 

102.47

29 

15.510

42 

25 m at 

335o 

and 

155o 

51.768863

63 

2 4.2824

48 

7.0648

42 

9.8172

83 

14.859

77 

14.775

16 

2.2363

86 

25 m at 

110o 

351.52728

37 

2 29.079

21 

47.972

56 

66.662

52 

100.90

27 

100.32

81 

15.185

78 
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and 

290o 

24 m at 

65o and 

245o 

440.13558

87 

2 36.409

1 

60.064

84 

83.465

91 

126.33

69 

125.61

75 

19.013

61 

24 m at 

20o and 

200o 

334.97044

81 

3 27.709

58 

45.713

06 

63.522

73 

96.150

17 

95.602

67 

14.470

53 

24 m at 

335o 

and 

155o 

48.298064

61 

3 3.9953

35 

6.5911

86 

9.1590

92 

13.863

51 

13.784

57 

2.0864

49 

24 m at 

110o 

and 

290o 

327.95943

87 

4 27.129

62 

44.756

28 

62.193

19 

94.137

73 

93.601

68 

14.167

66 

23 m at 

65o and 

245o 

409.41589

24 

4 33.867

9 

55.872

55 

77.640

33 

117.51

91 

116.84

99 

17.686

53 

23 m at 

20o and 

200o 

311.59085

61 

5 25.775

57 

42.522

47 

59.089

1 

89.439

28 

88.929

99 

13.460

55 

23 m at 

335o 

and 

155o 

44.927053

68 

6 3.7164

77 

6.1311

47 

8.5198

24 

12.895

9 

12.822

46 

1.9408

23 

23 m at 

110o 

and 

290o 

305.06918

71 

7 25.236

08 

41.632

47 

57.852

35 

87.567

29 

87.068

66 

13.178

82 

22 m at 

65o and 

245o 

379.61724

49 

7 31.402

88 

51.805

96 

71.989

41 

108.96

56 

108.34

51 

16.399

25 
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22 m at 

20o and 

200o 

288.91223

95 

10 23.899

54 

39.427

55 

54.788

4 

82.929

59 

82.457

37 

12.480

85 

22 m at 

335o 

and 

155o 

41.657113

6 

11 3.4459

79 

5.6849

02 

7.8997

23 

11.957

29 

11.889

2 

1.7995

64 

22 m at 

110o 

and 

290o 

282.86523

91 

13 23.399

31 

38.602

32 

53.641

67 

81.193

85 

80.731

51 

12.219

62 

21 m at 

65o and 

245o 

350.75201

65 

14 29.015

07 

47.866

76 

66.515

5 

100.68

01 

100.10

68 

15.152

29 

21 m at 

20o and 

200o 

266.94401

26 

19 22.082

27 

36.429

57 

50.622

41 

76.623

81 

76.187

5 

11.531

83 

21 m at 

335o 

and 

155o 

38.489601

82 

20 3.1839

55 

5.2526

35 

7.2990

46 

11.048

08 

10.985

17 

1.6627

29 

21 m at 

110o 

and 

290o 

261.35681

23 

23 21.620

08 

35.667

09 

49.562

88 

75.020

06 

74.592

87 

11.290

47 

20 m at 

65o and 

245o 

322.83333

17 

26 26.705

57 

44.056

72 

61.221

09 

92.666

33 

92.138

66 

13.946

22 

20 m at 

20o and 

200o 

245.69616

39 

34 20.324

59 

33.529

89 

46.593

04 

70.524

81 

70.123

23 

10.613

94 
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20 m at 

335o 

and 

155o 

35.425958

52 

37 2.9305

23 

4.8345

43 

6.7180

66 

10.168

69 

10.110

79 

1.5303

81 

20 m at 

110o 

and 

290o 

240.55368

61 

43 19.899

2 

32.828

11 

45.617

84 

69.048

71 

68.655

53 

10.391

78 

19 m at 

65o and 

245o 

295.87515

41 

47 24.475

52 

40.377

77 

56.108

82 

84.928

23 

84.444

63 

12.781

64 

19 m at 

20o and 

200o 

225.17932

08 

64 18.627

39 

30.729

98 

42.702

29 

64.635

64 

64.267

59 

9.7276

19 

19 m at 

335o 

and 

155o 

32.467716

03 

69 2.6858

1 

4.4308

35 

6.1570

74 

9.3195

58 

9.2664

9 

1.4025

87 

19 m at 

110o 

and 

290o 

220.46626

53 

81 18.237

51 

30.086

8 

41.808

52 

63.282

8 

62.922

46 

9.5240

18 

18 m at 

65o and 

245o 

269.89238

69 

88 22.326

17 

36.831

93 

51.181

53 

77.470

12 

77.028

98 

11.659

2 

18 m at 

20o and 

200o 

205.40482

54 

121 16.991

6 

28.031

38 

38.952

32 

58.959

56 

58.623

83 

8.8733

72 

18 m at 

335o 

and 

155o 

29.616509

71 

129 2.4499

51 

4.0417

34 

5.6163

81 

8.5011

46 

8.4527

38 

1.2794

16 
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18 m at 

110o 

and 

290o 

201.10565

47 

153 16.635

96 

27.444

68 

38.137

04 

57.725

52 

57.396

82 

8.6876

5 

17 m at 

65o and 

245o 

244.90099

06 

166 20.258

82 

33.421

38 

46.442

25 

70.296

57 

69.896

28 

10.579

58 

17 m at 

20o and 

200o 

186.38482

47 

228 15.418

21 

25.435

74 

35.345

43 

53.500

04 

53.195

4 

8.0517

19 

17 m at 

335o 

and 

155o 

26.874091

01 

245 2.2230

91 

3.6674

79 

5.0963

17 

7.7139

6 

7.6700

34 

1.1609

46 

17 m at 

110o 

and 

290o 

182.48374

7 

291 15.095

51 

24.903

36 

34.605

64 

52.380

27 

52.082

01 

7.8831

94 

16 m at 

65o and 

245o 

220.91812

37 

313 18.274

89 

30.148

46 

41.894

21 

63.412

51 

63.051

42 

9.5435

38 

16 m at 

20o and 

200o 

168.13237

73 

434 13.908

33 

22.944

85 

31.884

09 

48.260

85 

47.986

04 

7.2632

23 

16 m at 

335o 

and 

155o 

24.242342

78 

465 2.0053

87 

3.3083

27 

4.5972

41 

6.9585

41 

6.9189

17 

1.0472

55 

16 m at 

110o 

and 

290o 

164.61332

76 

559 13.617

22 

22.464

61 

31.216

75 

47.250

74 

46.981

68 

7.1112

03 
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15 m at 

65o and 

245o 

197.96231

14 

596 16.375

93 

27.015

71 

37.540

94 

56.823

25 

56.499

69 

8.5518

6 

15 m at 

20o and 

200o 

150.66158

21 

833 12.463

1 

20.560

63 

28.570

98 

43.246

02 

42.999

76 

6.5084

95 

15 m at 

335o 

and 

155o 

21.723297

88 

893 1.7970

05 

2.9645

55 

4.1195

37 

6.2354

72 

6.1999

66 

0.9384

34 

15 m at 

110o 

and 

290o 

147.50820

02 

1083 12.202

24 

20.130

29 

27.972

99 

42.340

87 

42.099

77 

6.3722

71 

14 m at 

65o and 

245o 

176.05365

11 

1144 14.563

59 

24.025

85 

33.386

25 

50.534

57 

50.246

82 

7.6054

18 

14 m at 

20o and 

200o 

133.98773

45 

1612 11.083

8 

18.285

16 

25.409

01 

38.459

94 

38.240

94 

5.7881

94 

14 m at 

335o 

and 

155o 

19.319161

71 

1728 1.5981

29 

2.6364

65 

3.6636

24 

5.5453

87 

5.5138

1 

0.8345

77 

14 m at 

110o 

and 

290o 

131.18334 2117 10.851

81 

17.902

45 

24.877

19 

37.654

97 

37.440

55 

5.6670

46 

13 m at 

65o and 

245o 

155.21406

55 

2214 12.839

69 

21.181

9 

29.434

3 

44.552

76 

44.299

07 

6.7051

6 
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13 m at 

20o and 

200o 

118.12751

89 

3151 9.7718

01 

16.120

74 

22.401

33 

33.907

41 

33.714

34 

5.1030

42 

13 m at 

335o 

and 

155o 

17.032339

93 

3378 1.4089

57 

2.3243

85 

3.2299

59 

4.8889

76 

4.8611

37 

0.7357

87 

13 m at 

110o 

and 

290o 

115.65508

24 

4180 9.5672

74 

15.783

33 

21.932

46 

33.197

72 

33.008

69 

4.9962

34 

12 m at 

65o and 

245o 

135.46761

78 

4327 11.206

22 

18.487

12 

25.689

65 

38.884

73 

38.663

31 

5.8521

24 

12 m at 

20o and 

200o 

103.09924

89 

6222 8.5286

25 

14.069

85 

19.551

41 

29.593

69 

29.425

17 

4.4538

29 

12 m at 

335o 

and 

155o 

14.865473

1 

6670 1.2297

09 

2.0286

75 

2.8190

41 

4.2669

97 

4.2426

99 

0.6421

8 

12 m at 

110o 

and 

290o 

100.94135

77 

8347 8.3501

19 

13.775

36 

19.142

2 

28.974

28 

28.809

3 

4.3606

09 

11 m at 

65o and 

245o 

116.84091

26 

8545 9.6653

69 

15.945

16 

22.157

34 

33.538

1 

33.347

13 

5.0474

61 

11 m at 

20o and 

200o 

88.923172

39 

12424 7.3559

45 

12.135

25 

16.863

11 

25.524

58 

25.379

23 

3.8414

31 
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11 m at 

335o 

and 

155o 

12.821480

67 

13319 1.0606

25 

1.7497

34 

2.4314

25 

3.6802

88 

3.6593

31 

0.5538

81 

11 m at 

110o 

and 

290o 

87.061989

71 

16880 7.2019

83 

11.881

26 

16.510

16 

24.990

34 

24.848

04 

3.7610

29 

10 m at 

65o and 

245o 

99.363613

19 

17063 8.2196

04 

13.560

05 

18.843 28.521

41 

28.359 4.2924

52 

10 m at 

20o and 

200o 

75.621864

91 

25124 6.2556

28 

10.320

04 

14.340

69 

21.706

56 

21.582

95 

3.2668

22 

10 m at 

335o 

and 

155o 

10.903617

73 

26934 0.9019

74 

1.4880

05 

2.0677

27 

3.1297

83 

3.1119

61 

0.4710

3 

10 m at 

110o 

and 

290o 

74.039081

69 

34506 6.1246

96 

10.104

03 

14.040

54 

21.252

23 

21.131

22 

3.1984

46 

9 m at 

65o and 

245o 

83.069126

08 

34630 6.8716

84 

11.336

36 

15.752

97 

23.844

23 

23.708

45 

3.5885

39 

9 m at 

20o and 

200o 

63.220750

82 

51541 5.2297

77 

8.6276

69 

11.988

98 

18.146

93 

18.043

6 

2.7311

01 

9 m at 

335o 

and 

155o 

9.1155501

19 

55255 0.7540

61 

1.2439

89 

1.7286

44 

2.6165

34 

2.6016

35 

0.3937

87 
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9 m at 

110o 

and 

290o 

61.897525

81 

70787 5.1203

16 

8.4470

9 

11.738

05 

17.767

11 

17.665

94 

2.6739

38 

8 m at 

65o and 

245o 

67.995528

45 

72256 5.6247

58 

9.2792

78 

12.894

46 

19.517

49 

19.406

35 

2.9373

68 

8 m at 

20o and 

200o 

51.748809

26 

107543 4.2807

89 

7.0621

05 

9.8134

8 

14.854

02 

14.769

43 

2.2355

19 

8 m at 

335o 

and 

155o 

7.4614562

19 

115292 0.6172

3 

1.0182

57 

1.4149

67 

2.1417

42 

2.1295

46 

0.3223

31 

8 m at 

110o 

and 

290o 

50.665694

65 

147701 4.1911

92 

6.9142

94 

9.6080

81 

14.543

12 

14.460

31 

2.1887

29 

7 m at 

65o and 

245o 

54.186867

25 

154150 4.4824

72 

7.3948

24 

10.275

83 

15.553

84 

15.465

27 

2.3408

42 

7 m at 

20o and 

200o 

41.239562

69 

229430 3.4114

39 

5.6279

19 

7.8205

4 

11.837

44 

11.770

03 

1.7815

26 

7 m at 

335o 

and 

155o 

5.9461695

04 

245960 0.4918

82 

0.8114

67 

1.1276

13 

1.7067

93 

1.6970

74 

0.2568

71 

7 m at 

110o 

and 

290o 

40.376409

05 

315100 3.3400

36 

5.5101

26 

7.6568

54 

11.589

68 

11.523

68 

1.7442

38 
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6 m at 

65o and 

245o 

41.695050

21 

338635 3.4491

18 

5.6900

79 

7.9069

17 

11.968

18 

11.900

03 

1.8012

03 

6 m at 

20o and 

200o 

31.732516

09 

504009 2.6249

92 

4.3305

03 

6.0176

54 

9.1085

26 

9.0566

59 

1.3708

27 

6 m at 

335o 

and 

155o 

4.5753860

41 

540321 0.3784

87 

0.6243

98 

0.8676

62 

1.3133

22 

1.3058

44 

0.1976

54 

6 m at 

110o 

and 

290o 

31.068347

15 

692209 2.5700

51 

4.2398

64 

5.8917

03 

8.9178

82 

8.8671

01 

1.3421

35 

5 m at 

65o and 

245o 

30.582739

32 

775393 2.5298

8 

4.1735

94 

5.7996

14 

8.7784

93 

8.7285

06 

1.3211

57 

5 m at 

20o and 

200o 

23.275359

13 

115406

2 

1.9253

95 

3.1763

64 

4.4138

65 

6.6809

77 

6.6429

34 

1.0054

82 

5 m at 

335o 

and 

155o 

3.3559820

14 

123720

8 

0.2776

15 

0.4579

87 

0.6364

18 

0.9633

04 

0.9578

18 

0.1449

77 

5 m at 

110o 

and 

290o 

22.788200

45 

158499

5 

1.8850

96 

3.1098

82 

4.3214

82 

6.5411

42 

6.5038

95 

0.9844

37 

4 m at 

65o and 

245o 

20.928078

75 

189297

9 

1.7312

22 

2.8560

33 

3.9687

34 

6.0072

12 

5.9730

05 

0.9040

81 
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4 m at 

20o and 

200o 

15.927564

36 

281743

0 

1.3175

68 

2.1736

18 

3.0204

53 

4.5718

6 

4.5458

27 

0.6880

62 

4 m at 

335o 

and 

155o 

2.2965325

35 

302041

4 

0.1899

75 

0.3134

05 

0.4355

07 

0.6591

98 

0.6554

45 

0.0992

09 

4 m at 

110o 

and 

290o 

15.594196

73 

386947

1 

1.2899

91 

2.1281

23 

2.9572

34 

4.4761

7 

4.4506

82 

0.6736

6 

3 m at 

65o and 

245o 

12.833157

03 

482864

3 

1.0615

9 

1.7513

27 

2.4336

39 

3.6836

39 

3.6626

64 

0.5543

85 

3 m at 

20o and 

200o 

9.7668274

76 

718674

9 

0.8079

36 

1.3328

69 

1.8521

5 

2.8034

78 

2.7875

14 

0.4219

21 

3 m at 

335o 

and 

155o 

1.4082402

41 

770452

6 

0.1164

93 

0.1921

81 

0.2670

54 

0.4042

22 

0.4019

21 

0.0608

35 

3 m at 

110o 

and 

290o 

9.5624055

06 

987031

5 

0.7910

26 

1.3049

71 

1.8133

84 

2.7448 2.7291

71 

0.4130

91 

2 m at 

65o and 

245o 

6.4413718

08 

132804

69 

0.5328

46 

0.8790

47 

1.2215

21 

1.8489

36 

1.8384

08 

0.2782

64 

2 m at 

20o and 

200o 

4.9022829

69 

197660

90 

0.4055

29 

0.6690

09 

0.9296

53 

1.4071

55 

1.3991

42 

0.2117

76 
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2 m at 

335o 

and 

155o 

0.7068408 198859

89 

0.0584

72 

0.0964

62 

0.1340

43 

0.2028

92 

0.2017

37 

0.0305

35 

2 m at 

110o 

and 

290o 

4.7996770

46 

211901

60 

0.3970

41 

0.6550

07 

0.9101

96 

1.3777

03 

1.3698

58 

0.2073

43 

1 m at 

65o and 

245o 

1.9825647

29 

271468

41 

0.1640

03 

0.2705

59 

0.3759

67 

0.5690

77 

0.5658

36 

0.0856

46 

1 m at 

20o and 

200o 

1.5088545

72 

295974

67 

0.1248

16 

0.2059

12 

0.2861

34 

0.4331

03 

0.4306

37 

0.0651

82 

1 m at 

335o 

and 

155o 

0.2175557

76 

317298

49 

0.0179

97 

0.0296

9 

0.0412

57 

0.0624

47 

0.0620

92 

0.0093

98 

1 m at 

110o 

and 

290o 

1.4772738

95 

406493

00 

0.1222

04 

0.2016

02 

0.2801

46 

0.4240

38 

0.4216

23 

0.0638

17 

 

 

Table 0-2: Inputs for correlation analysis for varying wall thickness 

Wall 

thickness 

Diameter Slug fatigue Wave 

fatigue 

Temperature 

fatigue 

Design life 

16.66 406.4 1.41351165

9 

7.40843E-05 4.94303E-05 26.1423530

1 

19.05 457.2 9.91879241

1 

0.00037124

2 

0.000169727 3.72562836 
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20.62 508 0.74420175

9 

0.00099983

8 

0.000407205 49.5645299

6 

24.61 610 0.04413180

5 

0.00422070

6 

0.002133896 731.994061

4 

30 711 1.93014450

1 

0.00405753

3 

0.001895664 19.0877504

7 

16.66 406.4 47.6452962

2 

6.82913E-06 5.75714E-06 0.77564298

9 

19.05 457.2 0.24832239

4 

0.00010693

4 

6.81958E-05 134.491539

2 

20.62 508 1.84821857

3 

0.00052900

1 

0.000245307 18.0751450

6 

24.61 610 0.13900272

9 

0.00141927

6 

0.000585298 237.014777

4 

30 711 0.00874988

6 

0.00572368

9 

0.002899713 1923.68971

7 

16.66 406.4 0.34070017

1 

0.00553717

9 

0.002629951 95.7980712 

19.05 457.2 8.64816884

4 

1.11306E-05 9.16766E-06 3.86448700

2 

20.62 508 0.06128593

3 

0.00015016

7 

9.23078E-05 511.853990

3 

24.61 610 0.46298410

8 

0.00071188

2 

0.00034954 67.8673945

1 

30 711 0.03475161

5 

0.00192443

8 

0.000833948 839.604373

1 

16.66 406.4 0.00248924

3 

0.00731224

1 

0.003877538 2302.32556

9 

19.05 457.2 0.08596324

9 

0.00711332

8 

0.003578663 325.833975

8 

20.62 508 2.10865720

6 

1.77799E-05 1.47431E-05 14.9351327

5 
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24.61 610 0.00501005

6 

0.00015261

4 

0.000166735 5175.18382

2 

30 711 0.03699440

3 

0.00120705

2 

0.00063008 710.264325

6 

16.66 406.4 0.00291320

7 

0.00323890

8 

0.001479852 3613.83245

4 

19.05 457.2 0.00034547

1 

0.01123207

2 

0.006203706 1551.10887

8 

20.62 508 0.00858323

7 

0.01104129

4 

0.005899636 1080.57014 

24.61 610 0.16115822

7 

3.8289E-05 3.25638E-05 171.065007

3 

30 711 0.00061669 0.00043737

9 

0.000270037 17954.5516

2 

16.66 406.4 0.00382930

1 

0.00195576

6 

0.00101023 3498.55597

8 

19.05 457.2 0.00033754 0.00506831

2 

0.002293651 3087.69646

9 

20.62 508 7.87061E-05 0.01658281

1 

0.008919384 929.354644

5 

24.61 610 0.00143949

6 

0.01645498

1 

0.008706363 893.721004

9 

30 711 0.01630256

1 

7.01226E-05 6.07413E-05 1446.66921

2 

 


